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Abstract

The chemical states of fission products have been theoretically determined for the irradiated carbide fuel of Fast Breeder
Test Reactor (FBTR) at Kalpakkam, India, at different burn-ups. The SOLGASMIX-PV computer code was used to
determine the equilibrium chemical composition of the fuel. The system was assumed to be composed of a gaseous phase
at one atmosphere pressure, and various solid phases. The distribution of elements in these phases and their chemical states
at different temperatures were calculated as a function of burn-up. The FBTR fuel, (U0.3Pu0.7)C1+x, was loaded with C/M
values in the range, 1.03–1.06. The present calculations indicated that even for the lowest starting C/M of 1.03 in the FBTR
fuel, the liquid metal phase of (U,Pu), should not appear at a burn-up as high as 150 GWd/t.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The MARK I fuel of FBTR (Fast Breeder Test
Reactor) of Kalpakam in India, is a mixed carbide
fuel with Pu/(U + Pu) = 0.7. It is a biphasic fuel
containing a monocarbide phase, (U,Pu)C, in equi-
librium with 3–6 mol% sesquicarbide phase,
(U,Pu)2C3. The fuel has already exceeded a burn-
up of 100 GWd/t. In case of hyper-stoichiometric
mixed-carbide fuel, the C/M ratio of the fuel
decreases with burn-up [1]. A look at the ternary
phase diagram of the U–Pu–C system [1–3], shows
that the monocarbides of uranium and plutonium
have very narrow non-stoichiometry. Therefore,
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the hyper-stoichiometric carbide should consist of
(U, Pu)C + (U,Pu)2C3 phases and the hypo-stoichi-
ometric carbide should consist of (U, Pu)C +
(U, Pu) phases. Hence, at high burn-ups when the
C/M decreases to less than one, the sesquicarbide
phase will disappear and due to the narrow non-
stoichiometry of the monocarbide phase [1,2], a
low melting (U,Pu), metallic phase will appear. This
can result in the appearance of liquid phase in the
fuel and the amount of liquid phase will continue
to increase with burn-up. Due to difference in the
Gibbs energy values of PuC and UC, the metallic
phase in equilibrium with the monocarbide phase
will be highly rich in plutonium [3–5]. The appear-
ance of the metallic phase will result in a sudden
increase in the partial pressure of plutonium and
uranium in the fuel. These elements will diffuse from
the high temperature center to the low temperature
.
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fuel surface. On the surface they may form low melt-
ing eutectics with the components of stainless-steel
clad, resulting in clad breaching, which can be detri-
mental to the fuel element. To be able to predict the
burn-up at which metallic phase may appear in the
carbide fuel, it is important to know the change in
C/M with burn-up. The C/M of the fuel is related
to the chemical states of all the fission products.
The equilibrium state of the fission products is a
result of many competing chemical reactions. The
system with the minimum Gibbs energy is the stable
system. In actual reactor scenario, under tempera-
ture gradient, the equilibriums at micro-system level
can be used for comparing the partial pressures and
chemical potentials of the components. This data
combined with transport coefficients can be used
for studying the migration behaviour of different
species in the dynamic system. However, the scope
of the present work is limited to the equilibrium
thermodynamic calculations at different tempera-
tures and burn-ups.

2. Input data

To determine the chemical states of various
fission product elements, modeling calculations
were carried out using a computer program, SOL-
GASMIX PV [6]. The fission product yields of var-
ious isotopes for FBTR fuel were obtained from
Pandikumar [7], calculated using ORIGEN (Oak
Ridge Isotope Generation and Depletion) computer
code [8].

