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Introduction

Over the last thirty years there has been increased interest

in utilizing thorium as nuclear fuel, primarily because,

this potential actinide is three times more abundant in

the earth’s crust. Many countries, particularly those rich

in thorium resources, have focused on research and

development on thorium-based fuels. In the last three

decades the use of Th-based fuel cycles has been

extensively studied  in Germany, India, Japan, Russia,

United Kingdom and the United States of America and

significant experience has been gained on the performance

of the fuel in power generation and breeding. India

accounts for one-third of the world’s thorium reserves

and is implementing thoria  utilization through the

three-stage fuel cycle concept: plutonium (239Pu)

generation from uranium in Pressurized Heavy Water

Reactors (PHWR), 233U breeding from 232Th in Fast Breeder

Reactors (FBR), and 233U burning for power production.

India is also exploring the possibility of direct utilization

of thorium in the Advanced Heavy Water Reactor (AHWR)

configuration.

In the AHWR, thoria-based fuels will be used and the

fuel will contain 2-4 % of fissile isotopes of uranium

(233U) or plutonium (239Pu) in mixed oxide forms:

Th
1-y

U
y
O

2
 and Th

1-y
Pu

y
O

2
. In such a reactor, 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 expected to be from

the thorium burning process. AHWR being a new concept

its technological [1] implementation needs inputs of basic

data of physics and chemistry of the fuel and its fission

products (fps). The data would help in understanding

whether the physical and chemical evolution of the fuel

during long irradiation periods is conducive to the safe

operation of the reactor.

A burnup of about 50 GWD ton-1 would be common in

the thoria-based fuels considering reprocessing difficulty.

To attain an average discharge burnup of 50 GWD ton-1

with a typical power rating of 180-200W/cm in AHWR,

the fuel will be irradiated for over 60 months. During

irradiation, the fuel pin (Fig.1) generally bears the thermal

profile of 1300-1500 K as the central temperature (Fig.

2) and 800-900 K as peripheral temperature and

occasionally above this range in power ramp situation.

At high temperatures and under a steep thermal gradient,

the fps undergo transport and redistribution within the

cladded pin (Fig.1) and chemically react among

themselves and with the thoria matrix and the clad. Under

this situation, the integrity of the fuel pin and the clad is

the main issue. The integrity is governed by the physico-

chemical transformation of the fuel matrix and the clad

with burnup.

For the analysis and evaluation of fuel-clad integrity during

long irradiation periods, the knowledge of

thermodynamic and transport properties of the fuel and
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fps is necessary. Using the thermodynamic and kinetic

information, the integrity analysis would require the

evaluation of (i) concentration built-up of gaseous and

corrosive volatile species at the fuel-clad interface and

inside the fuel matrix (ii) the possible extent and pathways

of chemical damage of the clad by the corrosive volatiles

and (iii) the extent of fuel swelling and disintegration by

gas accumulation and by different solid phase formations.

The chemical picture that would emerge out of the

evaluation would help in the analysis of fuel performance

in normal and also off normal situations of reactor

operation.

The above mentioned aspects, though well-known

for the conventional urania fuels, need to be

re-established for new fuel like thoria. Thoria (ThO
2
) has

quite a number of advantages over urania (UO
2
) such as

better thermophysical properties, chemical stability and

radiation resistance which ensure better in-pile

performance and a more stable waste form. Like the case

of the conventionally used oxide fuels, the thoria based

fuels do not pose any difficulty in handling and

fabrication, at least in the virgin state.

Fig. 1 : Schematic of cladded fuel pin

Fig. 2 : Typical thermal profile in the fuel

Table 1: fps yields from reactor fuels

The fuel chemistry with thoria would not be the same as

with urania in case of conventional reactors, though the

same set of fps with similar yields (Table1) are formed

and settle down inside the respective fuel matrices made

of MO
2
 (M = Th+4,U+4) fluorite lattice, with similar crystal

radii of the cations.

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

The difference in chemistry of thoria originates from

the rigid four valency of Th in its compounds as

against the flexible valency of four to six in the case
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of U. In compounds like Cs-uranates, U acquires  higher

valencies. Urania can oxidize to hyperstoichiometric

composition UO
2+x

, and by this it can buffer oxygen

pressure to a large extent.  The chemical affinity for

additional oxygen being absent in thoria, the buffering

action will be evidently weak in thoria-based fuels. For

the same reason oxygen transport in thoria-rich matrix is

expected to be predominantly by self diffusion unlike in

urania where oxygen makes faster transport through the

chemical affinity-driven diffusion process. These subtle

features as compared to urania, can lead to faster growth

of oxygen pressure in the fuels and thereby alter the

thermochemistry of fps.

Fission of the actinide M, in MO
2
 generates the fps and

releases oxygen. The released oxygen undergoes

redistribution among reactive fps, fuel and clad for their

(i) How fast and to what extent oxygen
pressure inside the thoria-based fuels grows
with burnup

(ii) whether the O-pressure growth could be
buffered by the oxidation of reactive fission
products and clad or

(iii) whether there could be oxygen transport
impediment in thoria-rich matrix resulting in
much higher oxygen profile than in urania?
If the last point is true then :

    -what is the altered thermochemistry of
the fps under the higher oxygen pressures
inside thoria fuel?

   -can it lead to increase in free iodine
concentration and formation of oxygen-rich
bulky phases and from there to the pin-clad
incompatibility problem?

   -can the fission product Mo buffer it by its
ready oxidation?
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oxidations. The states of oxidized fps inside the urania

matrix are fairly well established and are summarized in

Table 2 for typically high burnt fuel of pressurized water

reactor [2]. For thoria fuels, the distribution of fps in

metallic phases, oxides and gases is expected to be similar

though there can be thoria-based compounds in the oxide

phases. As in the case of urania, the fluorite lattice of

thoria can accommodate many of the fps. The alkaline

earth based thorates MThO
3 
can be chemical components

in the grey (perovskite) phase. Additionally, there can be

tetragonal/cubic phases due to alkali thorates of

composition M
2
ThO

3 
. However, considering the stated

subtle features of thoria, one needs to address to a couple

of specific issues for the fuel. These issues are included

in the text box given on the previous page.

