








1909, October 30
1924 
1925-27

1927, October
1930
1931-32
1932

1933
1935

1936
1937

1939

1939  
                             
1940
1941
1942

 Born in Mumbai (then Bombay)
                    Passed the Senior Cambridge Leaving Examination

                Studied in Elphinstone College and the Royal Institute of Science
                             (since he was underage for Cambridge University)

      Joined the Gonville and Caius College, Cambridge, UK
                     Graduated in Mechanical Sciences Tripos; B.A. (Cantab) (First Class)

                Salomons Studentship in Engineering
                     Completed Mathematics Tripos (First class) Rouse Ball Travelling

                             Studentship in Maths, Cambridge. Visited Copenhagen and Zurich
                     Received Isaac Newton Studentship for his first research paper
                     Received his Ph.D. in Theoretical Physics from Cambridge University.

                             The title of his thesis was “On cosmic radiation and the creation and
                             annihilation of positrons and electrons”. His guide was 
                             Sir Ralph H. Fowler, Physicist & Astronomer who also guided 
                             S. Chandrasekhar, Paul Dirac and D.R. Hartree

                     Bhabha-Heitler Theory; letter published in Nature
                     Bhabha-Heitler Cascade Theory of Cosmic Ray Showers 

                             (27 page article published in the Proceedings of the Royal Society
                     In a short note in Nature, was the first to suggest the name 

                             “Meson” for a new particle found in Cosmic Radiation
                     Joined as Reader in Theoretical Physics at the Indian Institute of Science 

(IISc.), Bengaluru
                     Special Reader in Cosmic Ray Physics, at IISc.
                     Elected Fellow of the Royal Society, UK
                     Awarded the Adam's Prize, Cambridge University Full Professor, Cosmic Ray 

                             Research Unit,  IISc.

1943
1944
1944

1945
1946
1947
1948

1949
1950
1951
1952
1954
1954
1955

1956
1957
                              
1957
1957
1958
1959
1959
1960
1960
1961
1961
1962
1963
1963

1960-63
1964
1965

1966, January 24  

1933-1954  
                             
1944-66  

                     Sectional President (Physics), 30th Indian Science Congress Kolkata.
                     Awarded Honorary Doctorate (Science) by Patna University
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D . K .  A s w a l

Te c h n i c a l  P h y s i c s  a n d  P r o t o t y p e  E n g i n e e r i n g  D i v i s i o n

D r.  A s w a l  i s  t h e  r e c i p i e n t  o f  t h e   H o m i  B h a b h a  S c i e n c e  a n d  Te c h n o l o g y

A w a r d  f o r  t h e  y e a r  2 0 0 7

ABSTRACT

The area of hybr id nanoelectronics,  wherein ,  organic molecules deposited on Si ,  exhibit
e lectronic funct ional i t ies ,  i s  expected to extend the scal ing l imits  of  S i  microelectronics,
down to a few nanometers.  In this  art ic le,  we discuss several  i ssues perta ining to hybr id
nanoelectronics and summarize the work done in this  direct ion at our lab.  We present
depos i t ion  o f  o rgan ic  mono laye r s  on  S i  subs t ra tes  us ing  se l f -a s sembly  a s  we l l  a s
electrochemical processes. The characterization of monolayers using various techniques to
determine thickness, molecular ordering and orientation, surface coverage, growth kinetics
etc. ,  i s  presented. F inal ly,  real izat ion of molecular  diodes,  resonant tunnel  diodes and
resist ive memories based on appropriate architecture of monolayers,  compris ing of alkyl-
chains (σ-  chains) and conjugated molecules (π-moiety) is  discussed.

Introduction

One of the ultimate goals in nanotechnology, is to
build electronic devices using individual molecules and
this branch of research is popularly termed as molecular
electronics. Molecular electronics is being proposed
as an alternative to  silicon-based microelectronics [1].
It is anticipated that the Si technology is likely to face
scaling limits in the very near future. This is because,
as the projected size of transistors goes down to
20 nm or below it, the physics of transistors leads to
unacceptable power dissipation. Intense research
carriedout worldwide during the last couple of years
has demonstrated that, molecules exhibit unique
electronic functions and the chemists around the world
are synthesizing many more new molecules with
desired properties. Physicists and engineers on the
other hand, devised several new methods to measure
the electronic transport of a single molecule. These

include, break-junction, cross wire, metal nano-
particle, Conductive Probe Atomic Force Microscopy
(CP-AFM), Scanning Tunneling Microscopy (STM),
nano-pore and planar sandwich geometry as
schematically shown in Fig. 1. Among these, working
with “planar sandwich geometry” is considered
advantageous for molecular electronic applications as
one can deposit ~1015 molecules/cm2 and conveniently
fabricate two-and / or three-terminal molecular
devices, by choosing appropriate electrode
configurations. Despite these developments, building
electronics solely using molecules might take a much
longer time (may be several decades!). Thus, a medium
term solution, say for the next 10-15 years, is to make
molecules compatible with silicon, so that, the
nanoscale electronic functionality of molecules can be
utilized, in silicon-based microelectronics and this
research field is termed as hybrid nanoelectronics.
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The advantage of molecule/Si hybrid concept is that,
the inputs available from an already existing powerful
silicon-based integrated circuit industry, can be used
effectively, for the development of integrated hybrid
devices. For the last few years, our group has been

actively engaged in the development of hybrid
nanoelectronics and in this brief article, we present
some of our ideas and their realization [1-10].
To begin with, we describe how one can graft organic
molecules on silicon to form a monolayer.

Fig. 1:  Schematic of different methods used for attaching molecules to the electrodes.

(a) Break-junction method: a thin (<100 nm) metallic wire fabricated by top-down approaches is
broken either by mechanical or electrical means and then molecules are deposited from a solution;

(b) Cross-wires method: organic monolayer is first deposited on an Au wire (~10μm diameter) and

then a second Au wire (without molecules) is brought in close proximity to this wire using electrical
and magnetic field;

(c) Metal nanoparticles method: The metal nano-particles on which a monolayer has been deposited

are trapped between two closely spaced metal contacts using an alternating electric field;
(d) Nano-pore method: molecules are sandwiched between two metal layers through a small orifice or

nano-pore; and

(e) Planar sandwich geometry: metal counterelectrodes are directly fabricated on monolayers deposited
on conducting substrates, such as gold or highly doped Si.
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Fig. 2: A cartoon showing different parts of a self-assembled monolayer deposited on a Si-substrate suitable for

molecular electronics. Φ is the tilt of the chain axis from the surface normal.

The characterization of the organic monolayers is
discussed. We then demonstrate functionality of
various molecular electronic components such as
dielectric, rectifier, resonant tunnel diode and memory.

Monolayer on Silicon

The monolayers of organic molecules on silicon, as
schematically shown in Fig. 2, can be grafted by two
different methods: self-assembly and cathodic
electrografting method.

Self-assembly of monolayer

The Self-Assembled Monolayers (SAMs) are formed
spontaneously, by immersing the Si substrates into
an active solution e.g. surfactant molecules R(CH

2
)
n
SiX

3

(X = Cl, OCH
3
 or OC

2
H

5
) dissolved in alkane / carbon

tetrachloride [1]. The self-assembling molecule can
be divided into three parts: (i) Head group i.e. –SiX

3
:

forms the chemical bond with surface atoms of the

substrate (exothermic: ~40-45 kcal/mol or ~1.7 eV)
causing the pinning of surfactant molecule to the
substrate, (ii) Alkyl chain i.e. –(CH

2
)
n
–: the inter-chain

van der Waals interactions (exothermic <10 kcal/mol
or <0.4 eV) could assist in formation of ordered
molecular structure which, of course, depends on the
pinning density of the head groups and (iii) Surface

group i.e. –R: this is the terminal group which is
replaced with different functional groups to obtain
molecular electronics devices. For a high density of
head groups, chemisorbed at the surface of the
substrate, – implying a good surface coverage – the
alkyl chains become closer. Therefore, the inter-chain
van der Waals interactions become effective, which
leads to formation of a close-packed “ordered”
monolayer (as schematically shown in Fig. 2). The
alkyl chains, depending upon the surface coverage,
have a tilt (Φ) from the surface normal. Usually higher
the packing density, lower is the Φ. On the other hand,
if the surface coverage is poor, the alkyl chains form
a “disordered” monolayer, and the Φ can be very
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The deposition of organic SAMs on Si can be carried
out using the following two approaches. (i) Deposition

of SAMs on native silicon oxide of Si (SiO
x
/Si) by

“silanization”:  SiO
x
/Si substrates are first cleaned in

piranha solution (H
2
SO

4
/H

2
O

2
: 2:1 v/v) to obtain

OH-terminated SiO
x
/Si, which are then immersed into

a solution of surfactant molecules R(CH
2
)

n
SiX

3

(X = Cl, OCH
3
 or OC

2
H

5
) prepared using aliphatic or

aromatic hydrocarbons.  The chemical reaction
between the hydroxylated SiX

3
 and OH, results in the

formation of chemical bonds.  (ii) Direct deposition

of SAMs on silicon: In this case the SiO
x
 layer is first

etched out using 1-2% HF (aqueous) or 40% NH
4
F

(aqueous) to obtain an H-terminated Si surface. The
SAM can be deposited by dipping the H-terminated
Si substrate into a solution of 1-alkenes at 100 ºC,
which results in the formation of Si–C bonds. The
disadvantage of self-assembly process is that, apart
from the natural chemisorption of organic molecules
on Si—H or Si—OH surfaces and van der Waals
interactions among alkyl-chains, there is no external
controlling parameter, that can force deposition of
organic molecules and prevent adsorption of impurities
on the Si surface.

Electrografting of monolayer

Cathodic electrografting is an emerging method for
the deposition of monolayers on Si substrates [4,5].
Electrografting essentially is an electro-initiated process
and it requires a charged electrode (e.g. doped Si) for
the grafting of organic molecules, which takes place
by formation of covalent bonds between the substrate
atoms and the molecules. One of the requirements
for electrografting is that, the molecule should be
terminated with a cleavable electroactive group, such
as, vinyl (C=C), ethynyl (CºC), halide (Cl, Br, I),
tetraalkylammonium salt, diazonium salt, silane etc.
Cathodic electrografting method has a distinct
advantage:  since a negative potential is applied to
the Si substrate, the oxidation and / or hydrolysis of Si
surface is out of question during the grafting of
organic molecules. In fact, even if some oxide /
hydroxide is present at the Si surface, it gets destroyed
by a reduction process and therefore yields a clean Si

surface. Moreover, the applied negative potential
becomes a controlling parameter, for driving the
molecules to the Si surface, which yields a highly dense
monolayer.

The electrografting of organic molecules to Si surface
is carried out using a three-electrode electrochemical
setup. The current (I) flows between the Working-
Electrode (WE) and the Counter-Electrode (CE). The
Working-Electrode is the electrode on which the
molecules are grafted, that is, H-terminated Si. The
CE is usually a Pt wire. The potential (V) is measured
between the Reference Electrode (RE) and the Working
Electrode. No current passes the Reference Electrode.
Reference-Electrode is an electrode which has a stable
and well-known electrode potential. The high stability
of the electrode potential is usually reached by
employing a redox system with constant (buffered or
saturated) concentrations of each participant of the
redox reaction. The most common Reference Electrode
is the Standard Hydrogen Electrode (SHE), which is
also known as “Normal Hydrogen Electrode” (NHE).
Other Reference Electrodes include saturated Calomel
Electrode (SCE) (E = +0.242V with respect to the
SHE), Copper-Copper(II) Sulfate Electrode
(E = ~0.314V)  and Silver Chloride Electrode
(E = 0.225V saturated).  The commonly used
supporting electrolytes include tetrabutylammonium
perchlorate (TBAP) or tetrabutylammonium
hexafluorophosphate (TBAPF

6
), prepared in dry and

deoxygenated dichloromethane (CH
2
Cl

2
) or

acetonitrile (CH
3
CN). To avoid oxidation of the

H-terminated Si surface, the electrografting process
is generally carried out under inert ambient. The
electrografting is usually carried out using either Cyclic
Voltammetry (CV) (i.e. the working electrode potential
is ramped linearly versus time) or constant applied
potential mode.

Monolayer characterization

Once the monolayer formation is carried out on Si
substrate, it is essential to characterize them [1]. The
quality of the deposited monolayer is assessed by
characterizing it for (i) thickness of the monolayer,
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(ii) molecular orientation and ordering, (iii) uniformity
and coverage, (iv) chemical composition, (v) thermal
and chemical stability of the monolayer and (vi)
electrical characterization. The characterization of
organic monolayers typically involves a combination
of multiple techniques, such as, ellipsometry, water
contact angle measurement, Fourier Transform
InfraRed spectroscopy (FTIR), x-ray Photoelectron
Spectroscopy (XPS), atomic force microscopy etc. For
chemical analysis, FTIR is commonly used. The
frequencies and intensities of the vibrational modes
observed in FTIR, provide detailed information about
the nature of the chemical functional groups. XPS
technique provides excellent information about the
elements and their oxidation states present in the
monolayer. Morever, XPS allows determination of
thickness of the grafted organic layers. Thickness of
the organic layers can also be determined using
ellipsometry. Contact angle measurements provide
information on the surface group of the grafted
organic layer. The ordering of the monolayer can be
also be assessed by imaging the surface morphology
using AFM and STM.  Here we present characterization
of self-assembled alkane monolayers.

Thickness of alkane monolayers

Optical ellipsometry is the most routinely used
technique, to determine the thickness of the
monolayers, though other techniques, such as,
plasmon surface polarization, X-ray reflectivity, X-ray
standing waves etc. can also be employed. In fact,
one can theoretically determine the length of all trans-
extended n-alkane chains by using MOPAC software
or by simply adding the bond lengths.  The
homologous series of methyl-terminated n-

alkylsiloxane monolayers (n = 1-18) have been
routinely deposited by reaction between n-

alkyltricholorosilanes on native oxide of silicon. In this
case, for all trans-extended chains, the length (t) of
the monolayer containing n carbons (for CH

3

terminating monolayer) or (n-1) CH
2
 units should have

a linear relation [1]:

78.4cos)1(26.1 +Φ×−×= nt        (1)

where Φ is the tilt angle of the chain, 1.26 Å
(per methylene group) corresponds to the projection
of carbon-carbon bond on to the main axis of the
molecule  and the intercept of 4.78 is a sum of Si–O
(1.33Å), C–Si (1.52Å) and length of terminating –
CH

3
 group (1.93Å). In Fig. 3, along with this

theoretical relation at different Φ, we have plotted
the experimentally measured thickness of several n-
alkylsiloxane monolayers by different groups [11-14].
It also may be noted, as shown in the inset of Fig. 3,
that the deposition temperature (T

c
) required for

the formation of an ordered monolayer, decreases
with decreasing n. It is evident that the
bracket of experimental values is within the
theoretical one with Φ<30º. This implies,
that the methyl-terminated n-alkylsiloxane
monolayers are deposited in all-trans

Fig. 3: Thickness of n-alkylsiloxane monolayers deposited

on native-oxide of Si measured by different groups. The
full lines are the theoretical relation of thickness as a

function of n, calculated using equation 1 at different

tilt angles. The inset shows the variation of the critical
deposition temperature of monolayer (T

c
) as a function

of n.

conformation with a tilt angle of <30º on native oxide
of Si. However, the most studied n = 18 i.e.
octadecylsiloxane monolayer is known to exhibit a tilt
angle of <10 º.
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Molecular orientations and ordering

TIR spectroscopy is the most powerful tool for studying
the molecular orientation and ordering in organic
monolayers. FTIR is usually done in two different
spectroscopy modes: (i) Attenuated Total Reflection
(ATR) and (ii) Reflection- Absorption (RA). In the ATR
mode, individual s- and p-polarized (the parallel and
perpendicular components of a plane polarized light,
respectively) attenuated total internal reflection spectra
are recorded. The dichroic ratio (D), defined as,

polppols AAD −−= /  (where polsA −  and polpA −

are s- and p- polarized absorbance, respectively) gives
the information on the molecular orientation. Using
D values of symmetric and asymmetric CH

2
 stretches,

one can calculate the angle between these transition
dipole moments and the surface normal i.e. α

s
 and

α
a
, respectively. These two angles, in turn, allow

determination of both the chain tilt angle (Φ)
and chain twist angle (γ) using the
relations: as αα 222 coscos1cos −−=Φ and

Φ= sin/coscos sαγ , respectively. It may be
noted that the value of D has a steep dependence on
α. For example, a change in D value from 1.04 to
1.08 would change α

a
 from 70 to 83º and thus

extreme care is needed in interpreting data using D
values.

The peak positions of symmetric (ν
s
) and asymmetric

(ν
a
) stretching modes of CH

2
 group give the required

information about the molecular order in the
monolayers. For a well ordered (i.e. crystalline)
monolayers, the peak positions of ν

s
 and ν

a
 are at

2851±1 and 2918±1 cm-1, respectively; while for a
highly disordered (i.e. liquid) monolayers, these peak
positions shift to 2855±1 and 2924±1 cm-1,
respectively. Typical IR spectra recorded for monolayers
having different numbers of C atoms are presented in
Fig. 4 (a). Since ν

a
 – as the monolayer goes from

crystalline to liquid state – shows a maximum shift of
6 cm-1, we have plotted the reported ν

a
 in Fig. 4 (b)

for various monolayers reported by different
researchers. It is evident that for n>10 the monolayers
are in crystalline state; though for n<10, the disorder

in monolayer increases. The information about then
structure of monolayers can also be obtained by a
variety of techniques, such as, X-ray, electron and
neutron diffraction, high-resolution electron loss
spectroscopy, Raman spectroscopy, Near-Edge X-Ray
Absorption Fine structure spectroscopy (NEXRAF) etc.

Fig. 4b: Reported value of asymmetric (n
a
) stretching

modes of CH
2
 group for different monolayers. The values

at 2918 and 2924 cm-1 correspond to crystalline and

liquid phase of the monolayer

Fig. 4a: FTIR spectra for monolayers having different

numbers of C-atoms:  18, 16, 12 and 8. Note a

systematic shift of n
a
 (CH

2
) peak, which is expected to

be at 2918 cm-1 for a crystalline monolayer
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Uniformity and coverage

The quality and uniformity of a monolayer at various
lengths (from macro to nano) can be assessed by
wetting measurements and / or by directly imaging
the surface topography by atomic force microscope,
scanning electron microscopy and tunneling electron
microscopy.

The wetting measurement is simple and effective
technique because the “shape” of a liquid drop on a
uniform surface depends on the free energies of the
liquid and surface. A drop of liquid (de-ionized water
or hexadecane, for instance) is expanded on the surface
using a syringe. The “advancing” and “receding”
contact angles are measured. Strictly speaking, the
contact angle is determined by its properties of surface
group, and not by the alkyl chain. However, alkyl
chain indirectly affects the surface properties through
ordering, packing and tilt. A summary of reported
advancing water contact angle, measured on
monolayers with different
functional head groups, is
presented in Table 1. It is seen
that for the same surface group,
but with different number of C
atoms (n) in the chain, the
contact angle is significantly
lower for n<10, which indicates
poor ordering of monolayer. Also
for n > 20, the contact angle
decreases, indicating the disorder
arising probably due to the
mingling of longer chains. Zisman
showed that wettability data can
be used, to determine the critical
surface tension (g

c
) of the

monolayer surface, which is
defined as the surface tension of
the test liquid that completely
wets the surface i.e. contact angle
(Q) = 0º, and is found by plotting
cos Q vs g

l
 (where g

l 
is the surface

tension of a series of test liquids),

Table 1: Water contact angle measured on different functional surface groups

of SAMs.

and g
l
 value at cos Q = 1 is equal to g

c
. For various

surface head groups, the g
c
 could vary between 6

and 43 N/m at 20 ºC [1].

