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We would like to thank you, for all your emails and words

of appreciation which we received, for the new look of the

BARC Newsletter. We have also received several suggestions

for further improving the quality of the newsletter. We assure

you that these would be discussed in our regular meetings

of the Editorial Committee and suitable action would be

taken.

In this issue, we are also including articles of general interest

from Senior Scientists of the Centre. Dr. V. Venugopal,

Director, Radiochemistry & Isotope Group has contributed

the article “Innovations and Recent Trends in Radiochemistry

Research” for this issue.

We would like to inform you, that as suggested by Director,

BARC, we are also accepting research articles, technology

development and related articles, for inclusion in the

newsletter. You may send your articles directly to the Editorial

Board, after approval from respective Group Directors/

Associate Directors and Heads of Divisions.

Hope that you all continue to give your support to your

publication.

K. Bhanumurthy

On behalf of the Editorial Committee
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Introduction

The founding of Atomic Energy Establishment at
Trombay (AEET) witnessed a whole gamut of
research activities in basic as well as applied research
in nuclear science and technology  in the country.
With the commissioning of India’s first nuclear
research reactor, APSARA, the nuclear and
radiochemistry programme received a fillip.  A large
number of diverse research activities related to
nuclear chemistry, nuclear fission, spectroscopic
investigations, development of radioanalytical
techniques and other analytical methodologies for
chemical quality control (CQC) of nuclear fuel
materials, process chemistry of actinides,
spectroscopic and X-ray studies, mass spectrometry,
thermodynamic investigations, recovery of actinides
from analytical waste solutions and post irradiation
studies on irradiated nuclear fuel were undertaken.
This diverse research field has made us scientifically
very confident in making collaborations with other
research institutes in different countries. In the years
to come, BARC will be  playing major role in Nuclear
Material Safeguards related activities, when more
facilities coming under IAEA safeguards.

Role of Chemistry in fuel development

Program

The challenges in this program will be:
(i) augmenting the existing analytical methodology
base for CQC of nuclear materials,  (ii) understanding
thermal and thermodynamic behavior of various
fission product systems and their interactions with
fuel and clad, (iii) developing new analytical
techniques for understanding the ageing

management of nuclear reactor components
(iv) carrying out post irradiation examination of new
fuels for burn-up as well as fission gas release
(v) augmenting the database for nuclear properties
of actinides and (vi) development of special materials
for strategic program of the Department.

Conventional powder-pellet fuel fabrication
processes are not well suited for remote handling
of Pu and 233U based fuel materials inside the
shielded facilities as they involve a large number of
mechanical steps. Sol-Gel process is amenable for
such fuel preparation. Studies have to be carried
out in a shielded facility on the preparation of
(233U,Th)O

2
 and (ThO

2
-PuO

2
) microspheres using the

sol-gel process. Test fuel pins have to be fabricated
for the irradiation studies to understand irradiation
behavior. This  program involves various experts  such
as, radiochemists, metallurgists, reactor physicists
and fuel designers.

Future program includes the development of coated
particle fuels for high temperature gas cooled
reactors, SGMP process for the Th-233U based fuels
and  irradiation behavior studies of the vibro-
compacted fuel pins etc.

Analytical Methodologies for Chemical Quality

Control of Nuclear Materials

For optimum performance of nuclear fuel inside a
nuclear reactor, the nuclear fuel material should meet
stringent requirements in terms of its chemical
composition, purity, stoichiometry, and many other
physical and chemical properties.

Innovations and Recent Trends in

Radiochemistry Research

V. Venugopal,

Radiochemistry & Isotope Group
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Presence of a number of elements as impurities  in
trace amounts is detrimental to the performance of
the fuel. Boron, cadmium or rare earth elements
are of larger interest and  their quantification in
sub–ppm level is very critical. Chemical quality
control of these elements in nuclear materials is
determined employing a number of techniques and
methodologies.

Several methods with new redox reagents have been
standardized for the determination of uranium with
improved precision and accuracy. Many of the
methods developed are confined to the applications
in safeguards laboratory. Newer methods with
minimum sample size have to  developed with new
instrumental  methods. Multielemental analytical
techniques such as inductively coupled plasma mass
spectrometry (ICP-MS) and GD-MS will have to be
developed for this purpose. The advantages of this
method include the reduced time of analysis,
reasonable precision and accuracy and large sample
throughput.

Gaseous impurities in nuclear fuels  such as H, C,
N, O and S are routinely determined employing
commercially available instruments. The techniques
are based on thermal conductivity (CO

2
), IR

detection (SO
2
), Inert gas fusion and Kjeldahl

distillation followed by spectrophotometry for
nitrogen. Halogens such as fluorine and chlorine
are separated from the sample matrix by
pyrohydrolysis and determined either by ion selective
electrodes, spectrophotometry or by ion
chromatography.  Ion chromatographic technique
has also been developed recently  to determine
nitrogen in uranium and uranium alloy samples.
The advantages of this method are (i) elimination
of Kjeldahl distillation (ii) reduced time of analysis
(iii) requirement of small sample size (10 mg) and
(iv) increased sensitivity.

A new method based on the vacuum combustion
extraction-quadrupole mass spectrometry has been
developed for the determination of sulfur in nuclear

fuel materials. It involves the combustion of the
sample in presence of oxygen supplier like UO

3
 in

static vacuum conditions, extraction of the gases
released into a known volume and determine the
the composition  by on-line quadrupole mass
spectrometer.

An XRF method was standardised for the
determination of Th in (total U+Th) sintered
UO

2
-ThO

2
, with UO

2
 varying from 1-3% in powder

samples. Another method based on the same
principle was developed for the determination of
Ga and U present in the mixture of their solid oxides.

Chelation ion Chromatography technique was
developed for the separation and determination of
lanthanides in different nuclear materials.

Studies on sulphur speciation employing Ion
chromatography were carried out with different
mobile phase concentrations to reduce the retention
time of thiosulphate without compromising the
resolution between sulphite and sulphate peaks.
Experiments were carried out with industrial effluents
and water samples received from different locations.
The sulphide content in these samples was
determined by iodimetric titration for comparing
with ion chromatographic values.

Ageing management of coolant channels in

PHWRs and Post Irradiation Studies

The life of zircaloy coolant channel used in
Pressurised Heavy Water Reactors depends mainly
on the extent of hydride formation. Since the
solubility of hydrogen in zirconium is very much
limited, slight excess of hydrogen leads to the
precipitation of zirconium hydride and  is highly
brittle. A hot vacuum-quadrupole mass
spectrometry (HVE-QMS) technique has been
developed for the determination of hydrogen/
deuterium in  samples received from zircaloy coolant
channels. The entire system has been conceived,
designed and fabricated indigenously at BARC.
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Procedures were established for the analysis of

fission gases Kr and Xe from test fuel pins of MOX

fuel as a part of post irradiation examination of

irradiated fuels employing quadrupole mass

spectrometry (QMS). The isotopic ratios of
131Xe/134Xe and 132Xe/134Xe; 83Kr/86Kr and 84Kr/86Kr

were very near to those from Pu-239 fissions

indicating that majority of fissions are from Pu-239.

Thermal ionization mass spectrometry has been

employed to determine burn up of nuclear fuels.

Triple spike isotope dilution mass spectrometry has

been employed for this purpose.

Mass spectrometry and Alpha Spectrometry

Isotopic mass of an element determines its nuclear

properties including fission and absorption cross

sections. Measurement of isotopic composition of

materials used in nuclear technology is therefore

very important. Considerable effort and time has

been spent in  developing analytical methodologies

for the determination of isotopic composition and

concentration of different elements from

Li to Cm.

Nuclear fission is one of the fundamental

characteristic features in nuclear chemistry. Each

fissioning nuclide breaks into two fission products

(one with mass less than 100 and another mass

greater than 100) and a few neutrons

accompanying by large release of energy.

Comprehensive data on the fission yields of

stable isotopes in neutron induced fission of
233U, 235U, 239Pu and 24lPu were obtained using

mass spectrometric studies.

In a reprocessing plant it is necessary to carry out

precise measurements of U and Pu content in the

dissolver solution for input accountability. Special

tracer techniques MAGTRAP and LEADTRAP were

developed for measuring not only the volume of

solution in the accountability tank but also the

amount of plutonium .

Alternate spikes (239Pu/240Pu) in lieu of conventionally

used and difficult to procure 242Pu for Pu

determination by TIMS have been developed.

238Pu spike has also been identified as a suitable

spike for Pu determination by Isotope Dilution Alpha

Spectrometry (IDAS). Necessary methodology for

correcting the degradation of alpha spectrum to

measure accurate alpha activity ratios needed for

Pu determination was also developed.

New analytical methodologies were developed for

carrying out precise and accurate measurements

on isotopic ratios of lighter elements such as Li, B,

Mg etc.

Precise and accurate measurements on half-lives of

a number of transactinide isotopes (232U, 233U, 238Pu,
241Pu, 242Pu, 241Am, 243Am, 242Cm, 244Cm) have been

carried out employing TIMS and alpha spectrometry.

