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Abstract

The experimental programmes undertaken at IGCAR with regard to high burn-up fuels fall under the
following categories: a) studies on fuel behaviour, b) development of extractants for aqueous
reprocessing and c) development of non-aqueous reprocessing techniques. An experimental
programme to measure the carbon potential in U/Pu-FP-C systems by methane-hydrogen gas
equilibration technique has been initiated at IGCAR in order to understand the evolution of fuel and
fission product phases in carbide fuel at high burn-up. The carbon potentials in U-Mo-C system have
been measured by this technique. The free energies and enthalpies of formation of LaC2, NdC2 and
SmC2 have been measured by measuring the vapor pressures of CO over the region Ln2O3-LnC2-C
during the carbothermic reduction of Ln2O3 by C. The decontamination from fission products
achieved in fuel reprocessing depends strongly on the actinide loading of the extractant phase. Tri-n-
butyl phosphate (TBP), presently used as the extractant, does not allow high loadings due to its
propensity for third phase formation in the extraction of Pu(IV). A detailed study of the allowable Pu
loadings in TBP and other extractants has been undertaken in IGCAR, the results of which are
presented in this paper. The paper also describes the status of our programme to develop a non-
aqueous route for the reprocessing of fast reactor fuels.

1. INTRODUCTION

Mixed carbides of uranium and plutonium are candidate fuel materials for Fast Breeder
Reactors. The Fast Breeder Test Reactor (FBTR) at Kalpakkam is fuelled by a mixed carbide
of uranium and plutonium, with Pu/(U=Pu) ratios of 0.7 (Mark I) and 0.55 (Mark II). The fuel
has already reached a burn-up of 50,000 MWd/T. Continued irradiation of the fuel to higher
levels of burn-up is envisaged. As uranium and plutonium undergo fission, a number of
fission products (f.p.) are formed with different affinities for formation of binary and ternary
carbides. Fission products with high yield may alter the carbon balance, and influence clad
carburization. Data on the Gibbs energies of formation of the compounds in the system U-Pu-
f.p.-C will be useful in understanding and predicting the evolution of the fission product
carbide phases in the irradiated fuel. We have initiated a programme to study the
thermochemistry of the (U-Pu)-f.p-C systems. In this paper, we describe the results of our
studies on U-Mo-C system, and the Ln-C system where Ln = La, Nd,Sm.

The reprocessing of fuels with high burn-up and short cooling time, which is a requisite for
achieving short doubling times and low fuel cycle costs, is another challenging aspect of the
fast reactor fuel cycle. The decontamination from fission products achieved in aqueous fuel
reprocessing depends strongly on the actinide loading of the extractant phase. Higher loading
of the actinides, U and Pu, in the extractant phase leads to increased decontamination from the
fission products. Tri-n-butyl phosphate (TBP), presently used as the extractant in fast reactor
fuel reprocessing by aqueous route, does not allow high loading of Pu, due to the tendency for
formation of a third phase in the extraction of Pu(IV). However, the higher homologues of
trialkyl phosphates permit higher actinide loadings without the attendant problem of third
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phase formation. A detailed study of the allowable Pu loadings in tri-amyl phosphate (TAP)
and other extractants has been undertaken in IGCAR, the results of which are presented in this
paper.

Finally, the reprocessing of fast reactor fuels by non-aqueous routes presents a number of
advantages arising out of their compatibility with short cooled, high burn-up fuels,
compactness of the equipment, less waste generation etc. This paper describes the status of the
programme at IGCAR to develop a non-aqueous route for the reprocessing of fast reactor
fuels.

2. STUDIES ON U-MO-C SYSTEM

There are two ternary carbides in the system U-Mo-C: UM0C1.7 and UM0C2 according to a
recent review [1]. The isothermal section of the ternary phase diagram for U-Mo-C system at
1773 K is shown in Fig. 1.