Atomic force microscopy

The surface coverage of a monolayer is usually
examined by measuring the surface morphology using
the Atomic Force Microscopy (AFM). The high-
resolution AFM images on a scan area of 10×10 nm2

for the crystalline octadecyltrichlorosilane monolayer,
studied by Kojio et al, exhibited a periodic arrangement
of the molecules, with a hexagonal array [17]. AFM is
a powerful tool for understanding the growth kinetics
of monolayers. For example, in Fig. 5 (a), we show
AFM images of partial C18 monolayers, which were
deposited by immersing the Si substrate in the
octadecyltricholorosilane solution for varying amounts
of time. Initially, isolated close-packed C18 islands
are formed at the surface of the substrate and these
islands then serve as centers for aggregation for
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At low surface coverage, the fractal dimension of the
islands increases with surface coverage, while the
height remains at ~25Å, indicating that C18 molecules
are tilted at ~30°. At higher surface coverage, the
islands – height remaining at ~25Å – grow by
branching and eventually coalesce. With passage of
time, the inter-island regions (pores or pinholes) shrink
and eventually, a continuous SAM gets formed. In
order to study the growth kinetics of the SAM
formation, the monolayer coverage ( Q) as a function
of time, as shown in Fig. 5 (b) is determined, by
analyzing the AFM images. The two regions showing
different growth kinetics can be easily identified from
this figure. (i) A faster and linear growth for time < 5
s (shown by solid straight line fit), indicating that the
initial growth is primarily via diffusion limited
aggregation. (ii) For higher times, the coverage kinetics
becomes slow and can be fitted to an expression ,
Q = I~exp (-kt) suggesting that growth is limited by
adsorption from the solution. The studies on the
growth kinetics as a function of chain length have
revealed that while long chains grow via island
nucleation and growth, the short chain did not show
the island growth behaviour. This has been attributed
to the chain length dependent chemisorption and
diffusion rates of molecules on the substrate surface,
which are found to decrease with increasing chain
length. However, more detailed studies are needed to
confirm this mechanism. It may be noted that when
the monolayer grows via island nucleation and growth
mechanism, complete elimination of pinholes is not
possible. These pinholes may hamper the electrical
characterization of monolayer, as the counterelectrode
metal particulates may diffuse through them creating
short-circuits. Thus, studies on the size and distribution
of pinholes in monolayer are important and must be
carried out using high-resolution AFM and other
techniques such as electrochemistry. In additionof this,
by using a conducting AFM tip, the electrical
measurements on monolayer can be carried out. Thus
AFM is a unique facility in which electrical

Fig. 5a:10 μm x 10 μm AFM images of partial C-18
monolayer on Si immersed in octadecyltricholorosilane

solution for varying amounts of time

Fig. 5b: Monolayer coverage as a function of time

determined using analysis of AFM images. For time

< 5s, a fast and linear growth (solid line fit) indicates
that growth is due to diffusion limited aggregation. For

higher time, the data is fitted (dotted line) to an equation

governed by adsorption-limited kinetics. Inset:
Schematic showing the various processes during the

monolayer growth. Once a molecule is adsorbed at

the surface, it undergoes a random walk on the surface
(with a certain value of 2D diffusion coefficient) until it

collides with another adsorbed molecules and forms

an island. Initially islands grow via diffusion-limited
aggregation of adsorbed molecules followed

by adsorption-limited kinetics.

molecules, diffusing on the surface as well as for
adsorbing from solution, as schematically shown in
the inset of Fig. 5 (b).

  a
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measurements and the surface morphology of the
monolayer can be studied simultaneously.

Thermal and chemical stability of alkane

monolayer

In order to use monolayers in hybrid nanoelectronics,
it is essential that monolayers must remain robust
under the same daunting conditions that all existing
semiconductor materials already endure. These include
thermal stability upto 350°C, chemical stability under
different etchants, endurance etc. Therefore, the
monolayers are subjected to stability tests under a wide
variety of conditions, which include high
temperatures, acids, base etc. A common method to
check the stability is to measure the thickness and
contact angle as a function of the treatment. Most
remarkably, monolayers exhibit no signature of
degradation when stored in an airtight container for
18 months.  Plots showing temperature, acid and base
stability of C18 monolayer are presented in Fig. 6.
The C18 monolayer is stable upto a temperature of
~350°C, Fig. 6 (a). The thermal stability is found to
be independent of the chain length. The High-Energy
Electron Loss energy spectroscopy (HEEL)
measurements reveal, that at temperature higher than
350°C, the monolayer begins to decompose primarily
through the cleavage of C–C bonds. The siloxane head

Fig. 6b: The water contact angle on C18 SAM as a
function of immersion time in 0.1 N NaOH and 0.1 N

HCl.

group (Si–O) is strongly bonded to the substrate surface
and begins to decompose only after 725°C. The
monolayers are remarkably stable when washed using
1% detergent solution, hot tap water or organic
solvents. As shown in Fig. 6(b), the C18 monolayers
are stable in contact with aqueous acid at room
temperature for long periods (upto a couple of days).
However, monolayers get immediately deteriorated on
exposing to aqueous base and a complete removal of
monolayer was observed within 60 min. The destruction

of monolayer in the base is due to the hydrolysis of

Si–O bonds.

Fig. 6a: Thickness and water contact angle of C18 SAM
measured as a function of annealing temperature. The

annealing was carried out for 30 min under He ambient

Molecular dielectric

The monolayer of the alkanes consisting of saturated

C–C bonds has been found a good molecular dielectric.

These molecules have large gaps (~9 eV) between

their Highest Occupied Molecular Orbitals (HOMO)

and Lowest Unoccupied Molecular Orbitals (LUMO).

Typical current-voltage (J-V) data for CH
3
-terminated

n-alkanes (n = 3, 8, 11, 14 and 18 carbon atoms)

SAMs with Al as counterelectrode are presented in

Fig. 7(a). The solid lines are fit of experimental data

using theoretical relationship between direct tunneling

current density (J) and V for a metal-dielectric-metal

like structure [6,18]:
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where                       and                      e   is  the

electron charge, m* is the effective mass of electron
in the insulator, β’ is a constant and has value ~1,

is the reduced Planck’s constant), φ is average barrier
height, d is the barrier width or molecule length  and
V voltage between the electrodes. It is seen that the φ
value reduces with increasing chain length and
becomes as low as 1.5 eV for n = 18 SAM.  As
shown in Fig. 7(b), the J through alkanes decreases
exponentially with d, and can be described by J =
Aexp(– βd), where A is a constant and β is a decay
constant varying between 0.4 Å–1 (Fig. 7 b). However,
theoretical calculations predict the β value of
~0.8 Å–1, and experimental values range over

0.4–0.9 Å–1. The exponential decay, together with
characteristic current–voltage (I–V) curves, which are
temperature independent, suggest electron tunneling
as the conduction mechanism for these SAMs.

From Fig. 7 it is evident that the leakage current
though the alkane SAMs is quite low. However, for
using them as a dielectric in electronic devices, low
leakage current is not the only concern. Under high
field stress, dielectric films will eventually reach
breakdown, which cause an irreversible damage
leading to increased leakage current and eventually
fatal device failure. The physical meaning of
breakdown is the destruction of the atomic structure
by breaking inter-atomic bonds. Various imperfections

Fig. 7a: The J-V data for n-alkanes (n = 3, 8, 11, 14 and
18 carbon atoms) SAMs on Si. The full curves are data fit

using equation 1.

Fig. 7b: The plot of J (at 1V) as a function of molecule
length. Filled circles correspond to experimentally

measured; while open circles are the calculated values

using equation 5 and assuming φ = 2.54 eV, and
m* = 0.16m

e

[ ]eVAdAd eeVe
d

J +−− +−= φφ φφα
)(

2
(1) can cause an insulating material to break down at a

lower voltage than anticipated. Such events are usually
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Fig 8: J–V plot of C3 monolayer showing the electrical
breakdown. In the pre-breakdown region current jumps

between the two states are shown by the solid curves

related to charge buildup for some reason, which
locally increases the electric field. Thus, an insulator
material is also characterized by a breakdown electric
field. The simplest way of investigating the electric
breakdown in an insulator is to record J–V data to
very high voltages till one observes a breakdown. Fig.
8 presents a typical J–V curve for a MPTMS SAM at
voltages >3.2 volts. It is seen that for voltages > 3.6
V, named as pre-breakdown region, the current jumps
to either a high conduction state (i.e. high J values)
or a low conduction state (i.e. low J values) or both
(as in the present case). The conduction state of current
jump and its occupying voltage range are random in
nature. The hard breakdown of the monolayer is
observed to take place between 3.6 and 4.1 V [8].
Once the hard electric breakdown of monolayer has
taken place, the next voltage ramp always leads to a
higher J and its linear relationship with V, suggesting
creation of stress-field induced permanent defects in
the monolayer during the breakdown process.
Considering the fact that the native oxide does not
remain a dielectric at such high voltages, the calculated

breakdown field,

SAM

BD
BD d

V
E = ,

for the MPTMS monolayer, comes out to be ~50

MV/cm. This value is much larger than the 12-20

MV/cm reported for longer alkane chains (no. of

carbon atoms > 10), suggesting that the shorter

chains have higher breakdown fields. This is believed

to be due to a reduction in impact ionization at

reduced thickness, and needs further investigations.

On the other hand, supposing that the native oxide is

a perfect dielectric and we take its thickness into

consideration, then the breakdown field,

)( SAMoxSAMox

BD
BD dd

V
E

εε+
= , is ~16

MV/cm, which is still much larger than the breakdown

field of equivalent thickness (i.e. ~2 nm) of SiO
2
,

suggesting suitability of these monolayers for hybrid

electronics.

In order to obtain an independent information on
whether, apart from the monolayer, a silicon oxide
layer exists at the interface or not, one can perform
impedance spectroscopy. Impedance spectroscopy
involves measurement of real (Z’) and imaginary (Z”)
parts of impedance as a function of frequency [4].
For example, a typical Z’ vs Z” plot, known as the
Nyquist plot, for Al/C-8 monolayer/Si(n++) structure,
measured in the frequency range of 600 Hz to 1 MHz
with 1 V dc bias, is shown in Fig. 9. Frequency is an
implicit parameter in this curve and low frequency
corresponds to points at high Z’. The data has been
analyzed using the equivalent circuit shown in the
inset of Fig. 9, which is assumed to be a series
combination of two parallel RC circuits, corresponding
to C-8 monolayer (R

ML
, C

ML
) and silicon oxide

(R
ox
, C

ox
), respectively. The values of various parameters

of the equivalent circuit obtained by fitting
experimental data were R

ML
=30±0.1 kW, C

ML

=1.78±0.08 nF, R
ox

=0.11±0.1 kW, and
C

ox
=0.001±0.08 nF. The physically insignificant values

obtained for R
ox

 and C
ox
 confirm, that silicon oxide is

absent at the interface, which is in agreement with
XPS measurements. In fact, an improved fitting of
data is obtained when the oxide RC circuit has been
removed from the equivalent circuit. A capacitance
of 7.12 x 10 -7 F/cm2 is obtained for the C-8
monolayer.
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from the asymmetric profile of the electrostatic
potential across the molecule. Thus, the rectification
in the C

16
H

33
-Q-3CNQ molecule can be attributed to

the asymmetry profile due to alkyl tail. Prediction of a
symmetric current–voltage curve in this molecule
without an alkyl chain also suggests, that asymmetric
electrostatic potential is the cause for rectification in
C

16
H

33
-Q-3CNQ molecule. Based on the rectification

due to asymmetric electrostatic potential profile in a
molecular system, experimentally a simple molecular
rectifier with only one donor group and an alkyl spacer
chain, that is, σ-π molecules has been demonstrated
[1].

The σ-π molecular rectifiers can be grafted on Si, using
self-assembly or electrografting process either in a
single step (i.e. σ-π is directed deposited on Si) or in
multiple steps (i.e. first σ molecules are grafted on Si
and then π groups are attached by surface modification
of σ monolayers). Here we describe deposition of σ-π
molecular rectifiers using three sequential self-
assembly processes namely, (i) silanization, (ii)
oxidation and (iii) esterification. In the first step i.e.
silanization, the vinyl-terminated alkyl chains with
several lengths namely, C-17, C-14 and C-8 are grafted
on degenerated Si substrates by self-assembly process.
In the second step, the vinyl end-groups are substituted
by -COOH group using oxidation, which is carried
out in aqueous solution of KmnO

4
/NaIO

4
/K

2
CO

3
. The

yield of this oxidation has been estimated between
70 and 90 %. In the final step, the conjugated moieties
are grafted onto the previously formed monolayers
using esterification reactions between the COOH end-
groups and different alcohols, which are shown in
Fig. 10. The esterification is carried out in the presence
of a water trap (dicyclohexylcarbodimide, DCCI) at
room temperature for prolonged durations (120h) to
enhance the reaction yield. After each step, the
monolayers are characterized by contact angle,
ellipsometry and FTIR, to establish the occurrence of
correct chemistry at the surface of the monolayer.
Unfortunately, the chemical yield of this process is
around 30-40% and new chemical routes need to be
explored to enhance the yield. To fabricate diode using
σ−π monolayers, Al counterelectrodes (10-4 cm2 area)

Fig. 9: Nyquist plot of Al/C-18 monolayer/ Si(n++)
structure recorded in the frequency range of 600 Hz to

1 MHz with a bias of 1 V. The solid line is a fit to data

using a model equivalent to the RC circuit shown in the
inset (see text).

 Rectification in σ−πσ−πσ−πσ−πσ−π monolayers

Aviram and Ratner proposed the first theoretical
concept of single-molecule rectifier in an acceptor–
bridge–donor (A–b–D) type of molecules [19].
Based on A–b–D concepts, several molecular
rectifying diodes have been synthesized e.g.
hexadecylquinolinium tricyanoquinodimethanide
molecule (C

16
H

33
-Q-3CNQ) with donor and acceptor

moieties linked by s or p bridge. Also, the molecule is
ω-substituted by an alkyl chain, which is essential to
allow a monolayer formation by the Langmuir–
Blodgett (LB) method. These molecular diodes
exhibited rectification ratio (a ratio of current density
at –1V (in absolute value) and the current density at
+1V) up to 2×104. However, in the case of C

16
H

33
-

Q-3CNQ, the AR model may not be applicable as it is
a D-p-A molecule and due to the  π-bridge, the
HOMO and LUMO may be more delocalized than
expected in the AR model. Theoretical calculations
show, that the direction of easy current flow
(i.e. rectification current) depends on (i) the placement
of the HOMO and LUMO relative to the Fermi levels
of the metal electrodes before bias is applied and
(ii) a shift induced in HOMO/LUMO by the applied
bias. This situation is more complex than the AR
mechanism and the electrical rectification can result
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are deposited. Aluminum is chosen to avoid any
rectification effect coming from the difference
between the work functions of the two electrodes
(4.2 eV for Al and 4.1 eV for n-type Si, electron affinity
in that latter case). This is because, as discussed earlier,
a larger current is  obtained when a positive bias is
applied to the electrode with the smallest work
function.

Fig. 11 shows typical J-V curves for several π-
terminated monolayers made with C-17 as the alkyl
spacer. In all cases, a higher current density at -1V
has been measured as compared to that +1V. A similar

Fig. 10: The chemical synthesis of σ-π molecular diode using sequential self-assembly process. Chemical structures

of π -alcohols used to functionalize the SAMs are: (a) benzyl alcohol, (b) 3-thiophenemethanol, (c) 9-

anthracenemethanol, (d) 1-pyrenemethanol, (e) 3,4-ethylenedioxybenzene methanol (EDBM), (f) 3,4-
ethylenedioxythiophene methanol (EDTM), (g) bis(2-hydroxypropyl)terthiophene (3T), and (h) hydroxymethyl

quaterthiophene (4T).

rectifying behaviour for the s - p monolayers based
on the other alkyl chains (C-8 and C-14) with similar
π moieties at the end. No rectification behaviour was
observed through a monolayer without π group i.e.
the J-V curves for the C-8, C-14 and C-17 monolayers
were symmetric. For every π -functionalized
monolayer, a Rectification Ratio (RR) is defined as
a ratio of current density at -1V (in absolute value)
and the current density at 1V (RR = %J

-1V
 %/ J

1V
).

The average values of RR are in the range
3 to 13 for the functionalized monolayers. The best
RR value of 37 has been obtained for the
C-8/thiophene monolayer. Neither a significant
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variation of RR with the chemical nature of the end-
groups nor any correlation with the alkyl spacer length
has been observed.

The rectification behaviour of the σ- π  molecular
diodes is believed to be due to the resonant tunneling
through the HOMO of the π group. The rectification

(2)

where V is the applied potential on the metal electrode
(Si is grounded), e is the electron charge, η is the
fraction of the potential on the π moiety (i.e. the
potential seen by the center of gravity of the π moiety),
J

0
 is the saturation current and θ is an electrode/

molecule coupling parameter. It is observed that E
0

does not depend on the alkyl chain length. Also the
threshold voltage V

T
, which is defined as the intercept

between a linear fit of the current at high negative
voltages and the zero current y-axis, does not depend
on the nature of the π group.  These observations
warrant further theoretical as well as experimental
investigations on the electronic transport in such
molecular diodes.