The expertise achieved in the field of mass

spectrometry was demonstrated by the successful

participation in three international experiments

(IDA-72, PAFEX- I and PAFEX-II) organised by the

international agencies to evaluate precision

and accuracy achievable on measurements of

U and Pu.

High Temperature Thermodynamics

Solid Oxide electrolyte galvanic cells, Knudsen

effusion mass loss and Knudsen effusion cell mass-

spectrometric methods were used to determine

vaporization behavior of UC, (U,Ce)C, UN, stainless

steel, Pd, Rh, Tellurides of U and Th and molybdates

of alkali metals. The noteworthy feature of all the

investigations was that all  thermodynamic properties

were determined by the same laboratory using a

variety of techniques.

For the FBTR at Kalpakkam, a fuel, which could

provide high fissile content without the use of

enriched uranium, was required. (U
0.30

Pu
0.70

)C with
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5-15% sesquicarbide content and very small
amounts (< 1000 ppm) of O

2
 and N

2
 was required.

However, it was observed during the fabrication
that it was not possible to achieve low N+O content
with out significant loss of Pu by volatilization. With
proper optimization of parameters, a fuel having
5000-6000 ppm of oxygen and 500 ppm of nitrogen
could be obtained. The compatibility of the fuel
with S.S cladding could not easily be established
on the basis of available literature. Investigations
carried out could establish the chemical
compatibility of the fuel fabricated with SS cladding.
It is heartening to note that this has borne out by
actual experiment on the FBTR fuel, which has
reached a burn up of 140,000 MWD/T.

For the second core of FBTR, there was a proposal
at one time to use mixed nitride fuel. Theoretical
calculations established that good chemical
compatibility could only be achieved if the fuel has
very low carbon content and a separate mixed oxide
phase.

(U, Th)O
2
 is a nuclear fuel proposed to be used in

the advanced heavy water reactors. Hence, it is
necessary to investigate the thermophysical
properties of this fuel in the reactor operating
conditions. In this context, the C

p
 values of this

alloy were determined employing DSC with a
predefined heating programme. The C

p
 values were

determined for the mixed oxide containing 0%, 2%,
4%, 6%, 10% and 20% uranium. The experimental
values were similar to those of thorium oxide (ThO

2
).

Thermochemistry of interoxide compounds in the
system M- Te-O where M is a fission product is of
considerable interest to understand the internal
chemistry of the oxide fuel pins in an operating
nuclear reactor.

X-ray and Solid State Chemistry

X-ray, thermal, IR and NMR techniques have been
employed to study the structural aspects of uranium

and plutonium compounds to understand the nature
of structure-property relation. The single crystal
X-ray structure of the complex [UO

2
(TTA)

2
.H

2
O]

crown shows that two of the [UO
2
(TTA)

2
.H

2
O]

molecules are bridged by the crown ether ligand to
give a dinuclear complex [UO

2
(TTA)

2
.H

2
O]

2
(Crown).

Two such dinuclear complexes are stabilized by the
intermolecular hydrogen bonding to give a stable
tetra nuclear cluster.

Thermogravimetry and X-ray powder diffraction
procedures have been used to study the solid
solubility of Pu3+ and Pu4+ oxides in the stabilized
zirconia, a fluorite matrix, in air.

The crystal structure of Pu
2
Zr

2
O

7
 was derived from

the analysis of X-ray powder diffraction data by
Rietveld analysis. The systematic absence in X-ray
reflections required by the pyrochlore structure
[Fd3m] were observed in the indexed pattern with
cubic cell parameter of a= 10.5719 (1) Å and
Z =8. In the structure, each Zr cation has 6 oxygen
anions in octahedral coordination.

Actinide Chemistry

The basic research programme on actinide chemistry
included investigations on the interconversion of
their oxidation states with a view to arriving at
suitable conditions for stabilizing each of the
oxidation states,  studies on the complexing abilities
of actinides with different inorganic and organic
anions, studies on the solvent extraction behaviour
of actinide ions into different types of solvent-
diluents combinations and from different aqueous
environments and studies related to both cation
and anion exchange behavior of actinides etc. The
understanding of their chemistry forms the
backbone in developing methods for their estimation
as well as their recovery and purification from
different complex matrices.

Detailed investigations were carried out for the
recovery of neptunium as a byproduct of plutonium-
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uranium extraction (Purex) process. Large data
generated in our laboratory on neptunium behavior
in Purex Process has found a place in the standard
textbook on nuclear chemical engineering by
Benedict and Pigford. Extensive studies on the
complexation behavior of neptunium carried out in
our laboratory resulted in publishing a review article
on the coordination complexes of neptunium in
the journal “Coordination Chemistry Reviews” in
1978, which is a unique source material on
neptunium complexes even to this day.

Studies on irradiation of Neptunium-237 targets and
their processing for the recovery of 238Pu enabled in
establishing methods for the making of 238Pu
sources, which has many applications as an isotopic
power generator.

Large scale plutonium recycling operation was
carried out for meeting the Pu required for FBTR
fuel  fabrications. A novel method  has been
developed to  recover  gram quantities of
americium, which has many applications in gamma
radiography, smoke detectors etc from the waste
solution. This americium could be used in measuring
the uranium concentration profile in reprocessing
plant streams with on-line detection.

An anion exchange studies on plutonium recovery
with a large number of gel type and macroporous
resins conducted in our laboratory has widened the
scope of plutonium recovery from different sources
yielding a pure and concentrated plutonium
product.

Stability constants of the fluoride complexes of
lanthanides were determined by ion selective
potentiometry and the data are comparable with
the estimated values obtained by interpolation from
the general trend of stability constants of the
lanthanide fluorides in aqueous solution. Correlation
of the stability constants with their fundamental

properties like ionic charge, coordination number,
ionic radius and electronic configuration was
studied.

Reliable thermodynamic data are of prime
importance to predict radionuclide speciation in
biological as well as   natural environments.

Conclusion

A number of dedicated  Radiochemists and
Radioanalytical chemists  are involved in this  task.
The expertise generated has provided enough
confidence to take on fresh challenges to meet the
future requirements of the Department. The
Programme has a vital role to play to address many
of the issues related to chemical and physico-
chemical aspects of thorium based fuel technology
thus fully utilizing our country’s vast resources of
thorium to satiate the ever increasing energy
demands to realize a self sufficient and prosperous
India.
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Introduction

Among the ternary metallic oxides, compounds of
the general formula, A

2
B

2
O

7
 (A and B are metals),

represent a family of phases isostructural to the
mineral pyrochlore, (NaCa)(NbTa)O

6
F/(OH)[1]. The

space group of the ideal pyrochlore structure is
Fd 3 m and there are eight molecules per unit cell
(Z=8). In A

2
B

2
O

7 
pyrochlores, A is usually a trivalent

rare earth ion, but can also be a mono, divalent
cation and B may be 3d, 4d or 5d transition element
having an appropriate oxidation state required for
charge balance to give rise to the composition
A

2
B

2
O

7 
[2]. The pyrochlore crystal structure also

tolerates vacancies at the A and O sites to a certain
extent with the result that cation and anion
migration within the solid is feasible. Recently, it
has been shown by our group that anion rich
pyrochlores like Ce

2
Zr

2
O

8
 are also possible [3]. The

pyrochlore structure is closely related to the fluorite
structure AX

2
, except that there are two cation sites

and one-eighth of the anions are absent as shown

in the Fig. 1[4]. For the ordered pyrochlore, A
2
B

2
O

7
,

the phase stability of the superstructure is basically
determined by the A and B site cation radius ratio.
It is worth noting here that  compounds with similar
cationic radii are more likely to form as disordered
fluorites than ordered pyrochlores, for instance,
Er

2
Zr

2
O

7
 having r

A
/r

B 
~1.39 crystallizes as a

disordered fluorite structure whereas Er
2
Ti

2
O

7 
with

r
A
/r

B
 ~1.66 crystallizes as a ordered pyrochlore

structure.