Similar calculations to determine the chemical
state of the burnt fuel at different burn-ups, using
SOLGASMIX PV, were carried out previously by
Imoto [9] for UO2 fuel and Arai et al. [10] for UC
fuel. Matzke [11] has given an estimated change in
C/M at 10 at.% burn-up for (U,Pu)C fuel by a
simplistic approach of accounting for the carbon
attached to various fission products. However, this
approach cannot compare the competing chemical
reactions with very small Gibbs energy differences
where the fission elements can coexist as two or
more different compounds. Moreover, these estima-
tions cannot account for the effect of solubility on
the stabilizations or destabilization of a compound
in a solution phase (see Tables 1 and 2).

To understand the method used in the present
calculations, it is important to briefly explain the
functioning of the computer program, SOLGAS-
MIX PV. The program needs an input file contain-
ing the overall composition of each element in the
system and Gibbs energies of formation of all the
compounds that may be formed from these elements
in a given system. In case of solution phases, the
program assumes ideal solution behaviour for every
component unless the activity coefficient of the com-
ponent is defined by the user. One can select the
temperature and pressure of the system. The present
calculations were carried out under isothermal and
isobaric conditions. The limit of the program is that
it can take maximum twelve elements at a time. The
program then calculates the stable chemical states of
each element based on the principle that the system
will try to achieve the lowest Gibbs energy state
while maintaining the mass-balance.

Before starting the calculations it was important
to understand the constitution of the irradiated car-
bide fuel and the various phases present in it. Some
simulation studies and post-irradiation investiga-
tions reported in the literature were used to obtain
this information [12–18]. According to these studies,
the principal condensed phases appearing in the
irradiated mixed carbide fuel can be classified as
follows:

1. (U,Pu)C and (U,Pu)2C3 type solid solution.
2. UMoC2 and U2RuC2 type ternary compounds.
3. Intermetallic compounds.
4. Carbides of the fission products.
5. A gas phase containing He, Kr, Xe, CsI, Te, I, I2,

CO etc.

During fission of the fuel about 50 fission prod-
uct elements are formed. But all these elements do
not play an important role in the chemistry of the
fuel. Some of these elements were excluded from
the present calculations on the basis of their negligi-
ble fission yields. The remaining 26 elements were
grouped together based on the similarity of their
chemical behaviour, e.g., Ba and Sr, Cs and Rb, I
and Br, Se and Te, and lanthanides. The noble gases
like Xe and Kr were taken together as a part of the
cover gas required for maintaining the pressure over
the system.

During the grouping of the elements, the Gibbs
energies of formation of their compounds were also
taken into account. Some elements form similar
compounds but due to large differences in their
Gibbs energies of formation, these elements needed
to be treated separately because they form different
compounds in the present multi-component fuel
system. This was observed in the case of noble metal
alloys. Among the noble metals, Mo, Pd and Ru are



Table 1
The Gibbs energies of formation of the compounds used in the present calculations