In our laboratory, the carbon potentials in two three-phase fields in the system U-Mo-C were
measured by using the methane-hydrogen gas equilibration technique in the temperature range
973 to 1173 K. From the experimentally measured values of the chemical potential of carbon
in the ternary phase fields UC + Mo + UM0C1.7 and UC + UM0C1.7 + UMoC2 , and data for
UC from the literature, the Gibbs energies of formation of the two ternary carbides were
derived.

2.1. Experimental details

2.1.1. Preparation of samples

Dimolybdenum carbide (M02C) was procured from Alfa products, USA. The three-phase
mixtures were prepared from the elements by arc melting. After annealing, the alloys were
characterised by chemical analysis and XRD, the results of which are given in Table I

2.1.2. Determination of Carbon Potential

High purity hydrogen was allowed to react with the sample at the desired temperature for
about 24 h. The pressure of the gas in the reaction chamber was maintained constant at 0.1
MPa. The gas phase over the carbide sample was continuously circulated and the
concentration of methane in the gas phase at equilibrium was measured employing a flame
ionization detector.

2.2. Results and discussion

The experimental method was validated by measuring the temperature dependance of carbon
potential of the biphasic mixture M0/M02C. Third law analysis of this data showed that the
technique can be used to measure the free energies within an uncertainty of ± 2 kJ/mole [2].
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2.2.1. Gibbs energy of formation ofUMoCl. 7

The measured values of the carbon potential in the phase field UC + Mo + UM0C17 relative
to graphite as standard state is shown in Fig. 2. The chemical potential of carbon is calculated
from the equilibrium using the expression:

o Pru (1)
Auc= RT In ac = A,G (CH4) + RT In - ^ -

Linear least-squares regression analysis of the data leads to the expression:
Aji c=-52,210-19T(±7300)Jmor1 (2)

The chemical potential of carbon in the three-phase field is established by the reaction:
(UC) + (Mo) + 0.7 C = (UMod.y) (3)

In view of the limited solubility of Mo in UC, and the limited solubilities of U and C in
molybdenum [3] in the temperature range 973 to 1173 K, the activities of UC and Mo may be
assumed to be unity. By combining the carbon potential data with the Gibbs energy of
formation of UC reported in the literature [4], the Gibbs energy of formation of UMoQ 7 in
the temperature range 973 to 1173 K can be calculated as:

AfG°(UMoCi.7> = -146, 630 - 15.0 T (± 8000) J mol"1 (4)

The value of the Gibbs energy of formation of UM0C1.7 at 1073 K, obtained in this study is
10 kJ / mol more positive than the estimate of Ugajin et al. [3]. Since the uncertainty in the
values estimated by these authors is rather large, the Gibbs energy of formation obtained in
this study, is considered to be more accurate.

2.2.2. Gibbs energy of formation ofUMoC2

The temperature dependence of the carbon potential in the three-phase field UC + UM0C1.7 +
UM0C2 obtained from this study is shown in Fig. 2. Linear least-squares regression analysis of
the data in the temperature range 973 to 1173 K gives the expression:

Auc = - 17, 770 - 2.0 T (± 4600) J mol"1 (5)
The carbon potential in this three-phase field is established by the reaction;

<UMoCi.7> + 0.3 C = <UMoC2) (6)
By combining the measured values of the carbon potentials in the three-phase field UC +
UM0C1.7 + UM0C2 with the Gibbs energy of formation of UM0C1.7 , given by the expression
(4), the Gibbs energy of formation of UM0C2 was found to be:

AfG°(UMoC2) = -151, 960 - 13.7 T J mol"1 (7)

The carbon potential over the three-phase field UC + UMoQ 7 + UM0C2, determined in this
study is found to be a very weak function of temperature. Our data suggest that in the ternary
sytem U-Mo-C the two ternary carbides may not coexist with molybdenum at 1773 K. This is
consistent with the review [1].