Molecular σσσσσ-πππππ-σσσσσ Rresonant Tunnel Diode

Basic concept of Molecular Resonant Tunnel Diode
(MRTD) is analogous to its solid-state counterpart:
a potential well separated from the electrodes by two
tunnel barriers. Molecules with σ-π-σ architecture are
expected to act as MRTD, in alkyl-chains act as tunnel
barriers and p-moiety as potential well. Self-assembly
of σ-π-σ, MRTD can be carried out, using two different
processes. In the first chemical process, Fig. 12 (a),
the synthesis is made in five steps i.e. silanization
with vinyl terminated trichlorosilane, oxidation,
esterification, demethylation and repeated silanization
with aliphatic trichlorosilane. The first three steps are
same as those described for the synthesis of molecular
σ-π diodes on Si surface. In the fourth step, i.e.
demethylation, the end –OCH

3
 group of s-p molecules

is replaced by OH group by reacting with BBr
3
. The

terminating –OH group then can be utilized for
grafting another alkane chain by silanization process.
In the other chemical process, as shown in Fig. 12
(b),  σ-π-σ MRTD, can be synthesized in just three
steps i.e. silanization, oxidation and esterification in
the presence of s-p alcohols. The J-V characteristics of
these σ-π-σ MRTDs exhibited a very faint Negative
Differential Resistance (NDR) effect, with ratio J

Peak
/

J
Valley

 being only ~1.01. The poor electrical
characteristics are attributed to the very low yields of

Fig. 11: Typical current density - voltage characteristics
of the Si/ σ-π monolayer /Al junctions: C-17/pyrene;

C-17/anthracene; C-17/EDT; C-17/phenyl ; C-8/3T and

C-8/4T. Left scale = C-17 based junctions; right
scale= C-8 based junctions. Solid lines are fits by

equation (2)

effect arises for a negative bias applied on the Al
electrode. because the energy difference between the
Si Fermi energy (pinned at the conduction band - CB
- in the degenerated Si) and the HOMO (p-orbital) is
lower than that with the LUMO (π∗ orbital). If we
assume that the π-end group is almost at the Al
electrode potential (since this group is at a close
contact with the electrode) and that a large part of
the potential is dropped in the alkyl chains, a lower
threshold (in absolute value) is required, to have a
resonance between the Si CB and the HOMO when
applying a negative bias on the metal electrode than
between the Si CB and the LUMO for a positive bias.
To determine the experimental position of the HOMO
level, the J-V curves were fitted by a one-level model
(i.e. a model in which the conduction is dominated
by charge transport through a single energy level
located at energy E

0
 from the electrode Fermi

energies). As discussed above, we assume here a
resonant effect through the HOMO, then E

0
<0, and

the current density is given by [1]
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the formation of σ-π-σ monolayer. While the synthetic
routes discussed above are well established; low yield
of the reaction may lead to other chemical byproducts,
which are likely to hamper the device characteristics.
NDR effect has been observed in a single p-molecule
namely, styrene and 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO), deposited on degenerately
doped Si(100) 2×1 reconstructed surfaces using
ultrahigh vacuum STM. For styrene molecules on n-
type Si(100), NDR is observed only for negative sample
bias, while positive sample bias leads to electron
stimulated desorption. For 2,2,6,6-tetramethyl-1-
piperidinyloxy molecules, electron stimulated
desorption was not observed at either bias polarity. In
this case, NDR has been observed only for negative
sample bias on n-type Si(100) and for positive sample
bias on p-type Si(100). This unique behaviour is
consistent with a resonant tunneling mechanism
between the bulk silicon band structure
and the discrete orbitals of the adsorbed molecule,
and opens new possibilities for silicon-based molecular
electronic devices. However, this interpretation

Fig. 12: Self-assembly of σ-π-σ molecular resonant tunnel diodes in (a) five - and (b) three steps

subsequently has been ruled out both experimentally
and theoretically, indicating that RTD molecular device
has not yet been demonstrated unambiguously. Thus,
synthesis of new types of σ−π−σ molecules, suitable
for grafting to Si, is required.

A specially synthesized σ−π−σ  molecule, that is, N-
(2-(4-diazoniophenyl)ethyl)-N’-hexylnaphthalene-
1,8:4,5-tetracarboxydiimide tetrafluoroborate (DHTT),
as shown in Fig. 13 (a), was electrografted to the Si
using its diazonium salt. A typical J-V recorded for a
12 nm thick σ−π−σ multilayer is shown in Fig. 13
(b).  The J-V exhibits very small NDR effects in both
positive and negative bias with peaks occurring at
+1.2 and  1.6 V, respectively. Also the hysteresis is
very little.  The observation of very small NDR effect
is attributed to the loss of σ−π−σ character owing to
the formation of an inhomogeneous multilayer. These
studies show that in order to achieve pronounced NDR
effect, it is essential that ordered s-p-s monolayers
are grafted on Si.
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Molecular resistive memories

The redox-active molecules, such as, metallocene,
porphyrin, and triple-decker sandwich coordination
compounds have been found to act as charge storage
elements. It has been demonstrated that porphyrins
molecules (i) offer the possibility of multibit storage
at relatively low potentials (below about 1.6 V), (ii)
can undergo trillions of write/read cycles, (iii) exhibit
charge-retention times that are long (minutes)
compared with those of the semiconductor elements
in dynamic random access devices (tens of
milliseconds) and (iv) are extremely stable under harsh
conditions (e.g. monolayer of porphyrin molecules
covalently attached to a silicon substrate are stable,
when subjected to temperatures of 400 °C for half an
hour) and, therefore, meet the processing and
operating challenges required for use in
semiconducting devices. It is thus anticipated that the
first generation of molecular devices will be hybrid
designs where molecules are integrated with
semiconductors. However, further investigations on
the search of other types of redox-active molecules
and understanding the factors that control parameters
such as, electron transfer rate, which limits write/read
times and charge retention time, which determines
refresh rates, are needed. Here we present an example
of the resistive memory effect in a specifically designed
molecule i.e. 5-(4-undecenyloxyphenyl)-10,15,
20-triphenylporphyrin (TPP-C11), as shown in Fig. 14,
which was deposited on doped n-Si substrates by an
electrochemical process via formation of Si–C bonds
[4].

Typical J–V plots recorded for TPP-C11 monolayers is

shown in Fig. 15. J–Vs are slightly asymmetric, which

is attributed to the different work functions of the

electrodes, i.e. Si (4.1 eV) and Hg (4.5 eV). It may be

noted that the J–Vs of C11 monolayer did not exhibit

any hysteresis; whereas for TPP-C11 monolayer a

pronounced hysteresis is observed, indicating a

predominant role-played by porphyrin ring. In the

positive bias scan, i.e. from 0 to +0.8 V, current jumps

by an order of magnitude at +0.6 V. However, on

the reverse scan (+0.8 to 0 V) the current does not

retrace the curve and remains at higher values. Thus,

the J–V in the voltage range –0.6 V to +0.6 V exhibits

two conduction states: one with low current (OFF)

and other with higher current state (ON). The electrical

bistable behaviour of TPP-C11 molecules has also been

demonstrated for molecular memory effects. The

memory phenomenon in electrically bistable devices

is best demonstrated under ‘write–read–erase–read’

operations. In such a sequence of cycles, the low-

conducting (‘write’) and high-conducting (‘erase’)

states are induced repeatedly and the states are

monitored (‘read’) in between. In the present case,

0 and +0.8 V pulses for 10 s were applied,

respectively, to ‘write’ the low-conducting state and

Fig. 13:  (a) Molecular structure of a diazonium

salt of a σ−π−σσ−π−σσ−π−σσ−π−σσ−π−σ molecule namely,

N- (2-(4-diazoniophenyl)ethyl)-N’-hexylnaphthalene-
1,8:4,5-tetracarboxydiimide tetrafluoroborate

(DHTT). (b) Current–voltage characteristic of the

σ−π−σσ−π−σσ−π−σσ−π−σσ−π−σ layers grafted on Si.
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Fig.14: Molecular structure of 5-(4-undecenyloxyphenyl)-

10,15,20-triphenylporphyrin (TPP-C11) specifically

designed and synthesized for molecular memory effect

Fig. 15 (a) Reproducible J–V characteristics exhibiting
hysteresis recorded for a TPP-C11 monolayer. Lower inset

shows schematic of the device structure. Upper inset

shows the J-V characteristics of C11 monolayer.
(b) Demonstration of the memory effect in TPP-C11

monolayers. Dotted lines are guide to eye to distinguish

between ‘read’ currents (measured at 0.5 V) after
application of ‘write’ (0 V) and ‘erase’ (0.8 V) pulses.

monitored (‘read’) by measuring the device current
(at 0.5 V), for more than 50 reading operations and a
section of ‘write–read–erase–read’ operation recorded
for such a device is shown in Fig. 15 (b). The
magnitude of the device current under the ‘read’
voltage pulse is ~130% higher for high-conducting
state (‘erase’) as compared to that for low-conducting
state (‘write’).

Summary

At present, molecular electronics is one of the fastest
growing fields and has brought together scientists and
engineers from different disciplines. Much has been
learned about the fundamental electron transport in
molecules and niche applications in selected areas are
emerging, but many of the remaining challenges are
still formidable. It is anticipated that the first generation
of molecular devices will be hybrid designs where
molecules are integrated with Si- based
microelectronics. Some of the passive and active
molecular devices (dielectric, diodes, resonant tunnel
diodes and memory) compatible to Si-microelectronics
have been demonstrated. However, functional
molecular transistors have not been demonstrated so
far and a breakthrough in this direction is expected in
the very near future.
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Deformed and distorted articles made of shape
memory alloys (SMA) recover their original shape
and dimensions, when temperature is raised.
Usually, SMAs can only memorize the shape of
the article at the higher temperature
(the “recovered” shape) and, when “trained”,
can also memorize the shape to be assumed at
the lower temperature (the “deformed” shape).
This natural tendency of SMA, is a result of the
reversible diffusionless phase transformation of
the high temperature phase to the low
temperature phase (“thermoelastic-martensitic
transformation”).

Shape memory effect (SME) is the cumulative
result of the two characteristic properties of
thermoelastic martensites: pseudoplasticity and
microstructural reversibility. These properties are
manifestations of unique crystallographic
inter-relationships found in the microstructure

Flower made of equiatonic Ni-Ti alloy, demonstrating the shape memory phenomenon. At ambient temperature, the
“flower” is easily deformed into a bud, but rapidly “blossoms” to its original shape on being immersed in hot water

Self accommodating martensitic microstructures of
SMA: a) transmission electron microscope(TEM) bright field
image of triangular 3-variant B19’ martensite plate group in
Ni-Ti alloys;  b) TEM bright field image of the plate epsilon
martensite in Fe-Mn-Si-Cr-Ni alloys; c) Polarized light
micrograph of 4-varien plate of 18R martensite in Cu-Zn-Al
alloys; d) 4-varient plate groups in Ni-Mn-Ga ferromagnetic
SMA revealed by electron backscattered diffraction.
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of SMAs. The figures shown above provide examples
of the self-accommodating nature of martensite
orientation variants and manner in which inter-variant
interfaces in microstructures, with B19’ internally
twinned martensites, transform into twin interfaces.

Of a reasonably large number of alloys which show
the “shape memory effect”, the Ni-Ti based alloys are
the best in terms of shape memory properties and
their viable engineering applications. At this point in
time, a very wide gamut of medical, engineering,
nuclear and space applications have been created, that
successfully exploit the excellent biocompatibility,
superelasticity, shape recovery, damping
characteristics and the high recovery stress of the
Ni-Ti based shape memory alloys. However, these
alloys are expensive and relatively difficult to prepare
and fabricate. On the other hand, Cu-based and the
Fe-based shape memory alloys, which cannot match
Ni-Ti alloys in terms of all these properties, are lot
easier to fabricate and a lot cheaper.  Thus, these alloys
are increasingly being used, where cost is a major
factor.

There are a few ways in which the shape memory
characteristics could be utilized. “Free recovery”
applications are where the shape memory

phenomenon is utilized, merely to recover the original
shape, such as in case of the “flower” in the figure
above. On the other hand, if a shape memory alloy
object is deformed and then constrained in a manner
so as to prevent free recovery, an increase in
temperature will cause a large “reversion” stress to
be generated, in proportion to the extent to which
the deformed object strains to regain its original shape.
This phenomenon of “constrained recovery” is widely
employed in static applications such as fasteners,
sleeves, couplings and reinforcement, and also in
dynamic applications such as heat engines and
actucators. The shape memory effect presents itself
in another useful phenomenon known as
“superelasticity”. Here, a large recoverable strain is
obtained, when martensite is induced above recovery
temperature, by applied load. Thus, SMAs can show
large elastic deformation (about 10% in Ni-Ti alloys
and 30% in Cu-Be-Al alloys), a property which has
been successfully utilized in engineering and medical
applications like self-expanding stents, brace wires,
retrieval baskets, deformable instruments, filters and
springs, etc. In medical applications, the appeal of
Ni-Ti alloys is its excellent biocompatibility and
corrosion resistance in human body environment.
Ni-Ti alloys, particularly porous materials created by
combustion synthesis, have an elastic modulus close

The microstructural reversibility  is ensured by the formation of twin interfaces derived from mirror planes of the
parent phase: a) the B19 intervariant interface fulfils this eriterion as both major and minor twin fractions of each
martensite plate are twin related across the interface; b) in this case the twin intervariant interface is obtained by
tapering off the minor twin fractions which are not in twin relation across the interface.
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a) Ni-Ti superelastic 3-wave spring; b) Ni-Ti-Fe heat shrinkable hydraulic coupling rated for
4500 psi joints and c) heat engine with Ni-Ti SMA working elements. The Ni-Ti elements are
first deformed in cold water and then recovered under constraint in hot water: The reversion
stress  generated during constrained recovery is used to rotate the wheel

Porous Ni-Ti produced by combustion synthesis at BARC, The interconnected large open
pores make porous Ni-Ti an excellent superelastic bone prosthesis material. The superelastic
porous Ni-Ti materials is biocompatible and has a modulus close to that of human bone

The Ni-Ti-Fe heat shrinkable sleeves developed by BARC are used as fasteners in the Light
Combat Aircraft under development at Aeronautical Development Agency, Bengaluru. These
sleeves have been tested and certified for airworthiness and application in combat aircrafts.
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to that of the human bone. This property is utilized in
medical prosthesis where biomechanical compatibility
is essential.

Research on shape memory alloys has been going on
in the Materials Science Division for over two decades
and has produced a number of important
scientific contributions on material
characterization and phase
transformations, in relation to the
shape memory phenomena. These
include the rationalization of reversion
stresses, crystallography of the
martensitic transformation, the nature
of self-accommodation of martensite
crystals and the crystallographic
interrelationships between the shape
memory effect and martensitic
microstructure. Alongside basic
research, the development of the
melting and fabrication of shape
memory alloys was also pursued and
this has lead to the successful
development of several Ni-Ti,
Cu-Zn-Al and Fe-based alloys. The most
important success of this effort has
been the development of Ni-Ti shape
memory alloys and Ni-Ti-Fe heat
shrinkable sleeves, for the Light
Combat Aircraft (LCA). Both of these

Figure shows the application of Ni-Ti-Fe heat shrinkable sleeves for fastening the polymer insulators in the drop tanks
of LCA

The melting, processing and fabrication flow sheet for heat shrinkable
Ni-Ti-Fe SMA sleeves developed at BARC. The pictures show hot forging
of Ni-Fi alloy ingots and machining of heat shrinkable sleeves from electric
discharge machined blanks

are not available to the defense and the nuclear
industry due to import restrictions.

The flow sheet for the production of Ni-Ti-Fe sleeves
for the LCA involving alloy preparation, fabrication
and machining was developed at the Materials Science
Division, BARC and scaled up to viable production
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levels. The activities of the flow sheet are spread over
different work centers: the induction melting and hot
rolling are done at the Atomic Fuels Division, BARC,
the consumable vacuum arc melting is carried out at
the Nuclear Fuel Complex, Hyderabad, hot forging at

The deformation processing map for
vacuum induction melted and vacuum
are remelted Ni-Ti-Fe alloys. The region
in the map where dynamic
recrystallation occurs is preferred for
hot working of the alloys

The pseudoelastic stress-strain plot
generated by a I-D model of the
thermoelastic behavior of Ni-Ti alloys.
The model successfully reproduces the
Irystresis, the transformation and the
sublooping behaviour

Foundry & Forge Division,
HAL, Bengaluru, machining
at a private workshop in
Mumbai and the thermo-
mechanical treatment and
detailed characterization are
carried out at the Materials
Science Division, BARC.
About 2500 sleeves have
been supplied to ADA,
Bengaluru. These have been
used in the construction of
eight LCAs and have put in
more than 1000 hours of
service.

The Ni-Ti-Fe heat shrinkable
sleeves are used to clasp polymer insulators onto
metallic conduit pipes. The sleeves are expanded in
liquid nitrogen environment, using a special tool
developed for this purpose and then applied to the
insulator-conduit pipe joint.

The Ni-Ti-Fe SMA sleeves
are used in the LCA to
fasten polymer insulators to
metallic conduit pipes. The
sleeves are mechanically
expanded in liquid nitrogen
using a special tool. Soon
after installation of the joint,
the temperature of the
sleeve rises to the ambient
and shape recovery occurs.
The constrained recovery
generates a large stress that
is sufficient to clasp the
insulator onto the metallic
conduit pipe. Heat
shrinkable sleeves are
particularly useful for
joining dissimilar materials,
materials sensitive to
heating and where a low
profile tool is required.
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The dimensions   of   the  sleeves and the insulator
are such that, complete recovery cannot take place.
Under this condition of constrained recovery, a large
reversion stress is generated and the insulators are
tightly fastened onto the conduit pipes. The alloy
selection and mechanical design ensure, that the
sleeves deliver a constant reversion stress of about
500 MPa in the temperature range of -550C to
+1500C. The sleeves were put through rigorous tests

for airworthiness such as leakage,
sealing, ultimate pressure,
thermal shock, vibration, pull out
and endurance (1,40,000 cycles
of pressurization, under the
combined action of shear and
bending forces) and have been
cleared for application in combat
aircrafts.  These performance tests
ensure, that the sleeves can
provide sufficient grip under
conditions of temperature and
pressure encountered in service.
Currently, the technology for the
manufacture of Ni-Ti-Fe alloys and
heat shrinkable sleeves are under
transfer to Foundry & Forge

Division of HAL, Bengaluru, where a plant dedicated
to this purpose is being set up. When operational,
this plant will be the only one in the country and
amongst a few worldwide that manufacture shape
memory alloys and heat shrinkable fasteners. Other
components currently under development for
application in LCA include heat shrinkable hydraulic
coupling and thermally actuated valves.
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A B O U T  T H E  A U T H O R

The maximum recoverable strain for polycrystalline Ni-Ti alloys is about 6%.
The main objective in the design of SMA heat - shrinkable sleeves, is to
deliver the force required for clasping the polymer insulator, after providing
for a minimum retained strain of 1.5%, throughout service conditions
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Design of AHWR Containment Building

After examining issues such as Prestressed vs RCC with
Liner, connection of Inner Containment Wall (ICW)
with Internal structure through Gravity Driven Water
Pool and Sharing of Load by ICW and Tail Pipe tower;
the AHWR containment building was designed and
analyzed for dead load, prestress, accidental pressure
and seismic loadings. Issues related to 100 year life
and temperature control in concrete was also resolved.
Finite Element model was prepared for the entire
building as shown in Fig.1.1. Seismic qualification
was made severe by the existence of Gravity Driven
Water Pool containing 6000 m3 of water at the top.
The natural frequency of the structure coincided with
the peak in the response spectrum as shown in Fig.1.2.