DG (J/mol) = A + BT

A B References

U(s) + 3Pd(s)!UPd3(s) �524000 10.00 [39]
2U(s) + 3C!U2C3(s) �196271.4 �13.70 [40,41,5]
Cs(s) + 0.5I2(g)! CsI(g) �157000 �132.0 [32]
2Cs(s) + I2(g)! Cs2I2(g) �461000 143.0 [41]
Ce(s) + 2Ru(s)! CeRu2(s) �216000 0.00 [10]
2Ce(s) + 3C(s)! Ce2C3(s) �190000 �14.00 [20]
Zr(s) + C(s)! ZrC(s) �225099.2 33.10 [42]
U + Mo + 2C!UMoC2 �194000 �2.90 [43]
U(s) + 3Ru(s)!URu3 �225000 35.00 [30]
U + Mo + 1.7C!UMoC1.7 �169000 �2.90 [43]
2Pu(s) + 3C(s)! Pu2C3(s) �164314 �5.52 [40,41,5]
Pr(l) + 2C(s)! PrC2(s) �162757.6 25.90 [44]
Ce(l) + 2C(s)! CeC2(s) �151460.8 18.40 [44]
Y(s) + 2C(s)! YC2(s) �99997.6 �25.50 [44]
2Y(s) + 3C(s)! Y2C3(s) �125436.3 0.00 [44]
U(s) + C!UC(s) �110085.2 1.17 [40,41,5]
Sm(l) + 2C(s)! SmC2(s) �87864 �14.60 [44]
Nd(l) + 2C(s)!NdC2(s) �76985.6 �23.80 [44]
La(l) + 2C! LaC2(s) �84935.2 �11.70 [11]
Ce(s) + C(s)! CeC(s) �116733.6 34.30 [44]
Pr(s) + C(s)! PrC(s) �127193.6 45.20 [44]
Y(s) + C(s)! YC(s) �64266.2 0.00 [44]
Pu(s) + C(s)! PuC(s) �57990.2 �0.75 [40,41,5]
2Mo(s) + C(s)!Mo2C(s) �50208 �5.86 [20]
Mo(s) + (1 � x)C!MoC1�x(s) �9204.8 �10.90 [44]
Cs(s)! Cs(l) 2090 �6.94 [32]
2U(s) + (Rh,Ru) + 2C!U2(Rh,Ru)C2 �335000 32.90 [3,28]
Sr(s) + 2C(s)! SrC2(s) �81600 �16.10 [45,52]
Ba(s) + 2C! BaC2(s) �90300 2.60 [45,52]
Ba(s) + Te! BaTe(s) �269400 12.30 [46]
Pd(s) + Te(s)! PdTe(s) �37650 �2.26 [46]
0.5 I2(g)! I(g) 106780 �122.6 [46,51]
Te(s)! Te(g) 211700 �132.89 [46]
2Te(s)! Te2(g) 160400 �159.48 [46]
Cs(s)! Cs(g) 76650 �90.46 [47]
2Cs(s)! Cs2(g) 10600 �113.6 [47]
Cs(s) + 0.5I2(s)! CsI(l) �321700 �7.50 [32]
Cs(s) + I2! CsI(l) �321700 �7.5 [48,51]
2Cs(s) + Te(s)! Cs2Te(s) �284500 45.77 [49]
Zr(s) + 2I2(s)! ZrI4(g) �537000 120.00 [50,51]
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the elements with reasonably high fission yields.
They show different chemistry in carbide fuels,
therefore, they were considered separately. The
remaining noble metals, Nb, Rh and Tc were
grouped together and the symbol used for this
group in present document is, Nm. The highly neg-
ative Gibbs energy of formation of UPd3 compared
to all other possible compounds of uranium or pal-
ladium meant that all the palladium should be sta-
ble as UPd3 (Tm � 1900 K). With this assumption,
palladium was excluded from further Gibbs energy
minimization calculations. In the compound UPd3,
U:Pd is in the ratio of 1:3. The exclusion of palla-
dium as UPd3 had to be in conjunction with a
reduction of corresponding amount of uranium
from the total uranium content used for further cal-
culations. Hence, one third of the moles of palla-
dium were subtracted from the total number of
moles of uranium used for the SOLGASMIX calcu-
lations. Similarly, another noble metal element,
ruthenium forms a very stable compound, CeRu2

(Tm = 1840 K). The fission yield of cerium is a little
more than half that of ruthenium, therefore, by
assuming that all the ruthenium is present as CeRu2,



Table 2
The elemental fission yield of the FBTR fuel for given burn-ups [7]

Fission product Fission yield (moles/t) for given burn-up

50 (GWd/t) 100 (GWd/t) 120 (GWd/t) 150 (GWd/t)