2.2.3. Implications with regard to FBTRfuel at High Burn-up:

Lorenzelli and Marcon [5] have predicted that, ~2 at% Mo would be present in a mixed
carbide fuel at a burn up of approx. 10 at%. Experimental investigations [6] on the system U-
Mo-C, indicate that molybdenum has a maximum solubility of 2 at%, in uranium
monocarbide. There is only one ternary compound PUM0C2, in the system Pu - Mo - C [1].
The Gibbs energy of formation of this ternary compound has not been reported so far. The
solubility limit of Mo, in the monocarbide of plutonium has not been determined. The
solubility of molybdenum in the monocarbide phase increases from 2 at% in pure uranium

230



monocarbide to about 3.5 at% in a mixed carbide of uranium and plutonium with {Pu /
(U+Pu) = 0.2} [7]. Since the FBTR fuel has a higher fraction of plutonium, a molybdenum
solubility in excess of 3 at% is expected. The quasi-ternary compound MM0C2 would be
precipitated in the irradiated fuel, only when the terminal solubility is exceeded.

The difference between the values of the Gibbs energies of the two ternary carbides in the
system U-Mo-C, is quite small. By assuming that the stabilities of these carbides are similar to
those in the system Pu-Mo-C, and further that the ternary carbides form ideal solid solutions,
the trend in the variation of the carbon potentials in the fuel system can be predicted.

There are two isograms in the pseudo ternary system M - Mo - C {M=(U,Pu)}, viz. the one
along which the two phases MC and MC1.5, and the one along which the phases MM0C2 and
MM0C1.7 coexist. The carbon potential in the "three-phase" field MC + MC1.5 + MM0C2
would be controlled by the MC/MC1.5 system, while that in the three-phase field MC +
MM0C2 + MM0C1.7 would be controlled by MM0C2 + MM0C1.7. The carbon potential along
the isogram which involves MC1.5, corresponds to that of the unirradiated fuel, while the
carbon potential along the latter is expected to be around -20 kJ / mol at 1000 K. Since this
value is more positive than the carbon potential of the mixed carbide fuels employed in FBTR
, the quasi-ternary compound MM0C1.7, will not be formed in the FBTR fuel. In order to
ascertain these predictions, data on the Gibbs energy of formation of the plutonium bearing
ternary carbide as well as the quasi ternary carbides bearing U and Pu are required. Further
studies are planned in this direction.

3. GIBBS ENERGIES OF FORMATION OF THE DICARBIDES OF LANTHANUM,
NEODYMIUM AND SAMARIUM

The lanthanides constitute an important group of fission products, since they are formed at a
high yield. Thus, a study of the lanthanide-carbon systems is essential for predicting the
chemical state of the irradiated fuel [8]. There is considerable discrepancy in the
thermodynamic data available in the literature on the rare earth-carbon systems. In
continuation of our studies to generate thermodynamic data on fission product - carbide
systems we have measured the Gibbs energies of formation of the dicarbides of La, Nd and
Sm.

3.1. Experimental

A detailed description of the experimental set up and the procedure adopted are given
elsewhere [9]. The carbides of La, Nd and Sm were generated "in situ" in a high vacuum
chamber by the carbothermic reduction of the corresponding oxides and the CO(g) effusion
pressures were measured by means of a quadrupole mass spectrometer. From the CO(g)
pressure data, the equilibrium CO(g) pressure, Pco, for that temperature was deduced, and
thus, the AG of the reaction 8:

(s) + 3 . 5 C « RC2.o(s) + 1.5 CO(g) (8)
could be obtained. From the AG of the reaction (8), the AGf of RC2.o(s) was calculated by
taking the Gibbs energy data of ROL5 (s), graphite and CO(g) from ref. 10. The AHf (298.15
K) of RC2.o(s) was calculated by second and third law methods by using the enthalpy
functions and free energy functions from literature [10-13]
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3.2. Results and Discussion

The temperature dependence of ln(Pco), along with the corresponding range of temperatures
in which the measurements have been done is shown in table II. The values of the enthalpy of
the reaction (8) according to II and in law calculations are also given in table II. Table III
provides the Gibbs energy and the enthalpy of formation of the individual carbides derived
from the data in table II.