In order to address the questions mentioned in the text

box, one makes a detailed balance of fission generated

oxygen, considering its consumption according to the

hierarchies of oxidation of the fps. The thermochemistry

that a fp assumes with evolution of the oxygen potential

is to be considered, for understanding the oxygen

consumption. The detailed balance of incessantly

generated oxygen, takes note of the oxygen used in

oxidizing the most reactive fps, and the distribution of

the leftover part in alloy oxidation and as transported

component to clad. The analysis of detailed balance

requires not only  thermodynamic data of the oxidized

fps but also  kinetic data of alloy oxidation, oxygen

transport inside the matrix and across fuel-clad gap and

oxygen incorporation in zircaloy clad.

Detailed O-balance from thermodynamic and kinetic

analyses

As already mentioned, the actinide element

undergoing fission from the oxide matrix, produces two

fps and two oxygen atoms. The fission released oxygen

is consumed by the fps, fuel and clad according to their

oxidation hierarchies. The oxygen potentials of the

two-phase mixtures of the fp elements and their oxides

in the respective cases form the thermodynamic basis of

oxidation -lower the oxygen potential or oxygen partial

pressure (p
O2

) of the mixture, higher the hierarchy in

oxidation. The potential is related to pressure

as 2 2lnO OG RT p∆ ≡ . To understand oxygen

redistribution among the fps and clad, the O potentials

of the relevant metal/metal oxide systems are plotted as

functions of temperature in Fig. 3a. The O-potential of

the fuel, Th
0.97

U
0.03

O
2
 at different temperatures is indicated

in Fig.3b. The intercomparison of the potentials when

made, for example, at 1473 K, indicates, 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 zirconium to

their divalent and tetravalent oxides respectively. The Zr

in zircaloy clad will be oxidized approximately at the Zr/

ZrO
2
 potential. The result of the hierarchical oxidations is

given in Fig. 3c. The extent of oxidation of the other fps

(Cs, Mo, etc.) less oxidizing than Zr, cannot be deduced,

without considering the oxidation of fuel and clad and

the thermodynamic stabilities of their ternary compounds.

Oxygen uptake by clad depends on both O-transport and

oxidation kinetics, and these aspects will be discussed

separately.  Although Cs/Cs
2
O potential  (Fig. 3a and 3b)

is way above that of the fuel, oxidation of Cs and fuel

starts almost parallely because of the formation of highly

stable oxide-based compounds like alkali uranates,

molybdates, zirconates and thorates. The Cs case suggests

that the prima-facie knowledge of oxygen potential

of the binary equilibria of metal/metal oxide systems

of the fps is necessary but not sufficient for the oxygen

consumption analysis. One needs to have complete

information on the thermochemistry of the fps, which

will be mentioned in the next subsection. The fuel

Th
0.97

U
0.03

O
2
 with typical O/M ~ 2.0000 will share

an insignificant part of the fission-released oxygen

to raise its O/M ratio. It is apparent from Fig. 3b that

the O/M ratio will hardly rise when the O-potential

of the fuel attains that of Mo/MoO
2
 and Mo oxidation

starts buffering the potential. In urania fuels, in
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contrast, the O/M ratio at 1473 K should

rise to the value of 2.001 (Fig. 3b) before

Mo gets oxidized. The extent of Mo

oxidation is however subjective to the

detailed balance of fission generated

oxygen considering the consumption.

Using the fps yields in AHWR fuel (Table1)

and the oxidation hierarchies (Fig. 3a,

3c), the oxygen uptakes by the fps is

given in Table 3. If all the fission

generated oxygen is available for fps

oxidation, the rare earths, alkaline earths,

and zirconium use about 83.5 atom %O

in forming their respective binary oxides

RE
2
O

3
, Sr(Ba)O and ZrO

2
. Another 3.7%

is used for Ce
2
O

3
 oxidation to CeO

2

which gets stabilized as cerate

Fig. 3(a) : Oxygen potential of fp/fp-oxide systems

Fig. 3(b)  : Oxygen potential of AHWR fuel

Fig. 3(c)  :  Fp-oxides formation hierarchies

Table 3 : Oxygen redistribution among fps. and clad
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components in the perovskite (grey) phase, (Ba,Sr)(Zr,Th,

U,Ce)O
3
, constituted mainly of zirconates of the alkaline

earth fps. From the balance of 12.8% oxygen (Table 4) a

part would be transported to clad while the rest of the O

will be used for the oxidation of Cs/Rb, fuel and Mo. To

understand the redistribution behavior of the 12.8%

oxygen, a brief mention is now made of the

thermodynamic aspect of the fps states and kinetic aspects

of the O-transport and oxidation.

Thermodynamic aspects

Fig.4 shows the oxygen potentials of relevant chemical

equilibria involving the alkali metal fp Cs. The metal oxide

phases have O-potentials of roughly 200 kJ mol-1 above

that of Zr/ZrO
2
 and almost the same amount below that

of Mo/MoO
2
. In the figure, the potential values for

different oxide systems are obtained from our experimental

results and the reported information as summarized in

Table 5. The thermodynamic stabilities of oxide

compounds such as BaThO
3
, SrThO

3
, Cs

2
ThO

3
, Cs

2
ZrO

3

and Rb
2
ThO

3
 were measured using Knudsen effusion and

transpiration techniques. The indigenously developed

Table 4: Oxygen uptake by fps and clad

Fig.4 : Relevant chemical states of Cs

Fig. 5 : Knudsen effusion assembly

apparatus for these techniques are shown in Fig.5 and

Fig.6. The remaining fission generated oxygen of 12.8

atom % which raises the potential above Zr/ZrO
2
, will

cause the formation of O-rich ternary compounds of Cs.

The extent of O-uptake by the alkali metals, depends on

the amount of O-partitioning among their thorates/

zirconates and uranates/molybdates.
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Table 5 : Summary of thermodynamic data of relevant ternary compounds of the fission products

Fig. 6 : Transpiration assembly

The alkali thorates formation would be favorable to

zirconates, as Zr in the fps preferentially forms the more

stable alkaline earth zirconates. The data of the thorates,

zirconates, uranates and molybdates of alkali and alkaline

earth fps are given in Table 5. As seen in Fig. 4 the oxygen

potential rise will result in formation of cesium thorate

and cesium uranate depending upon the temperature.

