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High temperature thermochemistry of thoria-urania fuel for Advanced Heavy Water Reactor was inves-
tigated. Oxygen potential development within the matrix and distribution behaviors of the fission prod-
ucts (fps) in different phases were worked out with the help of thermodynamic and transport properties

of the fps as well as fission generated oxygen and the detailed balance of the elements. Some of the nec-
essary data for different properties were generated in this laboratory while others were taken from liter-
atures. Noting the behavior of poor transports of gases and volatile species in the thoria rich fuel (thoria-
3 mol% urania), the evaluation shows that the fuel will generally bear higher oxygen potential right from
early stage of burnup, and Mo will play vital role to buffer the potential through the formation of its oxy-
gen rich chemical states. The problems related to the poor transport and larger retention of fission gases
(Xe) and volatiles (I, Te, Cs) are discussed.
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1. Introduction

India accounting for about one-third of the world’s thorium re-
serve [1] is implementing thoria utilization programme through
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three-stage fuel cycle concept - viz., plutonium (*>*°Pu) generation
from uranium in pressurized heavy water reactors (PHWR), 233U
breeding from the naturally abundant 22Th isotope in fast breeder
reactors (FBR), and 233U burning for power production using PWR/
FB reactors. India is also exploring the possibility of direct utiliza-
tion of thorium in Advanced Heavy Water Reactor (AHWR) config-
uration [2].
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In AHWR, thoria-based fuels will be used and the fuel will con-
tain 2-4% fissile isotopes of uranium (>33U) or plutonium (>3*°Pu) in
the mixed oxide forms: Th,_,U,0,, and Th;_,Pu,O,. In such a reac-
tor, while the U/Pu isotopes undergo fission by thermal neutrons
there is simultaneous burning of the abundant isotope 232Th via
in situ generation of the daughter atom 233U. About 60% of the
AHWR power output is anticipated to be from the thorium burning
process. AHWR being a new concept, its technological [2] imple-
mentation needs the input of basic data of physics and chemistry
of the fuel and its fission products (fps). The data will help to
understand whether the physical and chemical evolution of the
fuel during long irradiation period is conducive for safe operation
of the reactor.

A burnup of about 50 GWD ton~! will be common in the tho-
ria-based fuel considering its reprocessing difficulty due to the
presence of fast decaying **2U isotope (t;> = 73.6 y) to gamma ac-
tive daughters (?'2Bi, 0.7-1.8 MeV, and 2°8Tl, 2.6 MeV). To attain
an average discharge burnup of 50 GWDton ! with a typical
power rating of 18-20 kW m~! in AHWR, the fuel will be irradi-
ated for over 60 months. During the irradiation, the fuel pin
(Fig. 1a) generally bears the thermal profile of 1300-1500K as
the central temperature and 800-900 K as peripheral temperature
(Fig. 1b), and occasionally above this range in power ramp situa-
tion. At the high temperatures and under the steep thermal gra-
dient, the fps undergo transport and redistribution within the
cladded pin (Fig. 1a), and chemically react among themselves
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Fig. 1. (a) Schematic of cladded fuel pin (top). (b) Typical thermal profile in the fuel
at 35 GWD ton~! (bottom).

and with the thoria matrix and clad. Under this situation integrity
of fuel pin and clad is the main issue. The integrity is governed by
the physicochemical transformation of the fuel matrix and clad
with burnup.

For the analysis and evaluation of the fuel-clad integrity during
long irradiation period, the knowledge of thermodynamic and
transport properties of the fuel and fps is a necessity. Using these
information, one evaluates: (i) concentration built up of gaseous
and corrosive volatile species at the fuel-clad interface, (ii) the
possible extent and path ways of chemical damage of the clad by
the corrosive volatiles, and (iii) the extent of fuel swelling and dis-
integration by the gas accumulation and different solid phase for-
mations inside the fuel matrix.

The above mentioned aspects, though well-known for the con-
ventional urania fuel, need to be re-established for new fuel like
thoria. Thoria (ThO,) has quite a number of advantages over urania
(UO,) like better thermal transport and thermomechanical proper-
ties, higher chemical stability and radiation resistance ensuring
better in-pile performance and a more stable waste form [3-5].
Like the case of the conventionally used oxide fuels, thoria-based
fuels do not pose any difficulty in handling and fabrication, at least
in the virgin state. Typically, thoria-3 mol% urania solid solution
for AHWR is fabricated by intimately mixing the constituent oxides
in a ball-mill and sintering the material in pellet form made under
a pressure of 150 MPa. The sintering is carried out in programmed
furnace under atmosphere of nitrogen-8% hydrogen at 1923 K over
several hours achieving thereby a density greater than 96% TD with
average grain size of 55 pm.

2. Distinguishable features ofthoria-based fuels and the general
scenario of the fission products inside thoria matrix

The fuel chemistry with thoria is not expected to be the same as
that experienced with urania in the conventional reactors, though
the same set of fps with similar yields (Table 1) are formed and set-
tle down inside the MO, fluorite lattices with similar crystal radii
of the cations (M = Th*™*, U*). Different chemistry of thoria origi-
nates from unique four valency of Th in its compounds as against
flexible valency of four to six for U. Urania can be oxidized to
hyperstoichiometric composition UO,.,, and by this it can buffer
oxygen released during fission to a large extent. Oxygen is released
as the actinide metal M in MO, matrix (M =Th, U, Pu) undergoes
fission. The chemical affinity for oxygen being absent in ThO,,
the buffering action will be evidently weak in thoria-based fuels.
For the same reason the oxygen transport in the fuel is predomi-
nantly by self diffusion unlike the case in urania where oxygen
makes faster transport through the chemical affinity driven diffu-
sion process. These subtle features can lead to faster growth of
oxygen pressure in the thoria-based fuels and alter the thermo-
chemistry of fps.

The oxygen released during fission gets redistributed among
reactive fps, fuel and clad for their oxidations. The states of oxi-
dized fps inside urania matrix are fairly well established and are
summarized in Table 2 for typically high burnt fuel of pressurized
water reactor [6]. Like urania, fluorite lattice of thoria can accom-
modate many of the fps in oxides, metallic and gaseous phases.
The alkaline earth thorates MThOs; can be chemical components
in the grey (perovskite) phase. Additionally, there can be tetrago-
nal/cubic phases due to alkali thorates of composition M;ThOs5.
Considering, however, the stated subtle features of thoria one
needs to address to a number of specific issues such as how fast
and to what extent the oxygen pressure inside the thoria-based
fuels grows with burnup, whether the O-pressure growth could
be buffered by the oxidation of reactive fps and clad, or, whether
there could be oxygen transport impediment in thoria rich matrix
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Table 1
Integrated values of fission products yields from reactor fuels at their respective burnup.
Fps (atom%) 235 pWR MOX (7.8%Pu0,) PWR 233y AHWR 239py FBR
Burnup (GWD T~?) 45 45 20 100
Y +RE 253 23.1 26.6 234
Ba +Sr 7.2 5.3 9.4 53
Zr 133 9.5 16.7 9.8
Cs+Rb 11 10.8 9.8 11
Mo 11.7 11 10.3 10.7
Ru +Tc+Rh +Pd 16 238 7.1 229
Xe + Kr 12.8 12.8 16.2 12.6
Metalloids + halogens 1.8 22 2.8 24
Ag+Sn+Cd 0.7 14 0.3 1.2
In order to address the stated issues, one makes a detailed bal-
Table 2 ance of oxygen released during fission considering its consumption

Chemical states of fps in oxide fuels.