3.2.1. Lanthanum Carbide

As seen from table n, the second law and third law enthalpies of the reaction (8), are in close
agreement. The third law value for the enthalpy of formation is in agreement within the error
limits with that reported by Meschel et al [13] and Anderson et al [14]. It is also within the
error limits of the II law results of Stearns et al [15]. The average of second and third-law
results is chosen to be the recommended value considering the fact that Gibbs energy
functions of LaC2.o(s) are estimated values.

3.2.2. Neodymium dicarbide

The second and third law enthalpies of the reaction (8 obtained from the present study are in
good agreement with each other. We did not observe any significant influence of temperature
on the third law enthalpy of reaction, indicating the reliability of the thermodynamic data
obtained. The average of second and third-law results is chosen to be the recommended value
for the enthalpy of formation, considering the fact that Gibbs energy functions of NdC2.o(s) are
estimated values.

3.2.3. Samarium dicarbide

There is a reasonable agreement between the second and third law enthalpies of formation of
the dicarbide determined in our study. The Gibbs energy of formation and the enthalpy of
formation determined in this study are close to the literature data [12,16,17].

3.2.4. Implications with regard to FBTRfuel at High Burn-up:

Among the lanthanides studied, neodymium has the highest yield. It is therefore appropriate to
use the data on Nd-C system to explore the application of the thermochemical data to the
chemical state of lanthanides in the fuel. However, the phase diagram of the Nd-C system has
not been reported so far. From a comparison with the phase diagram of La-C system [18] it
can be concluded that in the temperature range expected in the FBTR fuel (< 1800 K), NdC2
will be in equilibrium with Nd2C3. The carbon potential of this phase field, estimated by
taking the free energy of formation of Nd2C3 from literature[18] and utilizing the data on
NdC2 from the present work, is plotted in Fig.2 along with the data on carbon potential for the
FBTR fuels [19]. Data for Sni2C3-SmC2 system are also plotted in this figure. It is seen that
the carbon potential corresponding to the Ln2C3-LnC2 systems is of the same order, or more
than, that of the Mark I FBTR fuel. Thus, in Mark I FBTR fuel, the lanthanide dicarbide is not
expected to be formed. Since solubilities of both LnC and IJI2C3 phases in the corresponding
fuel phases are expected to be more than the lanthanide content of the fuel at 10 % burn-up
[8], the lanthanide could exist in solid solution in either of the phases. A more clear picture is
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possible only if the carbon potential of [LnC]Mc - [L112C3] system is evaluated, hi the case of
Mark II fuel, the NdC2 phase could be precipitated at high burn-up since the carbon potential
of the fuel is higher than that of the lanthanide system.

4. STUDIES ON THIRD PHASE FORMATION AND ALTERNATE TRIALKYL
PHOSPHATES

In the phenomenon of third phase formation, the organic phase splits into two, when the
"Limiting Organic Concentration (LOC)" for the metal is exceeded. In our laboratory, a
systematic investigation of the phenomenon of third phase formation was carried out to
establish the LOC values for different homologues of TBP.

4.1. Experimental

The details of the experimental procedure used for measuring the LOC values are given in ref.
20. The third phase formation was induced by loading the extractant phase initially with high
concentration of the actinide and then dissolving the third phase carefully by adding either the
extractant solution or nitric acid. The organic and aqueous phases were analysed for the
actinide and nitric acid at the point of disappearance of the third phase, to obtain the LOC.

4.2. Results and Discussion

Our studies on Pu extraction indicated that no third phase formation takes place during
extraction of Pu(IV) from nitric acid medium by TAP and higher homologues whereas third
phase is formed during extraction by TBP. To understand more quantitatively the effect of the
nature of the extractant on the LOC, studies were carried out on the Th(IV) extraction system,
where third phase is formed more readily. Figure 3 depicts the variation of LOC for the
extraction of Th(TV) as a function of the aqueous nitric acid concentration for Tri-n-amyl
Phosphate (TAP), Tri-n-Hexyl Phosphate (THP) and Tri-n-isoamyl Phosphate (TiAP) [20].
The LOC data are compared with the data for TBP. It is clear from the figure that the higher
homologues permit significantly higher loading, hi fact, no third phase formation could be
induced in the case of THP for Th(IV) also, and the data shown correspond to the maximum
loadings achieved. It is clear that use of TAP or TiAP will be advantageous when high Pu
loading in extractant phase has to be realised, as in the case of reprocessing of fast reactor
fuels. In fact, Russian workers have reported [21] the use of TiAP for reprocessing of U,Pu
mixed oxide fuel irradiated to 1,00,000 MWd/T burn-up.