Thermo-dynamically, Cs
2
UO

4
 conversion from the thorate

is favored by the following reaction Cs
2
ThO

3
(s) + [UO

2
]

+ 1/2O
2
(g) = ThO

2
(s)+Cs

2
UO

4
(s). For similar reason,

the interconversion of thorate to molybdate is also possible

as Cs
2
ThO

3
(s)+[Mo]

alloy
+ 3/2 O

2
(g)=ThO

2
(s)+

Cs
2
MoO

4
(s). Out of the two possibilities the former one

is preferred. In the conventional urania-based fuels Cs is

preferentially fixed in the uranate form.  At 5 atom%

burnup, alkali metals when consumed as their uranates,

will take about half percent of the total uranium content

of the fuel. Because of U-233 isotope production, the

initial urania content of 3 mol% will hardly be lowered

at a burnup of 50 GWD ton-1. Cesium uranate formation

will consume ten atoms of oxygen leaving thereby

2.8 % out of the 12.8%. It is to be noted here that one

atom of oxygen is consumed per alkali atom in uranate

formation. Thorate (M
2
ThO

3
(s)) and molybdate (M

2
MoO

4
)

formations would have consumed 0.5 and 2.0 O atoms

respectively. However, for evaluating oxygen consumption
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the reported result studied on metal surface.

The oxidation rate of Mo surface expressed as dN
Mo

/dt =

A exp[-E/RT], A = 5.3x10-3 g.atom cm-2s-1, and E = 82.4

kJ mol-1, suggests that the rate is as high as 91x10-4

g.atom cm-2 d-1 even at the lowest temperature of 800 K

prevalent at the fuel surface. This value being several

orders of magnitude higher than the residual O-flux of

4.5 x10-8 g.atom d-1 cm-1, one may conclude that finely

divided state of Mo can easily buffer the oxygen potential.

Kinetically, freshly generated Mo is expected to oxidize

faster, rather than forming alloy with the noble metals.

The parallel kinetic path of overall O-transport to clad

will be governed by the slowest of the three processes:

a) transport through matrix b) transport across fuel clad

gap and c) oxidative incorporation in clad, which are

briefly described below :

a) The reported data of the chemical diffusion of

oxygen in thoria-urania matrix given in Fig.7 at

1000K shows that, the diffusion coefficient falls

sharply to a low value when the urania content is

less. Our study of AHWR SIMFUEL of 20 GWD

by the alkali metals, one should consider the

thermodynamic as well as kinetic aspects. The latter aspect

comes into play due to the restricted accessibility of Cs

by the competing reactants, thoria, urania and Mo-alloy.

The restriction arises from very low diffusion of the alkali

metal atom. The diffusion coefficient of Cs in the fuel is

lower than even that of the oxygen in the fuel matrix.

With low urania content in AHWR fuel and the presence

of a small quantity of the evenly dispersed alloy phase,

the Cs and oxygen uptake by thoria matrix, is expected

to be predominant. All Cs and Rb preferentially converted

to cesium and rubidium thorates, the oxygen balance

will be set to 7.8 atom% instead of 2.8 obtained from

purely thermodynamic considerations. The actual value

of oxygen balance will lie somewhere in between. Any

augmented consumption of oxygen by the alkaline earth

molybdates/uranates formation is not possible, as their

formation requires BaO/SrO components to be displaced

from the more stable perovskite phase. In the absence of

detailed information of cesium transport and alloy phase

distribution in the matrix, kinetic considerations are

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 will give a lower

limit of oxygen potential rise in the fuel.

The 2.8 a/o of the fission generated

oxygen, constantly available from 12.5

mm dia. fuel pellet at 180 W cm-1

power rating, will have the O-flux of

4.5 x10-8 g.atom d-1 cm-1. Subsequent

analysis considers these aspects.

Kinetic aspects of residual flux

of fission-released oxygen

The residual flux of the fission released

oxygen, will be consumed by

molybdenum and parallely transported

out to clad. The molybdenum

oxidation kinetics is considered, taking
Fig.7 : Trend of oxygen transport in Th

1-y
U
y
O

2
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b) The O-flux flow from fuel to  clad has to travel

across a thin gap (typically 50 microns) filled

with helium gas at high pressure (~25 bar). The

transport coefficient D
g
 of oxygen according to

the kinetic theory is of the order of u
av
/(3πN σ2),

where u
av
 is the average speed of O

2
 molecules at

the gap temperature of ~800 K, N is the total gas

density and σ is the mean collision diameter of

He+O
2
 gas mixture. D

g
 value works out to be

0.054 cm2s-1. With this value, one thus addresses

the question as to whether the residual O-flux load

of 4.5 x10-8 g.atom d-1 cm-1 from the fuel can be

transported radially outwards across the thin

annular gap of 50 micron. This transport  process

through gas diffusion needs an O
2
 concentration

drop of 6x10-15 g.mol cm-3, or, pressure drop of

3.5x10-10 bar across the gap. It needs too high

oxygen pressure gradient, than could be met by

the low p
O2

 (<10-25bar), on the fuel surface

decided by the O/M ratio. The oxygen transport

across the gap, can however be enhanced, by the

presence of augmented concentration of oxygen

bearing gaseous species like H
2
O(g), Cs

2
O(g) and

CsOH(g), formed via the involvement of various

chemical equilibria between reactive species like

H
2 

or Cs(g) with the oxide fuel (for example,

MO
2+x

 + δH
2
(g) = MO

2+x-d
 + δH

2
O(g)). The

H
2
/H

2
O

 
reductive equilibrium, effectively converts

all hydrogen in contact with the fuel to moisture.

Sources of hydrogen are in fact, the moisture

impurity in the fuel and also that resulting out of

nuclear reaction. Cs(g) is the product of

volatilization process of Cs bearing condensed and

vapor phases present in the fuel. Thus oxygen can

undergo chemical vapor transport, to reach the

clad and oxidize it as

2H
2
O(g) + [Zr] = ZrO

2
 (s) + 2H

2
(g),

2CsOH(g) + [Zr] = ZrO
2
 (s) + 2Cs(g) + H

2
(g).