Types of fps Chemical states

Non-volatiles

Rare-earths (Nd, La, Ce, etc.) and
transition metals (Y, Zr, Nb)

Alkaline earths (Sr, Ba) and Zr, U, Pu,
Mo, Ce

Noble metals (Pd, Ru, Rh, Tc) and Mo

Dissolved state in fuel matrix (MO,)
Perovskite, M'M” 05 (grey) phase

Alloy (white) phases

Gases and volatiles
Inert gases (Xe, Kr) Dispersed microbubbles in fuel
Fractional release at fuel-clad gap
and at plenum

MI, M,Te at low-moderate burnup
Conversion of MI, M,Te to uranate/
molybdate at high burnup

In alloy phases

As alkali metal compounds

Alkali metals (M = Cs, Rb)

Cd, Te, Sb
Te, I, Br

to result in much higher oxygen potential than in urania. If the
oxygen potential is high then there are other issues pertaining to
increase in free iodine concentration and formation of oxygen rich
bulky phases. These later issues become important when Mo oxi-
dation to buffer oxygen potential is slow.

by the fps, fuel and clad according to their oxidation hierarchies to
different chemical states. The detailed balance requires thermody-
namic as well as kinetic data of oxidation of the fps, oxygen trans-
port properties inside the matrix and across the fuel-clad gap, and
oxygen incorporation kinetics in zircaloy clad.

3. Detailed O-balance from thermodynamic and Kkinetic
analyses

Intercomparison of the reported oxygen potentials of the fps
oxides [7] leads to the fact that at first yttrium and rare earths
(RE) will be oxidized to their respective trivalent oxides and this
will be followed by the oxidation of alkaline earths (Sr, Ba) and zir-
conium to their divalent and tetravalent oxides respectively. Zr in
zircaloy clad will be oxidized approximately at the Zr/ZrO, poten-
tial. The extent of oxidation of the other fps (Cs, Mo, etc.) less oxi-
dizable than Zr cannot be deduced without considering the
thermodynamic stabilities of their ternary compounds. To under-
stand oxygen redistribution among the fps, the O-potentials of
the relevant metal/metal oxide systems are plotted as functions
of temperature in Fig. 2a while the O-potential of the fuel,
Thog7U0.030; at typically two different temperatures is indicated
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Fig. 2. (a) Oxygen potential of fission product/fp-oxide systems. (b) Oxygen potential of AHWR fuel. (c) Fission products’ oxides formation hierarchy.
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in Fig. 2b. The hierarchal oxides are indicated in Fig. 2c. Fig. 2b indi-
cates that the O/M ratio in the fuel will hardly rise from the typical
initial value of 2.0000 when the O-potential of the fuel attains to
that of Mo/MoO,. In urania fuel, in contrast, the O/M ratio at
1473 K should rise to the value of 2.001 (Fig. 2b) before Mo gets
oxidized.

Referring to the fps yields in AHWR fuel (Table 3), the rare earth,
alkaline earth, and zirconium can consume about 87.2% of oxygen
released during fission in forming their respective binary oxides
RE;03, SrO, BaO, CeO, and ZrO, (Table 3). CeO, gets stabilized as
cerate components in the perovskite (grey) phase, (Ba,Sr)(Zr,Th,
U,Ce)0s, constituted mainly of the alkaline earth zirconates. From
the balance amount of 12.8% oxygen a part would be transported
to clad while the rest part of O will be used for the oxidations of
Cs/Rb, fuel and Mo. To understand the redistribution behavior of
the balanced 12.8% oxygen, a brief mention is now made of the
thermodynamic aspect of the alkali fps states and kinetic aspects
of the O-transport and oxidation of clad.

3.1. Thermodynamic aspects of alkali fps

Fig. 3 shows the oxygen potentials of relevant chemical equi-
libria involving Cs. The metal oxide phases have O-potentials
roughly 200 k] mol~! above that of Zr/ZrO,, and almost the same
amount below that of Mo/MoO- (not included in the figure). The
potential values for the different oxide systems indicated in Fig. 3
were obtained from our experimental results and reported infor-
mation [8-17] as summarized in Table 4. The formations of O-
rich ternary compounds of Cs starts taking place when the
remaining 12.8 atom?% of fission generated oxygen raises the O-
potential above that of Zr/ZrO,. The extent of O-uptake by Cs/
Rb depends on the amounts of O-partitioning among the possible
ternaries: thorates/zirconates and uranates/molybdates. The alkali
thorate formation would be favored to the zirconates as Zr pref-
erentially forms the more stable alkaline earths zirconates. The
kinetics aspect comes into play in the oxygen uptakes as the com-
peting reactants, thoria, urania, and Mo-alloy, have restricted
accessibilities for Cs due to its very low diffusion. With the low
urania content in AHWR fuel and very small quantity of the
evenly dispersed alloy phase, Cs uptake by thoria matrix as
2[Cs] +1/20,(g) + ThO,(s) = Cs,ThO5(s) will be kinetically domi-
nating before undergoing conversion into thermodynamically fa-
vored states like uranates and molybdates as Cs,ThOs(s)+
[UO3] +1/20,(g) = ThO,(s) + CsU04(s) and  Cs,ThO5(s) + [Mo]a.-
loy + 3/205(g) = ThOy(s) + Cs;M004(s). Out of the two, the former
reaction is preferred because it calls for a lesser number of oxy-
gen molecules to undergo transport. Under very low oxygen pres-
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Fig. 3. Relevant chemical states of Cs.
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sure, kinetics of oxygen transport makes the preference. In urania
based fuel Cs is known to be fixed in the uranate form [18]. Be-
cause of U-233 isotope production in thoria-based fuel the initial
urania content of 3 mol% will hardly be lowered [19] and there-
fore, whatever little Cs is generated can get fixed as uranate. With
the AHWR yield of the alkali metals, 10 out of the 12.8 leftover
oxygen will be used (one O per Cs atom) in the uranate formation
(Table 3).

If for kinetic reason all Cs and Rb were remaining as cesium and
rubidium thorates, the oxygen balance would have been set to 7.8
atom¥% instead of 2.8% obtained from the purely thermodynamic
considerations. The actual value of oxygen balance will lie some-
where in between. Any augmented consumption of oxygen by
the alkaline earth molybdates/uranates formation is not possible,
as their formations require BaO/SrO components to be displaced
from the more stable perovskite phase. In the absence of detailed
information of the cesium transport and alloy phase distribution
in the matrix, the kinetic aspect is difficult to quantify. Rest of
the presentation is thus based on the redistribution of the residual
oxygen of 2.8% obtained from thermodynamic considerations. This

Table 3

Oxygen uptake by the fission products of AHWR fuel.
fps (233U0, = 2FPs + 20) fps% yield in AHWR ThO,-233U0, fuel Oxide type/other possibilities O-content
Y +RE 27 M, O3 40.5
Ba+Sr 9 MO 9
Zr 17 MO, 34
Ce part in RE 74 CeO,, from Ce;03 3.7
O-uptake by reactive fps 87.2
Cs+Rb 10 M,0 <5

M,UO, from M,0 + UO, (some Cs as Csl, Cs,Te) <5

O-uptake by reactive fps + alkali metals <97.2
Mo 10 >1.4% Mo as MoO, >2.8
Pd + Ru + Tc + Rh 8 Alloy phase with Mo 100 (total sum O)
Xe + Kr 16 Gas
Metalloid + halogen 3(1.8+1.2) CsX, Cs,Te
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Table 4

Summary of thermodynamic data of relevant ternary compounds of the fission products.