Ba 14.5942 29.17414 34.86104 44.05326
Br 0.404954 0.800805 0.946628 1.176663
Ce 29.58392 55.03241 63.17888 77.73323
Cs 46.87533 93.66311 111.038 138.7141
Eu 1.163637 2.277148 2.684177 3.333508
I 4.273562 8.267337 9.742201 12.06232
Kr 3.705877 7.396482 8.77845 10.98616
La 12.70183 25.30641 30.033 37.58012
Mo 41.37423 86.22415 103.2143 129.8606
Nb 1.331528 1.371596 1.270495 1.362167
Nd 28.70782 61.16221 73.9731 94.2323
Pd 29.11654 62.47927 76.07077 97.64481
Pm 3.635291 6.136613 6.693452 7.600284
Pr 10.80019 22.43246 26.78664 33.66763
Rb 3.276878 6.561824 7.797392 9.770638
Rh 13.23444 28.09899 33.4972 41.93449
Ru 45.25557 85.05605 99.23619 122.4089
Se 0.841394 1.680638 1.995235 2.49671
Sm 6.912048 15.14972 18.67126 24.22321
Sr 8.427251 16.01896 18.80136 23.30247
Tb 0.045576 0.089098 0.104909 0.12951
Tc 13.62852 27.0227 31.95212 39.67966
Te 5.362565 10.53742 12.4897 15.60794
Xe 52.61012 105.2795 125.0486 156.6343
Y 4.388084 8.296885 9.732138 12.08909
Zr 35.03565 68.9142 81.59452 102.0288
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we could exclude Ru from the further calculations
and the cerium content used for the calculations
was adjusted accordingly.

Finally the elements used for the present Gibbs
energy minimization calculations using SOLGAS-
MIX PV were, C, Pu, U, I, Te, Sr, Mo, Cs, Zr, lan-
thanides (Ln) and noble-metals (Nm). In addition to
these elements, a few moles of noble gases were
taken for the cover gas to maintain a constant pres-
sure of a unit atmosphere. As discussed above, Ru
and Pd were excluded from the SOLGASMIX pro-
gram calculations by assuming them to be stable as
CeRu2 and UPd3, respectively. These elements, Ru
and Pd, were not included in the group of metals
covered by Nm. The existence of barium and stron-
tium monocarbides could not be established, as the
thermodynamic or XRD and thermodynamic data
of these compounds was not available in the litera-
ture, therefore, dicarbides of these elements were
assumed to be the only stable carbides.

The FBTR design is such that the fuel surface
temperature is �1000 K and centerline temperature
is �1500 K. Therefore, the present calculations were
carried out at these temperatures and an intermedi-
ate temperature, 1200 K.

3. Results and discussion

By comparing the Gibbs energies of formation of
various carbides for one mole of carbon (same car-
bon activity) at 1500 K, the stability of carbides can
be written in the following order, ZrC > U2(Rh,
Ru)C2 > UC > UMoC1.7 > UMoC2 > CeC > U2C3

> Ce2C3 > CeC2 > PuC > Mo2C > Pu2C3 > SrC2.
The Gibbs energy of formation of ZrC is the lowest
among the carbides that can be formed in this fuel
system but Gibbs energy of formation of ZrI4 is lower
than that of ZrC. Hence, among the zirconium com-
pounds, ZrI4 is more stable than zirconium carbide.
As the fission yield of iodine is less than 15 at.% of
that of zirconium, zirconium should form ZrI4 as well
as carbide. But the present calculations showed that
all the zirconium got stabilized as ZrC and iodine
reacted preferably with another fission product,
cesium, to form CsI. This was due to many competing
reactions in this multi-component system, where,
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SOLGASMIX PV tried to find out the set of products
that minimized the total Gibbs energy of the whole
system.

The sesquicarbides of uranium and plutonium
and monocarbide of uranium are more stable than
the dicarbides of barium and strontium. But barium
and strontium dicarbides are more stable than
plutonium monocarbide therefore, these alkaline
earth elements formed dicarbides. On the other
hand tellurides of alkaline-earths are more stable
than their carbides. Due to lower fission yield of tel-
lurium, only part of the alkaline-earth elements got
converted into tellurides and the rest of the alkaline-
earths formed dicarbides. These calculations
showed the co-existence of alkaline-earth elements
as tellurides and dicarbides. The studies carried
out by Peatfield et al. [19] also showed that in U–
Sr–C and U–Ba–C systems, U2C3 phase can coexist
only with SrC2/BaC2 and not with Sr/Ba metal.
This also indicates that the non-metallic fission
products like tellurium and iodine cannot be
ignored, as some of the metallic elements make
more stable compounds with them compared to
carbon. This results in less binding of carbon by
the fission products.