Since more number of (3+, 4+) ions are possible,
therefore, large number of pyrochlores having
(3+, 4+) cations are reported in literature compared
to pyrochlores having (2+, 5+) cations. Recently,
(1+, 6+) pyrochlores like KOs

2
O

6
 are reported

in the literature [5]. In general, pyrochlores exhibit
a wide variety of interesting physical properties
because a diverse range of constituent ions
can be chosen to obtain the desired properties.
The electrical properties of the pyrochlores vary
from highly insulating through semiconducting

Pyrochlores: Potential multifunctional materials

B. P. Mandal and A. K. Tyagi

Chemistry Division

Abstract

Pyrochlores are important class of materials from the point of view of diverse technological
applications like in luminescence, ionic conductivity, nuclear waste immobilization etc. It has
been found that Gd

2
Zr

2
O

7
 is the most suitable pyrochlore for nuclear waste immobilization because

it is extremely stable under radiation environment. An optimum size difference between Gd3+ and
Zr4+ facilitates antisite formation in Gd

2
Zr

2
O

7
, which renders exceptionally high radiation stability

to it. Immobilization of Nd3+ and Ce3+, which are surrogate materials of Am3+ and Pu3+, respectively,
in Gd

2
Zr

2
O

7
 lattice has been discussed in the article. Advanced Heavy Water Reactor (AHWR) will

generate Al, Th, F in addition to other nuclear wastes. Immobilization of Th and Al in Gd
2
Zr

2
O

7
 is

also described in this article.
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to metallic behaviour. It has been reported that few
rare-earth molybdate and ruthenate pyrochlores
show semiconductor to metal transition. Pyrochlores
like Cd

2
Re

2
O

7
 exhibit superconductivity at lower

temperature [6]. The system where the A and B
ions are in the maximum possible oxidation states,
exhibits excellent dielectric properties. The electrical
properties of the pyrochlores having Bi ion, like
Bi

2
Ru

2
O

7,
 are interesting, because the lone pair of

electron on Bi contributes to the electrical property
of the compound. Many of the pyrochlores like
La

2
Zr

2
O

7 
act as thermal barrier coating whereas some

other systems like Y
2
Sn

2
O

7
 act as excellent host

matrices for photoluminescence. Oxide ion
conduction is also possible in pyrochlores if the
compositions are tuned properly [7, 8]. High
pressure response of pyrochlore is also worth
mentioning. Mostly researchers have found that
pyrochlores transform to fluorite phase or some
other phases at higher pressure. Recently, it has
been found that they can transform to starting
reactants too [9]. In addition, pyrochlores are
excellent host matrices for nuclear waste
immobilization because it can dissolve various
lanthanides, actinides and other elements which are
generated from nuclear reactors. It has been found
that stability of the pyrochlores under radiation
environment increases with decrease in radius ratio.

This can be explained on the basis of antisite defect
formation. The energy deposited due to irradiation
can be dissipated by swapping the
A and B cations and the structure transforms to
defect fluorite form. However, in case of pyrochlores
having large difference in ionic radii of A and B
cations cannot exchange their sites. Therefore, these
pyrochlores amorphize under high irradiation dose
to dissipate the extra energy [10]. Hence, Gd

2
Zr

2
O

7

was chosen as a suitable host material for fixation
of some of the nuclear waste products.

Sample Preparation

Few samples were prepared by standard solid state
route. The constituent oxides were preheated at
900°C overnight to remove moisture and other
volatile impurities. Stoichiometric amounts of the
reactants were weighed to get the various
compositions. The homogenized mixtures were then
subjected to a three-step heating protocol with
intermittent grindings. The XRD patterns of samples
were recorded on a Philips X’pert Pro XRD unit in
static air condition with monochromatized Cu-Ka
radiation. Since the starting materials are high
melting point solids, therefore to complete the
reaction high temperature is required. Raman spectra
were recorded using a 632.8nm line from a He–Ne

Fig. 1a: Unit cell of fluorite (Fmm), yellow atoms

represent A4+ cations and the red O2-.

Fig. 1b: Unit cell of pyrochlore (Fdm), Blue spheres

represent A3+ cations, yellow B4+ and red O2-.
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laser and the scattered light was analyzed using a
single-stage spectrograph. It can be mentioned here
that few samples were prepared by gel combustion
method also. In this method the nitrates of the
constituent elements and glycine were mixed in
desired ratio and then heated till 100°C, which
ultimately gives rise to transparent gel. The gel
undergoes combustion at higher temperature. The
formed powder is then calcined to remove carbon
and unreacted organic materials.

Result and Discussion

1. Solubility of Nd3+ in Gd
2
Zr

2
O

7
 and Y

2
Zr

2
O

7

pyrochlores

A series of compositions having nominal
compositions Nd

2-y
Gd

y
Zr

2
O

7
 (0.0 ≤ y ≤ 2.0) was

prepared by standard solid state route and analyzed
by XRD and Raman spectroscopy. It has been found
that with increase in Gd3+ content in the series the
lattice parameter decreases, which is attributed to
the relative ionic size of Nd3+ and Gd3+. This also
establishes the monophasic nature of all the products
in this series. Structural analysis has been done by
using Rietveld refinement programme Fullprof-2005.
The most important observation of the present
investigation is that, with increase in Gd content in
the series, the system undergoes change from
ordered pyrochlore to disordered pyrochlore.
Originally, in pyrochlore structure all the oxygens
are not equivalent. The oxygen at 48f position is
surrounded by two A and two B cations and 8a

position has four B neighboring atoms, and 8b

position is surrounded by four A cations. The
coordinate of 48f oxygen is (x, 0.125, 0.125). The
x-parameter of 48f oxygen is indicator of the degree
of disorder in the system. The x parameters of 48f
oxygen in perfect pyrochlore and highly disordered
pyrochlore are 0.3125 and 0.375, respectively.
Initially the value of the x parameter increases linearly
on incorporation of Gd in Nd

2
Zr

2
O

7
, which indicates

an increase in disorder in the system. However, there
is a distinct change in the slope at Nd

0.2
Gd

1.8
Zr

2
O

7

composition, which suggests that the degree of
disorder increases abruptly from that composition
onward.

XRD studies are more sensitive to disorder in the
cationic sublattice compared to anionic sublattice,
whereas, Raman spectroscopy is primarily sensitive
to oxygen-cation vibrations and is an excellent probe
for local disorder. The Raman spectroscopic
investigation has been found to provide unequivocal
information to distinguish between a pyrochlore,
disordered pyrochlore and a defect fluorite material,
because these phases differ essentially with respect
to local disorder around the A or B cations.
Therefore, all the compounds were further
investigated by Raman spectroscopy over the
frequency range 200–800 cm-1 to investigate the
exact composition at and beyond which a distinct
pyrochlore lattice undergoes a transformation to
disordered pyrochlore.

The six Raman active modes of pyrochlore are
distributed as A

1g
 + E

g
 + 4F

2g
. The observed Raman

spectrum of the pyrochlore structure of Nd
2
Zr

2
O

7

and the different mode frequencies, agree quite well
with the values reported in  literature. The width of
different modes also increases with increasing Gd
concentration (not shown). As mentioned earlier, a
gradual increase in the 48f oxygen x-parameter was
observed till y ≈ 1.8 beyond which there is sudden
change in the slope even though the radius ratio
r

A
/r

B
 changes linearly. The change in slope observed

in the frequency vs Gd content curve and the
sudden increase in width in the Raman modes for
y ≥ 1.8 can be related to this discontinuous change
in the 48f oxygen x-parameter. As the size difference
between “average” A cation and B cation decreases
with increase of Gd content, the system has a
tendency to transform from perfect pyrochlore to
defect pyrochlore [11, 12].

In another attempt, Nd was incorporated in Y
2
Zr

2
O

7
,

which was expected to be a stable material under
radiation environment. The samples were prepared
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following the same protocol. Structural analysis on
Nd

2-y
Y

y
Zr

2
O

7
 (0.0≤y≤2.0) series has also been done

by using Rietveld refinement programme Fullprof-
2008. It has been found that with increase in Y3+

content in the solid solution, the structure
transforms from ideal pyrochlore to defect fluorite
through a biphasic region. The decrease in lattice
parameter with increase in Y3+ content in the series,
is due to lower ionic radius of Y3+ (0.93Å) than that
of Nd3+ (1.02Å) in eight fold co-ordination. It is
noticeable that the lattice parameters remain
unchanged for the two compositions in the region
from Nd

0.8
Y

1.2
Zr

2
O

7
 to Nd

0.4
Y

1.6
Zr

2
O

7
, which indicates

that these two compositions are a biphasic mixture
of pyrochlore and defect fluorite. During refinement
it has been assumed that in Nd

2
Zr

2
O

7
, the 8a site

remains totally vacant. With increase in Y3+ content
in the series, the 8a site also gets populated with
concomitant depopulation at 48f site. The
occupancy at 8b site remains almost constant. The
involvement of 8a oxygen and 48f oxygen in
disordering also has been verified by Raman
spectroscopy. Another end member i.e. Y

2
Zr

2
O

7

crystallizes as defect fluorite structure.

In order to further substantiate the present work,
Raman spectroscopic investigation has been
performed on all the samples. All the six modes of
pyrochlores have been found in the Raman spectra.
The qualitative nature of the Raman bands remain
similar till Nd

1.2
Y

0.8
Zr

2
O

7
 (y=0.8) which suggest that

these compositions are pyrochlore only. Beyond this,
the Raman spectra show huge broadening for the
biphasic samples y = 1.2 and 1.6. The Raman spectra
of another end member i.e. Y

2
Zr

2
O

7
, which has been

found as disordered fluorite by XRD, is also too
broad [13].

2. Solubility of Ce in Gd
2
Zr

2
O

7
 pyrochlore

It is well known that cerium and plutonium share
many common properties specially thermophysical
ones. So in order to investigate the solubility of
plutonium in Gd

2
Zr

2
O

7
 matrix, cerium has been

chosen as surrogate material. Reduction of Ce4+ to
Ce3+ has been done, by heating the powder samples
in the presence of Zr sponge and low oxygen partial
pressure.