Ternary compounds (molar

AfG?' k] mol ! Ternary compounds (molar
volume w.r.t. ThO, at

800 < T< 1500 K volume w.r.t. ThO, at

ArGY k] mol !
800 < T< 1500K

Ternary compounds (molar

ArGY k] mol !
volume w.r.t. ThO, at

800 < T< 1500 K

ambient) ambient) ambient)
BaThO; (orthorhom bic; —1802 +.279T BaZrOs (cubic; 1.6) —1787 +0.2954T [10] Cs;Mo0, (orthorhombic; —1514 + 0.3605T,
1.31) [8] 2.28) T<952K; [10]
Hexagonal —~1649.6 + 0.5209T,
T>952K [10]
Cs,Mo04(liq) —1611.3 + 0.4897T,
T>1229.5K [10]
SrThO5; (monoclinic; 1.47)? —1825+0.29T Cs,ThO;3 (cubic; 1.57) —1780 + 0.44T [14] SrMoO, (tetragonal; 2.12) —1540.6 + 0.3576T
[9] [10]
BaUOs3 (orthorhom bic; 1.32) —1687 +0.2705T Rb,ThOs3 (cubic; 1.65) —1822 + 45T [15] BaMoO, (tetragonal; 2.02) —1555.5+0.387T
[10,11] [17]
BaMoOs (cubic; 1.41) —1229+0.2615T  Cs,ZrOs (orthorhombic; —1672 + 0.44T [16] SrUO4 (tetragonal; 1.27) —1980.2 + 0.34T
[10,12] 1.93) [10]
SrMoOs (cubic; 1.63) —1269 +0.2702T  Cs,UQ, (tetragonal; 1.51) —1926 +0.4108T, T< 952 K; BaUQ, (orthorhombic; 1.32) —1988.8 +0.3597T
[13] —2062 +0.5532T, T> 952 K [10]
[10]
@ Orthorhombic SrThOs; 1.41.
will give a lower limit of oxygen potential rise in fuel or Mo/zirca-
loy oxidations. The 2.8% of the oxygen released during fission is 10
constantly available from 0.0125 m dia. fuel pellet at 18 kW m™!
power rating will result in the O-flux of 5.2 x 107! gatom s~ ' m™! -
and O-flux density (B) of 4.6 x 1077 gatomm >s . - 121 o
» 1000 K
L . . N
3.2. Kinetic aspects of residual flux of fission-released oxygen c F
O 14
The kinetic path of O-transport at a steady flux of 5.2 x o . _y e Th 1.y Uy o)
107" gatom Os~ ! m™! to clad will be governed by the slowest =) L
one of the three processes in series: (a) transport through matrix, - oy=1.0
_ . . . . (@) -16 O = 0 25
(b) transport across fuel-clad gap, and (c) oxidative incorporation ko) y .
in clad, which are briefly described below. Parallely, the fission L B Pure thoria
prqduct Mo present in metglllc precipitate can consume t.he . @ y= 0.025 (ThiS study)
residual part of oxygen forming MoO, component. The relative -18
consumptions of oxygen in the two parallel paths depend on their N T T

relative kinetics.

3.2.1. Transport through matrix

Oxygen transport by self diffusion Doy(T) in pure thoria and ura-
nia matrices are quite comparable [20,21] as respectively given by
Dox(m?s™1) = 4.5 x 10~%exp(—275 k] mol~'/RT) and Dy (m?s~1)=
2.6 x 10 exp(—251 k] mol~!/RT). For urania, studies show that
the self diffusion contribution is several orders of magnitude lower
than chemical diffusion Doy, . (T) contribution, which is given by
[22] Dox (m?s ')=1.8 x 10 %exp(—90 k] mol~!/RT). For thoria-
based matrix there is very little information on the chemical diffu-
sion property of oxygen. Matsui et al. [23] have reported the oxygen
chemical diffusion property in Th;_,U,0,.¢ (y=0.2 and 0.4) with
activation energies quite similar in magnitude to that of pure ura-
nia. Their data reflect non-linear decrease of the transport coeffi-
cient with lowering of the urania content in the ternary solution
as shown in Fig. 4. The oxygen transport study of SIMFUEL (20
GWD ton~! burnup) with very low urania content (Thg.ogUo.0202.x)
as carried out in this laboratory conforms to the non-linear decline
in the transport indeed (Fig. 4). Such non-linear drop in diffusivity is
expected from the behavior of oxygen potential of the fuel formu-
lated by thermochemical approach [24]. The experimental data at
the limit of x =0 can be represented as Doy [(¥0.25m?s™!)=
1.5 x 10 %exp(—103 k] mol~'/RT). The orders of magnitude differ-
ence in diffusion coefficients shows that thoria-based fuels with
low urania content will have significant impediment in the oxygen
transport as compared to the urania case. The oxygen profile evolu-
tion in the two fuel matrices can be made considering the redistri-
bution of the 2.8% of the left over oxygen in the respective cases.

00 02 04 06 08 10
y

Fig. 4. Trend of oxygen transport coefficient with urania content in Th ;_,U,0,.y at
x=0.

3.2.2. Oxygen transport across fuel-clad gap

The steady flux of 2.8% of oxygen released during fission to be
radially transported to clad by gaseous diffusion across the helium
filled annular gap of about 50 pm needs a pressure drop of 10~ !°
bar or more for O. This will be feasible with the oxygenated species
such as H,0(g), Cs,0(g) and CsOH(g) [25] since by the available
hydrogen gas and cesium vapor their partial pressures on the fuel
surface will be much above 1071° bar according to the equilibrium
reactions: MOs.y + 5Hx(g) = MO34x_s + dH20(g), MOy+x + 26Cs(g) =
MO,._s + 6Cs,0(g), etc. Sources of hydrogen are moisture impurity
in the fuel, nuclear reaction (n,p), diffusion influx from zircaloy-
coolant reaction (by nuclear reaction itself, around 1.8 x 10~*
hydrogen isotopes are produced per 100 atoms of fps at a burnup
of 20 GWD ton ). Reported growth kinetics of oxide layer (S) in
zircaloy [6] are high enough to take care of the residual O-flux from
the fuel.

With the reported value of fuel expansion of 0.6% per 10 GWD
ton~! burnup a fuel pin of diameter 12 mm will expand to fill up
the gap of 50 um by the time it reaches 30 GWD ton~!. After this
the direct transport of oxygen to zircaloy becomes operative and
it is more efficient as compared to vapor phase transport.
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4. Oxygen profile evaluation

It is important to know the steady state oxygen profile under
which the constant O-flux of 5.2 x 10 "' gatoms ' m™! can be
transported out to the fuel boundary, where its concentration is
fixed by low oxygen potential of the clad. On the approximation
of radial diffusion of species under chemical and thermal potential
gradients in the pellet, the steady state oxygen flux J(r) across the
cylindrical section of radius r and unit height is given by J(r) = nr?
B=2nrCo [—Do0In xo/0r — Do(Q/RT?)(0T/0r)]. B is volume density
of the O-flux (4.6 x 1077 gatom m—3 s71), Cy is the interstitial oxy-
gen concentration (Co/xo being the total oxygen concentration in
MO3.x). Dox and Doy, . self and chemical diffusion coefficients
respectively for Th;_,U,O,.,, and R is the gas constant. The first
term within the square bracket is contributed by entropy rise in
transferring one gram atom of oxygen under the concentration gra-
dient. For the mass transfer, the oxide lattice transports electrically
charged oxygen vacancy or interstitial in the opposite direction and
thus performs the minimum thermoelectric work of 6W = —S, dT
which is positive under negative dT/or. The work under the thermal
gradient manifests out of a minimum heat expense of |T(sW/
dT)| = SoT from the lattice. The overall minimum heat expense of
SoT contributing to the second term of J(r) expression in fact debits
a portion of the entropy rise expressed through the first term. The
negative value of Q(<—S,T) has been reported by several investiga-
tors [26] from the measured oxygen redistribution in hyper- and
hypo-stoichiometric urania-plutonia fuel under steady state. In
the absence of such data for ThgogUp 020, based SIMFUEL, the O-
profile was evaluated considering the magnitude of Q/T as Sp, which
according to the reported O-potential behavior of ThgggU 2054 is
12]K ' gatom~! [24]. For Dy, . values the stated SIMFUEL result,
namely, Dox (*¥0.25m?s ')=1.5 x 10~%exp(—103 k] mol~'/RT)
was used. For D, the molar mean value of reported self diffusion
coefficients of ThO, and UO, [20,21] in ThgggUg 020> was used as
Dox(m? s71) = 4.2 x 10~%exp(—275 k] mol~!/RT).