In the beginning of these calculations, it was
assumed that the noble metals, Ru and Pd were
stable as CeRu2 and UPd3. These assumptions were
supported by various experimental results published
in the literature. The results of optical and electron
microscopic analysis of (U0.85Pu0.15)C fuel irradi-
ated to a burn-up of 4.5 at.% are reported by
Bramann et al. [20]. They found that most of the
palladium was present in the fuel as intermetallic
compounds and ruthenium formed CeRu2. Accord-
ing to the present calculations, the remaining noble
metals should be present in the burnt fuel as
UMoC2, U2NmC2. Kleykamp [21] and Dienst
et al. [22] have also indicated that the noble metal
elements (Nm) always coexist as lanthanides-noble
metal intermetallic compounds of the type CeRu2

and a dicarbide phase of the type (U,Pu)2NmC2,
regardless of the C/U, at all burn-ups. According
to them, with increase in burn-up, the amount of
CeRu2 phase increases. Ohmichi et al. [16] and
Dienst et al. [22] have also reported the presence
of the phases like (U,Pu)MoC2, (U, Pu)2RuC2 in
carbide fuels, based on their studies of simulated
fuel with burn-up up to 10 at.% and post-irradiation
studies with burn-up up to 7 at.%.

The change in chemical composition of the fuel
as a function of burn-up at 1000 K, for starting
C/M = 1.03 are shown in Fig. 1. According to the
present calculations, the general trend of change in
amounts of different solid phases with burn-up
remained similar for different C/M or temperatures.
As can be seen from the figure, the amount of M2C3

phase increases with burn-up because more and
more lanthanides get stabilized as Ln2C3 and
dissolve in this phase. The increase in various
carbon-bonding species with burn-up is accompa-
nied by a decrease in the amount of MC phase.

Lanthanides make stable sesquicarbides and dic-
arbides. The carbon potential of Pu2C3/PuC equi-
librium is higher than that of LnC2/Ln2C3.
Assuming that all the compounds are pure solids,
one would expect that as long as Pu2C3 phase is
present in the fuel, all the lanthanides should be
present as LnC2. In the present system, Pu2C3,
Ln2C3 and PuC were assumed to be present in solu-
tion phases. Though, LnC2 is also known to dissolve
completely in an isomorphous actinide dicarbide
phase but the present fuel system did not have a
(U, Pu)C2 phase. Therefore, LnC2 was assumed to
be present as a pure compound. The high dilution
of Ln2C3 in sesquicarbide lattice stabilized this com-
pound compared to LnC2, as can be understood
from the following relations:

½Pu2C3�M2C3
þ ½Ln2C3�M2C3

! 2½PuC�MC þ 2LnC2;

ð1Þ
DrG ¼ ð2DfG

0
PuC þ 2Df G

0
LnC2
� DfG

0
Pu2C3

� DfG
0
Ln2C3
Þ

þ RT ln
x2

PuC

xPu2C3
xLn2C3

� �
: ð2Þ

where, DfG
0
PuC, DfG

0
LnC2

, DfG
0
Pu2C3

and DfG
0
Ln2C3

are
the standard Gibbs energies of formation of, PuC,
LnC2, Pu2C3 and Ln2C3, respectively, at tempera-
ture T and DrG is the change in Gibbs energy of
the reaction (1). The symbols, xPuC, xPu2C3