G . R .  R e d d y

R e a c t o r  S a f e t y  D i v i s i o n

A B S T R A C T

N u c l e a r  f a c i l i t i e s  n e e d  t o  b e  s a f e  d u r i n g  p o s t u l a t e d  e a r t h q u a k e s .  T h e  s u b j e c t  o f
s e i sm i c  de s ign  o f  nuc l ea r  f a c i l i t i e s  ha s  ga ined  impor tance  and  subs tan t i a l  r e s ea r ch
w a s  c o n d u c t d  a p a r t  f r o m  r e g u l a r  d e s i g n  a n d  a n a l y s i s  w o r k .  T h e  g o a l  o f  a c h i e v i n g
a b s o l u t e  s e i s m i c  s a f e t y  a t  o p t i m i z e d  c o s t ,  i s  s t i l l  b e i n g  p u r s u e d .  T h e  w o r k  r e l a t e d
t o  s e i s m i c  s a f e t y  o f  n u c l e a r  f a c i l i t i e s  w a s  g r o u p e d  u n d e r :  A n a l y s i s  a n d  d e s i g n  o f
AHWR con ta i nmen t  bu i l d i ng ,  f ue l l i ng  mach ine  and  down  comer s ,  Ana l y s i s  o f  32  m
DSN an tenna  o f  the  Chand rayan  p ro j e c t  o f  I SRO,  E xpe r imen ta l  p rog ramme pu r sued
f o r  b e t t e r  u n d e r s t a n d i n g  o f  t h e  s t r u c t u r a l  b e h a v i o u r  o f  b e a m - c o l u m n  j o i n t s  a n d
p i p i n g  c o m p o n e n t s  u n d e r  e a r t h q u a k e  l o a d i n g ,  d e v e l o p m e n t  o f  s e i s m i c  r e s p o n s e
con t ro l  d e v i c e s ,  r equa l i f i c a t i on  o f  o l de r  f a c i l i t i e s  and  r e t r o f i t t i ng  o f  s y s t ems  su ch
as  C IRUS  ba l l ,  t ank ,  r e t ro f i t t i ng  s cheme  p roposed  fo r  APSARA  r eac to r  bu i l d i ng  and
d e v e l o p i n g  A d v a n c e d  S e i s m i c  Te s t i n g  a n d  R e s e a r c h  L a b o r a t o r y  ( A S Ta R )  a t  S E R C ,
Chenna i .

D r.  R e d d y  r e c e i v e d  t h e  D A E  S c i e n t i f i c  &  Te c h n i c a l  E x c e l l e n c e  A w a r d

f o r  t h e  y e a r  2 0 0 7 .

Fig.1.1 : Finite Element Model of AHWR
containment
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The solution was to connect GDWP to Reactor

Building. This increased the rigidity and shifted the

frequency away from the peak. Combined structure

with complex geometry was analyzed, using Finite

Element method and shown to be safe.

Stress and Seismic analysis of AHWR Fuelling

Machine

Fuelling machine of AHWR shown in Fig. 2 is a vertical

type and facilitates on load fuelling. The main design

was performed by RTD, BARC. The machine was

analyzed for normal and accidental loads such as

earthquake along with RTD and Anna University. Few

design suggestions are made to avoid sliding and

toppling of machine under seismic excitation.

Stress analysis of AHWR Downcomers

The downcomers forming part of Main Heat Transport

System of AHWR need to have low operating stresses

to avoid the risk of IGSCC. The conflicting

requirements of high flexibility for reducing thermal

stresses and high stiffness to reduce the seismically

induced stresses required optimization of the layout.

One way of achieving this is by using snubbers as

shown in Fig. 3.1 which are costly and require frequent

maintenance. This results in high man rem cost. The

second option is making the piping system flexible

by using large number of bends and conventional

supports as shown in Fig. 3.2. This will increase

number of welds and require large space, which

eventually makes the system costly. Also, more

Fig. 1.2 : Response spectrum and spectral acceleration

Fig. 3.1 : LAYOUT-1 Inadequate flexibility
requires snubbers

Fig. 3.2 : LAYOUT-2 Flexible but
complex with too much welding

Fig. 3.3 : LAYOUT-3 Flexible,
Simple uses EP dampers

Fig. 2 : AHWR Fuelling Machine
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for communications with space craft by receiving and

sending radio signals. For efficient communication,

the specified optical parameters need to be maintained,

considering the structural deformations under the dead

weights in different orientations. Structural design and

analysis of 32 Meter DSN Antenna, Chandrayaan

project subjected to dead weight, thermal load, wind

load and earthquake load was performed. Dead weight

analysis and generated look-up table, which gives the

adjustment required in sub-reflector, to compensate

the structural deformation under dead weight at

various elevation angles and to maintain the focal

Fig. 4 : Deflected and undeflected shapes of the antenna at various elevation angles under
self weight

number of welds result in difficulties for in-service

inspection. Eliminating all the difficulties in these two

layouts, an optimized layout which uses passive energy

absorbers, called Elasto-Plastic Dampers (EPD) as

shown in Fig. 3.3 was developed. The use of EPDs

has resulted in a simpler layout with reduced number

of welds and total length of the piping system.

Design and analysis of the Deep Space Network

(DSN) antenna, for the Chandrayaan project

The Deep Space Network (DSN) 32 m antenna is used
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length was performed. Deformed shapes of antenna

at different elevation angles are shown in Fig. 4.

Research in RCC structures

A three-phase programme as shown in the following

chart was formulated to understand the behaviour of

concrete structures and its components, subjected to

earthquake loading and develop realistic modeling

methods, to predict the behaviour. In the first phase,

about 30 joints with different sizes and detailing were

tested for its load vs displacement capacity, ductility.

Few results are shown in Fig. 5. It was found, that

size has larger influence on the ductility of the RCC

components or joints (see the bar chart). In the second

phase two push over tests were conducted on frame

structures of full scale and further tests on scaled

models are under progress. Analysis of the structures

tested was performed along with another colleague.

It is concluded that while performing the analysis,

failure modes such as shear, flexure+shear,

confinement effects, Boundary conditions etc. shall

be given due consideration for correct evaluation of

seismic capacity of the structure.  In the third phase,

dynamic tests on the RCC structural models are

planned and already one test has been completed.

Fig. 5.1 : Load-deflection characteristics of beam-column joints Fig. 5.2 : Pushover verification tests on RCC

structures
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Ratcheting studies on piping systems

ASME B & PV code has increased the allowable stress
considering ratcheting modes of failures. However, it
is based on limited data. Earlier the design of piping
subjected to seismic excitation was based on the
principle of plastic collapse. Later, it was observed that
fatigue-ratcheting is a likely mode of failure of piping
components. Experimental and analytical studies are
carried out, to understand the changes in code and
failure mechanism of piping systems. It was found
that, in the static cyclic tests, the pipe with internal
pressure and where maximum moment acts, starts
ballooning as shown in Fig. 6.1 which results in local
thinning and failure. In the case of shake table tests
shown in Figs. 3.2 and 3.3, failures are noticed due
to the combination of fatigue and ratcheting. At elbow
and anchor weld joints, it is due to the fatigue
phenomenon where as in elbow it is ratcheting. In the
case of T-joints it is more like fatigue failure.  It is
concluded, that  the failure in case of earthquake
loading is by fatigue-ratcheting and for the failure to
occur, the bending stress has to be in excess of the
enhanced limits. Thus, the applicability of the enhanced
stress limits prescribed for this type of loading was
justified. Theoretical research was carried out along

with IIT, Mumbai and suggested modification in the
Ohno-Wang ratcheting model for better estimation
of ratcheting strains, was done.

Life extension of nuclear facilities : retrofitting

While planning for extending the life of nuclear
facilities, one needs to understand the design
methodologies applied, including failure modes,
health of Structures, Systems and Components (SSCs),
present safety and design demands. The SSCs
deteriorate with time. It may not be meeting the
present postulated loading (e.g earthquake laoding)
demands for maintaining the desired safety levels. In
addition to this, the postulated failure mode may not
be valid at present. For example, the soft story concept
was well accepted in earlier designs, but at present it
is not acceptable. For old/existing SSCs, techniques
were developed  for strengthening and increasing
abosorbing capacity  of  SSCs. Some of the techiniques
are steel jacketing, FRP wrapping, base isolation, using
dampers etc. as shown in Fig. 7. These techniques
are an inexpensive easy to accommodate and adopt
into the existing SSCs. The tools base isolation, dampers
can also be used for economical design, meeting the
safety requirements. These also can be used for design

Fig. 6.1 : Slow cyclic tests on straight pipes with internal pressure
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standardization. Along with the NRG, elasto-plastic
dampers were designed and manufactured. These

dampers were implemented at WIP-3A, Kalpakkam

to support melter shell structures, solid waste storage

cubicles. These helped to reduce the loads coming

on the embedded parts. Without these tools, it would

have been very difficult to qualify these structures.

Fig. 6.2 : Shake table tests on SS piping system

Fig. 6.3 : Shake table tests on 3-D carbon steel piping system

Seismic Reevaluation of CIRUS research reactor

To address the concerns about the safety of research

reactors, power plants and other facilities in the event
of an earthquake, the Reactor Safety Division is
engaged in seismic analysis of old as well as new
facilities: Analyzed reactor building, Emergency storage
tank (ball tanks, battery banks and dampers. It was
found, that ball tank is not meeting the seismic
demand as per the present requirements and proposed
retrofitting scheme of steel jacketing. The scheme
details as shown in Fig. 8 were given to A&CED for
implementation. The retrofitting work was completed
and the tank is serving as desired.
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Fig. 7 : Seismic retrofitting tools

Fig. 8 : Retrofitting of ball tank central shaft with steel jacketing

Seismic Reevaluation of APSARA Reactor
Building

Analyzed the reactor building of APSARA for
anticipated seismic loading and proposed retrofitting

measures in the form of elasto-plastic dampers. The
retrofitting using dampers is only possible to meet
the seismic demand in the foundation footings. Other
schemes of fiber wrapping for walls and beams
wherever needed were proposed. Conducted a shake
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Seismic proving tests on piping with dampers

A 3-D piping loop as shown in Fig.10  was tested on
shake table at CPRI, Bengaluru with and without
Elastoplastic dampers. Significant reduction in
response due to dampers was noticed. Analysis of
piping with and without dampers has been carried
out and the results are found to match well with the
test data.

table test on a model shown in Fig. 9 (a representation
of the APSARA reactor building) to demonstrate the
reduction in response, due to dampers and
effectiveness of fiber wrapping for the brick walls.

Fig. 9 : Model of APSARA building

Fig. 10 : Response of complex piping system with dampers

Fig. 11 : ASTaR Laboratory

Experimental facilities

Advanced Seismic Testing and Research (ASTaR)
Laboratory  at Structural Engineering Research Centre,
Chennai as shown in Fig. 11 was established. This
facility is unique in the country and probably in the
world. It has two tables which help for multi support
excitation. By using the property of synchronization
of the two tables, we get a larger area for testing to
support large size equipment. In addition to this, it
has a feature to perform multi-support pseudo-dynamic
facility, along with reaction wall to perform the tests
on component levels. This facility was developed along
with SERC, Chennai, IGCAR, NPCIL and BRNS.
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P L A N A R  A N D  V O L U M E  T O M O G R A P H Y  I M A G I N G

F O R  N D E  A P P L I C A T I O N S

U m e s h  K u m a r

I s o t o p e  A p p l i c a t i o n s  D i v i s i o n

A B S T R A C T

Electronic imaging devices for gamma and x-ray based Radiography Testing (RT) have shown

a remarkable presence during the last decade, due to their technical adaptability to existing

inspect ion systems and easy avai labi l i ty  of  di f ferent conf igurat ions to suit  a var iety of

appl icat ions .   The process  of  NonDest ruct ive  Test ing or  Examinat ion (NDT or  NDE)

determines the existence of flaws, discontinuities, leaks, contamination, thermal anomalies

or imperfections in materials, components or assemblies, without impairing  the  integrity

or  funct ion  of  the inspected  component.  NDE  is   a lso  ut i l ized  for   real  -  t ime

monitoring   during manufacturing,  inspection  of  assemblies  for tolerances, al ignment

and per iodic in-serv ice monitor ing  of f law/damage growth,  in order  to  determine  the

maintenance requirements  and  to assure  the  reliabil ity and  continued  safe operation of

a part icular part.  Today, one can f ind both analog and digital  imaging systems l ike tube-

type f luoroscopy devices,  sol id-state L inear Detector Arrays (LDA) and two-dimensional

detector arrays l ike F lat  Panel  Detectors (FPD).  These devices can be adapted to suit  a

var iety of imaging requirements l ike Digital  Radiography (DR) operat ing in onl ine and/or

real-t ime mode and the fast emerging Industr ial  Computed Tomography ( ICT) imaging for

non-medical appl icat ions. A typical DR and ICT system may be very compact and modular

for low-energy appl icat ions. However, dedicated DR/ICT systems designed and developed

for specific requirements and making use of high-energy X-rays, may be a fixed installation.

The Isotope Appl icat ions Div is ion ( IAD) at BARC, Mumbai has been act ive in the research

and development activities, in the field of advanced radiation-based imaging, for industrial

appl icat ions for almost a decade. IAD has demonstrated long-back, indigenous efforts in

x-ray and gamma ray-based tomographic imaging systems, for various applications. It has

cont inued i ts  effort  to modify and develop a fac i l i ty  for  Digita l  Industr ia l  Radiography

(DIR)  and Volume Computed Tomography (VCT) imaging systems pr imar i ly  for industr ia l

and other non-medical  appl icat ions.  The present paper br ief ly  discusses research and

development efforts in the planar and volume tomography imaging for NDE applications.

It may be stressed here, that the work carried out so far, was primarily aimed at indigenous

technology and know-how development for various applications.
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Introduction

Conventional Industrial Radiography is an adaptation

of the principle of latent image formation on

photographic medium, by gamma rays or X-rays for

non-medical applications. The conventional gamma

ray and x-ray based radiography for examination of

industrial specimens has been in practice for decades

and it has become an indispensable tool for industrial

quality control  in production, maintenance and in-

service inspection. Most of the applications using film-

based Radiography Testing (RT) are now standardized.

Though film-based RT offers probably the best spatial

resolution limited by the emulsion property, there are

sometimes disadvantages associated with this method,

like lack of possibility of having real-time and online

inspection and maximum throughput. In terms of cost-

to-benefit analysis also, though film based RT may

offer a simpler option in terms of initial investment,

the recurring cost on consumables may be prohibitive

in the long run.

The industrial applications of tomography are

still picking up primarily because, one set of

specifications does not cater to all problem

areas. As a result, it appears that it is difficult to build

a universal ICT system and standardize it. There is in

general, no concern of radiation exposure to the

specimen under scanning, which is in sharp contrast

to the stringent regulations for medical tomography

systems. In addition to this, a broad class of industrial

specimens do not have any inherent motion. Some

of these fundamental differences in requirements as

compared to systems for medical applications provide

more freedom in specifying operating parameters.

Computed tomography as such, is a complex

mathematical procedure involving a number of

parameters.

Fig. 1 : Schematic diagram of a typical radiography and tomography setup



36  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

Slight variations in the characteristics of different sub-

systems, may give rise to unique problems and

necessitate a thorough study. It may also need a careful

solution. The fundamental difference between ICT and

conventional radiography is shown in Fig. 1.  In

conventional radiography, information on the slice

plane designated as P1, projects into a single line,

L-L’; whereas with the corresponding tomographic

image, full spatial information is preserved.

CT  information is derived from a large number of

systematic observations at different viewing angles

and an image matrix is then numerically reconstructed.

Thus by using ICT, one can, in effect, slice open the

test article, examine its internal features record the

different attenuations, perform dimensional inspections

and identify any material or structural anomalies within

the system capabilities, that may exist. Moreover, by

stacking and comparing adjacent tomographic slices

of a test article, a three-dimensional image of the test

article can be constructed. A fundamental task of

CT systems, is to make an extremely large number of

highly accurate measurements of gamma ray or X-ray

transmission, through an object in a precisely

controlled geometry.

The three important scanning geometries mainly from

the point of view of industrial applications are as

follows:

1. Parallel-beam geometry is technically the simplest

and the easiest one, to understand the principles

of tomography imaging. Multiple measurements

of    X-ray or gamma transmission are obtained,

using a single highly collimated gamma ray or

X-ray pencil beam and a detector. The beam is

translated in a linear motion to obtain a projection

profile. Scan times can be reduced with the use

of a narrow fan beam of gamma rays or X-rays

and a linear detector array. A translate-rotate

scanning motion may be employed with a large

rotational increment, which results in shorter scan

times. The reconstruction algorithms are slightly

more complicated than those for parallel-beam

geometry, because they must handle narrow fan

beam projection data.

2. A fan beam consisting generally of X-rays,

illuminates a large number of detector elements

arranged along an arc (equiangular) or a line

(collinear). The object is fully covered by the fan

beam. In general, an object rotation by 3600 and

no translation motion is used, to generate

projection data. As a result, these rotate-only

motions acquire projection data for a single image.

The object can have either start-stop motion or

continuous motion. There is some variation in

reconstruction techniques based on different

scanning mechanisms for reduced angular views.

3. A natural extension of this geometry, is to employ

a two-dimensional array detector and a cone-beam

of radiation such that, multiple projection lines

can be acquired simultaneously and volume

reconstruction can be carried out. Among various

other modalities used for acquiring direct two-

dimensional projections, the use of an amorphous-

silicon (aSi) based Flat Panel Detector (FPD) array

is common now. The FPD device can be used for

direct digital radiography as well as volume

tomography in an industrial imaging system.

Scintillators used in imaging applications including

computed tomography can be broadly divided into

two groups (a) single crystals and (b) ceramics. Single

crystal scintillator such as NaI(Tl), CsI(Tl), CdWO
4
 and

Bi
4
Ge

3
O

12
 are normally used in discrete detector

configurations. The powder preparation/sintering route

for the rare-earth ceramic scintillator provides high

process yields, uniform scintillator quality and low cost

scintillators such as gadolinium oxy-sulphide (GOS), a

translucent ceramic scintillator. It is a matter of choice

in terms of light output, decay time and high density

for medical tomography  and low-energy industrial

digital radiography and tomography imaging

applications.
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LDA-based 2D Planar Imaging System

The use of a Linear Detector Array (LDA) in X-ray

computed tomography imaging   is well established.

Generally, the system using an LDA, operates in a

fan-beam configuration. In a non-medical tomography

set-up, the X-ray source and detectors are stationary

and the object is rotated for scanning. In general,

equi-spaced angular projections over a complete 3600

object rotation are required for tomography image

reconstruction, using standard Convolution Back

Projection (CBP) algorithm as applied to the fan-beam

scanning geometry.

In non-medical imaging applications, transmission

gamma or X-rays-based computed tomography, is

often regarded as a supplementary Non-Destructive

Testing (NDT) tool to conventional radiography. With

the availability of low cost linear detector arrays and

constant potential X-ray equipments, a tomographic

imaging system can be developed in a cost-effective

manner for experimental purpose, provided the

associated problems are taken care of. The

experimental ICT system for NDT applications, a block

diagram of which is shown in Fig. 2, has been

developed by making use of an independent

scintillator-based linear detector array, commonly used

for on-line radiography of low-density specimens. The

specific areas which demand special attention in the

development of an experimental tomographic imaging

system are (a) system alignment, (b) motion instability

and  (c) artifacts arising due to scattering and

polychromatic nature of the Bremsstrahlung X-rays.

An artifact can be thought of as an artificial defect

showing up in an image and which does not represent

an existing flaw in the specimen. Tomography artifacts

manifest themselves in somewhat different ways, since

in this imaging modality, the initial measured data is

subjected to a complex mathematical treatment.