The evaluated O-profile in the SIMFUEL of the cylindrical matrix
of diameter 0.0125 m is given in Fig. 5. The steady state of temper-
ature profile in the fuel is included in the figure. The evaluated ra-
dial concentration of interstitial oxygen, x in MO,.,, is seen to vary
from 0.004 to 0.001. Similar evaluation for urania fuel under iden-
tical temperature gradient and steady O-flux showed orders of
magnitude lower concentration, which is mainly due to very high
O-diffusion in urania. The temporal evolution of oxygen concentra-
tion can be expressed [27] considering a simpler situation with an
average diffusivity over the thermal profile in the cylindrical geom-
etry (diameter 2a=0.0125 m). The time constants for attaining
steady profile is more than a year for thoria as against an hour or
so for urania.

The constantly available flux due to 2.8% of the fission-released
oxygen to be transported out of the fuel, the oxygen potential pro-
file should stand orders of magnitude above that of Mo/MoO,
(Fig. 5). If the flux is fully used in Mo oxidation then the potential
profile will be that of Mo/Mo0,. The result of such calculation thus
shows the important role of Mo for buffering the oxygen potential
in the thoria-based fuel. Considering reported oxidation rate of Mo
surface [28] together with the fact that freshly generated Mo can
undergo faster oxidation one concludes that Mo can easily buffer
the oxygen potential.

5. Transport properties of fission gases
and volatile fission products

For integrity analysis of fuel, the knowledge of release charac-
teristics of gaseous and volatile fps is important. The release signif-
icantly deteriorates the gap conductance while the retention
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Fig. 5. Steady state radial-oxygen-profile in thoria-2 mol% urania SIMFUEL at
20 GWD ton~! under O-flux of 5.2 x 107" gatoms ' m~! of fuel rod (thermal
profile, and Mo/MoO, potential profiles are also included).

generates stress inside matrix. The gases having negligible solubil-
ity in the fuel matrix, retained fraction gets dispersed as microbub-
bles and results in fuel swelling.

During the last decades extensive studies have been made on
transport behavior of gases and volatiles in urania and urania-plu-
tonia fuels. Similar studies on the thoria-based fuels are only a few
[29] in comparison. Studies generally indicate the subtle difference
in their transport properties in urania and thoria matrices. In the
former case the diffusion is significantly influenced by O/M ratio;
the oxygen hyper-stoichiometry augments the diffusion. Th
remaining strictly tetravalent in its oxide, the electronegative spe-
cies such as I and Te is expected to show distinction in their diffu-
sion behaviors as compared to those in urania. The reported value
of anion interstitial migration energy (Q;) is significantly higher in
thoria (3.27 eV) than in urania (2.6 eV) while the vacancy migra-
tion energy (Q,) is comparable (~0.8-1.0 eV) [20,30]. The gaseous
and volatile species are expected to diffuse using interstitial and
vacancy sites in the lattice. Reported experimental data for O-diffu-
sion show that the activation barrier for the diffusion is higher in
thoria (2.8 eV) [21] than in urania (2.6 eV) [20].

5.1. Fission gas transport properties

Matzke et al. [31,32] found little or no effect of dopants such as
Nb,O0s, Y503, and La,03 on the diffusion property of Xe implanted
in urania and thoria matrices. The study further indicated that Xe
atom does not diffuse through cation or anion vacancies but
through the trivacancies out of one metal and two O sites (Schottky
trios). Theoretical calculation also ascribed to the trivacancy
mechanism for Xe diffusion [33]. Naik et al. [34] and Kaimal et
al. [35] studied Xe diffusion in trace irradiated specimens of urania
and thoria-1 mol% urania in pellets and powdered forms with and
without the dopants Nb,Os, Y,0s. Their results showed two to five
times drop in Xe diffusivity in the doped samples. Cation or anion
vacancy not augmenting the transport, these authors made similar
conclusion as that of Matzke et al. In a recent study in this labora-
tory it has been shown that increase of both cation and anion
vacancies augments Xe transport substantially [36]. The vacancies
were introduced in the simulated fuel (ThO,-2 mol% UO, contain-
ing fission products corroborating to 20 GWD ton~! burnup) by
evaporation of magnesia component in thoria and also of SrO/
BaO components from the added alkaline earth fps in the SIMFUEL
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during its long sintering at 1900 K in flowing argon containing 8%
hydrogen.

With the increase of irradiation dose, the Xe diffusivity at any
temperature is found to fall progressively and beyond a dose of
10% fission m > the diffusivity levels off to orders of magnitude
lower values [29,32,37]. The lowering has been interpreted to be
due to formation of radiation induced defects (damages) that act
as nucleation centers for the supersaturated gas atoms to accumu-
late as ‘trapped’[38,39] micro bubbles leading to heterogeneity in
the diffusion path. Shiba et al. [37,40] noted that the Xe release is
dependent on urania concentration in thoria (0 < Xyoz < 20 mol%)
and it attains minimum at 5-6 mol% urania content. Reported cap-
sule irradiation of (Th,U)O, pellet samples at high burnup [41] how-
ever indicated no bearing of the U/Th ratio on the fission gas release.

The typical temperature dependence of Dy. at low and high
doses reported by different authors [29,32,33] are included in
Table 5. Thermal annealing of radiation induced defects makes
slight deviation in the activation energy at higher temperature.
The barrier energy of 478 k] mol~! obtained by Shiba et al. [40]
can be compared with those reported for urania by different
authors: 407 kj mol~! by Miekeley and Felix [42], 376 k] mol™!
by Matzke [20] and 644 k] mol~! by Prussin et al. [43] Shiba
et al. explained the observed barrier energy by invoking that Xe
transport occurred through tetra vacancy mechanism [44]. Triva-
cancy introduction through evaporation of alkaline earth oxides
in the SIMFUEL resulted in reduction in barrier energy as well as
increase in frequency factor for Xe diffusion [36] (Table 5).

5.2. Volatile products transport properties

Early studies [45-47] have indicated that iodine diffuses in tho-
ria-based matrix at a comparable rate as that of Xe. Naik et al. [48],
however, showed contrasting behavior in I and Xe diffusion. By
studying I transport in ThO,-0.1%UO, pellet samples of bulk den-
sities of 79-90% theoretical value, it is shown that I undergoes
transport using the anionic sublattice; the deduced activation
energy (248 k] mol ') [Table 6] is comparable to that of anion self
diffusion in thoria (~270 k] mol~!). Further, by increasing the irra-
diation dose from 5.5 x 10%° to 1.1 x 102 fission m 3, they found
two fold rise in I transport coefficient unlike Xe. At high dose, I
can make faster resolution from gas bubbles due to its affinity
for anionic vacancy sites and make augmented transport using
radiation induced defects/damages in the lattice. Transport study
of ion implanted Xe and Rb, Cs, Te, I, and Br also show similar con-
trast between the inert gas and the volatiles. Matzke et al. and

Table 5
Transport properties of Xe in oxide fuel.