and
xLn2C3

are the mole fractions of PuC, Pu2C3 and
Ln2C3, respectively, in the lattices marked as sub-
script outside the square brackets given in the reac-
tion Eq. (1). The first part of the Eq. (2), is negative
for all the lanthanides. But for most of the lantha-
nides, a very low value of xLn2C3

in the second part
of the equation made it positive enough to offset
the first part of the Eq. (2). Thus the overall value
for DrG was positive, therefore, favouring the stabil-
ization of Ln2C3 instead of LnC2. Among the
lanthanide carbides, we found that even after stabil-
ization of Ce2C3 by dissolution in M2C3 phase,
some CeC2 was stable at low temperatures. There-
fore, according to the present calculations, at high
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Fig. 1. Change in the fractional amounts of condensed phases with burn-up for the fuel with starting C/M = 1.03 at 1000 K.
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burn-up, along with Ce2C3 and CeC dissolved in
M2C3 and MC lattices, some CeC2 was also formed
as a separate phase. However, the presence of CeC2

did not have much effect on the carbon potential of
the system due to buffering effect of Ce2C3/CeC
dissolved in respective fuel lattices.

Other relevant carbides of lanthanides are their
monocarbides. However, only the lanthanides with
small atomic radii, e.g., Sc, Y, Sm, Lu, form stable
monocarbides or subcarbides. The important fission
product lanthanides, in decreasing order of their fis-
sion yields are Ce, Nd, La, Pr and Sm. Therefore,
most of the lanthanides relevant for the present cal-
culations do not form stable monocarbides, but they
get stabilized by dissolution in UC or PuC lattice.
The solubility of LnC is very limited in UC and
PuC [23]. Even the sesquicarbides of most of these
lanthanides show limited solubility in isostructural
uranium sesquicarbide. However, most of the rele-
vant Ln2C3 dissolve in Pu2C3 to form solid-solution
over the whole composition range. Haines and
Potter [23] and Holleck [2] have presented detailed
studies on the phase diagrams of ternary systems,
U–Ln–C and Pu–Ln–C. Many researchers [14,23–
29] have indicated low solubility of higher carbides
of lanthanides in respective uranium carbides but
high solubility in respective plutonium carbides.
Haines and Potter [23] have given phase diagrams
of U–Ln–C and Pu–Ln–C (Ln = La, Ce,Pr,Nd) in
the temperature range, 1073–1273 K. Their results
are in good agreement with other reported results
[26,27]. According to them, the monocarbides, with
more than 6 mol.% lanthanides coexist either with
higher carbides and/or lanthanide metals, depend-
ing on the C/M of the system. It was observed that
in high burn-up, irradiated and simulated carbide
fuels, the solubility of lanthanides in carbide fuel
is much lower than the sum total of solubilities of
the individual lanthanide carbide [29–31]. As the
sesquicarbide phase of the plutonium rich carbide
fuel of FBTR is almost Pu2C3, all the Ln2C3 was
assumed to be dissolved in M2C3 phase. The calcu-
lations were carried out with an assumption of ideal
solution of Ln2C3 in M2C3 matrix. However, the
same was not valid for the solution of lanthanide
monocarbides in MC matrix as LnC shows limited
solubility in MC matrix. Initially the calculations
were carried out by making a simple assumption
of ideal solution for both (U,Pu, Ln,Zr)C and
(U,Pu, Ln)2C3. But the calculated carbon activity
of the fuel increased with increase in burn-up. This
was in contradiction to the observation made on
burnt carbide fuel. Therefore, the calculations were
repeated with the assumption of non-ideal solution
behaviour for (U, Pu,Ln,Zr)C. Using 6 mol.% solu-
bility limit of LnC in (U, Pu)C and with the assump-
tion of Raultian behaviour for the solvent, i.e.,
(U,Pu, Zr)C and applying Henry’s law on the sol-
ute, i.e., LnC, an activity coefficient of 24.5 was
calculated for LnC in (U, Pu,Ln,Zr)C solution.
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The calculations were repeated using this value for
non-ideal solution behaviour of monocarbide solu-
tion phase but ideal solution behaviour for sesqui-
carbide solution phase. The carbon activity of the
fuel, calculated using these assumptions, decreases
with burn-up. The amount of M2C3 phase increases
and amount of MC phase decreases with burn-up,
the carbon activity of the fuel decreases with burn-
up. The compositions and not the amounts of these
phases determine the carbon activity of the fuel. In
Fig. 2, the calculated fractional compositions of MC
and M2C3 solution phases are shown as a function
of burn-up. As can be seen from this figure, the frac-
tion of Ln2C3 dissolved in M2C3 phase increases
sharply with burn-up, whereas, amount of Pu2C3