In order to investigate the structural aspects of the
compositions in the series Gd

2-x
Ce

x
Zr

2
O

7

(0.0≤x≤2.0), XRD data has been recorded and
analyzed. All the products were found to have
pyrochlore type lattice, which is characterized by
the presence of typical super-lattice peaks at for 14o

(111), 27o (311), 37o (331), (using Cu-Kα as radiation
source) etc. A shift of the diffraction peaks towards
lower angle on Ce incorporation clearly indicates,
that the cell parameters of the doped pyrochlores
increase as the content of Ce increases. The cell
parameters for each composition, along with both
the end members were calculated using POWDERX
programme. The lattice parameter of these solid
solutions increases on incorporation of cerium. The
ionic radii of Gd3+ and Ce3+, in 8-fold coordination,
are 0.98 Å and 1.04 Å, respectively. Therefore, based
on the relative ionic size considerations, one can
explain the increasing trend in the lattice parameter
of pyrochlore, upon incorporation of cerium ion at
the Gd sites.

The pyrochlore phase exists throughout the
homogeneity range and could be attributed to
r

A
/r

B 
(r

A
 and r

B
 are the ionic radii of the A and B

cations, respectively) ratio which varies from
1.46 (in Gd

2
Zr

2
O

7
) to 1.58 (in Ce

2
Zr

2
O

7
), which is

within the limiting radius ratio, required for the
stabilization of pyrochlore structure. Another
interesting observation was that, the intensity of
characteristic super-structure peaks for pyrochlore
systematically increases on going from Gd

2
Zr

2
O

7
 to

Ce
2
Zr

2
O

7
 in the series. This observation can also be

explained based on the radius ratio. As the radius
ratio increases, the structure becomes more and
more ordered and subsequently, the intensities of
the super-structure peaks increase.

In order to investigate the thermal behaviour of these
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pyrochlores, XRD data has been recorded at higher
temperature. In case of Gd

2
Zr

2
O

7
, the lattice

parameter increases almost linearly with increase in
temperature. The samples having the compositions
x=0.3 to x=1.2 also show increasing trend in lattice
parameter with temperature. The lattice parameters,
calculated after cooling to room temperature from
1273K show that it is smaller than the initial lattice
parameter room temperature calculated at room
temperature. In case of these samples, the increase
in lattice parameter due to thermal
effect predominates over the decrease in
lattice parameter due to aerial oxidation. It is
interesting to observe the change in lattice
parameters of heavily cerium substituted samples
(x=1.5, 1.8, 2.0). Initially, the lattice parameters
show a decreasing trend till the temperature reaches
673K, and then it starts to increase as the
temperature increases. The reason is that, all the
substituted samples undergo aerial oxidation of Ce3+

to Ce4+ at elevated temperature, which leads to
decrease in lattice parameter. Interestingly, after
formation of Ce4+, it remains in the solid solution
only. The ionic radius of Ce4+ is smaller than that of
Ce3+, hence the lattice parameter decreases upon
heating. The samples having x=1.5 to 2.0, show
an increasing trend in lattice parameter after 673K,
because the solid solution starts to expand with
increase in temperature. Another interesting aspect
is that, though Ce4+ has formed in the solid solution,
but it does form any secondary phase. The phase,
Ce

2
Zr

2
O

8
, can be considered as anion rich

pyrochlore. In the present study, it has been found
that Gd

2
Zr

2
O

7
 and Ce

2
Zr

2
O

7
 form a solid solution

over the entire homogeneity range. The oxidation
state of cerium could not alter the degree of
solubility of cerium in Gd

2
Zr

2
O

7
. During oxidation

of Ce3+ to Ce4+, extra oxygen is introduced into the
lattice but still the pyrochlore lattice remains
undisturbed.

3. Solubility of Th and Al in Gd
2
Zr

2
O

7
 pyrochlore

It has been stated earlier that Al and Th are expected

to be generated from Advanced Heavy Water
Reactors (AHWR). An attempt has been made to
show the dissolution of Th and Al in Gd

2
Zr

2
O

7
 by

substituting Gd by Th and Zr by Al of Gd
2
Zr

2
O

7
.

The substitution of Al3+ at Zr4+ site can compensate
for the extra oxygen formed due to the incorporation
of Th4+ at Gd3+ site, which is expected to increase
the solubility of Th4+ in Gd

2
Zr

2
O

7
 [14].

The samples having nominal composition
Gd

2"x
Th

x
Zr

2-x
Al

x
O

7
 (0.0≤ x ≤2.0) were prepared by

gel-combustion method. The XRD patterns of all
the products in Gd

2-x
Th

x
Zr

2-x
Al

x
O

7
 (0.0≤ x ≤2.0) series

were recorded and analyzed. A few representative
XRD patterns are shown in Fig 2. Pure Gd

2
Zr

2
O

7

crystallizes as pyrochlore, which is evident by the
presence of super-lattice peaks at 2θ ≈14o(111),
27o(311), 37o(331), 45o(511) (using Cu Kα as
radiation source). It is observed from that, the
compositions corresponding to x=0.0 to x=0.4,
adopt pyrochlore structure. A systematic shift of
the diffraction peaks towards lower angle on Th
and Al incorporation clearly indicates, that the cell
parameters of the substituted pyrochlores increase
as the content of Th and Al increase.

The cell parameters of all the compositions were
calculated using POWDERX programme which

Fig 2: XRD patterns of single phasic compositions in the

Gd
2-x

Th
x
Zr

2-x
Al

x
O
7
 systems in the range 0.0≤x≤0.4.
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that with an increase in fluence, there is only a
broadening of the diffraction lines. No signature of
amorphization was observed even at the highest
fluence. Fig. 3 shows the Grazing Incidence X-Ray
Diffraction (GIXRD) plots for virgin Nd

2
Zr

2
O

7
 and

the irradiated Nd
2
Zr

2
O

7 
at different fluences. The

broadening is attributed to the disorder caused by
irradiation. The peak positions of the pyrochlore do
not change, which means that there is no change
in the size of the lattice. One more interesting
observation is that, the superstructure peaks get
diminished. This suggests that the extra energy due
to irradiation, gets dissipated due to swapping (i.e.
anti-site formation) of the ions since the radius ratio
(r

A
/r

B
) of the ions was close to that of defect fluorite.

Even the sample with the highest fluence shows
no signature of amorphization.

The Raman spectra of the samples appear quite
similar which suggest that no major change in
structure of Nd

2
Zr

2
O

7 
has

 
taken place due to

irradiation, except minor broadening (not shown).
As it has been stated in XRD analysis, that it is
probably due to disorder caused by ion irradiation.
No amorphization has occured even at highest
fluence which suggests that Nd

2
Zr

2
O

7
 is also an

exceptionally stable material, under low energy
irradiation.

show an increasing trend as a function of Th and Al
content upto x=0.4. An interesting result has been
observed in the trend of cell parameters of the
samples. The ionic radii of Gd3+ and Th4+, in 8-fold
coordination, are 0.98Å and 1.05 Å and the ionic
radii of Zr4+ and Al3+ are 0.72Å and 0.54Å in six
fold coordination. Thus the average increase of
cationic radii at A site will be smaller than the
average decrease in cationic radii at B site. Therefore,
a simultaneous incorporation of Th4+ and Al3+ at
Gd3+ and Zr4+ site, respectively, should result in a
decrease in cell parameters. However, the cell
parameter increases in Gd

2-x
Th

x
Zr

2-x
Al

x
O

7
 series on

increasing x. The probable reason could be that part
of Al3+ resides at some interstitial sites of the host
pyrochlore.

The cations and anions in pyrochlore structure be-

come more and more ordered with increase in r
A
/r

B

ratio. The planes like (220), (422) etc.  consist of

anions and planes like (622) are made of metal ions

only. The interesting observation is that the inten-

sity of all the superstructure peaks increases with

increase in Th4+ and Al3+ content. The increase in

intensity of the peaks corresponding to oxygen only

planes like (220), (422) etc., with increase in r
A
/r

B

ratio, is a rare observation in pyrochlores. The plau-

sible reason could be that with increase in r
A
/r

B
 ra-

tio, the degree of order increased to such an extent

that even the intensity of oxygen ordered peaks

becomes stronger. From the composition x=0.5

onward, biphasic region comprising of pyrochlore

phase and F-type phase starts to appear.

4. Radiation stability of Gd
2
Zr

2
O

7
 and

Nd
2
Zr

2
O

7
 under low energy ion beam

It has been mentioned earlier that these pyrochlore
materials could be used for waste immobilization.
In order to investigate their stability in radiation
environment, Gd

2
Zr

2
O

7
 and Nd

2
Zr

2
O

7
 pellets were

irradiated with 300 KeV Ar+ ions at fluences ranging
from 1×1016 to 5×1017 ion/cm2.  It was observed,

Fig. 3: XRD pattern of unirradiated and irradiated

Nd
2
Zr

2
O
7
 samples at different fluences



R
E
S
E
A

R
C

H
 
A

R
T
IC

L
E

BARC NEWSLETTER

1 2 ISSUE  NO   313 • MAR. - APR. 2010

BARC NEWSLETTER

irradiation. Since the size of the cations does not
differ much it favours antsite defect formation.

The huge broadening in Raman spectra is due to
inherent disorder in Gd

2
Zr

2
O

7
 system, even in the

absence of irradiation (not shown). Upon
irradiation, the disorder increases but the systems
remain crystalline only.