The products, hydrogen and cesium vapor return

back to react with the oxide fuel forming the

oxygenbearing species once again. Considering that

the fuel reduction and zircaloy oxidation are nearly

quantitative with least kinetic hindrances in them

and noting that the transporting species

(H
2
O(g) or CsOH(g)) prevail at significantly

higher partial pressures than the required

values (~3.5x10-10 bar) for the diffusion flow  of

4.5 x10 -8 g.atom d -1 cm -1, one sees the

effectiveness of chemical vapor transport

mechanism for oxygen across the fuel-clad gap.

c) The clad oxidation takes place in steps. The oxide

layer grows initially with cubic rate law and after

a certain thickness is attained, it follows a

comparatively slow growth linearly. The reported

linear growth rate of 0.83x10-6
 
µm ZrO

2
/d

(equivalently, 5.70x10-7 g.atom d-1 cm-1) is again

an order of magnitude higher than the available

O-flux.

The significance of oxidation of Mo as compared

to that of clad, for the removal of the residual

oxygen flux in thoria fuel, follows from the fact

that the transport out process becomes

competitive, only when the oxygen pressures inside

the fuel develops much above the Mo/MoO
2

potential. Fig. 8 shows the steady state oxygen

profile (right axis), inside the thoria SIMFUEL, to

be established for transporting out the residual O-

flux of 4.5 x10-8 g.atom d-1 cm-1, in the absence

of Mo oxidation. The profile is calculated using

the mentioned transport coefficient and under a

given temperature distribution (left axis). The result

ton-1 burnup has shown, that the oxygen transport

coefficient in the fuel is orders of magnitude lower

than that of pure urania. The temperature

dependence of the transport (chemical diffusion)

coefficient for the thoria SIMFUEL and pure urania

are given respectively by log D
o,c

 (±0.25 m2s-1) =

-5383/T –8.82, and  log(D
O,c

/m2s-1) = -4680/T-

5.74.
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Fig. 8 : Profiles of oxygen  and O/M ratio under a given

temperature distribution and O-flux

(4.5 x10-8 g.atom d-1).

Fig. 9 : Mo activity in hexagonal phase of

Mo-Ru-Pd ternary

of such calculation suggests that

the O-transport inside the fuel is the

slowest of the kinetic steps and also

proves the important role of Mo in

buffering the oxygen potential in

thoria-based fuel. Urania case

shown in the figure is distinctly

different.

Oxygen potential at high burnup
situation

The Mo oxidation playing a decisive role

of controlling oxygen pressure in the

burning process of the fuel, the chemical

states of oxygen-rich phases that can be

formed in the neighborhood of

[Mo]
alloy

/ MoO
2
 potential will be considered in the

subsequent analysis of high burnup situation. Depending

on the oxygen potential the oxidized molybdenum

may remain as pure MoO
2
 or as molybdite

component or get further oxidized to

molybdate. The oxygen potential is governed

by the following equilibria:

[Mo]
alloy

 + O
2
(g) = [ MoO

2
]
molybdite

At 50 GWD ton-1, the molybdenum content

in the hexagonal phase of metallic inclusions

(Mo-Ru-Rh-Pd quaternary) is about 34 atom%.

Mo activity in the phase considering reported

data of Mo-Ru-Pd ternary (Fig. 9) is assumed

to be within 0.25-0.3 over the temperture

range of 800 to 1500K.  The molybdites will

be formed out of alkaline earths, Sr and Ba,

that are normally present as zirconates in the

perovskite phase. Considering however, higher

stability of BaZrO
3
, the molybdite component

will be mainly as SrMoO
3
.Considering the residual part

of oxygen as well as barium yield per fission and also the

fact  that  practically all barium is present as
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zirconate, the molybdite, to zirconate ratio is expected

to be 0.44. In other words, the strontium molybdite mol

fraction of the perovskite phase is 0.22. The oxygen

potential is thus worked out considering the equilibrium

[SrO] + [Mo] + O
2
(g)= [SrMoO

3
]         (1)

in which the SrO activity is governed by

[ZrO
2
] + [SrO] = [SrZrO

3
]        (2).

The ZrO
2
 activity in (2) can be expressed by noting the

dissolved part of ZrO
2
 in thoria and the solution behavior

of ZrO
2
-ThO

2
 pseudo-binary. The dissolved part is

essentially the total Zr yield minus Zr present as Ba(Sr)ZrO
3
.

The SrZrO
3
 activity in the perovskite phase, is iteratively

worked out from an initially assumed value of 0.5, using

equilibrium reaction (2) and the observation that the

neodymium oxide component of the fuel phase does

not displace the ZrO
2
 from SrZrO

3 
to form Nd-pyrochlore.

With the iterated value of SrZrO
3
 activity as 0.25 together

with the ZrO
2
 activity, the equilibrium reaction (2) leads

to the SrO activity as RTlna
SrO

 = -

115.7+(0.047-0.0083lnB)T. Use of

this result in (1) and taking the Mo

activity as 0.3 and SrMoO
3
 activity as

0.22 yields the oxygen potential as

2OG∆ = -559.4+(0.117+

0.0083lnB)T kJ mol-1. At 5 atom%

burnup, the oxygen potential obtained

is shown in Fig.10.

The actual pressure under the constant

flux of 2.8% oxygen will be higher

because of the impediment of transport

of the reactants participating in

equation (1). The calculated oxygen

potential under the kinetic impediment

will be governed by local equilibrium.

Further, in view of the fact that we have

used the lower limit of the residual

oxygen flux for evaluating the oxygen

potential, the actual extent of Mo

oxidation and accordingly the O-

potential will be somewhat higher, had

we considered the local equilibrium

with a residual O-flux of 7.8%. It may

be recalled, that in actual situations,

the residual flux will be somewhere

between 2.8 to 7.8 %, depending on

the extent of global equilibrium.