decreases. The fraction of U2C3 in M2C3 phase is
negligible, therefore, it is not seen in the figure.

In Fig. 3, the carbon activity of the fuel calcu-
lated for different starting C/M values are compared
at different temperatures. The carbon activity calcu-
lated for the fuel with starting C/M = 1.03 and
assuming ideal solution behaviour for MC and
M2C3 phases is also given in the figure. The carbon
activity of the fuel was calculated from the equilib-
rium fractions of plutonium in MC and M2C3

matrices using the following relation:

aC ¼
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1000 K.
where, xPu2C3 is the mole fraction of Pu2C3 in M2C3

matrix and xPuC is the mole fraction of PuC in MC
matrix. In case of plutonium rich carbide fuel,
limited solubility of lanthanides in plutonium-rich
monocarbide phase results in decrease in carbon
potential of the fuel with burn-up. The carbon
potential of (U0.3Pu0.7)C1+x with 3 mol% M2C3 at
1000 K, before burn-up was calculated to be
�45.95 kJ/mol. After 100 GWd/t burn-up, the car-
bon potential of the fuel decreased to, �46.6 kJ/
mol. As can be seen from Fig. 3, the effect of
burn-up on the carbon potential of the fuel is more
pronounced at high temperatures. With increase in
burn-up, the difference in carbon activity of the cen-
ter and the surface decreases, which should result in
reduced mass transfer of carbon from the center to
the surface. Therefore, most of the clad carburiza-
tion should take place in the beginning of the
burn-up and should decrease with increase in
burn-up. The effect of temperature on the carbon
activity is more prominent than the effect of C/M.

In the absence of any other data, the estimated
Gibbs energy of formation equation for CeC, given
by Besmann and Lindemer [32], was used for all the
lanthanide carbides. In the present calculations, the
Gibbs energies of formation of Ce2C3 and CeC were
used for all the lanthanide carbides. However, the
actual difference in the values of other lanthanide
carbides will impact the distribution of lanthanides
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in the two matrices, thus affecting the carbon activ-
ity of the fuel. It was observed that with the excep-
tion of lanthanide carbides, the differences between
the Gibbs energies of formation of the compounds
are large enough to accommodate the discrepancies
in their values without affecting the results of the
present calculations.

In the present calculations, the presence of oxy-
gen and nitrogen impurities in the fuel was ignored.
However, the starting FBTR fuel contained �5000–
6000 ppm oxygen and �1000 ppm nitrogen. The
presence of these impurities increases the carbon
potential of the fuel [4]. According to a computer
program described elsewhere [4], for the (U0.3-
Pu0.7)CNO fuel, containing 1000 ppm nitrogen
and 5700 ppm oxygen and 3 mol.% M2C3, the
carbon potential of the starting fuel is �43.3 kJ/
mol at 1000 K. According the present calculations,
the carbon activity of this fuel after a burn-up of
100 GWd/t should be �44.5 kJ/mol. Whereas, the
carbon activity calculated for the fuel with the same
sesquicarbide content but without oxygen and nitro-
gen impurities was, �46.6 kJ/mol, at the same tem-
perature and burn-up. This increase in the carbon
activity of the fuel in the presence of oxygen and
nitrogen is due to formation of Ln2O3 compounds.
The sesqui-oxides of lanthanides are more stable
than the oxides of uranium or plutonium. In fact
both lanthanides and alkaline earths act as oxygen
getters in the carbide fuels. Thus with increase in
burn-up the oxygen dissolved in MC phase reduces
[33]. Post irradiation examinations of carbide fuel
reported in literature have also confirmed the pres-
ence of oxides of lanthanides and alkaline earths
[18,34,35]. As discussed earlier, formation of the
stable sesquicarbide of lanthanides decreases the
carbon potential of the carbide fuel with burn-up,
but oxygen in the fuel binds some of the lanthanides
thus diluting this effect on carbon potential.