Conclusions

It can be concluded that Nd, the surrogate of Am,
can be completely dissolved in Gd

2
Zr

2
O

7
 and

partially in Y
2
Zr

2
O

7
. It has again been shown, that

an element like Ce which is a simulant of Pu can be
completely dissolved in Gd

2
Zr

2
O

7
. The other two

elements Th and Al also show 20mol% solubility in
Gd

2
Zr

2
O

7
 matrix. The ion beam irradiation study

reveals, that Gd
2
Zr

2
O

7
 and Nd

2
Zr

2
O

7
 are extremely

stable under radiation environment.

Fig. 4: XRD pattern of unirradiated and irradiated

Gd
2
Zr

2
O
7
 samples at different fluences
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Development of Boron-based materials for

nuclear applications

C.Subramanian, A.K.Suri and T.S.R.Ch.Murthy

Materials Group

Introduction

One of the basic requirements associated with the

development and operation of nuclear reactors is

control and containment of neutrons that sustain,

and are also produced during fission reaction. Boron

is one of the few elements to possess nuclear

properties, which warrant its consideration as

neutron absorber material. Boron and its

compounds boric acid, boron carbide, rare-earth

and refractory metal borides find extensive

applications in the nuclear industry as neutron

sensors, human and instrument shielding against

neutrons, nuclear/neutron poison, control/shutoff

rods and in nuclear material storage, due to their

high neutron absorption cross section. Boron has

two principal isotopes, 10B and 11B and the

effectiveness of boron as neutron absorber is due

to the high absorption cross sections. of 10B isotope

(thermal neutron absorption cross-section for 10B

and 11B are 3837 barn and 0.005 barn respectively).

The neutron absorption of natural boron containing

~19% 10B is sufficiently high (752 barn) in the low

neutron energy range to make it an excellent

candidate for use in thermal reactors. At higher

energies, the cross section of most other elements

becomes very small, often abruptly as in the case

of cadmium, whereas that of 10B decreases

monotonically with energy and the absorption cross-

section is sufficiently high at 1 barn for 1 MeV

energy neutrons. Absolute values along the entire

energy spectrum are of sufficient magnitudes to

make it very effective in the intermediate and fast

energy range also. In addition to a high absorption

cross section, boron has another advantage over

other potential neutron absorber materials. The

reaction products, helium and lithium, are formed

as stable, non-radioactive isotopes. As they do not

emit nuclear radiation, decay heating problems

during reactor shutdowns and transfer of depleted

control rods are minimal.

Abstract

Due to high neutron absorption cross section, boron and its compounds find extensive application

in the nuclear industry. The former Metallurgy Division and the present Materials Processing Division

have developed processes for the production of boron, its compounds and components for

application as control/shutoff rods in nuclear reactors, sensors for neutron counting, shapes for

neutron shielding etc. Some of the technologies have been transferred to other units, Ministry of

Defense and private industries for regular production. This article traces the research and development

activities, carried out on boron based neutron absorber materials.
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The (n, α) reaction

5
B10 + 

o
n1 → 

2
He4 + 

3
Li7 +2.4 MeV

however leads to release of helium, posing problems

in the design of control rods. With fast neutrons

(E>1.2MeV) there is a secondary reaction as given

below

5
B10 +

o
n1 → 2 

2
He4 +   

1
H3

Though this reaction has a very less probability

compared to n,a reaction, it has great importance

from the viewpoint of reactor waste, since it

constitutes one of the major sources of tritium

production in the reactor core.

Some of the actual applications of boron and its

compounds in Indian nuclear industry are as follows:

Boric acid is used as poison in moderator/coolant

of research reactors. Boric acid and boron carbide

powder have been used in concrete while

constructing reactor buildings. Natural as well as
10B enriched elemental boron are used as neutron

detectors. Boral (boron carbide in aluminium matrix),

Bocarsil (boron carbide in silicon rubber), Polyboron

(boric acid in polyethylene) are used as neutron

shields in  reactors, nuclear materials storage and

nuclear instrumentation. Boron carbide powder is

used as control rod material in BWR (Boiling Water

Reactor at Tarapur) and dense pellets of 10B enriched

boron carbide in PFBR (Prototype Fast Breeder

Reactor at Kalpakam). TiB
2
 and B

4
C+ZrO

2

composites are useful in control and shielding of

packaged reactors.

Boron carbide and refractory metal borides in

addition have an attractive combination of properties

such as low density, high melting point and

hardness, chemical inertness and excellent thermal

and electrical characteristics making them potential

materials for many advanced applications. In the

recent past, the Materials Processing Division has

been engaged on synthesis, consolidation and

composite fabrication of various refractory/rare earth

metal borides.

1. Boron powder

Due to it’s high reactivity, it is extremely difficult to

prepare pure boron, which is further complicated

by the fact, that the impurities are mainly present

within the crystal lattice combined with boron or

combined together. Due to its extreme hardness,

pulverization of boron introduces impurities from

the crushers and causes a superficial oxidation of

the grains. In view of these difficulties, the

electrolytic process was chosen for the extraction

of pure boron where no reductant is used, the

deposit is in fine form and the process itself is very

selective to obtain boron of high purity. Two different

methods 1) namely extraction of boron by

fused salt electrowinning from KCl-KF-KBF
4

electrolyte and 2) electroextraction from

soluble B
4
C anodes in NaCl-KF-KBF

4 
melt were

developed.

In the electrowinning of boron, the following overall

reaction can be assumed to take place.

4KBF
4
 + 2KCl → 4B + 6KF + 5F

2 
+ Cl

2

Under optimum electrowinning conditions, a current

efficiency of about 84% and a boron yield of >90%

were obtained. The purity of boron was high at

B - 96.8%; Fe - 0.52%; SiO
2 
-1.25%; C-0.26%;

Mg-0.62%; N
2
 + O

2 
- 0.55%.

In the other process, B
4
C is used as a soluble anode;

the following two reactions take place during electro

deposition at the electrodes.

At the anode: B
4 
C → x B3+ + B

4-x
 C + 3 ne-

At the cathode: x B3+ + 3 ne-→ x B  where x = 4.

Hence, this deposition is conducted at sufficiently

low voltage of just above 1 V.  In this process, the

current efficiency is high at 98% and boron yield

about 82% under the optimum conditions. Boron

of much higher purity (B - 99.8%; Fe - 0.06%; Si -

0.08%; C - 0.06%; Na - 0.04%; N
2
+O

2
 - 0.03%) is

obtained. A sketch of the electrolytic cell used for
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these studies is shown in Fig.1 and electro deposit

of boron in Fig. 2. For preparation of 10B enriched

boron, electrowinning from KBF
4
 is the most suitable

process.

The technology for production of enriched boron

was transferred to IGCAR, Kalpakkam. A few

electrolytic cells were operated at IGCAR to produce
10B erniched boron in kilogram scale. Regular

production of enriched boron has recently started

at HWB, Manuguru by this method. Technology

for production of natural boron from boron carbide

was transferred to the  Ministry of defense (for use

in pyrochemical formulations in a wide range of

military explosives) and a plant with a capacity of

200 kg/year of boron was set up at Jabalpur.

2. Boron carbide

Boron carbide is usually prepared from its oxide by

carbothermic or magnesiothermic reduction in the

presence of carbon. Carbothermic reduction route

was developed in our laboratory using commercially

available boric acid in place of boron trioxide as per

the following reaction.
Fig.1: Sketch of electrolytic cell for electroextraction

Coating of natural and enriched boron on

aluminium as well as stainless steel material have

been carried out by dip coating method from fine

suspension of boron in an organic medium. These

coated elements have been used as sensors in

neutron counters for measurement of neutron flux

in various reactors at different locations.

Fig.2:  Electrodeposit of boron

4H
3
BO

3
 + 7C → B

4
C+ 6H

2
O+  6CO

This process requires a temperature of >1500°C to

start the formation of boron carbide and is generally

carried out at temperatures in the range of 1900°C

- 2500°C. A photograph of the furnace used in our

laboratory for the production of B
4
C is shown in

Fig. 3.
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The boron carbide lumps, as obtained from the

furnace, varying in size upto 80-100mm, are further

crushed to small pieces in a jaw crusher and then

to a fine powder in a pulveriser using multiple

hammer heads lined with hardened manganese

steel. This powder needs further purification to

remove the small amounts of unreacted / partially

reduced charge and the contaminants picked during

the process of size reduction. The aqueous

processing of boron carbide powder to remove the

impurities is carried out in polypropylene lined fiber

reinforced plastic tanks using hydrochloric acid for

Fig. 3 : Graphite resistance furnace

Fig. 4:  Flow sheet for production of B
4
C

the dissolution of impurities and silica lined heaters

for heating the solution. Agitation of the solid liquid

mixture is effected by passing air under pressure

through the bed. The flow sheet for the production

of boron carbide powder from boric acid is given

in Fig. 4. Graded powder mix filled in stainless steel

tubes is used as control rods in TAPS.