Fig.10 : Oxygen potentials of relevant

oxide systems at different temperatures
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Chemical Scenario at high burnup

One can examine whether the phase equilibria involving

oxygen-rich compounds other than  molybdite have

significance at the high burnup. The free energy

considerations of the reaction, 2[SrMoO
3
]+O

2
(g)

 
=

2SrMoO
4
(s) shows that Sr-molybdite oxidation is not

feasible at the high burnup. If the corresponding Ba

compound had been present, similar reaction was

possible at least in the peripheral region of the fuel pin

(Fig 10). Since molydite oxidation to molybdate is not

possible for the Sr case, the disproportionation forming

the molybdate and Mo as 3[SrMoO
3
]+ [ZrO

2
] = [Mo]

+2SrMoO
4
(s) +[SrZrO

3
] cannot occur. With the oxygen

potential, one can examine whether there can be BaO

partitioning from zirconate phase to result in the

formations of the bulky phases like pyrochlore and

molybdates, as 2[BaZrO
3
]+ 2[NdO

1.5
]+ 2[Mo]+3O

2
(g)

=  Nd
2
Zr

2
O

7
(s) + 2BaMoO

4
(s). Considering the activities

of the chemical components and the available

thermodynamic data of the reactants and products it can

be shown that even at high burnup like 10%, the

pyrochlore and molybdate formations are feasible below

540 K. So for all practical purpose the forward reaction is

absent within the fuel. If at all it occurs, it will be in the

peripheral region (Fig.10). Under the prevailing oxygen

potential, one further shows that the UO
2
 oxidation, such

as 2[UO
2
]+O

2
(g) +2[SrO] =2SrUO

4
(s), leading to the

formation of alkaline earth uranates is not feasible due to

low activities of the alkaline earth oxides as well as urania

in the fuel.

The uranate formation via reduction of SrO component

in the fuel phase as [UO
2
]+2[SrO] = Sr(g)+ SrUO

4
(s),

depends on Sr atom transport from the reaction site. The

reduction can also result in only gaseous products as

[SrO] +[MO
2
] = Sr(g) + MO

3
(g), (M = U, Mo).

Considerations of standard free energy changes of the

reactions and the activities of the chemical components,

it can be shown that, the above reduction will cause

SrMoO
3 
volatilization from the central part of the fuel

and this will lead to the transport of the vapor products

and formation of SrMoO
4
(s) phase, in the peripheral part

of the fuel pin.

The above mentioned findings about the oxygen potential

and the resultant chemistry are based on the fact that

residual flux of oxygen are easily consumed in

molybdenum oxidations. However in  high burn-up

situations, the fuel matrix incorporating significant

fractions of the fission gas in microdispersed states,

oxygen accessibility to molybdenum alloy will be highly

impeded. In this case, the oxygen potential can locally

surpass the molybdenum/molybdite-control and lead to

the formation of a number of oxygen-rich phases like:

tellurites, tellurates and molybdates of the fps and clad

materials. Thermodynamic data and volatilization

characteristics of such O-rich phases have been generated

in our laboratory. In the conventional oxide fuels, these

phases are relevant only for the analysis of failed pin.

Fuel pin failure occurs when the thin clad wall (~0.5

mm thickness) develops defects, providing permeation

path of the coolant fluid with a higher oxygen potential

to come in contact with hot fuel.

The thoria-based fuels will develop internal stress from

the formation of the bulky oxygen-rich phase. As dis-

cussed before, the outer part of the fuel pin will be en-

riched with the molybdate precipitates as well as gas

bubbles migrating out from the centre. Generally, all the

nonvolatiles and the volatiles to a large extent (~99%),

and a major fraction (90-95%) of the gaseous fps remain

within the matrix (Fig 1), [2]. The dispersed bubbles

as well as the undissolved solid phases formed by other

fps impart internal stress to the matrix, under which the

fuel pin swells, develops radial microcracks and

voids and as the result, thermal conductivity of the fuel-

matrix deteriorates. The gap conductivity also deterio-

rates progressively due to released gas that dilutes the

helium column filling the gap at several tens of

barspressures. As compared to the case reported for the

conventional urania-based fuels, the extent of the fuel

swelling from the dissolved and undissolved components

of the fps will be more in thoria.
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The volatile fps like I and Te, though produced in small

amounts, can put stake on the fuel containment because

of their corrosion and fatigue actions to the clad. Like

the gases, these species undergo transport to reach the

clad’s surface. Chemical interaction of I and Te with the

clad, results in degradation of its mechanical property

and in extreme situation, leads to its brittle fracturing

and, stress corrosion cracking. The availability of free

I and Te depends on two factors: their transport properties

and relative stabilities of their cesium compounds as

compared to the ternary oxide phases of cesium. The

stability of Te-intermetallics is an additional factor in Te

partitioning. The measured transport properties of I, Te,

Cs, Xe etc. show that, these are significantly lower in

thoria-based fuels than in urania. The transport data is

presented in Fig.11.

Fig. 11 : Trend of diffusivity of volatile species

 with temperature

Conclusions

Thoria-based fuel is shown to have poor transport property

of oxygen. The present analysis suggests that the fuel

will generally bear higher oxygen potential right from

the early stage of burnup. Mo plays vital

role in buffering the potential in thoria fuel.

This is unlike the case in urania, where the

oxygen potential is controlled by fuel

oxidation and easy transport to clad for its

oxidation. Mo oxidation starts at a much

later stage when the urania matrix attains

high O/M ratio and is morphologically

degenerated with dispersed gas bubbles. The

higher potential in the thoria fuel, results in

formation of oxidized products like SrMoO
3
.

In the cooler part of the fuel pin, there is a

likelihood of the formation of more oxidized

products like SrMO
4
 (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 clad

corrosion though less in the fuel, matrix

swelling will be more due to the large

retention of gaseous fps and formation of

oxygen-rich phases.

References

1) Design and Development of AHWR—the Indian

thorium-fuelled innovative nuclear reactor,

R. K. Sinha and A. Kakodkar. Nuclear Eng Design,

236 (2006), 683-700.

2) The Nuclear Fuel of Pressurized Water Reactors

and Fast Reactors-Design and Behavior. Eds. H.

Bailly, D. Menessier and C. Prunier, Intercept Ltd.

(1999).



15
I s s u e  n o .  2 8 0  M a y  2 0 0 7

INSA-AGM DELEGATES VISIT BARC

A visit of the Indian National Science

Academy-Annual General Meeting

(INSA-AGM) delegates to the Bhabha

Atomic Research Centre was organized

at the invitation of Dr S. Banerjee,

Director, BARC, on the 23 rd of

December 2006. About 105 delegates,

including INSA Council Members, INSA

Fellows and their spouses, INSA Young

Scientist Medal Awardees and INSA

officials visited BARC. The visit began

with a briefing by the Director, BARC,

on the wide spectrum of R&D activities

carried out at BARC, aimed at national

development, security and societal

benefits. This was followed by INSA

Council Meeting, presided over by Dr

R. A. Mashelkar, President-INSA, while

other delegates visited BARC facilities

including the Dhruva Reactor, New

INSA Council Meeting at BARC

INSA delegates at the Dhruva Reactor

Computer Centre, Food Irradiation

and Processing Laboratory, Gallium/

Arsenic Purification Facility, Crystal

Laboratory and Waste Immobilization

Plant. The visit ended with a lunch,

hosted by Director, BARC. Dr S. K.