The change in plutonium chemical potential with
burn-up, shown in Fig. 4, was calculated using the
following relation:

RT ln pPu ¼ ð3DG0
PuC � DG0

Pu2C3
Þ þ RT ln

x3
PuC

xPu2C3

� �
;

ð4Þ

where, xPuC and xPu2C3
are the mole fractions of PuC

and Pu2C3 in the MC and M2C3 matrices, respec-
tively. As expected the chemical potential of pluto-
nium increased with increase in burn-up for the
assumption of non-ideal behaviour of LnC in MC.
The calculations carried out with the assumption
of ideal solution behaviour of LnC in MC showed
decrease in the plutonium chemical potential with
increase in burn-up. The value of chemical poten-
tial, even at 150 GWd/t, is so low that it cannot
have any detrimental effect on the clad.
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4. Conclusion

The present calculations did not indicate the for-
mation of (U,Pu) metallic phase even at burn-ups as
high as 150 GWd/t. According to the present calcu-
lations, cesium and tellurium partial pressures were
high compared to other species and their partial
pressures increased with burn-up. Therefore, they
can affect the fuel-clad compatibility. In most of
the fast breeder reactors, containing oxide fuel, the
cesium attack on stainless-steel cladding is one of
the most detrimental factors due to formation
of the stable cesium–chromium oxides [36].
Whereas, the absence of any stable cesium–chro-
mium carbide in carbide fuels prevents corrosive
affect of cesium on the cladding material. Tellurium
attack on cladding is also greatly reduced in carbide
fuels, as tellurium is bound by the cesium or alkaline
earth metals. Free iodine is considered to be the
main fission product that reacts with the cladding
of carbide fuels [36]. The present calculations
showed that most of the iodine available in the irra-
diated fuel should be present as cesium compounds,
Cs2I2 and CsI. Due to the formation of these com-
pounds, the corrosive effects of iodine will reduce
drastically because gaseous cesium iodide molecules
are very stable thermodynamically. However, Cubi-
cciotti and Davies [37] have postulated that in the
c-radiation field of the reactor, cesium iodide mole-
cules dissociate followed by ionization. Konashi
et al. [38] have calculated an increase in iodine pres-
sure by a factor of �107 in presence of radiation
field of a fast breeder reactor, compared to no radi-
ation field. Gotzmann and Hofmann [36] carried
out some compatibility experiments of steel with
simulated hyper-stoichiometric uranium carbide
fuel with fission products, Cs, Te, I, Se, correspond-
ing to a burn-up of 10 at.%. They observed that
microhardness of the cladding material was
increased when it was kept in contact with virgin
UC1+x fuel. Whereas, in the presence of Cs, Te, I
and Se, carburization of the cladding was reduced,
therefore, the microhardness of the cladding
remained unchanged. This shows that most of the
carburization of the clad takes place in the begin-
ning of the fuel irradiation. This observation is in
complete agreement with the present results. Based
on the present calculations we can conclude that
in case of mixed carbide fuels, iodine is the main fis-
sion product that can cause some problem but the
important limiting factor in the fuel performance
will be the mechanical interaction of the fuel with
the clad due to swelling of the fuel [22].
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