5. LABORATORY SCALE STUDIES RELATED TO PYROCHEMICAL REPROCESSING

5.1. Introduction

Pyrochemical reprocessing methods offer several advantages over the conventional PUREX
process for reprocessing short cooled fast reactor fuels with high burn-up. Molten salt
electrorefining, one of the pyrochemical reprocessing methods, has received considerable
attention, especially for reprocessing of the irradiated metallic fuels as well as the nitride fuels
[22]. This process was first developed as a part of the Integral Fast Reactor program, in the
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Argonne National Laboratory [23]. In this process, the electrochemical separation of the fuel
materials from the fission products is achieved by utilizing the large differences in the
thermodynamic stabilities of the respective chlorides. Molten cadmium is used as the anode,
an eutectic of LiCl-KCl containing about 2 mol% of uranium and plutonium chlorides as the
electrolyte and a low carbon steel rod/molten cadmium is used as the cathode. During the
process, uranium and plutonium are selectively electrotransported and deposited on the
cathode, leaving behind most of the fission products in the salt and the anode. The recovery of
the actinides from the cathode deposits is achieved by heating them to 1300°C to distill off the
cadmium and consolidate the actinides into an ingot.

5.2. The laboratory scale facility for pyrochemical reprocessing studies and the
associated systems

A laboratory scale facility for carrying out pyrochemical reprocessing studies on radioactive
materials has been designed, set up and is being operated in our laboratory. The facility has
been designed to facilitate studies on all the process steps associated with the molten salt
electrorefining process. It comprises an argon atmosphere glove box train (Fig.4) housing all
the equipment. An electrorefining cell is positioned inside the furnace well attached to the
bottom of one of the glove boxes. The electrorefining cell consists of an S.S. 304 vessel, a
cylindrical SS 430 crucible as the anode container, and a solid mild steel rod as the cathode. A
consolidation set up, a cadmium distillation set up and an injection casting set up are also
incorporated in the facility.

The electrorefmer cell has been regularly operated on a 200 g scale. The potential of the cell
was controlled between 0.8 to 1.0 V. Maximum cathode current densities of 50 mA/cm2 were
obtained in these runs. Initial deposition rates were about 5-6 g per hour which reduced to a
value of about 2 g per hour as the anode content of uranium comes down. Collection
efficiencies ranging from 60 to 85 % were obtained in different runs. Studies are in progress
to optimise the parameters to improve the current efficiency.

Investigations were carried out on the effect of the concentration of UCI3 on the current in the
cell to arrive at an optimum value for maximising the current. The concentration of UCI3 in
the electrolyte was varied from 0.5 mol % to 3.2 mol %. An optimum current was obtained at
a concentration of 1.0 mol% which increased slightly with increase in concentration until 3.0
mol% and beyond this value the increase in current was not appreciable.

5.3. Studies on the recovery of U from UC

Investigations were carried out on the recovery of U from UC. UC pellets prepared by the
carbothermic reduction of U3O8 were taken in an alumina crucible to the bottom of which a
layer of cadmium was added for ensuring better electrical contact. A tantalum wire was
introduced into the crucible which was made the anode. A low carbon steel rod was used as
the cathode. The recovery of uranium was about 90%.
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5.4.Studies on the separation of Zr, Ce and Pd from uranium