3. Boral sheets

Boral is a composite made up of boron carbide and

aluminium where aluminium provides the bonding

between the particles. This material is fabricated by

powder metallurgy route. Powders of boron carbide

and aluminium in the required ratio are mixed

thoroughly and hot pressed at temperatures close

to the melting point of aluminium. The sintered

compact is sandwiched between aluminium sheets

and picture framed all around, using aluminium

sheet. This block is then hot rolled to produce boral

sheets of required thickness. Boral sheets with a

maximum boron carbide content of 50-60 wt%

could be produced with good adhesion. Boral sheets

produced in our laboratory were used in the

construction of Dhruva reactor for neutron shielding

in beam hole inner gate and other locations.

4. Bocarsil sheets

Bocarsil is a composite of silicon rubber, using boron

carbide as the filler material. Silicon rubber was

specially chosen for its longer shelf life. Fine boron

carbide powder of median particle size in the range

of 10-20μm is thoroughly mixed with silicon rubber

in a sigma kneader. The mixed dough is rolled into

sheets of required thickness and then cured at a

temperature of 150oC. Some of the properties of

these composite sheets (Boral and Bocarsil) are given

in Table 1. Bocarsil sheets are used as neutron shield

in online fuelling machines of power reactors, for

storage of nuclear materials and also in nuclear

instrumentation.
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5. Poly boron blocks

Poly boron is a composite, made up of boron

compound in High Density PolyEthylene (HDPE)

matrix. For neutron shielding surrounding

instruments using various radioactive isotopes,

composites with boron content of less than 10 %

are also useful. The procedure for fabrication of

Polyboron shapes consists of mixing of the polymer

with the chosen compound of boron, melting the

mixture and casting into moulds of requisite shapes.

These cast blocks can be easily cut, drilled, worked

in lathes etc. to form complex final shapes.

Hydrogen content of the polymer also acts as a

good moderator for neutrons.

6. Enriched boron carbide

The second generation nuclear reactors in India are

proposed to be fuelled by Plutonium containing

materials and the energy of neutrons in such reactors

is much higher than the present reactor systems.

Boron enriched in 10B
 
is the only

 
available suitable

material for control rod application in such systems.

As the enriched boron material is prohibitively costly,

the extraction processes should consider the recovery

of boron to a very high extent and also suitable

techniques to be developed for in house scrap

reclamation, recovery from effluent and

reprocessing of used materials. Keeping this in view,

investigations have been carried out for the

development of suitable processing schemes for the

extraction of enriched boron and fabrication of dense

pellets of enriched boron carbide to be used as

Table 1:  Properties of Boral and Bocarsil sheets

     Boral                                          Bocarsil

Boron carbide content - 45-55 % Boron carbide content - 45-55 %

Density - 2.5 g/cc Density - ~ 1.5g/cc

Thickness - 6-8 mm Hardness - 80 shore

Absorption cross section, ∑a - 40 cm-1 Flexibility -Excellent

Sp.heat - 0.175 Working temperature - 2000C

cal/oC max.Absorption cross section, ∑a - 30 cm-1

control rod materials.

Boric acid containing enriched boron is the raw

material available for extraction of enriched boron.

Carbothermic reduction of boric acid or boron

trioxide, as they are carried out commercially, gives

a very poor yield of 60-65% only in boron terms.

Hence a different route for the preparation of

enriched boron carbide was adopted. In the new

scheme, enriched boric acid is first chemically

converted to potassium fluoroborate and extraction

of boron from this potassium compound is carried

out by fused salt electrolysis. Enriched boron

prepared by this method is further converted to its

carbide by reacting with carbon.

Synthesis of boron carbide by solid - solid reaction

between its elements was studied, which can be

represented by the following equation:

4B + C → B
4
C

Since B
4
C is in equilibrium with free carbon and

is only boundary between B
n
C and B

n
C+C

(where 4<n<10), synthesis of B
4
C without free carbon

is extremely difficult. With the view to produce pure

B
4
C without graphite, experiments were carried out

by varying Boron/Carbon ratio from 4.0 (stoichiometric)

to 4.6. XRD of the products revealed the

presence of B
4
C only when B/C ratio is 4.0 but

boron rich B
8
C and B

4
C with higher B/C ratios. In all

the experiments, the product in addition to boron

carbide contained graphite. These clearly show that
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 by simply increasing the boron content of the charge,

one cannot avoid the presence of carbon in the product

as shown in Table 2.

6.1 Densification

6.1.1 Pressureless sintering

Though boron carbide in powder form is used for

control rod application in BWR, Fast breeder reactors

need dense boron carbide pellets containing 10B

enriched boron due to high neutron flux.

Consolidation of B
4
C is complicated due to its high

melting point, low self diffusion coefficient and high

vapour pressure. Very high sintering temperatures

are required for densification due to the presence

of predominantly covalent bonds in B
4
C. Boron

carbide particles generally have a thin coating of

surface oxide layer which also hinders the

densification process. At temperatures >2000oC,

surface diffusion and evaporation condensation

mechanism occur, which result in mass transfer

without densification. Densification is achieved only

at temperatures >2000oC, by grain boundary and

volume diffusion mechanisms. At higher

temperature exaggerated grain growth also takes

place, resulting in poor mechanical properties. One

boundaries. Densification of boron carbide powder

was studied by pressureless sintering with and

without additives and also by hot pressing. Particle

size of boron carbide powder and the sintering

temperature are two key parameters in densification.

While pressureless sintering of B
4
C powder, though

compaction can be done under an inert gas cover,

use of vacuum appears to have beneficial effects.

By pressureless sintering upto 2300oC, a maximum

density of 85%ρ
th
 was obtained when the carbide

starting particle size was in the range of

0.5⎯2.0 μm. Compact densities of above 90%ρ
th

could be achieved by sintering at 2375oC using finer

particles of median diameter 0.5/ 0.8 μm. SEM

image of pressureless sintered boron carbide is

presented in Fig.5. Hardness of the samples sintered

with ZrO
2
 additive was higher at 30–31.5 GPa,

compared to 27 GPa of B
4
C obtained without

additive. Variation of hardness with ZrO
2
 addition

and back scattered image of dense B
4
C+ZrO

2
 are

presented in Figs. 6 and 7. Both carbon and

zirconium are neutron transparent, hence could be

used with boron carbide for nuclear applications.

Table 2: Effect of B/C ratio in the charge (Temperature:

1850°C, Duration: 3 hours)

S.No. B/C Phase present

1 4.0 B
4
C and Graphite

2 4.2 B
4
C and Graphite B

8
C

3 4.4 B
4
C and Graphite B

8
C

4 4.6 B
4
C and Graphite B

8
C

more observation at temperatures >2150oC is

volatilization of non-stoichiometric boron carbide,

leaving minute carbon behind at the grain

Fig. 5:  SEM of pressure-less sintered B
4
C

6.1.2 Hot pressing

As the required density of ³95% could not be

obtained by pressureless sintering, hot pressing

method was chosen for compaction of 10B enriched

boron carbide. Density of pellets obtained by hot

pressing method is a function of temperature,
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pressure, particle size of powder and length to

diameter ratio (L/D) of the pellet. Effect of these

factors on densification process was studied. Hot

pressing of boron carbide powder was carried out

in a graphite resistance heated vacuum furnace using

high density graphite dies. Effect of particle size on

pellet density was studied by conducting

experiments at 1850°C under 35 MPa pressure.

It was observed that density (measured using

Archimedes principle) improved from

83% to 95% ρth with the decrease in particle size

from 12.73 μm to 2.98 μm. Fig.8 presents the

progress of densification with time while hot

pressing. A high temperature high vacuum hot press

was indigenously developed for this purpose. A

photograph of the hot press and the products are

shown in Fig.9 and Fig.10.

Fig. 6: Variation in hardness of B
4
C with ZrO

2

Fig. 7 Back scattered image of dense B
4
C+ZrO

2

Fig. 8: Progress of densification with time

Fractured surface of the high density boron carbide

is presented in Fig.11. Density, mechanical

(hardness, young’s modulus, shear modulus, bulk

modulus, flexural strength, fracture toughness) and

physical properties (coefficient of thermal expansion,

electrical resistivity, thermal conductivity) of dense

(95% TD) boron carbide pellets prepared by the

above methods were measured and found to be

comparable to the literature values and meets the

requirement of intended application. This data is

given in Table 3.

Fig. 9: Vacuum hot press
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7. Summary

Research and development activities carried out in

Materials Group, BARC have made a strong base

for the production of boron based neutron absorber

materials.

1. Technology for the production of natural boron

carbide powder has been established and

transferred to private industry. M/s. Boron

carbide India have been successfully producing

and marketing this material for the last 15 years.

Major requirements of neutron shielding

material for the proposed PFBR at Kalpakam

have been successfully met due to the

pioneering work of the former Metallurgy

Division.

Fig.11:  Fractured surface of  high density B
4
C

Table 3: Properties of dense B
4
C pellet

2. Elemental boron production plant of 200 kg/

annum has been set up at Jabalpur to meet the

defense requirements.

3. A process for the production of 10B enriched

elemental boron has been established. Based

on this, a bench scale facility at IGCAR and a

plant by Heavy Water Board at Manuguru have

been set up.