Verrall et al. [49-52] in fact showed that the volatiles segregate
as microbubble/precipitate when their ions are implanted at high
dose (~1.5-2 x 10%° jons m2).

Transport and release behaviors of I and Te in trace irradiated
(~5 x 10%° fission m—>) thoria-2 mol% urania with and without
doping of fps were studied in this laboratory [53,36]. Isothermal
release kinetics of I as well as Te was very low as compared to
the reported results of ion implanted studies, and contrasting fea-
tures were noted in the virgin and SIMFUEL matrices with nearly
identical grain characteristics (37-45 um size, 9500 kg m—3 den-
sity, 25 m? kg~! BET surface). Fig. 6 shows the typical cumulative
release of 13l and '*?Te from the fuel specimens as function of
annealing time at 1773 K. After initial burst release, the cumulative
value of iodine attained steady parabolic growth. Contrastingly, for
virgin fuel [53], the growth gradually deviated from the steady va-
lue to practical halt. The halting in I release is interpreted to be due
to electric field built up inside the lattice through preferential
transport of anionic I as compared to the cationic counterpart Cs
(or, Rb) that diffuses sluggishly unless the temperature is too high
[54]. For tellurium, the steady growth of released fraction was at-
tained soon after the burst release in both the fuel matrices. The
transport parameters of I and Te deduced from parabolic growth
of their cumulative releases are included in Table 6. For compari-
son, the reported behaviors in pure urania fuel matrix [43,55] are
also included. In virgin fuels both the volatile species are shown
to have slower transports in thoria than in urania. In simulated fuel
lattice the anionic vacancies were introduced mainly by the disso-
lution of the trivalent rare earths and effect of this is reflected in
the lowering of barrier energy for both I and Te. Unlike iodine tel-
lurium’s high tendency of mixing in metallic components is re-
flected in its larger drop in the frequency factor in SIMFUEL as
compared to the virgin case.

The transport and release behaviors of the alkali metal fission
products reported for ion implanted thoria, urania and their SIMFU-
EL matrices [56,52,57] showed that at low dose, Rb and Cs behave in
a similar way to Xe. The release from thoria is slow as compared
that from urania. The release patterns from thoria and its SIMFUEL
are nearly the same. The early study [57] reports the transport
parameters Dgand Qas 10~%*! m? s~!and 418 + 19 k] mol~! respec-
tively. At high implantation dose (~1.5-2 x 10?° ions m~2) the Cs/
Rb release show no retardation due to trapping phenomenon evi-
denced in the case of Xe.

The isochronal study with Cs in irradiated thoria-6% urania by
Akabori et al. [54] showed that Cs release is extremely low as com-
pared the reported high release from the ion implanted sample.

Authors System studied Diffusivity, D = DoExp[—Q/RT]

Matzke [20] Xe/urania, trace irradiation Dp=5.0x 10> m?s7!
Q=376 kJ mol!

Naik [29] Xe/urania, 5 x 10%° fission m—> Dp=49 x 107" m?s~!
Q=272 kJ mol ™!

Naik [29] Xe/thoria-1% urania, 5.5 x 10%! fission m~> Dp=14x10""m?s!
Q=239 kJ mol!

Naik [29] Xe/thoria-1% urania, 1.5 x 10?* fission m 3, T< 1500 K Do=45x10""m?s!
Q=239 kj mol™!

Naik [29] Xe/thoria-1% urania, 1.5 x 10%* fission m 3, T> 1500 K Dp=53x10" ¥ m?s!
Q=289 kj mol ™!

Shiba [39] Xe/thoria-6% urania, 0.9 x 10?! fission m—3 Do=2.6 x 10> m?s~!
Q=478 kJ mol~!

Shiba [39] Xe/thoria-6% urania, 1 x 10?3 fission m—> Dp=7.1x10""m?s!

Present study [36]

Xe/thoria-2% urania SIMFUEL (20 GWD T~!) with created trivacancies, 5.5 x 10%° fission m—>

Q=344 k] mol !
Dp=15x10"""m?s"
Q=189 kj mol™!
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Table 6
Transport properties of I, Te and Cs in oxide fuel.

Authors System studied

Diffusivity, D = DoExp[—Q/RT]

3

Dharwadkar [55] Ifurania, 5 x 10%° fission m~

Prussin [43] I/urania

Prussin [43] Te/urania

Naik [48] I/thoria-0.1% urania, 5 x 10%° fission m >
Kaimal [53] I/thoria-2% urania, 5 x 10%° fission m—3
Kaimal [53] Te/thoria-2% urania, 5 x 10%° fission m 3,

Present study [36]

I, Te/thoria-2% urania SIMFUEL (20 GWD T~!) with created trivacancies, 5.5 x 10%° fission m—>

Do=5.3x10"""m?s!
Q=294 kJ mol !

Do=2.7 x102m?s!
Q=510+ 138 k] mol "

Dp=69 x103m?s!
Q=481+ 46 k] mol '

Do=13x10"m?s !
Q=248 kJ mol !

Do=1x10"m?s!
Q =286k mol!

Do=2.1x10*m?s!
Q=491 kJ mol !

Do=14x10""“m?s!
Q=162 kJmol !, for I

Dp=39x10 2 m?s!
Q=260 k] mol !, for Te

9
(t/min)"?

Cs,MoOy /Mo

Akabori [54] Cs/thoria-6% urania, 1 x 10%* fission m > Dp=1.16 x 10 ®m?s!
Q=463 kj mol™!
Akabori [54] Cs/thoria-6% urania, 1 x 10?° fission m—> Do=4.46 x 10" m?s~!
Q=664 kj mol!
0.028
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Fig. 6. Typical release plot of I and Te from Simfuel at 1773 K.

The transport parameter Dy for Cs obtained using moderately irra-
diated samples (1 x 10?4 fission m~3) is about two orders of mag-
nitude lower than the reported value from ion implantation
experiments. The activation energy of 463 k] mol~! is quite in
agreement with ion implantation result. At higher irradiation dose
(3 x 10%* fission m~3), the Cs release sharply falls and the derived
activation energy rises by 200 k] mol~! [54].

6. Evaluation of high burnup fuel chemistry
in thoria-based matrix

Thermodynamic and kinetic data show that a certain percent-
age of oxygen released during fission could neither be consumed
by more reactive fps, nor be transported out to clad in thoria rich
fuel. Mo has the vital role in consumption of the left over oxygen
after the formation of binary oxides of yttrium and rare earths,
alkaline earths and zirconium, and ternary oxides (molybdates
and uranates) of alkali fps. For assessment of the chemical states
of the oxidized molybdenum one considers the effect of thermody-
namic activities of Mo and other components participating in the
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- 800
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Fig. 7. Oxygen potentials of relevant oxide systems at different temperatures.

oxidation equilibria. The comparative representation for the po-
tential (Fig. 7) of pseudo-binary, ternary, and other equilibria
involving pure phases of the fps indicates that in the proximity
of Mo oxidation several oxygen-rich phase components have their
formation possibilities: (a) [Mo]aiey + O2(g) + [AO] = [AMo00s], (b)
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2[MoJaioy + 302(g) + 2[AO] = 2[AM004], and (c) 2[AZrOs]+ [Rs-
03] + 2[Mo] + 30,(g) = [RyZr,07] + 2[AM004], where AMoOs; and
AMoO, (A = Ba/Sr) represent perovskite and scheelite-type phase
components respectively, and R,Zr,07 is the pyrochlore of the rare
earths (R =La, Nd, etc.).