The separation of uranium from U-10 % Zr and U-Ce-Pd alloys was studied, with LiCl-KCl
eutectic salt mixture loaded with about 5 wt.% UCI3, the uranium alloy kept immersed inside
the cadmium pool as the anode, and solid mild steel rod as the cathode. The anode, salt and
the deposit were periodically analysed for the elemental concentrations. The Zr content in the
deposit was as low as 0.02-0.03 %. The amount of cerium transported to the cathode was very
less and almost all the cerium in the initial feed was transferred to the electrolyte. Palladium
stayed in the anode itself, and very low amounts were only transferred to the cathode. The
overall recovery of uranium was only 76 % in our experiments, which could be improved by
controlling the ambient conditions in the glove box.
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Table 1. Composition of the u-mo-c ternary alloys studied

Alloy composition
U (wt%)
66.40
17.80

Mo (wt %)
27.83
81.21

C (wt %)
5.45
0.96

O (ppm)
500
500

Phases identified in XRD

UC, UMoC2, UM0C1.7
UC, Mo, UM0C1.7

Table 2. Equilibrium Co (G) Pressures Over Lti2O3-C-Lnc2 Phase Fields

Condensed
Phase

La2O3 (s) - C(s)
- LaC2 (s)
Nd2O3(s)-
C(s)-NdC2(s)

Sm2O3(s) -C(s)
-SmC2(s)

Vapour
Pressures
lnPco(g)*
-50130(658)/
T + 22.9 (0.4)

53012.9(698)/
T+ 23.5 (0.46)
-52000.3
(895)/T+ 22.6
(0.58)

Temperature
range(K)

1342-1642

1403-1588

1427-1666

AH of reaction
at 298 K (n
law) +kJ/mol
632.1 + 8.4

668.0 + 8.7

665.8 ±11.1

AH of reaction at
298 K(HI law)f

kJ/mol
637.1 ±2.7

670.8 ±1.0

673.9 ±2.9

* - The error in the parameters of the linear fit are given in brackets.
t - The overall errors in the parameters are indicated.

Table 3. GIBBS energies and enthalpies of formation of the rare earth dicarbides

Phase

LaC2(s)

NdC2(s)

SmC2(s)

AGf° (298.15 K),
kJ.mol"1

-103.1

-65.3

-87.6

AHf° at (298.15 K), kJ.mol"1

II Law

-90.6±8.4

-70.1±8.7

-81.2+11

HI Law

-80.1±3.6

-67.3±1.0

-71.6±2.5

SELECTED*

-85.6±10

-68.7±10

-76.4±12

* Recommended value with the overall estimated error in the measurement
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UC+U2C3+UMoC2

UM0C1.7+UM0C2+UC

u

UM0C2+M02C+C

UMoC2+UMoC17+Mo2C
U2C3+

U2C3Y \C+UMo2

uc

Mo

Mo(SS)
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B0X.1 B0X.2

ARGON ATMOSPHERE GLOVE BOXES

BOX.1 ELECTROLYTE SALT PREPARATION
8OX.2 ELECTROREFINING EXPERIMENTS
BOX.3 INDUCTION MELTING
BOX.4 METAL/ALLOY TREATMENT

AIR ATMOSPHERE GLOVE BOX

I3OX.5 TRANSIT AIR BOX / CADMIUM DISTILLATION

B0X.3

PURIFICATION TOWER
BLOWER
PHOTOHELIC GAUGE

4. VACUUM BREAKER(INLET)
5. VACUUM REGULATOR(EXHAUST)
6. ELECTROREFINING CELL
7. GLOVE BOX FURNACE ATTACHMENT

8. INDUCTION GENERATOR UNIT
9. CONSOLIDATION SET UP

10. INJECTION CASTING SET UP
11. POLISHING INSTRUMENT
12. CADMIUM DISTILLATION SET UP
13. BAG-IN/BAG-OUT PORT
14. VACUUM PUMP
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FIGURE CAPTIONS

Figure 1. Isothermal section of U-Mo-C phase diagram at XXX K

Figure 2. Temperature dependence of the carbon potential in fuel and fission
product systems

Figure 3. Limiting Organic Concentration for third phase formation in
extraction of thorium(IV) by trialkyl phosphates from nitric acid
medium.

Figure 4. Schematic diagram of inert atmosphere glove box train housing
facilities for studies on pyrochemical processes
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