Third-generation tomography systems normally use a

rotate-only scan geometry, with a complete view being

collected by the detector array, during each sampling

interval. Since all elements of a third-generation

detector array contribute to each view, rotate-only

scanners impose much more stringent requirements

on detector performance than do second-generation

units, where each view is generated by a single

detector. A single detector element of a linear detector

array in a  rotate-only tomographic system, records

transmission data corresponding to one particular ray

at one particular position in the fan-beam, through  a

complete rotation. Therefore, all information on a circle

in the reconstructed image around the center is given

by one detector element. A defective or badly

calibrated detector element on the sensing device will

give rise to what is called ring artifacts. The term

‘defective detector element’ is used in a broader sense

and it may indicate a dead pixel element, either an

element with a different response characteristics from

the rest ones or a badly calibrated element.  The

correction methods, which can be applied to counter

the effects of such elements, depend on different

factors. It is seen that if the response of majority of

elements of the array is unpredictable, the correction

method may be difficult to arrive at. In addition to

this, when a tomography system is developed out of

the available detector systems and mechanical

manipulators as well as associated instrumentation, it

is quite possible that a lack of synchronization among

various sub-systems shows up in different artifacts in

the reconstructed image. It has also been observed,

that a lack of synchronization between mechanical

scanning mechanism and data acquisition of a

computed tomography imaging system, results in

artifacts in reconstructed images. These two issues

have been investigated by us in the laboratory and

suitable correction methods were developed for

minimization of prominent artifacts in case of planar

tomography imaging using LDA. The method for

correcting transmission data matrix, based on the

principle of minimum of difference signal, has been

tried in case of the experimental system in the

laboratory. The set of multiple one dimensional

transmission data profiles at different angular positions

are used in the correction algorithm, to find out near-

3600 projection in a continuous rotate-only industrial

CT scanning geometry. The first 1-D profile recorded

is treated as the 00 position data and remaining profiles
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The experimental tomographic imaging system, which

was developed in the laboratory, is briefly described

below. The system consists of an X-ray source though

a perfectly monochromatic radiation source would

be the best choice, an Xscan0.8-410 linear array

detector, a computerized scanning mechanism and

related instrumentation, including both hardware and

software.

A section of the three-axis mechanical manipulator

including the rotary mechanism, trigger component

and the detector array, which is exposed to the

radiation beam are seen in the photograph (Fig. 3). A

160 kV/10mA constant potential X-ray generating

system with specified effective focal spots of 1.5 (large

focal spot) and 0.4 (small focal spot) as per IEC 336

was used in the experiment. These are equivalent to

1.5 mm and 0.4 mm in conventional designation.

The X-ray tube (MXR-160/0.4-1.5) is manufactured

by M/s. Comet AG, Switzerland. The HV generator

and the control unit are from M/s. Gulmay Ltd.,

England. The small focal spot was selected, as it was

smaller than the detector resolution.  The anode

voltage can be set in steps of 1 kV and the tube current

can be set in steps of 0.1 mA. The finer increment

values of kV and mA were helpful in optimizing the

detector array. X-rays coming out of the tungsten target

undergo inherent filtration in the  0.8 ± 0.1mm

beryllium (Be) window of the tube.  The specified

radiation coverage is 400.  The high voltage unit of

the constant potential X-ray generator specified short-

term voltage and current stability of 0.05% / hr of set

the values. The tomography system required around

10-20 seconds per scan and it was assumed that the

X-ray output remained stable during this short period.

Figs. 4 (a & b) show the typical graphical user

interface of the reconstruction and data pre-processing

routines. The profiles (Fig. 5) of the linear detector

array response to varying tube currents at a fixed anode

voltage of the X-ray system show spatially invariant

abnormal behaviour of the detector pixels. The data

pre-processing algorithm developed has been found

Fig. 2: An experimental low-energy tomography system

using LDA

are then subtracted from this one. Experimental results

were obtained which validate the algorithm adopted.

The basic idea proposed was to identify the projection

that most closely resembles the 00 projection and

designate it as 3600 projection, in case of a fan-beam

configuration using a linear detector array.  This

method may be particularly useful where experimental

tomographic imaging systems are designed around

self-contained sub-systems and where hardware

interfacing may be difficult to achieve. The algorithm

suggested in the experiment may well be incorporated

in the pre-processing software prior to tomographic

image reconstruction.

Fig. 3: Photographic view of the X-ray based experimental

tomography system for industrial applications (2002)
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Figs. 4 (a&b): Graphical user interface of the data processing and reconstruction software for the LDA-based planar

tomography imaging system

Table 1: Linear detector array specifications to minimize image artifacts due to such detector

response in a variety of test specimens.

A three-axis PC-based stepper motor controlled

mechanical manipulator was used for object

manipulation and system alignment. The use of such

system is a cost-effective option in place of closed

loop servo-drive based manipulators. The horizontal

axis is parallel to the detector length and as such it is

used for beam alignment. The vertical axis is used to

select scanning planes and to move the object

vertically in computed radiographic scanning mode.

The rotary axis provides the specimen platform to hold

the object and rotate.  The source to detector distance

(S
D
) is 1120 mm and source to centre-of-rotation

distance (S
0
) is set to be 920 mm. This configuration

provided a geometric magnification of 1.22. In the

experiment described here, only a portion of the full

length of the linear array was used such that, 260

detector elements arranged symmetrically around the

central ray, fully covered the circle of reconstruction.

This arrangement gave a fan beam angle of

approximately 100. This was done so that the active

detector pixels receive a relatively uniform X-ray flux.

Type of the detector : GOS Scintillator-based

system linear diode array

Number of  pixels : 512

Detector pixels used : 260

Pixel size : 0.8 mm(H) x 0.6 mm (W)

Detector pitch : 0.8 mm

Length of active area : 410 mm

ADC resolution : 12 bits

Control signal : via RS 232 interface

(PC to module)

Data transfer : via RS 422 interface

(Module to PC)

Onboard offset and : Yes

gain calibration

External Trigger : Optical trigger sensor

(reflecting type)
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Combined digital radiographic and computed

tomographic imaging of a test specimen

The result of digital radiographic and tomographic

imaging of a typical industrial test specimen is

presented here. The experiment was carried out in

order to visualize the internal cross-sectional details,

which would be rather difficult to see by projection

method (radiography) only.

Fig. 6 shows a photograph of the specimen used in

the experiment for visualizing combined digital

projection radiographic and computed tomographic

images. A section of twelve aluminium circular tubes

welded together were housed in a thin commercial

metallic container with a seam-welded joint along its

length. The maximum material thickness in the beam

path was found to produce projection radiographic

views with sufficient contrast to visualize the

aluminium structure inside the container. The digital

data obtained from the linear detector array was

processed to obtain the typical radiographic image

Fig. 5: LDA response to varying X-ray tube current
settings at a fixed anode voltage

Fig. 6: Photograph of the specimen – a commercial
metallic container [100mm(H) x 100mm(OD)] housing

a section of welded aluminium curved tubes (12).  The

container was partially filled with water.

Fig. 7: (a) Radiographic view of the container assembly and (b) Radiographic view of the same
specimen partially filled with water at 100 kV.
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X-rays and FPD-based 3D Volume Imaging System

Development work has also continued on an integrated

digital radiography and volume (direct three

dimensional) imaging system, using a constant

potential X-ray equipment (which can operate upto

420 kV of accelerating voltage) and an amorphous

silicon-based Flat Panel Detector (FPD) assembly as

its key components. Various sub-systems of the facility

have recently been integrated and only some initial

results have been obtained so far. The front-end

software components have been developed in our

Fig. 8 : Typical tomographic images of the container-assembly cross-sections marked

(a) A
1
 in Fig. 7(a) and (b) A

2
 in Fig. 7(b) at 100 kV.

shown in Figs. 7a & 7b. The LDA was calibrated at an

X-ray tube voltage of  100 kV. The specimen was placed

on the platform and it was given a vertical movement

in synchronization with the data acquisition system.

The acquired 12-bit digital data was scaled to 256

grey values for display purpose.

Fig. 7a shows the radiographic image of the container

assembly under two different conditions. The image

clearly shows the inside details of the specimen, where

the seam joins the container wall, change in thickness

in the welded portion of the tubes structure as well

as the smooth thickness gradient due to circular shape

of the container. Fig. 7b was obtained with the

container partially filled with water. This was done to

increase the material thickness in the beam path up

to a certain height, so that, the contrast was reduced

in that portion and almost no details were seen

for the aluminium structure. This is due to the fact,

that the energy of the X-rays is not sufficient to

record details with sufficient contrast in the

given configuration. The X-ray tube voltage was

kept constant at 100 kV for these two images.

Fig. 8a is the computed tomographic image of a typical

cross-section of the specimen in the water-filled region.

This is marked as level A
1
 in Fig. 7b. It can be seen

that the image distinctly shows the container’s thin

wall cross-section, high thickness region of the seam

joint in it and the aluminium tubes’ cross-section

inside the water. The uniform-density water region

has some grainy noise visible which is due to the

limited signal-to-noise ratio in the input signal. This

image has significant details about the internals as

compared to the radiographic image in Fig. 7b. Fig.

8b is another tomographic cross-section at a level

marked A
2
 above the water level. The tubes are

significantly curved in this plane. This is evident from

the aluminium cross-sections, which are not seen

circular in shape. The selected plane has not been

able to cross all the tubes and some only in parts. The

relative contrast is able to distinguish all the details

expected in the cross-section.
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laboratory, which make use of some commercial

software components in the back-end. At present,

performance studies on various parameters are in

progress. Fig. 9 shows the schematic diagram of the

complete layout. Fig. 10 shows a photographic view

of the actual setup. At the extreme left in the picture

is the 420kV X-ray tube head and at the far end, the

Fig. 9 : Schematic diagram of the X-ray-based Direct Digital Radiography and Volume Tomography System

FPD assembly with a shielding plate is mounted on

an alignment table. Fig. 11 is the outside view of the

control area in the laboratory. FPD is a fast and sensitive

radiation detector and it requires exposure for a few

seconds only, for general imaging applications. When

the system is to be used for acquisition of large number

of projection data for direct 3D tomographic

reconstruction, the FPD is exposed to intense X-ray

radiation continuously during the scanning sequence.

Fig. 10 : Photographic view of the X-ray based Direct
Digital Radiography and Volume Tomography System

housed inside a shielded enclosure

Fig. 11 : Control area of the X-ray-based Direct Digital
Radiography and Volume Tomography System
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Fig. 13 : Software Interface of the Master control programme for the X-ray-based Direct Digital Radiography and
Volume Tomography System

Fig. 12 : (a) Digitally controlled fast X-ray shutter mechanism (b) Shutter assembly mounted on the X-ray tube head

on top of the beam collimator

The scanning sequence involves mechanical motion

of rotary systems meant for object mounting. It has

been observed, that the actual exposure duration is

only about 10% of the total time taken by a typical

scanning sequence. Due to operational difficulties,

the X-ray device cannot be switched on and off rapidly.

The other way to restrict exposure to the FPD in such

operating cycle, is to use a fast-response beam shutter,

which operates automatically and in unison with the

motion and data acquisition system. Fig. 12a shows

a motorized lead shutter assembly designed and

developed in the laboratory and Fig. 12b shows the

assembly mounted on the X-ray head on top of a

beam collimator. Fig. 13 shows software interface of

the master control programme used to automate the

scanning sequence and data acquisition.
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Preliminary Volume Tomography Performance

of the System

The FPD can provide good quality digital projection

images with spatial and contrast details. The detector

provides 16 bit/pixel data with 12-bit actual

resolution. The active area of the detector is around

400mm x 2800mm. The programmed exposure

can be accomplished for a variety of kV and mA

combinations and the detector can be calibrated for

dark current as well as beam uniformity, for correct

radiographic exposures. The specially developed API

functions by the manufacturers, have been used to

customize the FPD operations in an automated way.

This was required as for volume tomography

operations; the reconstruction software requires a large

number of two-dimensional projections. A variety of

pre-processing corrections are required before

tomography image reconstruction using Feldkemp

algorithm. The test results shown here have been

obtained using proprietary reconstruction software and

3D ICT data presentations have been achieved using

IDL software.

The test specimen used for generating initial volume

Fig. 14 : Direct digital radiography images using FPD of (a) the specimen shown in Fig. 4 and another test object

showing a dried gum bottle, an adhesive tape roll and a metallic ring object (b) a 5.25" old floppy drive mechanism.
These images showing spatial and contrast details have been obtained at 100-200 kV x-rays

Fig. 15: Representative direct digital projection images

of the test specimen, The three horizontal lines in the

second image show roughly the planes for which planar
tomographic images are shown in Fig. 16

tomography data on the system was a domestic electric

water boiler. The test object is made up of low-density

plastic material and it contains metallic components

such as heating element and screws etc. The actual

projection data matrix is quite large (~ 3k x 2k pixels).

Tomographic reconstruction using such a large

projection data-matrix requires a very large number

(> 1500) of equi-angular views. This again requires a

very large scanning time. It is seen that in the present

configuration, the time required for a single full-matrix
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Technology deployment

Industrial tomography may well present an example

of confluence of various branches of science and

engineering like radiation physics, computer science

and other signal processing techniques. Tomography

imaging using penetrating radiation from sealed

radioisotope sources or machine-based X-rays can be

Fig. 16: Representative direct digital projection images of the test specimen

digital projection, data transmission and mechanical

movements is around 30-55 seconds. The number of

angular scans was restricted to 100-200 projections

and the projection matrix size was accordingly scaled

down for suitable image reconstruction. The three

figures (Fig. 16) show the projection images at 00

and 900 angular positions.

The three horizontal lines in the middle picture show

roughly the planes for which planar tomographic

images are shown in Fig. 16.

The three planar tomographic images seen in Fig. 14

distinctly show the internal details. The separated cross-

section of the handle in the first picture, the separate

water compartment in the main body and a typical

cross-section of the coiled heating element is clearly

visible. Fig. 15 shows the extracted three-dimensional

view of the heating element, from two different

perspectives.

applied in different ways in industrial diagnostic

applications. An Industrial Process Tomography (IPT)

system for fixed installation using 662 KeV gamma

radiation from a sealed Cs-137 radioisotope source

and multiple detectors is being designed and

developed, for research applications in cold trickle bed

columns, as part of a joint collaborative project under

Memorandum of Understanding between BARC and

an R&D laboratory of a leading petrochemical

company.

Conclusion

The paper discussed development efforts in the field

of planar and volume experimental tomography

imaging systems for research applications in non-

destructive testing and examination of industrial and

other non-medical applications. Some of the

advantages and configurations of industrial digital

radiography and tomography imaging systems have

been presented. The development work initiated under

various Plan Projects was primarily aimed at technology

and know-how development for different applications.

The initial data generated for test scans and the

reconstructed volume data using an FPD are being

analyzed and it is observed, that the reconstructions

show certain noise and artifacts. The optimization of

various parameters like exposure time, projection

resolution angular views, pre-processing of projection
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Fig. 17 : Three-dimensional views of the heating element from two different perspectives

data and overall scanning geometry are in progress.

A partial bibliography is provided here for reference

and further reading.

Fig. 18 : A drawing showing plan view of the Cs-137

source-based IPT system using multiple detector probes

Fig. 19: Computer-controlled scanner gantry designed

and developed for the IPT experiments in cold trickle
bed columns
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Introduction

In recent years, silicon sensor technology has become

the most preferred technology, for building detector

systems of ambitious high energy physics experimental

research facilities such as the LHC. Silicon sensors are

being increasingly used, for detection of particles in

high energy physics experiments,  due to their superior

performance such as fast response, good signal-to-

noise ratio, compactness and their suitability to build

multidetector systems, involving thousands of sensors

having millions of channels. High position resolution

in 1D or 2D can be easily obtained, by segmenting

the sensors into strips, microstrips or pixels. Moreover,

application of the well established silicon integrated

technology for sensor fabrication, has enabled

realization of sensors with very good uniformity and

low cost. In the past few years, the Electronics Division

has carried out R&D to develop the technology for

various types of silicon sensors, using the fabrication

facilities of the silicon foundries in our country. This

programme has focused on developing the following

types of sensors:

• Large area sensors for international high energy

physics experimental facilities- CMS Experiment

at LHC, CERN and PHENIX Experiments at RHIC,

BNL, USA

• Sensors with high energy resolution for

measurement of position and energy of particles

in nuclear physics experiments at BARC

• Sensors for compact, low power radiation

monitoring instrumentation.

A specific research and development programme was

carried out, to develop the technology for 32-strip

silicon strip sensors for the Compact Muon Solenoid

(CMS) experiment at the Large Hadron Collider (LHC),

CERN [1-8]. These sensors are used as Preshower

sensors in the Electromagnetic Calorimeter of CMS

for πo/γ rejection and cover an area of ~40,000 cm2

in the CMS end caps. Developing silicon sensors with

very stringent  electrical specifications and uniformity

over a large area of ~ 40 cm2, has been a challenging

task.  In view of expected radiation damage, the

technology development was targeted to produce

sensors with high breakdown voltage and low leakage

currents, for ensuring ten years of operation in the

high radiation environment of LHC. The design of the

sensors, the complete mask layout and process

parameter optimization was carried out by the

Electronics Division.  The fabrication of the sensors

A .  To p k a r,  P r a v e e n k u m a r  S ,  B .  A g g a r w a l ,  P. K .  M u k h o p a d h y a y
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Fig. 1 : Wafers designed and fabricated during various phases of CMS silicon strip sensor development

was carried out using the IC fabrication facility of

Bharat Electronics Limited (BEL), Bengaluru as per the

process outline provided by BARC. Eleven hundred

silicon detector micromodules have been delivered to

CERN. The silicon sensors activity was further

expanded, to develop a wide variety of silicon sensors,

suitable for various applications involving nuclear

physics experiments and radiation monitoring [9-15].

Advanced silicon sensors such as silicon microstrip

sensors with a geometry of 62 x 62mm2 incorporating

128 strips have been developed, for the PHENIX

Experiment at the Relativistic Heavy Ion Collider (RHIC)

at Brookhaven National Laboratory (BNL), USA.  The

pitch of the strips is 470 μm and the spacing between

the strips is 15 μm.  Several types of silicon  sensors

such as silicon PIN diodes, silicon pad sensors, high

energy resolution sensors for alpha and charged

particle spectroscopy, large area PIN detectors for low

activity counting,  single and multielement silicon PIN

photodiodes, radiation sensitive MOSFETs - ‘XRFETs’,

etc. have been developed, as an outcome of R&D

activity. An overview of this technology development

activity is presented in the subsequent sections of this

paper.

Various types of sensors developed

Silicon sensors find wide range of applications in

several fields involving measurement of radiation such

as charged particles, neutrons, photons, etc.  The

applications involve high energy particle physics,

nuclear physics and astrophysics experiments, personal

dosimeters, medical dosimetry, low energy X-ray

spectroscopy, high resolution α and charged particle

spectroscopy, detection of low activity radiation such

as plutonium in air and radon monitors, contamination

monitoring, area monitors, X-ray imaging,

tomography, etc.

Considering the above applications, the silicon sensor

R&D was targeted, to develop a wide range of sensors

having different specifications in terms of sensor

geometry, area, segmentation, energy resolution and

dead layer.  The silicon sensors developed as a result

of this R&D are listed below:

• 32-strip silicon strip sensors for the CMS

Experiment at LHC, CERN. These sensors are also

being used for  nuclear physics experiments at BARC

• 128-strip silicon microstrip sensors for the PHENIX

Experiment at BNL, USA

• Silicon pad sensors with a 2 x 2 matrix and energy

resolution of 18 keV for energy and  position

measurements of charged particles, for the

‘Charged Particle Array’ at BARC

• Single element silicon sensors with area ranging

from 100 mm2 to 400 mm2 for charged particle

identification and alpha spectroscopy applications
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Figs.1-3 show fabricated wafers incorporating various

types of silicon sensors.