To evaluate the oxygen potential that decides the order of par-
ticipation of the different oxidative equilibria, one finds out at
first the Mo and MoO, activities in the equilibrium as
[Mo] + O, = [M00,]. The values of ay, depend on Mo content in
alloy phase, which generally varies from 20% to 40% [58] depend-
ing on the fuel composition, irradiation pattern and burnup. For
the thoria-based fuel, considering the low solubility of MoO, in
thoria (<0.2 mol%) and the extent of alkali molybdate formation,
Mo remains mostly in alloy phase. At 50 GWD ton~! burnup,
the Mo content works out to be about 34%. Taking note of the
experimental results of Yamawaki et al. [59], the hexagonal alloy
phase with 34% Mo content can have ay, values of 0.25-0.3 with-
in the fuel temperatures of 800-1500 K. In the present analysis, a
value of 0.3 for ay, is used all through. The ay00, values, on the
other hand, can be estimated from the stipulation that 2.8% of the
oxygen released during fission is oxidizing Mo to form either Ba-
Mo0O3/SrMoO3 perovskite components or MoO, phase itself. High
values of BaO and SrO activities would facilitate the molybdite
states. Again relative activities of the two oxides decide the
MoO, partitioning according to the equilibrium, [BaMoOs] + [S-
rO] = [BaO] + [SrMoOs], that has marginal change in the standard
free energy as, AGY,.iion = —3.2 +0.008T k] mol~'. As BaO attains
higher stability in zirconate perovskite than SrO, the MoO, parti-
tioning will preferably be as SrMoOs.

For SrMoO; formation each Mo atom consuming 2 oxygen, the
2.8% remains of oxygen released during fission will lead to
0.028 mol of the molybdite per fission. This is so as one fission
yields two oxygen from the oxide fuel. If all of Ba yield
(Yga =0.064 per fission) in AHWR is fixed as BaZrOs; while the
2.8% remain of oxygen is fixed as SrMoOs, then the ratio of molyb-
dite is to zirconate is 0.028/0.064. When Xg,z03 Value is greater
than 0.5, the Xs;m003 Will be above 0.22. The molybdite solubility
in the Ba-rich zirconate phase would decide whether such a high
concentration can be accommodated in the perovskite. As there
is no reported data of SrMoOs solubility in the zirconate, one refers
to the reported solubility of the BaMoOs (X*=0.46 at T= 1973 K) in
BaZrO; [60]. The regular solution parameter (o ~ 41.3 kj mol™!)
obtainable from the solubility data provides means of extrapola-
tion of X* to lower temperatures using dln X®/d(1/T) = —H**“**|R,
Hexeess = (1 — X*)%. X* becomes 0.36 at 1473 K. The solubility of
SrMoOs in Ba-rich zirconate phase is assumed to be around the
same value (36 mol%) at 1473 K. The ratio of SrMoO3 to BaZrO;
being at 0.028/0.064 (~0.44), the molybdite will remain dissolved
in the perovskite.

6.1. SrO activity estimation

From consideration of higher stabilities of zirconates than cer-
ates, the reported presence of Ce in the perovskite phase
(Ba,Sr)(Zr,Ce)03 [61] is neglected to a first approximation while
making the estimation for SrO and BaO activities. It is further as-
sumed from the stability point of view that ZrO, partitioning as
SrZrOs is less than as BaZrOs. The SrO activity can be obtained
considering the upper and lower limits respectively obtainable
from two criteria: (i) the reaction [ZrO,] + [SrO] = [SrZrOs] under
the stipulation of dasz:03<0.5 in its equilibrium property,
RTIn(as;0) = AGoyction + RT IN(As5:2:03/0z:02),  (AGaiion  being  the
standard free energy change of the reaction) and (ii) the re-
ported absence of the pyrochlore, Nd,Zr,0, [61] as product of
the reaction 2[SrZrOs]+ 2[NdO; 5] = Nd,Zr,04(s) + 2[SrO] so that
RT Inas;o > [~AGciion + RTIN(a27,03 @%g015)1/2- Required NdO; s

reaction

activity is approximated to the idealized value of completely dis-
solved state of this oxide component (Xngo1.5 ~ 0.042) in the tho-
ria-based SIMFUEL of 21.5 atom% burnup. ZrO, activity required
in (i) is obtained considering the concentration of dissolved part
of ZrO, in thoria at burnup B and the solution property of zirco-
nia in thoria. Until saturation ZrO, concentration in the fuel at
burnup g (fissile atom%) is approximately expressed as
Xzr02 ~ (Yz: — Y8a)B/100, Yz (~0.33) and Yg, (~0.064) being the
average yields of Zr and Ba per fission; Xzo02 ~ 0.00278. The
reported evaluation of ZrO, solubility in thoria [62] to be repre-
sented as In X° 2,0, = 1.67-7510/T, provides the value of the reg-
ular solution parameter (45.2 k] mol~!), which can be used to
estimate the oxide activity as RT In(az;02/Xzr02) = 45.2(1 — Xzr02)%.

Iteratively, the obtained span of as;o limits can be narrowed
down towards the lower limit with a converged value of as;z03
as 0.25. The perovskite phase if approximated as the mixture of
BaZrOs, SrZrOs; and SrMoOs, their idealized concentrations with
the value of Xs;mo03/XBazro3 as 0.44 works out to be Xpaz03 = 0.52,
Xsrzroz = 0.25 and Xs;moo3 = 0.23. The median of aso limits turns
out to be RT In as;o = —115.7 +(0.047 — 0.00831n B)T. The dissolved
part of ZrO, in the fuel calculated earlier on the basis of BaZrO;
partitioning only will be somewhat modified due to SrZrOs. For
example, with the ZrO, partitioning as 25 mol% SrZrOs; and
75 mol% BaZrOs, the Xz,0, would reduce to 0.0024p from the previ-
ously accounted 0.0027p.

6.2. BaO activity estimation

To get MoO, and ZrO, partitioning respectively into the molyb-
dites and zirconates of the two alkaline earths, the knowledge of
BaO activity is also required as elaborated below.

BaO being common to all the perovskite components, BaMO3
(M =Zr, Ce, U, Th), its activity can be assessed from the equilibria,
[MO,] + [BaO] = [BaMOs], where MO, is a dissolved component in
fuel phase. Like the SrO case, the BaO activity evolves with the bur-
nup and is essentially governed by the equilibrium behavior of the
most stable perovskite component BaZrOs. Thus in the equilibrium
reaction [ZrO,] + [BaO] = [BaZrOs], one considers BaZrOs as the pre-
dominant component in the perovskite phase with a concentration
greater than 50 mol% and lesser than 75 mol%. It is to be noted that
these limits fall well within the perovskite composition used thus
far: XSrZrO3/XBaZrO3 =033, and XSrM003/XBaZr03 =0.44, ie,
Xsizi03 = 0.187, XsiMo03 = 0.248 and XBazro3 = 0.565. Accordingly, the
lower and upper limits of the BaO potential were expressed as
—174 +(0.048 - 0.0083In )T k] mol~! > RT In ag,o > —174 + (0.045-
0.0083In p)Tk mol~!. The median of the two limits is
—174 +(0.0465 - 0.0083In )T k] mol 1.