4. Method for synthesis and densification of 10B

enriched boron carbide has been established

and a trial production run of PFBR control/

shutoff rod material has been completed.

5. Process for boron coating has been established

and boron coated sensor elements for neutron

detectors supplied as and when required.
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Introduction

Determination of isotopic composition of different

elements, is a prerequisite in many areas of science

and technology. Mass Spectrometry plays an

important role in obtaining isotopic composition

of various elements with high precision and

accuracy. Alpha Spectrometry is also useful to obtain

the data on nuclides emitting alpha particles, in

particular for nuclides with low abundance (e.g.
232U, 238Pu etc.), high alpha specific activity and

relatively short half lives.

Isotope correlations are highly useful to verify and

validate the isotopic composition data, provided the

database is generated after careful analysis of data

collected over a period of time. Isotope correlations

can be valuable in checking the internal consistency

of the data, when a large number of samples are

analyzed. They are also useful in the development

of non-destructive analysis techniques such as

gamma spectrometry and neutron counting

techniques. A few correlations developed based on

gamma spectrometry [1-3] and neutron counting

techniques [4] were previously reported in literature.

These isotope correlations are useful for obtaining

the isotopic composition as well as the alpha specific

activity of Pu required for radiometric assay of Pu

as well as for the determination of 241Am in any

Pu-based nuclear fuel sample.

During the present work, isotope correlations were

developed, for determining the isotopic composition

of plutonium from Indian Pressurized Heavy Water

Reactors (PHWRs) and research reactors. Using the

data on the atom ratios 240Pu/239Pu, 241Pu/239Pu and
242Pu/239Pu obtained by Thermal Ionization Mass

Spectrometry (TIMS) and the 238Pu / (239Pu + 240Pu)

alpha activity ratio obtained by alpha spectrometry,

isotope correlations were developed. A correlation

based on the ratio of counts observed in beta channel

to the alpha channel in a liquid scintillation counting

system was also developed, to determine accurately

the 241Pu/239Pu atom ratio for its correlation with

the other isotope ratios. An agreement of 1-5 %,

depending upon the abundance of the Pu isotope,

Isotope Correlations for Determination of

Isotopic Composition of Plutonium

D. Alamelu and S.K.Aggarwal

Fuel Chemistry Division

Abstract

Isotope correlations were developed using the experimentally determined isotopic composition

data of Pu produced in Indian PHWRs. Thermal Ionization Mass Spectrometry (TIMS) and alpha

spectrometry were employed for obtaining the data on abundances of different Pu isotopes. Linear

correlations were obtained between 238Pu/(239Pu + 240Pu) alpha activity ratio vs. 240Pu/239Pu atom

ratio as well as between 240Pu/239Pu atom ratio vs. 241Pu/239Pu and 242Pu/239Pu atom ratios. The

correlations can be used to obtain data on the abundances of different Pu isotopes with an

accuracy of 2 to 10% which is useful for radiometric assay of Pu samples. Principal component

analysis is shown as a useful tool for the classification of the source of Pu.
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Experimental

Data on different isotopes of Pu were obtained

using thermal ionization mass spectrometry. Alpha

spectrometry was used for the determination of
238Pu. In order to eliminate the isobaric interference

of  241Am  at 241Pu during plutonium analysis by

mass spectrometry as well the interference of the

alpha peaks of 241Am at 238Pu alpha peaks during

alpha spectrometric analysis, the plutonium solution

was purified from americium by employing the

anion exchange separation procedure using DOWEX

1 x 8 in HNO
3
 medium [6]. In order to reduce the

uncertainties due to the build up of 241Am in the

purified Pu fraction, the experiments were

completed within a day or two after separation.

238Pu/(239Pu + 240Pu) alpha activity ratio was obtained

by alpha spectrometry using the alpha spectrometric

system consisting of a passivated and ion implanted

detector mounted in a vacuum chamber (pressure

< 10-2 torr). In order to account for the tail

contribution due to the energy degradation of high

energy alpha peak (238Pu) at the low energy peak

(i.e. 239Pu & 240Pu), (a method based on geometric

Table 1 :  Nuclear characteristics of different  Pu  isotopes [5]

Isotope Half-life (Years) Mode of decay Energy  (KeV) % Abundance

238Pu 87.7 ± 0.1 α 5499.03 ± 0.20 70.91 ± 0.10

5456.3 ± 0.3 28.98 ± 0.10

5357.7 0.105 ± 0.005

239Pu 24110 ± 30 α 5156.59 ± 0.14 70.77 ± 0.14

5144.3 ± 0.8 17.11 ± 0.14

5105.5 ± 0.8 11.94 ± 0.07

240Pu 6561 ± 7 α 5168.17 ± 0.15 72.80 ± 0.10

5123.68 ± 0.23 27.10 ±  0.10

241Pu 14.290 ± 0.006 β(−) 20.78 ± 0.13 99.998 ± 0.002

242Pu (3.75 ± 0.02)  x 105 α 4902.2 ± 0.9 76.49 ± 0.17

4858.1 ± 0.9 23.48 ± 0.17

was observed with the data obtained by TIMS for

different Pu isotopes.

Formation of Plutonium Isotopes

The various Pu isotopes namely 238Pu, 239Pu, 240Pu,
241Pu and 242Pu are formed from successive

absorption of neutrons by the U isotopes, namely
235U and 238U.

The formation of the different Pu isotopes depends

on many factors such as

i. Initial content of  235U in the fuel

ii. Type of moderator used

iii. Neutron energy spectrum in the reactor

iv. Burn-up of the fuel

v. Design features of the reactor such as material

and position of control rods etc.

The properties of the different isotopes of Pu are

listed in Table 1.
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progression (G.P.)) decrease of the counts in the far

tail of the alpha peak was employed [7].

240Pu/239Pu, 241Pu/239Pu and 242Pu/239Pu atom ratios

were obtained by thermal ionization mass

spectrometry. A double rhenium filament assembly

was used and the multi Faraday cup detector system

was employed, to eliminate the time dependent

fluctuations in the ion current. The overall

performance of the system was checked using NIST

certified isotopic reference material CRM-947 Pu.

The range of data used for the development of the

correlations for Pu from different research and power

reactors is given in Table 2.

Results and Discussion

The following correlations were developed using

the data in the range given in Table 2.

1. 238Pu/(239Pu + 240Pu) alpha activity ratio Vs.
240Pu/239Pu atom ratio

2. 240Pu/239Pu atom ratio Vs. 241Pu/239Pu atom

ratio & 242Pu/239Pu atom ratio.

The linear correlations obtained between 238Pu/(239Pu

+ 240Pu) alpha activity ratio and 240Pu/239Pu atom

ratio, 240Pu/239Pu atom ratio and 242Pu/239Pu atom

ratio for Pu produced in PHWR reactors are shown

in Figs. 1 and  2,  respectively.

Table  2 : Range of the isotopic composition data used

Reactor Range of atom % abundances

type 238Pu 239Pu 240Pu 241Pu 242Pu

Research 0.003-0.031 89.93 - 94.54 5.18 - 8.98 0.243 - 0.796 0.013 - 0.154

PHWR 0.072 - 0.160 69.57 - 77.64 19.14 – 25.40 1.917 - 3.475 0.702 – 1.659

Correlation for the determination of
241Pu/239Pu

Correlation between 241Pu/239Pu atom ratio and 240Pu/
239Pu atom ratio obtained using the range of data

shown in Table 2 is given in Fig. 3.

Using the correlations developed and shown in the

figures above, the different atom ratios of Pu namely
238Pu/239Pu, 240Pu/239Pu, 241Pu/239Pu and 242Pu/239Pu can

be obtained with an accuracy of about 2%, 0.5%,

5% and 5%, respectively. Similar linear correlations

were obtained for the Pu samples from research

reactors, namely Cirus and Dhruva [8]. The

Fig. 1 : Correlation between 238Pu/(239Pu+240Pu)

alpha activity ratio and 240Pu/239Pu atom ratio

Fig. 2 :  Correlation between 240Pu/239Pu atom ratio

and 242Pu/239Pu  atom ratio
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Fig. 3 : Correlation between 240Pu/239Pu atom ratio
and 241Pu/239Pu atom ratio

Chemometric analysis of Pu isotopic
composition data

The isotopic composition data of Pu obtained from
irradiated samples, over a long period, was
employed for this work. Data of over 150 samples
was compiled for chemometric analysis. The data

Fig.5.  Plot of the principal component scores for
the Pu isotopic composition  data

Fig. 4 : Correlation between X-value
and 241Pu/239Pu atom ratio

(X-Value =  [ tβ / tα]. [(R8/9. λ8) + λ89 + (R0/9. λ80)
+ (R2/9. λ82)] / λ81,

Where R is the atom ratio of two isotopes of Pu
and tα  and   tβ, are the observed α and

β count rates in LSC, respectively.)

from research reactors and power reactors in India
(PHWR) are used in this work, the details of which
are shown in Table 2. Auto-scaling of the isotopic
composition data was performed, in order to provide
equal weights for all the isotopic composition data
since the isotopic composition data from the reactors
varies significantly by more than an order of of of
of magnitude. The covariance matrix and the Eigen
values and Eigen vectors of the covariance matrix
of the transformed data were evaluated using the
commercially available MATLAB (version 7.0.1
Release 14) software, from M/s. Math Works Inc.
The Principal component scores were then calculated
using the transformed data. For the data under
study, the PC1 accounted for 98 % of the variance
in the data, while 99.5 % of the variance in the
data was explained using the two principal
components.