After fabrication at wafer level, the sensors have been

packaged using the facility of Bharat Electronics

Limited, Bengaluru. Custom packages on ceramic

substrates have been developed for this purpose. The

Fig. 2 : Fabricated wafer showing silicon pad sensors for

Charged Particle Array

Fig. 3 : Fabricated wafer showing silicon sensors for

charged particle spectroscopy and low activity counting

sensors have been wire bonded using 1mil diameter

aluminum wire, using wedge bonding machines. Fig.4

shows some of the packaged sensors. An overview of

the silicon sensor technology development and their

performance is presented in the subsequent section

of this paper.

Fig. 4 : Packaged silicon sensors
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The micromodules are assembled  in the form of ladders

which have 7-10 micromodules and are then

connected to a system motherboard which controls

the micromodules and also acquires the signals from

the micromodules. Fig. 7 show the ladder before

integration of system motherboard.

The technology development of the silicon sensors

and their production, involved several important

activities such as sensor design and layout, process

and device simulations, development of

characterization setups and performance evaluation,

fabrication process development and optimization,

quality control during production and  assembly of

sensors into micromodules.  The 4" integrated circuit

fabrication facility of  BEL, Bengaluru has been used,

for development of the technology for fabrication of

the sensors.  Eight batches of silicon wafers were

fabricated at BEL for optimizing the fabrication

process, so as to meet the specifications. After

successful development of prototype sensors and

demonstration of technological capability, BARC was

qualified for the production of 1000 sensors for the

CMS experiment. In order to evaluate the performance

of the sensors, a great deal of effort was also put in,

to develop various automated setups for

characterization of sensors and probe-jigs for making

simultaneous contacts to the 32 strips. Various aspects

such as the design of the sensors, processing issues

and sensor characterization and performance of the

sensors are described in the subsequent sections of

this paper.

Fig. 7 : Ladder of seven micromodules

Fig. 5 : Diced 32-strip silicon sensor

Fig. 6 : Silicon sensor micromodule along with front
end hybrid

Preshower silicon sensors for the CMS

Experiment at LHC, CERN

The R&D for the development of technology for

Preshower sensors, was carried out in various phases

such as prototype development, preproduction and

production. Figs.1(a)-(c) show wafers fabricated

during various phases of this project. Fig. 5 and

Fig. 6 show the silicon sensor after wafer dicing and

the silicon sensor micromodule. The micromodule has

the front end hybrid bonded to the 32 strips. The

front end hybrid incorporates the PACE chip which

has 32-channel preamplifier, amplifier, shaper,

196-channel analog memory along with control logic.

This is a radiation hard chip developed by CERN and

has been fabricated by CERN in a 0.25 micron

technology at IBM.
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Design of the Preshower sensor

As shown in Figs.1-3, three types of mask layouts

incorporating  32-strip silicon sensor along with other

test structures were designed during various phases of

technology development, preproduction and

production. Test structures such as PIN diodes of

various geometries, MOS capacitors, gated diodes,

etc., were incorporated in the mask design for carrying

out process diagnosis during fabrication.  In addition

to this, several other types of sensors such as PIN diodes

of various geometries, pixel sensors, virtual pixel

sensors, small area strip sensors, photodiodes, etc.

were incorporated in the designs, to utilize the space

around the silicon sensor.

The first version of the design used during the prototype

development phase incorporated a silicon sensor with

a geometry of 60mm X 60mm having  32 P+ strips

(Fig.1 (a)). A four layer mask was used for fabricating

the sensors. In the initial batches, the performance of

the sensors fabricated using this design was quite poor.

After continuous modifications of the process

parameters, in subsequent batches, sensors having very

low leakage, high breakdown voltage and uniformity

could be realized.  As shown in Fig. 3(c),  the final

version  of the sensor was designed  for the geometry

of 63mm x 63mm, with strips of  width of 1.78 mm

and  pitch of 1.9 mm. This has been used for the

production.

Features such as floating field guard rings, metal

overhang over the P+ strips and rounded corners have

been incorporated in these designs, to increase

breakdown voltage of the strips.  All the 32 P+ strips

are enclosed by four floating field guard rings. The

last guard ring is located at a safe distance from the

dicing edge, so that, mechanical defects due to dicing

do not affect the leakage currents.

Process and device simulations were carried out to

finalize the design parameters such as width of the

guard rings, spacing, length of the metal overhang,

etc. As shown in Fig. 1(b) and Fig. 1(c), wafers with

two types of guard ring designs, i.e., four and seven

guard rings, were fabricated during the preproduction

phase and the yield of the batches were compared.

Since the four guard ring designs gave better yield,

this design was used for the production of sensors.

Characterization of Preshower sensors

Static current vs voltage ( I-V) and capacitance vs

voltage (C-V) measurements were used to evaluate

the performance of the sensor, i.e., leakage current,

breakdown voltage and full depletion voltage. A great

deal of effort was put in, to develop characterization

setups, in order to carry out automated and

simultaneous measurements of all 32 strips of the

sensors. Probe jigs with microscopic X-Y-Z positioning

to simultaneously probe all 32 strips of the

unpassivated/passivated sensor were designed and

fabricated at BARC.

A complete test facility for carrying out sensor

qualification tests was set up in a class 10,000 clean

room environment at the production center (BEL), so

as to avoid transport of sensors and also because the

further assembly of sensors into micromodules was

to be carried out at BEL. The data of all measurements

was entered in to the CRISTAL data base at CERN.

The IV and CV data was used, to qualify the

sensors for specifications such as full  depletion voltage

(V
FD 

) of the strips (55<V
FD

<150V), breakdown

voltage (V
BD 

) of each strip (>300V),

total leakage current of the sensor ( <5 μA at  V
FD

and <10μA  at 300V) and uniformity of leakage

current for the strips ( only one strip with leakage

current >1 μA at  V
FD

 and >5μA at  300V). In addition

to electrical characterization setups, measurement jigs

for measurement of geometric parameters such as

length, width and thickness were used to verify, that

the dimensions of the sensors are within the specified

tolerance of 100μm.

In order to ensure that the sensors would operate

reliably in the radiation environment of LHC, the

radiation hardness of the sensors was tested by

irradiating them with fast neutrons up to a neutron

fluence of 2x 1014n/cm2  in a reactor  (at BARC, India
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Fig. 8 : IV characteristics of a sensor fabricated in the

sixth batch

and at Dubna, Russia) and using a 24 GeV proton

beam at CERN. As leakage currents increase excessively

due to neutron radiation damage, the measurements

after neutron irradiation were carried out at lower

temperatures.

Fabrication technology for Preshower sensors

The development for the preshower silicon sensors

was challenging as compared to the standard ICs or

ASICs, because of nonavailability of standard

technologies, much larger chip area causing decrease

of yield and specifications requiring very low leakage

currents at high operating voltages exceeding 500V.

The sensor technology was developed using high purity

silicon wafers ( N-type, FZ, <111>, 3-5 kΩ-cm  or

5-10 kΩ-cm) supplied by TOPSIL or WACKER. These

wafers had specified zero defect density and high life

time of the order of a few milliseconds. This is an

important specification as the quality of the wafers is

a critical factor for sensor fabrication and even a single

defect occurring over the sensor area, which is quite

large, would result in a bad strip  giving non-

acceptable performance.  Fabrication of the sensor

was carried out, using a complex process sequence

involving more than 25 process steps.  Extensive

process simulations were carried out to finalize the

process parameters such as implantation energy and

dose for boron and phosphorus, temperature and time

for drive in cycles, intrinsic and extrinsic gettering

cycles, etc.

The technology has been developed in a short period

of about one year, by systematically optimizing various

processes involved in sensor fabrication, in eight

batches. During initial batches, sensors with desired

specifications could not be produced by only varying

process parameters such as implant dose and energy.

Hence, various suite of processes were investigated,

to optimize the process parameters.

Wafers from two manufacturers ( WACKER and

TOPSIL) with two ranges of resistivities (3-5 kΩcm

and 5-10 kΩ-cm were used, to see the effect of the

starting material. A number of wafers were fabricated

using various combinations of process steps such as

sacrificial oxide, Argon implant for extrinsic gettering,

combined or separate drive in cycles for N + and P+

implantations, with/without implant in scribe line, etc.

Best results were obtained for wafers which were

processed with sacrificial oxidation, argon implant on

the back side, separate drive-in cycles for N + and P+

implantations and no implant in the scribe-line region.

Fig. 8 shows the reverse IV characteristics of a sensor,

fabricated in the sixth batch, using the optimized

process. the characteristics clearly show the

remarkable improvement in the performance of the

sensor in terms of leakage and break down voltage.

The leakage currents have become very uniform and

all strips could withstand 300V without breakdown.

A double N+ implant was incorporated at the back

side of the wafer in the seventh batch, to reduce back

injection. The implantation dose, energy and drive-in

temperature and time, were decided on the basis of

simulations, carried out to obtain a thick N+ layer at

the back side. By incorporating this process, the yield

of the process significantly improved by about 50%.

The typical CV and IV characteristics of all 32 strips of

the sensor, fabricated using the final optimized

process, are as shown in Fig.9 and Fig.10

respectively. As can be seen from the plots, sensors

with very low leakage currents, high breakdown

voltage and uniformity have been realized using the

optimized process.
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Fig. 9 : CV characteristics of all 32 strips of a sensor

fabricated after process optimization

Fig. 10 : IV characteristics of all 32 strips of a sensor

fabricated after process optimization, squares show total

current

Production of sensors

Sensors with very good uniformity and production

yield of 50% have been produced at BEL and

production of eleven hundred sensors has been

completed, using the optimized process as discussed

earlier. The production was carried out using 300μm

thick, <111>, FZ, 2-4kΩ-cm wafers manufactured

by WACKER.

During the production of silicon sensors, the

sensors were subjected to several quality

control tests as outlined by CERN. The breakdown

voltages, leakage current and capacitance of individual

strips, full depletion voltage, mechanical dimensions

of the sensor (thickness, length and width), dicing

quality, etc., were some of the main parameters which

were monitored during quality control. The data of

measurement was analyzed using a LabView

programme, to find various parameters for individual

strips of each sensor.

The stability of the sensor was tested, by measuring

the total leakage current of the sensor at different

stages such as after fabrication, before micromodule

assembly, after micromodule assembly, etc. The

statistical distribution of various parameters such as

V
BD

, V
FD

, total leakage current at V
FD

 and at

300V for one thousand sensors are plotted in

Fig. 11 As can be seen, the breakdown voltage exceeds

500V for the majority of the sensors.  The total leakage

current of the sensor is of the order of 200nA at V
FD

and is less than 1.0 μA  at 300V for most of the

sensors, though this tolerance is 10.0μA.

Considering the operation of LHC for ten years and

high radiation background, reliability requirements

were very stringent as the sensors are expected to

operate without failure, once the LHC is

commissioned. In order to test the stability under bias

condition, few sensors were kept at 300V and the

total leakage current was monitored with time. The

radiation hardness tests carried out on the sensors

proved, that the sensors could withstand the radiation

environment of LHC.

Silicon microstrip sensors for the PHENIX

Experiment at BNL, USA

After the successful development of large area silicon

strip sensors for the CMS Experiment, this development

activity has been taken to the next level, by developing

advanced microstrip sensors for the PHENIX Experiment

at BNL, USA. These sensors were designed to have

128 strips with a pitch of 470 μm and strip spacing of

15 μm. The strips will be read by a 128 channel readout
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Fig. 11 : Distribution of (a) V
BD

, (b) V
FD

, (c) Total current at V
FD

 ( I
FD

) and (d) Total current at 300V (I
300

 ) for 1000 sensors.

The tolerance for I
FD 

is 5.0 μA and for I
300 

is 10 μA

Fig. 12 (a) : Silicon microstrip sensor – Geometry -

62mm x 62mm, 128 strips with separation of
15 microns

Fig. 12 (a) shows the 128-strip microstrip

sensor and Fig.12 (b) shows the magnified

view of the corner  of the sensor. The

microstrip sensors have been fabricated on 4-

6 kΩ-cm, <111>, TOPSIL wafers with a

thickness of 300 μm. An automated test setup

incorporating  a 128 pin probe card for probing

the strips, a channel multiplexer and low

current and capacitance measurement

instruments has been developed,  for the

characterization of the sensor.

chip, developed by BNL. A silicon pitch adapter

to match the strip pitch of the sensor with 48

μm pitch of the readout chip has been also

designed and fabricated with these sensors.
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The typical capacitance and leakage current

characteristics for the 128 strips at different bias

voltages are shown in Fig.13 and Fig.14 respectively.

These microstrip sensors have been delivered to BNL

for the PHENIX Experiment.

Silicon sensors for nuclear physics experiments

and radiation monitoring

As shown in Fig. 2-4, various types of sensors have

been designed and fabricated, for nuclear physics

experiments, such as ‘Charged Particle Array’ at BARC

and radiation monitoring instrumentation applications.

These sensors have been designed to have circular

and square geometries, with area ranging from 100

mm2 to 400mm2. The design has been carried out, so

as to reduce the leakage currents and improve

breakdown voltage of the sensors. The pad sensors

have four pads each of geometry 10 mm x 10 mm

and total area of 25 x 25 mm2. These sensors have

ion implanted junctions and oxide passivation. The

process parameters have been initially optimized, using

process simulations and then further tuned by carrying

out fabrication runs in several batches. The dead layer

of the window and leakage current minimization were

of prime concern, in order to get the best energy

Fig. 12(b) : Magnified view of the corner of the microstrip

sensor

Fig. 13 : Typical CV characteristics of all 128 strips of a

microstrip sensor

Fig. 14 : Typical IV characteristics of all 128 strips of a
microstrip sensor

resolution for charged particles. The sensors have been

characterized by leakage current and capacitance

measurements and by carrying out energy resolution

measurements, using an alpha source of 239 Pu and
241Am. A setup comprising of  a charge sensitive

preamplifier, spectroscopy amplifier, HV and MCA has

been used, for energy resolution measurements. The

measurements have been carried out by mounting

the sensor and the source in a vacuum chamber. The

leakage current characteristics of the sensors show,

that the leakage currents  are quite low (<10nA/cm2

@ 100V). The pulse height spectrum obtained for

the four pads of the pad sensor is shown in Fig.15.

The pads show energy resolution of about 20-22 keV

for 241Am alpha particles of 5.486MeV. The energy
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resolution of the sensor with area of 300mm2 is about

18keV (Fig. 16).

Silicon PIN photodiodes

Silicon photodiodes coupled to a scintillator are used,

for the measurements of X-rays or γ-radiation and

charged particle spectroscopy, involving long range

particles encountered in nuclear studies, laser based

instrumentation, physics research and X-ray imaging.

Considering the large numbers of applications of

silicon photodiodes, the technology development of

silicon PIN photodiodes has been carried out. Several

types of photodiodes with area ranging from 0.5mm2

to 100mm2, quadrant detectors and 16-element array

of photodiodes have been designed, using a four layer

mask (Fig. 17).

Fig. 15 : Pulse height spectrum for the four pads of the

pad sensors

Fig. 16 : Pulse height spectrum for a sensor with 300mm2

area

Fig. 17 : PIN photodiodes and quadrant detectors

Fig. 18 : Responsivity of photodiode at various wave
lengths

The photodiodes have been fabricated using high

resistivity silicon wafers, by a custom-developed low

leakage current process. The dark current and

capacitance of the diodes for various bias voltages has

been measured up to full depletion voltage using

automated setups. The dark current has been observed

to be  about 3-5 nA/cm2 and the capacitance at full

depletion voltage is about 45 pF/cm2. The response of

these diodes has been evaluated at different

wavelengths using laser/LED and compared with a

commercial photodiode having comparable area [16].

The typical responsivity of PIN photodiode of geometry
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6mm x 6mm (marked as ED) is shown in Fig. 18. The

responsivity is about 0.66 A/W at 940nm wavelength

and falls to 0.24 at 453.5 nm. The performance is

comparable to that of commercial photodiodes (UDT).

Summary

Demanding technology and capability for large scale

production of silicon sensors with good uniformity,

low leakage currents and high breakdown voltage have

been developed by BARC, for the CMS Experiment at

LHC, CERN. The individual strip leakage is of the order

of few nA/cm2 and the strip and  total leakage currents

are quite well below the specified limits. Irradiation

tests carried out have shown, that the sensors meet

the stringent specifications for reliable operation in

the high radiation environment of LHC. Eleven hundred

sensors supplied by us in the form of micromodules,

have been installed in CMS preshower at LHC, CERN.

The R&D carried out in the past few years has given

us the technological capability for large scale

production of large area sensors. Though the R&D

was targeted for the development of sensors for the

international experiment at CERN, this R&D triggered

the indigenous development of a wide variety of high

performance sensors, for nuclear physics experiments

and radiation monitoring instrumentation applications

at BARC.  Development of new types of sensors such

as silicon photomultiplier and integrated ΔE-E silicon

detector telescope are underway [17].
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Introduction

For the last two decades, the Electronics Division has
been involved in the development of Computer
Automated Measurement And Control (CAMAC)
instrumentation, for nuclear physics research. It mainly
consists of CAMAC-based nuclear ADCs, TDCs,
synchronization modules, programmable logic units
and controllers. The delivered instrumentation is being
used, for experiments in research labs of DAE such as
FOTIA, BARC, Pelletron TIFR, VECC and SINP, Kolkata
and also IIT Mumbai, IOP Bhubaneshwar. With the
availability of higher energy accelerator beams,
experiments are planned involving larger number of
parameters. Improved versions of controllers and
nuclear modules were developed and supplied, to
support the demand for higher performance. As the

experiments are getting bigger in terms of number of
channels, the generated data rates are higher and
CAMAC readout proved to be a bottleneck. In earlier
versions of controller CC2000, the best readout time
achieved was 3us per parameter and the highest data
throughput obtained was 250 kBps for a single crate
setup and 500 kBps for two crate setup. Increased
throughput was achieved by two approaches; one
with Embedded CAMAC Controller, which provides
a simple solution for single crate setups and achieves
throughput up to 1.5MBps. The other solution is with
“Fast Encoding Readout ADC (FERA)” based system,
which is a front-panel ECL readout bus, spanning
multiple crates. The readout speed is 20MBps with
built-in zero suppression resulting in much higher
effective data throughput.

A. Behere, S. Joy, K. Jha, S.M. Raut, M.L. Meshram,

P. Nair,  S.S. Pande and Padmini S.

Electronics  Div is ion

ABSTRACT

The Electronics Div is ion, BARC has developed and suppl ied a number of CAMAC modules
and systems for accelerator-based mult i -parameter exper iments for more than a decade.
These main ly  inc lude PC-CAMAC AMPS,  Nuclear  ADCs and FERA-based system. These
systems have been instal led at Pelletron accelerator at TIFR, Mumbai and other accelerator
faci l it ies at VECC, Kolkata, IOP, Bhubaneswar, etc. They provide an indigenous solution for
the high performance requirement of  resolut ion and throughput for  the exper iments.  A
new Embedded Crate Controller has been developed, to achieve higher performance through
hardware l ist sequencing. It has also alleviated the problem of component obsolescence in
ear l ier  vers ions of  contro l lers .  The recent ly  deve loped and commiss ioned FERA system,
targets higher throughput experiments spanning multiple CAMAC crates.