Apte, Convener-INSA, Mumbai

Chapter and Associate Director,

Biomedical Group (B), Dr S. K.

Ghosh, Head, Theoretical Chemistry

Section and their colleagues

coordinated the visit. In the

concluding session of INSA-AGM,

President-INSA, thanked Director,

BARC, for hosting the event and for

providing an exposition of the

excellence and relevance of R&D at

BARC.
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TRAINING PROGRAMME ON

SAMPLES, SAMPLING AND FORENSIC

TRACE ANALYSIS

“A  three day training  programme  “Samples, Sampling

and Forensic Trace Analysis”  was organised  by the NAA

Unit of CFSL, Hyderabad,  Analytical Chemistry Division,

(BARC) at BARC, Mumbai,  from February  5-7, 2007.

The course was designed with the objective of exposing

forensic scientists/document examiners primarily to

highlight samples and sampling procedures for trace

analysis, as an aid to crime detection. The course covered

lectures and  familarization with equipment facilities on

various nuclear, non-nuclear analytical techniques such

as: importance  of quality management for Forensic

Science laboratories, quality assurance of  analytical data,

critical assessments of uncertainties of measurement,

metallurgical failure investigations/ Non-Destructive

Testing (NDT)  etc. A visit to ‘Apsara’  nuclear research

reactor at BARC was also arranged. In depth discussions

on use of different methods as R&D studies in forensic

science applications were also covered .

The programme was inaugurated by Dr S. Banerjee,

Director,  BARC, on  February 5, 2007 in the ‘C’ Block

Auditorium, Modular Laboratories, BARC. Delivering  the

inaugural address, he   stressed  on the potential of nuclear

and allied  technologies in helping to solve criminal cases.

Dr Banerjee also elaborated on the sophistication of

Dr S. Banerjee, Director, BARC releasing compiled lecture notes in the form of a book during

the inaugural function. Seen in the photograph  from left to right are:

Dr. N. Chattopadhyay, Deputy Director, NAA Unit of CFSL (H), ACD, BARC, Dr B. Venkataramani, Head,

Analytical Chemistry Division, BARC, Dr. S. K. Shukla, Director, Central Forensic Science Laboratory, Hyderabad,

Dr S. Banerjee, Director, BARC, Dr. T. Mukherjee, Director, Chemistry Group, BARC,

Dr(Mrs) R. Krishnamurthy, Director, Forensic Science Laboratory, Maharashtra State, Mumbai

and Dr  A. K. Basu, Assistant Director, NAA Unit of CFSL (H), ACD, BARC.
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analytical methods with modern developments in science

and technology. He also suggested taking up of challenges

and opportunities in R&D work related to preventive

forensics. He gave a typical example of  metallurgical

failure analysis and its role in forensic investigation.

Director, BARC also made  a point to provide support

and facilities from BARC to  the unique forensic

programme on-going at ACD, for more than three

decades. Compiled lecture notes in the form of a book

were released by  Director, BARC,  before the inaugural

address.

Dr S.K. Shukla, Director, CFSL, Hyderabad,  formally

welcomed  the participants  to the course. He reiterated

the importance of the NAA Unit functioning at BARC,

Mumbai, giving a brief overview of how the Unit became

functional at BARC, Mumbai, more than thirty years ago.

He also pointed out that  extreme care was necessary in

performing low level analysis, on important specimens

of evidence in the forensic context. Dr Shukla sincerely

thanked BARC/DAE functionaries for co-operation,

support and facilities provided to NAA Unit personnel

stationed at ACD, BARC, Mumbai. Dr N. Chattopadhyay,

Deputy Director, NAA Unit of CFSL, Hyderabad  (at ACD,

BARC)  who was the Course Director, briefed about the

design of the training course. He  also thanked all BARC/

DAE functionaries  for providing facilities, extending

scientific expertise and above all extending special support

to their efforts and work programmes which are an

ongoing collaboration between CFSL (DFS,MHA) and

BARC (DAE).

Dr T. Mukherjee, Director, Chemistry Group, BARC,  in

his presidential address,  stressed the need for  updating

knowledge and information in the pursuit of truth.  He

mentioned that there was a constant increase in organised

crimes in the country. In this context, he clearly pointed

out the need to adopt proper sampling methods

particularly for the collection of crucial evidence and

subsequently the need to preserve the integrity of the

samples for analysis and interpretation in the forensic

context.  Dr B. Venkataramani, Head, ACD, BARC,

Mumbai,  gave the introductory address.  He mentioned

about the unique on-going collaborative work

Dr T. Mukherjee, Director, Chemistry Group, BARC with participants, organisers

and some of the faculty members of the training programme on “Samples, Sampling

and Forensic trace Analysis”, organised  by the NAA Unit of CFSL, Hyderabad,

Analytical Chemistry Division, BARC, Mumbai.
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programme of the forensic Unit situated at ACD,BARC.

He gave a brief account of the background for

conducting such  a training course in BARC. Dr ( Ms) R.

Krishnamurthy, Director, Forensic Science Laboratory,

Mumbai spoke   on the latest techniques in forensic

analysis. She cited the potential role of brain finger

printing, narco- analysis, psycho tests etc. in helping

crime investigation. In this context, she also advised the

participants to take advantage of the opportunity of

exposure to the   multi-disciplinary facilities existing in

BARC. Dr A. K. Basu, Asstt. Director, NAA Unit of CFSL,

Hyderabad  (at ACD, BARC) co-ordinated the inaugural

function  and also proposed a vote of thanks.  Dr A. B.

R. Tripathi and Mr C. A. Bhadkambekar of the NAA Unit

were actively associated with the training course.

Dr  M. S. Rao , Director  – cum- Chief Forensic Scientist,

DFS, MHA, New Delhi  through a message,  conveyed

that  the  course  “Samples, sampling and trace analysis”

was significant from the point of view of forensic analysis.