The limiting values of BaO activity can also be obtained by mak-
ing use of the reported EPMA results of the SIMFUEL, that is,
Tho.933Up06702 fuel matrix that is doped with the rare earths, Y,
Zr, Sr, Ba, Mo, Ru, and Rh for 21.5% FIMA [61] and annealed at
1873 K under an oxygen potential (—309.6 k] mol~!) below that
of Mo/MoO, [63]. The result indicates that the Th, U, and Mo con-
tents in the perovskite phase remained below the EPMA resolution
of about 1 atom%. Thoria and urania in the SIMFUEL behaving ide-
ally their activities would remain at 0.933 and 0.067 respectively.
Therefore, their equilibria with perovskite components BaThOs3
and BaUOs as [BaO] + [AcO,] = [BaAcOs], (Ac = Th, U) together with
the consideration. of the EPMA resolution limits for BaAcO3 com-
ponents, the BaO activity is obtainable from the relation,
RT In(agao) = AG?eamon + RT In(agaacos/dacoz). In BaUOs case, one
can approximate BaUOs; activity to its concentration from the ob-
served complete miscibility of BaUOs3 in BaZrOs; with Vegard's
law applicability to lattice parameters [60] in the dilute region of
the uranite (BaUO3; < 20 mol%). The limit, ag,yos < 0.01, results in
an upper bound of BaO activity in the fuel at 1873 K. One can make
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similar assumption for BaThO3; component also. The estimated BaO
activities at 1873 K was extrapolated to lower temperatures using
the arrived temperature trend of ag,o in [ZrO;] + [BaO] = [BaZrOs].
Yet another limiting value of BaO activity can be obtained from Ba-
CeO3; — CeO,, equilibrium by considering an upper bound of the ce-
rate concentration in the perovskite as 10 mol% [58] and CeO,
concentration in thoria as per the fission yield of Ce. CeO, is com-
pletely miscible in thoria [64,65]. BaCeOs activity and regular solu-
tion parameter (—40.16 k] mol~') obtainable from the reported
tensimetric data (640-780 K) of BaZrOs;-BaCeOs solution [66] leads
to the high temperature activity values.

Other limiting values of BaO activity can be derived from the
observations [61] that Mo is absent in the perovskite phase and
pyrochlore phase (La,Nd),(Zr,Ce),0, is not formed out of the reac-
tion, Nd,03 + 2[BaZrOs] = Nd,Zr,07 + 2[Ba0]. BaMoOs to be formed
out of [Mo] + 0,(g) + [BaO] = [BaMo0Os3] remaining below the EPMA
resolution, gives an upper limit of ag,o. The pyrochlores absence
gives a lower limit of ag,o. The BaO potential (RT In ag,0) obtained
out of the different thermochemical routes is represented in Fig. 8.
The upper limits obtained from the different consideration were
seen to fall over a large stretch of the potential values. In view of
their large uncertainties, the two limits obtained out of the equilib-
rium [ZrO,] + [BaO] = [BaZrOs] (lower shaded region in Fig. 8) were
considered for expressing the median potential (the dotted line in
Fig. 8) given by RT In ag,o = —174 + (0.0465 - 0.00831n $)T k] mol .

Considering the estimated activities of SrO and BaO, the stan-
dard free energy change of MoO, partitioning in the reaction
[BaMoOs] + [SrO] = [BaO] + [STMoO3] can be expressed as
RT In(aamoo3/dsrmoo3) = —61.5 — 0.007Tk] mol~!. The result is
indicative of MoO, partitioning predominantly as SrMoOs; and
it is essentially due to significantly low BaO potential out of
large stability of BaZrOs. Similarly, for ZrO, partitioning in the
reaction [SrZrOs] + [BaO] = [SrO] + [BaZrOs;] one writes RT In(as,z-
103/Ggazro3) = —0.2-0.0075T k] mol~! and this indicates that
SrZrOs activity is lower than that of BaZrOs (e.g., ds;z:03/0Bazro3 =
0.4 at 1000 K).

6.3. Oxygen potential estimate

The Mo oxidation in the thoria rich fuel is expected to begin
from the initial burnup stage. For such situation the oxygen
potential can be estimated by considering the equilibrium
[Mo] + O5(g) + [SrO] = [STMo003]. Recalling the arrived expression
of SrO potential and activities of Mo in alloy phase and SrMoO3;
in perovskite as 0.3 and 0.248, one obtains the oxygen potential
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Fig. 8. Evaluated activity limits of BaO in high burnup thoria-based fuel.

as AGg; = —559.4 +(0.105 + 0.00831n 8)T k] mol~. The oxygen po-
tential could be expressed with +20 kJ/mol span due to the two
asyo limits. The burnup dependence arises from SrO potential de-
crease due to ZrO, activity augmentation with burnup and at
5atom% burnup, AGp, can be expressed as AGgy, = —559 +
0.12T k] mol~'. As seen in Fig. 7, this potential is marginally low-
er than that of Mo/MoO, in the working temperature region of
the fuel.

One can examine with the oxygen potential whether oxygen-
rich compounds (Fig. 7) such as Sr/Ba-molybdates can have signif-
icance in the oxygen buffering. Free energy considerations of the
reaction, 2[SrMoOs]+ 0, =2SrMo0,(s) shows that Sr-molybdite
oxidation is not feasible at 5 atom% burnup. Disproportionation
of the molybdite forming the molybdate and Mo as 3[SrMoO3] + [Z-
r0;3] = [Mo] + 2SrMo0Qy4(s) + [SrZrOs] also cannot occur. One can
examine whether there can be BaO partitioning from zirconate
phase to result in pyrochlore and molybdates formation as 2[BaZ-
rOs3] + 2[NdO; 5] + 2[Mo] + 30,(g) = NdZr,04(s) + 2BaMo04(s).
Considering that NdO;s concentration is Xygo1.5 ~ 0.00168 and
NdO; 5 component in thoria behaves ideally, the feasibility of the
forward reaction can be evaluated from the inequality AGY, on
—RTIn(Xndo1.5aMo0Bazr03)* —3AG0; < 0. Ao, Was obtained by
using the reported data of the pyrochlore [67,68], Nd,Os(s) and
of the other constituents [63] and was given by
—1808.2 + 0.5516T k]. Taking, for example, the values of dg,z03
and ay, as 0.565 and 0.3 respectively, the feasibility of pyrochlore
formation can be written as T<130/(0.3732 — 0.0415In ). It
shows that even at a burnup like 10%, the forward reaction is ab-
sent within the fuel. Under the prevailing oxygen potential, one
further shows that the UO, oxidation, such as 2[UO;] + 05(g) + 2[S-
r0] = 2SrU04(s), leading to the formation of alkaline earth uranates
is not feasible due to the low activities of the alkaline earth oxides
as well as urania in the fuel.

Table 7
Thermodynamic data of oxygen-rich compounds of the fission products.