M s .  A n i t a  B e h e r e  i s  t h e  r e c i p i e n t  o f  t h e  D A E  S c i e n t i f i c  &  Te c h n i c a l

E x c e l l e n c e  A w a r d  f o r  t h e  y e a r  2 0 0 7
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Experimental setup

A typical experimental setup consists of front-end
electronics housed in NIM bins and data acquisition
modules and controller in CAMAC crates. Presently,
the data acquisition systems are based on CAMAC,
with the controller acting as an interface between the
acquisition modules and a host PC. The main
acquisition modules are Analog-to-Digital Converters
(ADC), Time-to-Digital Converters (TDC) and Charge
to Digital Converters (QDC).  The ADCs are peak
sensing nuclear ADC with resolution up to 8K. The
TDCs are of 4K resolution with full scale from 100ns
to 1us. The commonly used QDCs have gate width
from 50ns to 1us and input full scale range of 250pC.
Each of these modules generally has eight, sixteen or
higher number of channels.  In addition to these, there
may be some other modules such as coincidence,
scalers, etc. in the system. Fig. 1 shows the CAMAC
setup for an experiment.

A common gate is generated based on coincidence
criterion for signals from selected detectors and this
acts as a trigger for the acquisition modules, to start
digitization. At the end of digitization, an interrupt is
given to a readout controller, which reads the digital
values of the parameters. An accelerator based
experiment involves large number of parameters. As
the number of parameters increases, the readout time

increases whereas the conversion time increases only
up to the number of channels multiplexed on to a
single ADC. Beyond this, the conversion time does
not increase since the ADC conversion happens in
parallel in different ADC modules. Fig. 2 shows various
timings involved in event acquisition and its
dependence on the number of parameters.

CAMAC-PC Advanced Multi-parameter System

CAMAC controller CC2000 was designed around
Transputer having on-board buffering of data to even
out the random burst of events. It achieves a CAMAC
throughput of about 3us per parameter and
CAMAC-PC link at 20Mbps to a PC add-on card.
MS Windows-based Advanced Multi-Parameter
System (AMPS) software was built around this. Linux
based version LAMPS was later developed by NPD,
BARC and has been continually upgraded. The AMPS
system, along with the LAMPS software, has been
installed at more than 25 setups at TIFR, VECC, SINP,
IOP and other labs and is being used continuously for
the past many years. The sustained throughput
achieved with this system was 250kBps with one crate
setup. The system was later upgraded to support two
crates for an improved throughput of 500 kBps. There
was large demand for this setup but due to component
obsolescence, its production had to be discontinued
and an alternative solution became necessary.

Fig. 1: Experimental setup with CAMAC ADC, TDC, QDC modules and controller having link to PC
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Embedded CAMAC controller

A new Embedded CAMAC Controller (ECC) has been
developed, to support CAMAC user community due
to component obsolescence for CC2000 and to
achieve higher performance. The major improvement
is in the CAMAC readout, which has been reduced
from 3us for CC2000 to 1.1us and data link to PC in
the form of 100Mbps Ethernet link. With optimum
embedded software using QNX operating system,
sustained throughput in excess of 1.4MBps has been
observed in the lab. Fig. 3 shows the Embedded
CAMAC controller and its block schematic. Fig. 4
shows the throughput observed with test software at
different parameters and at different event rates. These
observations were carried out in the lab with a pulse
generator as the source of event.

The list processing is completely implemented in FPGA
hardware to achieve optimum CAMAC throughput

of 1.1us. In most of the experiments, the hit ratio
with timing parameters is small, thus, zero-suppressed
readout from the module greatly improves the system
performance. Embedded CAMAC controller
incorporates sparse readout mode supported by multi-
channel TDCs. The effective throughput and
consequently the possible event rates will be much
higher with this mode.

Fast Encoding Readout ADC (FERA) Multi-
parameter System

The  recently  developed  FERA  system targets  high
throughput  experiments, spanning  multiple  CAMAC
crates involving large number of parameters. FERA is
Lecroy proprietary ECL bus on the front side of ADCs.
It has data width of 16 bits, readout speed of 100 ns
per word, built-in zero suppression, small turn-around
time for no valid input and support for multiple crates
over single cable. The setup consists of ADCs, TDCs,

Fig. 2 : Timings involved in an event acquisition

Fig. 3 : The embedded CAMAC Controller with its block schematic
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QDCs and other modules, with FERA interface and a
FERA readout controller. There are various options for
the FERA readout controller: a CAMAC module with
FASTCAMAC transfer to the controller, the CAMAC
controller itself or a PC add-on card. We have chosen
the option of developing the FERA readout controller
as a PCI add-on board as it offers direct data transfer
to PC memory.

Fig. 4 : Throughput against event rates at different event sizes for embedded CAMAC controller

Fig. 5: FERA system setup

FERA Readout Controller

The FERA readout controller in the form of PCI

add-on card directly transfers the data from ADCs to

the PC memory. On-board FIFO is used to

even-out random bursts of events and

data is transferred by DMA over PCI. Programmable

delays for various bus signals  have been implemented,

to fine tune system timings for optimum

performance. Programmable timeout on critical bus

signals have been implemented, to recover from error

condition. Diagnostic features have been incorporated

to check the healthiness of system.

Since the readout is via a front-side bus formed by
multi-drop cable, the coverage of one cable segment
is not limited to one crate, but can span multiple
crates. The total number of ADCs on one segment is
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limited by cable length and signal driver strength.
Testing has been done with up to twenty ADCs in
two crates. The FERA data acquisition system has been
installed, commissioned and is being used in
experiments.

Summary of the three setups

The three versions of CAMAC setup, namely with
CC2000, Embedded CAMAC Controller  and FERA
cater to different experimental setups. The two crate
AMPS system with CC2000 has     been successfully used
in many experiments and the throughput is sufficient
for most of the applications. The Embedded CAMAC
Controller will replace CC2000 with much improved
throughput, especially in experiments with timing
channels, where sparse readout mode is supported
by the TDC modules. This increases the effective data
throughput. The FERA system delivers throughput in
setups spanning more crates, without additional

Fig. 6: FERA readout controller

Fig. 7 : Comparison of throughput for different readout mechanisms

Fig. 8 : The Quad FERA ADC, CM_F48 module

hardware for synchronization. The effective throughput
in terms of event rates is more than the actual rate
due the built-in zero suppressed readout mode. As
indicated in Fig. 7, the readout time for FERA setup is
the lowest for both ADC read and for transfer to PC
memory.

Data acquisition modules

The modules developed for the experiments are widely
used nuclear modules such as  ADC, TDC,
programmable trigger unit and synchronizing module.
The quad 8K FERA ADC, CM_F48, has been supplied
in large numbers to the Indian National Gamma Array
(INGA) experiments collaboration and other users. The
octal FERA TDC module has been recently incorporated
in an experimental setup. There is a large demand for
both these modules.
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Fig. 9 : Comparison of In-beam spectrum with (a)  CM-F48 and (b)  ORTEC ADC, AD413 @BARC-TIFR Pelletron (Jan
07), 32S +  78Se @ 125 MeV

Quad 8K FERA ADC, CM_F48

These modules have 8K resolution with DNL of better
than + 1% required for the segmented HPGe Clover
detectors used in most of the INGA experiments. The
conversion time is 15ms for four channels. A master
gate as well as individual gate is provided, to support
various modes of operation.  The module can be read
on CAMAC as well as FERA bus. It supports both
zero suppressed and raw data mode of readout on
the FERA bus. As can be seen in Fig. 9, the performance
of CM_F48 is comparable with that of commercially
available ORTEC ADC AD413.

Octal FERA TDC

These modules have eight channels with 4K resolution.
The conversion time is 25ms for eight channels. It
has common start and individual stop signal inputs.
The module can be read on CAMAC as well as FERA
bus. It supports both zero suppressed and raw data
mode of readout on the FERA bus. Full scale ranges
of 250ns 500ns and 1mS are supported. It has INL of
± 0.05% and DNL of ±5% over upper 90% of range.
Time window is selectable by means of lower and
higher level discriminators through CAMAC
command. Fig. 11 shows the performance of the
module.

Fig. 10 : The Octal TDC module

Conclusion

A large number of AMPS systems and Quad FERA
ADCs have been installed and commissioned at various
user labs and are being used regularly in experiments.
The increasing demand for higher throughput has been
met with the development of higher performance FERA
system. Development efforts continue towards higher
density acquisition modules, suitable for the
experiments with a large number of parameters and
ease of maintenance.
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Fig. 11 : Performance of Octal TDC

Fig. 12 : Advanced Multi-Parameter System in an experimental setup

Fig 13 : FERA ADCs installed in a crate experimental
setup
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Ms. Anita Behere, a graduate from the 27th batch of BARC Training School joined Electronics

Division in 1984. She has been working in the area of design and development of CAMAC

instrumentation for accelerator control and nuclear physics research and other research

experiments. The design and development of the FERA based system and

CAMAC controllers has been one of her major contributions.

Mr. Saju Joy, a graduate from the 36th batch of BARC Training School joined PRP, Kalpakkam.

Since joining the Electronics Division in 2002, he has been working in the area of design and

development of CAMAC instrumentation for nuclear physics research and accelerator control.

The design and development of FERA-based nuclear ADC and TDC modules have been his

major contributions.

Mr. Kuldip Jha joined the Electronics Division in 1988 and has been working in the area of

design and development of CAMAC instrumentation. The design and development of FERA

readout controller and Embedded CAMAC controller has been one of his major contributions.

Presently Ms. Anita Behere, Mr. Saju Joy and Mr. Kuldip Jha are involved in the design and

development of camera electronics for the MACE gamma-ray telescope and instrumentation

for nuclear physics research.
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Mr. S.M. Raut joined the Advanced Fuel Fabrication Facility, Tarapur in 1990 and later the

Electronics Division in 1996. He has been involved in the development and testing of NIM and

CAMAC modules. Currently he is working on the design and development of a USB-based

data acquisition system for 2-D imaging detector.
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Mr. M. L. Meshram joined the Electronics Division in 1996. He has been involved in the

development and testing of CAMAC ADCs and controllers. Currently he is working on the

development of CAMAC modules for accelerator control.

Ms. Preetha Nair is a graduate from 42nd batch of BARC Training School. She joined the

Electronics Division in 1999. Since then she has been involved in design and development of

software for PC-based systems for nuclear reactors as well as accelerators. The design and

development of embedded software for Embedded CAMAC controller has been one of her

major contributions.

Mr. S.S. Pande, a graduate from the 33rd batch of BARC Training School joined Electronics

Division in 1990. He has been involved in the development of application software and device

drivers for PC-based CAMAC and standalone data acquisition systems. He has also developed

software for plant automation systems. Currently he is developing Java application for USB

based ultrasonic systems.

Ms. Padmini S., a graduate from the 31th batch of BARC Training School joined the Electronics

Division in 1988. She has been involved in design and development of software for systems in

Nuclear power plants and Accelerators based research. Development of software for Advanced

multiparameter system,  FOTIA control and information system and Embedded CAMAC

Controller are her major contributions for accelerator-based research.
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ABSTRACT

Tubes made of di lute Z i rconium al loys,  act  as miniature pressure vessels  in Pressur ized

Heavy Water Reactors (PHWRs) and are subjected to aqueous corrosion, resulting in hydrogen

pick up. Hydrogen exceeding sol id solubil ity, precipitates out as britt le hydride phase and

may cause embritt lement of the host matr ix .  Two forms of hydr ide embritt lement have

been recognized for di lute zirconium al loys – gross and local ized. Gross embritt lement is

caused due to uniformly distr ibuted hydride precipitate, whereas local ized embritt lement

is  caused by hydrogen migrat ion, leading to damage accumulat ion within a smal l  region

over a period of time, before catastrophic fai lure of the component may occur. Parameters

l ike fracture toughness, threshold stress for reorientation of hydrides, threshold hydrogen

concentrat ion for bl ister  formation, Delayed Hydr ide Cracking (DHC) velocity,  threshold

stress intensity  factor for DHC init iat ion, are used as f i tness for serv ice assessment of

pressure tubes.  In this  art ic le,  some of the results  generated by Mater ia ls  Group, BARC,

using Indian pressure tube material are highlighted.
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Introduction

About ninety water-cooled nuclear reactors in the

world, which are either in operation or are under

construction, use pressure tubes instead of pressure

vessels, to contain the hot pressurized coolant. These

reactors are cooled and moderated by heavy water

and hence are known as Pressurized Heavy Water

Reactors (PHWRs) [1]. Each coolant channel assembly

of PHWRs, comprises of a Pressure Tube (PT), a

Calandria Tube (CT) and garter springs.  Natural

uranium oxide powder compacted and sintered in the

form of pellets and encapsulated in thin cladding,

forms the fuel pins of the PHWRs. Several such pins

are assembled in the form of fuel bundles and are

loaded in horizontal pressure tubes. Pressure tubes

act as miniature pressure vessels in PHWRs, with

coolant heavy water flowing through it under a

pressure of around 10 MPa and at a temperature in

the range of 523 to 573 K and are exposed to a fast

neutron flux of 3 x 1017 n/m2/s. Calandria tubes

surround the pressure tubes from outside. Garter

springs are provided at regular intervals in the annular

space, to support pressure tube and to prevent it from

contacting the cooler calandria tube, which is

surrounded by low-pressure, low-temperature heavy

water moderator, maintained at 333 K, in a large

stainless steel vessel called calandria vessel.

The use of natural UO
2
 as fuel in PHWRs demands

that  core structural materials such as cladding tubes

(also called fuel tubes), pressure tubes (coolant tubes),
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calandria tubes and garter springs must have low

neutron absorption cross-section and should satisfy

the physical, mechanical, metallurgical and chemical

requirements of radiation environment [2]. Pressure

tubes being the final pressure boundary containment

for hot coolant in PHWRs, their integrity is to be

maintained during reactor operation. Though the

specification limit for hydrogen content in the pressure

tubes is 5 ppm for quadruple melted and 25 ppm by

weight for double melted Zr-2.5Nb pressure tubes,

part of the hydrogen / deuterium evolved during

service from coolant-metal corrosion reaction, is

picked up by the pressure tubes. Hydrogen present in

excess of solid solubility precipitates out as hydride

phase, which is known to embrittle the host matrix.

The hydrogen-related problems associated with Zr-alloy

components are hydride embrittlement [3] especially

due to stress-reorientation of hydride, Delayed Hydride

Cracking (DHC) and hydride blister formation.

Considering the technological importance of hydride

embrittlement of Zr-alloy in safety assessment and life

management of Zr-alloy core components. The

Materials Group,  BARC is pursuing a comprehensive

study on hydrogen / hydride induced degradation

mechanisms associated with Zr-alloys, involving

extensive experimentation and theoretical

computations. This article highlights some of the major

achievements in this area.

The pace of research and development work in this

area, is controlled by hydrogen charging in Zr-alloy

samples, without altering its microstructure and texture

under laboratory conditions. Thus the primary focus

was on the development of a reliable hydrogen

charging system. Both gaseous and electrolytic

hydrogen techniques are being regularly used by us

and are described briefly in section 2 [4]. For fracture

toughness and DHC tests, direct current potential drop

system was developed in-house, to measure crack

length, the salient features of which are described

in [5].

The maximum amount of hydrogen which can be

retained in solid solution without forming hydride

precipitate is called Terminal Solid Solubility (TSS). TSS

of hydrogen in zirconium alloys is observed to increase

with increase in temperature. At ambient temperature,

TSS of hydrogen in zirconium alloys, is less than

1μg/g. Hence, at ambient temperature almost all the

hydrogen in zirconium alloy will be present as hydride.

Initially, TSS was thought to be a safe limit for hydrogen

concentration, below which embrittlement effect was

not considered significant. However, recent studies

have shown, that the threshold hydrogen

concentration for DHC initiation and hydride blister

nucleation are not TSS but a fraction of TSS. Thus,

terminal solid solubility of hydrogen in these alloys, is

an important parameter and is used by design and

safety engineers, for fitness for service assessment of

these components. Experimentally TSS is determined

by preparing samples with known concentration of

hydrogen and measuring some change in physical

property, to identify transition temperature. Techniques

like dilatometry [6,7], resistivity [8], internal friction

[9-11], differential scanning calorimetry [12], small

angle neutron scattering [13-14] and metallography

[15] measure changes in dimension, resistance,

damping frequency, heat flow, lattice parameter and

microstructural features, respectively and are used to

determine the transition temperature. The

experimentally determined transition temperature is

correlated with hydrogen concentration, in the form

of an Arrhenius-type relationship, to obtain the pre-

exponential constant and the enthalpy of the

dissolution or precipitation process. With the help of

these constants, TSS at any temperature can be

obtained. Also, for a sample of unknown hydrogen

concentration by determining the transition

temperature corresponding to heating  and / or cooling

total hydrogen content of the sample can be estimated,

using the aforementioned constant. TSS values

determined for zircaloy-2 and Zr-2.5Nb alloy using

dilatometry is presented in [16-17].

Hydride being brittle, makes the host matrix

susceptible to embrittlement. Two forms of hydride

embrittlement have been recognized for hydride

forming metals - gross and localized [3]. The former

requires certain minimum volume fraction of the

hydride phase and results in overall reduction in tensile
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ductility, impact and fracture toughness. Since hydride

embrittlement is a major life limiting factor for the

components made from these alloys, several theoretical

and experimental studies have been carried out, to

understand the influence of hydrogen / hydride

on the mechanical properties in general and

micromechanisms assisting crack nucleation and its

propagation in the presence of hydride, in particular

[18]. The influence of hydrides on fracture toughness

parameters of Zr-2.5Nb pressure tube material is

brought out in [18].

The Zr-2.5Nb alloy pressure tubes for the Indian PHWRs

are manufactured at the Nuclear Fuel Complex (NFC),

Hyderabad, following a fabrication route similar to the

modified route II developed by the Atomic Energy of

Canada Limited (AECL) for the Pressure Tubes (PT) of

CANDU reactors. The modified route II consists of two

cold working steps (instead of one cold working step

in the conventional route) and an intermediate

annealing step. The lower extrusion ratio employed in

the modified route as compared to the conventional

route, ensures lower aspect ratio of grains, less intense

circumferential basal pole texture and more uniform

microstructure, resulting in improved irradiation

resistance, reduced susceptibility to stress reorientation

of hydrides, and uniform mechanical properties across

the length of the tube [19]. Two minor differences in

the fabrication steps of Indian tubes and modified route

II developed by AECL need to be noted: viz., (i) the

amount of cold work imparted during first cold working

stage of tube fabrication at NFC is larger (50-55 %) as

compared to the modified route II (20%) followed by

AECL and (ii) compared to cold drawing practiced by

AECL, at NFC, cold work is imparted using a process

called pilgering, which imparts simultaneous reduction

of wall thickness and diameter.