Fig. 5 shows a plot of the scores of PC1 & PC2. It
can be seen that using PC1 scores, it is possible to
differentiate the PHWR Pu samples from
the research reactor Pu samples. It is highly
encouraging since this is the first study of this kind
reported on the use of chemometry for
the classification of Pu using experimentally
determined Pu isotopic composition. The
full capability of this chemometric analysis work
can be ascertained using the data from other types
of  reactors which are in operation worldwide.

Pu isotopes in the sample. Fig. 4 shows the
correlation developed for the determination of
241Pu/239Pu atom ratio using the X value calculated
from ratio of total beta counts to total alpha counts
obtained by Liquid Scintillation Counting (LSC) and
the atom ratios obtained from TIMS as discussed
above.
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which can be due to the different cooling

histories of the Pu samples used in this work.

The chemometric methodology discussed is highly

encouraging and promising for its use in nuclear

forensics, though limited data was available.

Conclusions

Using the isotope correlations, the isotopic

composition of plutonium from PHWR and research

reactors samples can be determined. By determining
238Pu/(239Pu + 240Pu) alpha activity ratio by alpha

spectrometry, the isotopic composition of Pu can

be obtained. Such correlations are quite useful

when the amount of sample is very small, or when

highly sensitive techniques such as Resonance

Ionization Mass Spectrometry (RIMS) [10] and

Accelerator-based Mass Spectrometry (AMS) [11]

are used due to extremely small quantities of samples

being available. For example, in RIMS, the isotopic

composition of Pu was obtained using 105 atoms

of Pu. In such cases, the data on the major isotopes
239Pu and 240Pu can only be obtained with reasonable

accuracy and the correlations can be employed for

determining the other isotope ratios. These

correlations are also useful when employing gamma

spectrometry for determining Pu isotopic

composition for the determination of 242Pu/239Pu

atom ratio, since 242Pu has no significant gamma

decay scheme. Also the correlations are useful for

the determination of fissile content of Pu. The

correlations can provide data to obtain the alpha

specific activity of Pu, required for the determination

of 241Am content in Pu employing alpha/gamma

method [12]. These correlations can also be

employed for determining Pu concentration by

Isotope Dilution Alpha Spectrometry (IDAS) [13] in

which the data on the atom % abundances of 239Pu

& 240Pu isotopes are necessary.

It must be noted that, although the formation of

Pu isotopes is non-linear, it can be approximated to

a linear function, over the limited range of data

(from research & power reactors).
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National Symposium on BARC Technologies

for Development of Rural India (BTDRI-2009)

On the occasion of Dr Bhabha’s centenary year

celebration, the BARC Officers’ Association

(BARCOA) in association with the Board of Research

in Nuclear Sciences (BRNS), organized a two-day

National Symposium on BARC Technologies for

Development of Rural India (BTDRI-2009) on

November 25-26, 2009. In the seminar, Farmers,

Scientists, NGOs and industrialists gathered together

for exchanging ideas on promoting technologies,

which are the wealth and employment generators,

in rural areas. Farmers, who have been benefited

by BARC technologies, were felicitated.

Mr. R.K. Mishra, Convenor, BTDRI-2009 and

President BARCOA welcomed the audience. The

symposium   was   inaugurated   by Mr. Sudhir

Thakare, Secretary, Ministry of Rural Development,

Govt. of Maharashtra. He referred to political, social

and economic development in rural areas, where

the thread of science and technology was common

to all sectors. He urged the need for affordable

science, so that the benefits percolate to a wider

cross section. He also said that the government

would encourage those technologies which are

affordable to people.

At the release of the Proceedings Volume of BTDRI-09 (from left to right): Mr. M.C. Goel, Secretary, BARCOA,

Dr. Srikumar Banerjee, Chairman AEC and Director, BARC, Dr. Anil Kakodkar, Homi Bhabha Chair,

Mr. Sudhir Thakre, Secretary, Ministry of Rural Development, Govt. of Maharashtra and

Mr. R.K. Mishra, President, BARCOA.
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The keynote address was given by Dr. Anil

Kakodkar.In his inaugural address, he referred to

the multi faceted personality of Dr. Homi Bhabha.

He complimented the quality of research work

carried out in BARC where the power of technology

is such that the beneficiaries create a market. He

said that “We need to work with external

stakeholders and the end users directly in order to

push the technologies developed at Bhabha Atomic

Research Centre (BARC) for wealth and employment

generation in rural India,”. Centre should promote

all the useful technologies for the benefit of the

rural masses, he said giving examples of technologies

like biodigester ‘Nisargruna’ for processing wet

garbage, solar dryers, water purifiers, Trombay

oilseeds, pulses varieties, Nisargruna (the Bio-Gas

Plant) and BHABHATRON-II (the teletherapy

machine).  He also referred to the radioisotope

hydrology technique which has brought water to

the villages in hilly areas.  “To take technology

successfully to society, we need to engage with

society, end users and other institutes pursuing

similar programmes. The symposium organized by

BARCOA is unique and will be a turning point in

the years to come,” said Kakodkar. He asked

BARCOA to encourage members to take up social

causes apart from their R&D output.

Dr. Srikumar Banerjee, Director, BARC referred to

the development brought out in rural India through

application of science.  Techniques such as tissue

culture and cut flowers have tremendous potential.

He referred to initiating decentralized power

programme through harnessing solar energy and

said, that the centre was  taking efforts to make

available Solar Tower for power generation and solar

collector for heating pipes in rural areas. It was a

maiden attempt to take the fruits of technology to

the grassroots level and empower villages with

science and technology based eco-friendly work

plan.

Farmers from Amrawati, Pune & other parts of

Maharashtra and Uttar Pradesh, Punjab, Guwahati

and Gujarat spoke on the usefulness of BARC

technology for  their farms. They explained the

improvement of the quality and quantity of their

crops. NGOs and Heads of educational institutes

expressed their wish to coordinate with the farmers.

Head, TT&CD and the key person of Aakruti

programme presented data on technology transfer

to farmers and its utility.

Mr. M.C. Goel, Secretary, BTDRI-2009 and Secretary

BARCOA, gave vote of thanks.
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BARC Scientists Honoured

Name of the Scientist: Srikumar Banerjee, Director, BARC & Chairman, AEC

Award : Excellence in Science & Technology Award

Awarded by : The Prime Minister of India at the inauguration of the

97th Indian Science Congress Association, held  at Kerala University,

Thiruvananthapuram, during Jan. 3-7, 2010

Name of the Scientist : T. Mukherjee, Director, Chemistry Group

Award : Acharya Prafulla Chandra Ray Memorial Award 2008 for

Life Time Achievement in Chemical Research

Awarded by : Indian Chemical Society.

Name of the Scientists : A.K. Bera and S.M. Yusuf, Solid State Physics Division

Title of the Poster : Magnetic Structure of the Layered Square-lattice Spin System Zn
2
:VO(PO

4
)
2

Award : Best Poster Award

Awarded at : 54th DAE-Solid State Physics Symposium, held at Maharaja Sayajirao

University of Baroda, Vadodara, during December 14-18, 2009.

Name of the Scientist : D. Datta

Head, Computational Radiation Physics Section (CRPS),

Health Physics Division

Award : Millenium Plaques of Honour

Awarded by : The Prime Minister of India at the inauguration of the

97th Indian Science Congress Association, held  at Kerala University,

Thiruvananthapuram, during Jan. 3-7, 2010.

Name of the Scientist : D.K. Aswal, Technical Physics Division

Honour : MRSI-Medal by the Materials Research Society of India. He has

also been featured as Nano-technologist by India Today (Hindi edision)

Name of the Scientists : Kaushal Jha, K. Bhanumurthy, G.K. Dey and K.N. Mahule

Materials Group, Knowledge Management Group,

Nuclear Fuels Group

Award : Best Poster Award (1st prize) in Materials Science

Awarded at : The International Conference on Advances in Electron

Microscopy and Related Techniques & XXXI Annual Meeting of

EMSI organized by the Electron Microscope Society of India

(EMSI) & BARC, at Mumbai, during March 8-10, 2010.

Name of the Scientists : Kaushal Jha, K. Bhanumurthy, G.K. Dey and K.N. Mahule

Materials Group, Knowledge Management  Group and

Nuclear Fuels Group

Title of the paper : Microstructural characterization of Al-based metallic form

developed by novel FSP technique

Award : Best Poster- 3 Award  in Materials Science

Awarded at : The International Conference on Advances in Electron

Microscopy and Related Techniques & XXXI Annual Meeting of

EMSI organized by the Electron Microscope Society of India

(EMSI) & BARC, during March 8-10, 2010 at Mumbai.