System Method/thermodynamic property

CdMoO, Solution calorimetry, AH°(298.15 K) = —1034.3 + 5.7(k] mol ')
[69]
Knudsen effusion, A¢G® = —1002 +0.267T (k] mol ")
(987 < T<1033), A/G°=—1101.9 + 0.363T (k] mol*)
(1044 <T<1111) [70]

ThMo,0g  Solution calorimetry, AH°(298.15K) = —2742.2 + 4.5 (k] mol ')
[71]
Transpiration, A/G° = —2682.6 + 0.595T (k] mol 1)
(1195 < T<1292) [72]

UMo0Og Transpiration, A/G° = —1962.0 + 0.463T (k] mol ')
(1100 < T< 1250) [73]

La,Te;0q Solution calorimetry, A#H°(298.15 K) = —2814.6 + 12.9 (k] mol~)
[74]
LayTe 01,

Solution calorimetry, AFH°(298.15K) = —3116.5 + 17.3 (k] mol ') [74]

Ni3;TeOg Transpiration, AfG° = —1307 + 0.64T (k] mol ') (1122 < T< 1202)
[75]

UTeOs Solution calorimetry, AH°(298.15 K) = —1606.3 + 3.5 (k] mol ')
[76]
Transpiration, A/G°(UTeOs) = —1614.2 + 0.45T, (k] mol 1)
(1107 < T<1217) [77]
Knudsen effusion, A(G°(UTeOs) = —1616 + 0.40T, (k] mol ')
(1063 < T< 1155) [78]

UTe309 Solution calorimetry, AgH°(298.15 K) = —2287.2 + 9.5(k] mol ')
[78]
Transpiration, AG°(UTe30g) = —2313.1 + 0.89T (k] mol 1) (947-
1011)K [77]

Knudsen effusion, AG°(UTe30g) = —2318 + 0.80T, (k] mol ")
(888-948)K [78]
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Table 8
Fractional contribution to fuel swelling by fission product phases.

Fission products Fp’s partitioning into phases

Average molecular volume of the chemical components (A)> Fractional contribution to swelling Yi 5t

&

Y, RE, Zr In fuel phase 40.2
Mo and noble metals  Alloy phase 14.7
Ba, Sr Perovskite phase (Ba, Sr)(Zr, Mo)O3 70.0
Cs, Rb (Cs, Rb)2U0O4 139.7

0.73
0.11
0.30
0.33

Uranate formation via reduction of SrO component in the fuel
phase as [UO,] + 2[SrO] = Sr(g) + StUO4(s) depends on Sr atom
transport from the reaction site. The reduction can also result
in only gaseous products as [SrO]+[MO,]=Sr(g)+ MOs(g),
(M =U, Mo). The standard free energy changes of the redox reac-
tions (AGY,.,,) are 948.2-0.297Tk] mol~! for U and 1006.9-
0.295Tk] mol~! for Mo cases respectively. The reacting oxides
being present in SrMoOs, its perovskite structure facilitates this
reaction kinetically. Under the prevailing oxygen potential and
Mo activity, the equilibrium pressures pmoos and ps, can be
obtainable  from  RTIn pyeo3 = —468.3 +0.10T + 0.0125T In B)
kfmol~!, and RTIn(ps;)=—-948.251+0.2973T + RT In(asrmo03/
Pmoos) Kl mol~!. At 1500K and 5% burnup, ps, is about
7.7 x 108 bar for asmeos =0.25 and it suggests that there will
be SrMoOs volatilization from the central part of the fuel and
the transport of the vapor products will ultimately lead to the
formation of SrMO,(s) phase in peripheral part of the fuel pin.

The Mo oxidation keeping pace with the net oxygen release out
of the fission in thoria-based fuel, the oxygen-rich phase formation
will be largely limited to the molybdite, and to molybdate and ura-
nate in cooler region. For kinetic reason if the oxygen potential sur-
passes the molybdenum/molybdite-control would lead to the
extensive formation of oxide phases like molybdates, tellurites,
and tellurates of the fps and clad materials. Summary of the avail-
able thermodynamic properties of the oxygen-rich phases [69-78]
is included in Table 7. In the conventional oxide fuels, these phases
are relevant only for the analysis of failed pin. Oxygen-rich phases
as well as the retained gas lead to fuel swelling the extent of which
is discussed below.

7. Fuel swelling at high burnup

The thoria-based fuels will develop internal stress from the for-
mation of the bulky oxygen-rich phase and from the large reten-
tion of the gaseous products that mostly exist as dispersed gas
bubbles. As discussed before, the extent of the fuel swelling from
the dissolved and undissolved components of the fps will be more
in thoria. The swelling from the undissolved oxygen-rich phases,
A;BO4 (A =Cs/Rb, B=Mo/U) and A'BO,4 (A’ = Ba/Sr) can be worked
out as follows:

The contribution to swelling by a solid fission product ‘I’ in a
particular phase can be expressed considering the burnup (4), mo-
lar volume of the oxide fuel () and fission product phase (£2;),
and yield of the fission product (Y;). The overall swelling of the fuel
with initial number of Th atoms as N9, is thus written as [79]:

QuuNg (1 — ) + 3 QYipNG, — QnN9, (Z v, i 1)[)’
QNS 'O,

=(v)
- |4 solid FPs

For zirconium the distribution into the fuel phase was worked
out taking into account its total yield and its consumption in the
perovskite phase formed out of the alkaline fission products. Yt-
trium and rare earths were considered to be dissolved in the fuel
phase. The molybdenum content in the alloy phase was corrected

for its partitioning into the perovskite phase. Considering the fis-
sion product yield and distribution in different phases the swelling
contributions are tabulated (Table 8) at a burnup of 5 atom%. Over-
all swelling due to the solid fission product phases works out to be
2.3% at this burnup. One expects similar value of the swelling due
to solid fission products in urania fuel which is reported to have an
overall swelling of (3-3.5)% at 5 atom% burnup in PWR [6]. The dif-
ference of (0.7-1.2)% is mainly the swelling contribution from gas-
eous fission products. The significance of surface energy in gas
bubble formation is discussed explicitly in [6] where it is shown
that for a given amount of gas dispersed in bubble form the extent
of swelling depends on the surface energy and the radius of the
bubble. Once the bubble formation starts it occurs in cascade
where the role of surface energy is quite insignificant. However,
the role of surface energy is significant in deciding the critical ra-
dius for nucleation. Since thoria has larger surface energy [80] as
compared to urania [81] the gas bubbles will start nucleating with
larger radii in case of thoria. The swelling given by [3] (nRT/2y)r,
suggests that the relative values of (r/y) for thoria and urania will
be the deciding factor to judge the extent of swelling in the respec-
tive cases. Therefore uniquely one cannot say that high will pro-
mote larger extent of swelling.

8. Conclusions

Thoria-based fuels though have the merit of less thermal dila-
tion, excellent thermal transport properties, good mechanical
strength, chemical inertness, and less thermal release of the gas-
eous and volatile fps, there are certain demerits also. Thoria-based
fuel is shown to have poor buffering ability and transport property
for oxygen. These make subtle difference in the redistribution of
the oxygen released during fission among the fps and clad. Mo oxi-
dation kinetics is shown to play decisive role on the potential buf-
fering all through the burning process. Considering this, the
present analysis suggests that the fuel will generally bear higher
oxygen potential right from the early stage of burnup. In contrast,
the oxygen potential is quite controlled in urania as fission gener-
ated oxygen can either oxidize the fuel or undergo faster transport
to clad for its oxidation. Mo oxidation in urania occurs at much la-
ter stage when the fuel attains high O/M ratio and is morphologi-
cally degenerated with dispersed gas bubbles that slow down the
transport property. The higher potential in the thoria fuel results
in formation of oxidized products like SrMoOs. In the cooler part
of the fuel pin, there is likelihood of the formation of more oxidized
products like STMO4 (M = Mo, U). The transport properties of the
volatile reactive fps like I, Te, Cs are significantly low in thoria-
based fuels as compared to those in urania. The fuel containment
problem from the clad corrosion though less in the fuel, the matrix
swelling will be more due to the larger retention of gaseous fps and
formation of oxygen-rich phases.
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