He indicated that the nature of forensic exhibits received

in the laboratories was very different from normal routine

laboratory analysis. The examination of varied forensic

exhibits requires application of appropriate technical skills

by forensic experts and forensic trace analysis was an

important issue.  He expressed that mutual exchange of

views during the training programme would certainly

strengthen the scope of the programme. Dr Rao   extended

his good wishes for successful deliberations and fruitful

interaction between the participants and the organizers.

He conveyed  his  thanks to  all the functionaries of

BARC for their kind cooperation and help to the officials

of NAA Unit. Dr S. K. Shukla, Director, CFSL, Hyderabad

rendered full administrative and financial support towards

conducting the course. A total of 21  participants from

different FSL(s), CFSL(s), GEQD, Bank Note Press(s), GSI

and BARC   attended the course. A special lecture by Dr

S.K. Shukla, on “Importance  of Quality Management

for Forensic Science laboratories” and a brief technical

talk by Dr (Ms) R. Krishnamurthy, Director, Forensic

Science Laboratory, Mumbai were held in the “C” block

auditorium, Mod. Labs. after the inaugural function.

Guest faculty members/resource persons delivered lectures.

Topics on a wide range of sophisticated analytical

techniques  like NAA, ICPAES, ICP-MS, AAS, FTIR, XRF,

TXRF, TIMS, LIBS and other NDT methods were highlighted

in the presentations.  Chromatographic techniques like

HPTLC, GC-MS, HPLC etc. and thermal analysis techniques

like TG, DTA, DSC, Pyrolysis GC-MS etc. focusing  on

basics and forensic application aspects  were also included

in the lectures.  Demonstration for and exposure to various

analytical equipment  in ACD, BARC was also arranged.

On the final day, in an informal valediction, some of the

participants expressed their  views on the usefulness of

the course. Dr N. Chattopadhyay, Course Director

expressed his  observations. Dr T. Mukherjee, Director,

Chemistry Group, BARC reviewed the feedback received

from the participants and   presented certificates to the

participants. He also mentioned that the impact  of

interactive deliberations would be fruitful to the

participants in developing awareness about the potential

applications of analytical methods, in forensic studies.

He wished  them success in their respective endeavors.
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DAE - BRNS SYMPOSIUM ON

“POWER BEAMS FOR CLEAN ENVIRONMENT

AND PROCESSES “ (PBAMP-2006): A REPORT

The Beam Technology Development Group, in association

with the Power Beam Society of India, organized the

DAE-BRNS symposium on “Power Beams for Clean

Environment and Processes” (PBAMP-2006) at the

Multipurpose Hall of the BARC training school hostel,

Anushaktinagar,  during  September  20 – 21, 2006. The

symposium was inaugurated by Dr R. K. Garg, Former

Director, Chemical Engineering Group, BARC and retired

CMD, Indian Rare Earths Limited. In his inaugural address,

Dr Garg reviewed the sources of pollution and the

techniques for pollution control. He said that the need

of the hour was to implement innovative ideas to monitor

pollution and effectively control it using beam technology

processes. In his opening remarks Dr A. K. Ray, Director,

Beam Technology Development Group, BARC and

Chairman, National Advisory Committee mentioned

about the rapid growth being made in the application of

power beams for clean environment by BARC and other

institutes in the country and also their impact on industry,

especially, in the context of waste management and

disinfection processes. Dr  A. K. Das, Secretary, Power

Beam Society of India, welcomed the participants,

dignitaries and invitees to the symposium. Dr N. K. Joshi,

Convener, Organizing Committee, proposed the vote of

thanks.

The inaugural session was followed by three review

talks by experts working in area of lasers and plasma

and electron beam technology. The talks covered

included  ‘Laser-based Technologies for Detection of

Environmental Pollution’ by Mr T. P. S. Nathan, Univ.

of Hyderabad, ‘High Power Plasma Torches and

Dr A. K. Ray, Director, Beam Technology Development Group, BARC, giving opening remarks

about the symposium. Sitting on the dais from left to right are: Dr N. K. Joshi, Convener,

Mr  R. K. Garg, Former Director, Chemical Engineering Group, BARC

and ex-CMD Indian Rare Earths Limited, Dr A. K. Das, Secretary, Power Beam Society of India

and Dr Archana Sharma, Co-Convener.
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systems for Waste Treatment’ by Mr P. S. S. Murty,

ex-Scientist, BARC and ‘Power Beams for Clean

Environment and Processes and Applications in

Aerospace Hardware’ by Mr P. Raghuthama Rao, Retired

GM, Liquid Propulsion System Center, Bangalore. All the

three speakers were felicitated by PSI, President, Dr N.

Venkatramani for their outstanding contributions in the

field of beam technology and applications. An

entrepreneur, Mr. Janardhan Nair, CMD, M/s Ion Arc

Technologies Pvt. Ltd. was also felicitated, for his

outstanding contribution related to the developmental

work in the area of thermal plasma reactors and torches.

There were in all, eight technical sessions including the

inaugural and the concluding session. The scientific

program comprised seventeen invited talks and thirty

one contributed papers. The symposium covered a wide

spectrum of topics and  plasma waste treatment schemes

at Australia, China and India; electron accelerators for

treatment of industrial water and flue gases in Korea

and Russia; laser-assisted decontamination of radioactive

waste and laser-aided diagnostics for determination of

trace level toxic pollutants etc. The contributory papers

reflected the research being carried out at universities

and institutes in India in this newly emerging important

technology area. It was particularly interesting to see

papers on plasma-assisted synthesis of nanomaterials and

their role in environmental cleaning. For many

environmental problems, a combination of different

technologies may be necessary to achieve a cost effective

solution. During the symposium all the contributory

papers were rapporteured by Dr N. K. Joshi, L&PTD,

BARC. All the contributory papers were peer-reviewed

and displayed in the poster session, a few were selected

for oral presentation and three students (Mr. Dinesh

Mantri, IIT, Mumbai, Mr. P. Navaneetha, Bharthiar

University, Coimbatore and Ms. Harshada Nagar, Pune

University) were awarded certificates for “Best paper with

student participation” and a cash prize of Rs.1000/- each.

The proceedings of the symposium were distributed to

all the delegates.

The symposium provided a forum for exchange of ideas

and information on various basic and engineering issues

related to power beam-assisted processing, effluent/

emission management and production and recycling

technologies for sustainable development. There were

about 225 registered participants from various National

Institutions/Universities/Colleges and industrial houses.

The response to this symposium from India and abroad

was overwhelming. It was technically very beneficial for

the participants to have Prof. N. K. Kuksanov from

Budekar Institute of Nuclear Physics, Russia and Prof. A.

B. Murphy, CSIRO Industrial Physics from Australia. In

India, apart from various divisions of BARC, contributions

had come from RRCAT Indore, LPSC-ISRO Bangalore,

IPR Gandhinagar, IISc., Bangalore, IITs of Mumbai, Delhi

and Kharagpur, NEERI, Nagpur, RRL, Bhubaneshwar

BHEL, Ranipet, IITM, Pune, Univ. of Hyderabad, Univ.

of Pune, Bharathiar Univ., Coimbatore, CMET, Pune, NIT,

Rourkela, MIUCT, Mumbai, RRL, Thiruvanantapuram, CPP,

Guwahati   and PIIT, New Panvel. It was also very

heartening to note the enthusiastic response from the

student community.  The industry response to the

symposium was also encouraging. In view of the

industrial significance of the power beam technology

and applications, an exhibition of beam technology

related equipment, accessories, products etc. was

organized at the venue of the symposium hall. Ten

exhibitors participated in the exhibition.

In the concluding session, Dr A. K. Ray thanked all the

delegates for the lively discussions during the two days

and hoped that the symposium would generate several

collaborative programs between the Department of

Atomic Energy and other institutions.
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DAE-BRNS TOPICAL SYMPOSIUM ON

“THE ROLE OF ANALYTICAL CHEMISTRY

IN NUCLEAR TECHNOLOGY” (RACNT) : A REPORT

Analytical Chemistry is an integral part of the nuclear

energy programme and plays a crucial role in materials

characterization and quality assurance.  In fact, one of

the first chemistry activities in the saga of the Indian

atomic energy programme, was the analysis of minerals

for the exploration and estimation of uranium. Since then,

analytical chemistry has become an integral part of the

Indian nuclear energy programme.

Analysis of various materials is an essential aspect of all

nuclear power plants, industrial units such as NFC, HWB,

UCIL, IRE, AMD, fuel reprocessing, waste management

facilities, production of isotopes for societal needs, etc.

Apart from these analytical chemistry plays an important

role in the development of new and advanced materials

for various applications in the nuclear industry.

With the Indian nuclear energy programme poised to

make greater strides in terms of enhanced power

production and adopting diverse advanced reactor

concepts, analytical chemists will be called upon to play

even greater roles. Keeping this in view and on the

occasion of the Golden Jubilee Year of BARC,  the DAE-

BRNS Topical Symposium on Role of Analytical

Chemistry in Nuclear Technology (RACNT) was

organized by the Analytical Chemistry Division (ACD),

The Inaugural function
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BARC. It was held at the Multipurpose Hall, Training

School Hostel, Anushaktinagar, Mumbai during January

4-6, 2007. The objective of the Symposium was to provide

a forum for the analytical chemists in DAE to interact

and chalk out a roadmap for meeting the future needs of

the Department.

The topics covered in the Symposium were on the role

of analytical chemistry in areas that constitute the future

mandate of BARC and DAE. They included: Nuclear

materials, Reactor systems, Thorium technology, Alternate

energy sources, Biology, Agriculture and environment,

Water technology, Isotope, radiation and laser

technology, Materials development and processes,

Development of analytical instruments, Reference

materials and inter-comparison exercises. Twenty one

invited talks were delivered by experts from BARC and

other DAE units, who are actively engaged  in these

areas. There were 95 contributed papers from various

units of DAE, Universities and National Institutes. These

were displayed as posters during all the three days of

the Symposium. Five young scientists from ACD,

BARC, presented summaries of the contributed papers

presented during the rapporteuring sessions. Two

separate sessions were allotted for viewing the posters.

The proceedings of the symposium, containing the

text of the invited talks and the contributed papers,

were published in the form of a book. Nearly 250

delegates attended the Symposium.

Dr S. Banerjee, Director, BARC, inaugurated the

Symposium. He emphasised the important role of

analytical chemistry in nuclear energy programmme,

by citing examples such as hydrogen pick-up by zircaloy

during reactor operation and the need to control the

hydrogen content right from the fabrication stage.

Prior to this, Dr B. Venkataramani, Convenor of the

Symposium and Head, ACD, BARC, welcomed the

delegates. Dr K.K. Swain, Joint Secretary of the

Symposium briefed about the Symposium and its

content. Dr T. Mukherjee, Chairman of the National

Organising Committee of the Symposium and Director,

Chemistry Group, BARC presided over the inaugural

function. He said that the Symposium was unique in the

sense that the whole DAE community had come together

to discuss the importance of analytical chemistry in the

nuclear energy programme. He also complimented the

organisers for the invited talks delivered by senior scientists

from different fields. Dr Rakesh Verma, Secretary of the

Symposium proposed a vote of thanks.

On the last day of the Symposium, a feedback session

was arranged where participants gave their views about

the Symposium and which was followed by a panel

Dr S. Banerjee, Director, BARC, delivering the

inaugural address
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discussion and the valedictory function.  Dr P. R. Vasudeva

Rao, Director, Chemistry Group, IGCAR, chaired the

session. Dr B. Venkataramani, Convener, RACNT and

Head, ACD, BARC; Dr K. L. Ramakumar, Chairman,

RACNT Technical Committee and Head, Radioanalytical

Chemistry Section, BARC and Dr P. P. Chandrachoodan,

Programme Officer, BRNS were present during the panel

discussion.  Dr. Chandrachoodan pointed out that it was

essential to start a collaborative project, which would be

of relevance to DAE and to the environment. The

following points emerged from the discussions during

the sessions :. Periodic meetings be held to meet new challenges

in analytical chemistry in DAE.

Valedictory function

. Efforts be made to maintain sophisticated

instruments. It was emphasized that efforts also

be made to develop instruments of international

quality indigenously.. An agency be constituted for maintaining

sophisticated instruments across the country and

for reuse / redistribution of the instruments among

DAE units.

. Need to prepare reference materials,  relevant to

the DAE programme and the need to participate

in inter-comparison exercises.
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