During fabrication of Cold Worked and Stress-Relieved

(CWSR) Zr-2.5Nb pressure tube, majority of the α-Zr

grains acquire an orientation with their basal poles,

oriented predominantly along the circumferential

(~55%) and radial (~43%) direction [19]. Since

hydride precipitation in a-Zr grains show a habit plane

nearly parallel to basal plane [20-21], for the texture

of the pressure tube material, crystallographically only

two orientations are permissible. These are along the

circumferential-axial plane and along the radial-axial

plane. Hydride platelets oriented along the

circumferential-axial plane are called circumferential

hydrides and those oriented along radial-axial plane

are called radial hydrides [22]. Under unstressed

condition, only circumferential hydrides form in

Zr-2.5Nb pressure tubes. However, due to stress

reorientation phenomenon, radial hydrides may

precipitate and being oriented normal to hoop stress

direction of the pressure tubes, can significantly

increase the latter’s susceptibility to failure. The

phenomenon of precipitation of radial hydrides, when

cooled under stress from solution annealing

temperature, is known as stress-reorientation of

hydrides. For dilute Zr-alloy pressure tubes, this

translates to precipitation of radial hydrides under hoop

stress, as compared to the precipitation of

circumferential hydrides in the unstressed condition.

This is usually associated with a critical stress called

threshold stress below which, no reorientation occurs.

The stress reorientation behaviour for Zr-2.5Nb alloy

is presented in [23-25].

Delayed Hydride Cracking (DHC) [22] is a form of

localized hydride-embrittlement phenomenon, which

in the presence of a hydrostatic stress-field manifests

itself as a sub-critical crack growth process. It is caused

due to hydrogen migration up the hydrostatic stress

gradient to the region of stress concentration. Once

the local solid solubility is exceeded, brittle hydride

nucleates normal to tensile stress. Growth of hydride

nuclei continues till hydride platelet of a critical size is

formed. Hydride platelet of the critical size cracks

under concentrated stress, leading to the growth of

the crack. This crack growth is delayed by the time

required for hydrogen to reach the crack tip and form

hydride platelet(s) of critical size. Hence this

phenomenon is called Delayed Hydride Cracking. DHC

behaviour of this material is described in section

7 [26-34] in terms of DHC velocity, activation energy

and threshold stress intensity factor.
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In PHWRs, Calandria Tube (CT) surrounds the

PT concentrically from outside and separates

the  cool moderator (at ~343 K) from hot coolant

(at 523-563 K). Though, Garter springs are provided

at regular intervals in the annulus gap between the PT

and CT, to prevent PT-CT contact, either due to garter

spring displacement from the designed location or

due to creep or both, the PT sags and may contact

CT, resulting in setting-up of thermal gradient in the

PT. Hydrogen migration under thermal gradient in

zirconium alloys results in formation of hydride

blisters. An array of blisters makes Zirconium alloy

components of nuclear reactors susceptible to fracture.

The whole process of hydride blister formation and

fracture of these components is very complex and

involves hydrogen migration under thermal gradient,

hydride precipitation, straining of the matrix, setting

up of hydrostatic stress gradient, enhanced hydrogen

migration under the combined influence of thermal

and stress gradient, stress-reorientation of hydrides,

cracking of hydrides, crack growth by delayed hydride

cracking mechanism, interlinking of blisters and

spontaneous fracture of the component. The stress

components in hydride blisters and the surrounding

matrix for certain assumed blister depths were

determined for semi-ellipsoidal blister using Finite

Element Method (FEM) and are described in

[35-39].

Hydride acquires plate shaped morphology and the

broad face of the hydride plate coincides with certain

crystallographic plane of α-Zr crystal which is called

habit plane. Two different theoretical approaches are

used, to determine the shape and habit plane of

precipitates viz., geometrical and solid mechanics [40].

For the geometrical approach, invariant plane and

invariant-line criteria have been applied successfully

and for the solid mechanics approach, strain energy

minimization criteria have been used successfully

[41-43]. Even though the aforementioned theoretical

approaches are different, they often predict same

shape and orientation for plate type inclusions [44].

Solid mechanics approach using strain energy

computed by FEM technique have been applied to

hydride precipitation in Zr-alloys, but the emphasis

has been on understanding the solvus hysteresis

[45-47].  A FEM based technique used to predict the

habit plane of      δ-hydride precipitating in α-Zr using

strain energy minimization technique, is described in

[48-49].

Hydrogen charging techniques [3-4]

Gaseous hydrogen charging and electrolytic hydrogen

charging techniques are widely used, for introducing

controlled amount of hydrogen in Zr-alloy samples.

In gaseous hydrogen charging technique, Zr-alloy

samples are heated in hydrogen atmosphere, either

under constant pressure for different time-periods or

in a constant volume system. In the former i.e.

constant hydrogen partial pressure system, time-period

for which the sample is exposed, determines the

hydrogen concentration. In the constant volume

system, the average hydrogen concentration of the

sample is estimated from the product of system volume

and the difference between the initial and final partial

hydrogen pressures of the system. The beauty of this

technique is that, the samples can be hydrided

completely i.e. the amount of hydrogen charged is

not limited to the terminal solid solubility of hydrogen

in the alloy. Further, this technique can also be used

for charging hydrogen under constant pressure. Fig.

1(a) shows photograph of gaseous hydrogen charging

apparatus.

In electrolytic hydrogen charging technique, first

sufficiently thick and adherent layer of hydride is

deposited on the sample surface. The sample with

hydride layer is homogenized at a pre-determined

temperature, to attain equilibrium. After

homogenization, the excess hydride layer is removed

by machining. In this technique, the amount of

hydrogen charged into the sample, cannot exceed the

TSS at the homogenization temperature.

Direct Current Potential Drop (DCPD) technique [5]

The electrical potential drop method is one of the

most commonly used techniques, for measuring crack

initiation and crack growth, at elevated temperatures.

In this technique, the increase in electrical resistivity
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of a specimen to which a constant DC current is

applied is used, to monitor crack extension. The main

advantages of the dc potential drop method are the

comparatively simple test set-ups and the capability

of the technique to derive a correlation between crack

length and potential drop in a certain type of specimen,

by means of either analytical or numerical calculations.

By measuring DCPD output across standard specimens

with known crack length and by plotting the

normalized DCPD output against the crack length (a)

or the normalized crack length, a/W (where W is the

specimen width), calibration curve can be generated.

Similarly, by measuring the DCPD output as a function

of temperature, the temperature dependence of the

output voltage can be established. A combination of

these two curves can be used, for crack growth

monitoring. The main features of the DCPD system

used for crack growth monitoring are described below.

Fig.1(a): Photograph of the gaseous hydrogen charging facility set up to charge pressure tube

spools of length up to 200 mm with controlled amount of hydrogen. (a) Tubular furnace for
holding specimen, (b) Capacitance manometer indicator, (c) Capacitance manometer gauge

head, (d) Tubular heater for heating hydrogen source and (e) Vacuum pumping system [3-4].

DCPD system consists of a constant current unit to

supply a constant dc current, an arrangement to supply

this current through specimen, an arrangement to

measure the potential drop across the notch/crack in

the specimen and provision to record the DCPD output,

temperature and current continuously. The current was

supplied to the specimen through screw tightened

copper lugs, welded to copper wires. The DCPD

output was measured using the wire of the same

material (in this case Zr–2.5Nb), to avoid error due to

thermocouple effect. For this purpose, 0.5 mm

diameter Zr–2.5Nb wires were spot-welded to CCT

specimen, within 1mm of  each side of the notch. A

constant dc current was used for  fracture toughness

and DHC tests. The DCPD signal, specimen and furnace

 temperatures and current were continuously recorded

on 12-channel videographic XY recorder. This DCPD

system has been developed by the Materials Group,
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using in-house resources and expertise and is being

regularly used for crack length estimation, during

fracture toughness and DHC tests.

Terminal Solid Solubility (TSS) [16-17]

When a Zr-alloy sample containing hydride is heated,

with increase in temperature, TSS increases resulting

in dissolution of hydride in the matrix. For zirconium

alloys, hydride dissolution is associated with increase

in sample volume. On the other hand, when zirconium

alloy sample containing hydrogen is cooled down,

hydride precipitation takes place, resulting in decrease

in sample volume. Using dilatometer, it is possible to

detect the temperature corresponding to end of hydride

dissolution during heating and beginning of hydride

precipitation during cooling. For a given hydrogen

concentration, the temperature corresponding to end

of dissolution is called T
TSSD

 and the temperature

corresponding to beginning of precipitation is called

T
TSSP

. On the other hand, for a given temperature, the

amount of hydrogen in solution during heating and

cooling are called TSSD and TSSP, respectively.

Both T
TSSD

 and T
TSSP

 for hydrogen in zircaloy-2 and Zr-

2.5Nb pressure tube material was determined, using

dilatometry from thermal strain (e) vs. T plots, its

average slope (m) vs T plots and differential strain

(Diff. e) vs T plots. The average slope was the ratio of

change in length of the sample and temperature with

respect to reference values. The differential strain was

taken as the difference between the strains of the

hydrogen charged sample and that of the unhydrided

one. The values of the Arrhenius parameters i.e. pre-

exponential constant, A, and heat of solution, sHΔ ,

for zircaloy-2 and Zr-2.5Nb pressure tube material are

listed in Table 1. As is evident from this table, the

values of TSSD and TSSP, obtained by the three methods

were in good agreement. Though very small scatter

was observed between the TSSD values obtained in

the present investigation, the TSSP values obtained

from the three methods were nearly identical.

Once solid solubility is exceeded hydride phase

precipitates in Zr-alloys. A typical micrograph revealing

hydrides in Zr-2.5Nb pressure tube material, is shown

in Fig. 2(a). For a given hydrogen content, two features

of the traces of hydride on Radial-Circumferential (RC)

plane and that on the Axial-Radial (AR) plane of the

pressure tube, are to be noted in this figure. Firstly,

the trace on radial-axial plane is straighter and longer

as compared to the trace on radial-circumferential

plane. This is expected because the longer α phase

grain dimension along the axial direction of the

pressure tube, provides uninterrupted growth along

axial direction. The branching of the hydride on the

Table 1: The pre-exponential constant A and Enthalpy of the hydride dissolution or precipitation obtained during

heating and cooling for zircaloy-2 and Zr-2.5Nb (in parentheses) pressure tube materials [16-17].
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Fig. 2(a): The microstructural features of traces of hydrides on two orthogonal planes (AR and RC) of Zr-2.5Nb

pressure tube alloy charged with 73 (60) ppm of hydrogen. Arrow shows the radial direction and axial or circumferential

direction in these micrographs is normal to it.

radial-circumferential plane, is due to shorter grain

dimension along the circumferential direction of the

pressure tube. Interesting microscopic details of the

circumferential hydride plates are brought out in Fig.

2(b). The hydride plates, which appear as a single

entity under optical microscope, show two

sub-microscopic levels of organization. At platelet level

of organization, the hydride plates comprise of several

smaller hydride platelets, stacked with a near parallel

orientation with respect to each other. At sub-platelet

level of organization, each hydride platelet was

observed to be comprising of several tiny sub-platelets,

stacked closely, either laterally or end to end.

Fracture Toughness [18]

The material used for fracture toughness tests were

from double melted, autoclaved, unirradiated Zr-2.5Nb

pressure tube spools, gaseously charged with different

hydrogen concentrations. Metallographic examination

suggested that, hydride plates were oriented along

circumferential-axial direction of the tube. Curved

Compact Toughness (CCT) specimens of width 17 mm

were machined from these spools with crack plane

along axial-radial plane to facilitate crack propagation

along  axial  direction  of  the  tube. The fracture

toughness testing procedure recommended in ASTM
Fig. 2(b) Internal details of circumferential hydride as

observed in secondary electron mode.
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The variation in critical crack length for the catastrophic

failure of pressure tubes under reactor operating

condition with hydrogen content and test temperature,

is listed in Table 2. The value of CCL computed from

J
Q
 values by iterative method, in the present

investigation, was > 54 mm for all the hydrogen

concentrations and test temperatures. The CCL value

was highest at 423 K and for lowest level of hydrogen.

Stress-Reorientation of Hydrides [23-25]

The threshold stress for reorientation of hydrides was

determined, using a hydrogen charged tapered gage

tensile specimen, heating it to a solution annealing

temperature, to dissolve all the hydrides, cooling from

solution annealing to a reorientation temperature,

applying a constant load so as to attain stress variation

across the specimen axis, and allowing the specimen

to cool under load. After cooling, the specimen is slit

axially, examined metallographically for hydride

orientation, a montaze is prepared for the entire

sample, the boundary between radial and

circumferential hydride is marked and local and mean

Fig. 3: Influence of test temperature on (a) J
0.15

 and J
1.5

 and (b) dJ/da values of Zr-2.5Nb pressure tube alloy containing
different amounts of hydrogen [18].

standard E-813 was followed in the present

investigation, except for the fact that the crack length

was determined using Direct Current Potential Drop

(DCPD) technique, which facilitated the use of single

specimen technique, for fracture toughness parameter

determination.

The Influence of test temperature on (a) J
0.15

 and J
1.5

and (b) mean dJ/da values of Zr-2.5Nb pressure tube

alloy, containing different amounts of hydrogen is

shown in Fig. 3. The fracture initiation parameters

J
0.15

 appear to be mildly decreasing with increase in

test temperature, though for the samples containing

21 wt. ppm of hydrogen, the scatter in data was large.

The crack propagation parameters such as J
1.5

 and

mean dJ/da, increased with increase in test

temperature and appear to be reaching a saturation

value at higher test temperatures, suggesting that, this

data represents the high temperature part or upper

shelf of the typical S-curve, exhibited by the

temperature dependence of fracture energy. It may

be noted that, the mean dJ/da data showed least scatter

as compared to other parameters. Also, the difference

between crack initiation fracture toughness parameters

and crack propagation parameters increases, with

increase in test temperature.
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threshold stresses are determined [23-25]. Leger and

Donner [50], based on their observation of the

existence of a marked boundary between the radial

and circumferential hydrides across the thickness of

the pressure tubes, concluded that, a variation in

threshold stress across the pressure tube thickness, is

due to residual stresses in these materials. The

difference between the mean threshold stress value

and the local threshold stress across the thickness,

yielded the residual stress variation, across the pressure

tube thickness.

Fig. 4  shows the variation of the mean threshold

stress with reorientation temperature and is observed

to decrease with increase in reorientation temperature.

The threshold stress for reorientation of hydrides in

CWSR Zr-2.5Nb pressure tube material, shown in

Fig. 4, were determined using a tapered gage tensile

specimen, having its axis parallel to circumferential

Table 2: CCL (mm) for catastrophic failure of Zr-2.5Nb

pressure tubes under PHWR operating condition
computed from J

Q
 values obtained in this work at various

test temperatures and hydrogen contents [18].

Fig. 4: Variation in mean threshold stress with

reorientation temperature [24].

direction of tube. The tapered gage specimens were

gaseously charged with controlled amount of hydrogen

and subsequently allowed to cool under a constant

load. A montage of the micrographs prepared by

sectioning the specimen along its axis, revealed hydride

plate orientation as a function of stress. A unique value

of the threshold stress called mean threshold stress

for reorientation of hydrides in dilute zirconium alloys,

was determined by two methods, viz. half thickness

methods and area compensation method [50]. Also

plotted in Fig. 4 for comparison, is the mean threshold

stress value for this alloy, reported by Singh et al [23].

Fig. 5 shows the variation in residual stress (difference

of local threshold stress and its mean value) across

the thickness of the pressure tube, at various

reorientation temperatures. It was observed that the

residual stresses are tensile near the inside diameter

of the tube, whereas, these are compressive towards

the outer diameter of the tube. Both the peak residual

tensile and compressive stresses, were observed to

decrease, with increase in reorientation temperature

[24].

Delayed Hydride Cracking [5,26-34]

DHC is a discontinuous crack growth process and is

usually associated with an incubation period to crack

initiation, a stable crack growth velocity called DHC

velocity (V
DHC

) and a threshold stress intensity factor -

SIF (K
IH
). Below K

IH
, V

DHC
 is negligible and above this

threshold V
DHC

 increases rapidly with increase in SIF

up to K
IY 

(SIF corresponding to initiation of plastic

yielding at the crack tip). For SIF greater than K
IY
, V

DHC

is independent of the SIF. A second higher threshold

SIF corresponds to fracture toughness of the material

above which, crack grows in an unstable manner. V
DHC

is influenced to a varying degree by test temperature,

direction of approach of test temperature, strength of

alloy, hydrogen content, crystallographic texture and

microstructure of the material.
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Fig. 5: Variation in residual stress across the thickness of

the pressure tube at various reorientation temperatures
[24].

Fig. 6: The plots of DHC velocity (V
DHC

) in Zr-2.5Nb pressure

tube materials with inverse of test temperature [26].

Fig. 7: Plot of DHC velocity with stress intensity factor

for unirradiated cold worked and stress-relieved Zr-2.5Nb

Indian pressure tube samples tested at various
temperatures [27].

Fig. 6 shows the plot of DHC velocity with inverse of

the test temperature for CANDU, RBMK and Indian

pressure tube material. The temperature dependence

of V
DHC

 obtained by linear regression analysis is also

shown in this figure. The superscripts denote the source

of the material. At a given test temperature, the DHC

velocity for the Indian and the CANDU pressure tubes,

both of which are used in Cold Worked and

Stress-Relieved (CWSR) condition, are comparable

whereas the DHC velocity in RBMK pressure tube,

which is used in quenched and aged condition, is

about 2 to 3 times lower than that in CWSR pressure

tubes. The variation in DHC velocity (V
DHC

) with stress

intensity factor (K
I
) is shown for Indian pressure tube

material in Fig. 7 as a function of test temperatures.

For stress intensity factor (K
I
) > 15 MPa.m1/2, DHC

velocity is practically independent of the SIF and below

this value, DHC velocity decreases appreciably with

decrease in K
I
. The extrapolation of the plots, suggests

a threshold stress intensity value of about 9-11 MPa.m1/

2 for the temperature range of 476-556K [27].

Stress Field around Hydride Blister [35-39]

For computation of stress field around hydride blister,

the matrix of dimension in the ratio 1:5 was considered.

Zr was modeled with transversely isotropic elastic

constants [51] and zirconium hydride [52] was

modeled with isotropic elastic constants.

Computations were made corresponding to materials

properties at 400 °C for an axisymmetric case, with

the symmetry axis along vertical direction

(Figs. 8 & 9) and hydride / matrix yield strength ratios

of 0.2 and 1.0. The body was partitioned into several

small layers, with each layer transformed sequentially

(multi-step) or simultaneously (single step). 2263

number of8-node axisymmetric quadrilateral element
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was used.  The phase transformation of

the zirconium hydrogen solid solution into

hydride, was simulated by imposing a

temperature rise with appropriate thermal

expansion constants to obtain 17.2 %

increase in volume or a linear isotropic

swelling strain of 5.7%, which was

imposed incrementally using ABAQUS

FEM package.

The contour plot of the equivalent stress

in the blister and matrix around it for the

hydride / matrix yield strength ratio equal

to 0.2 and computed by multi-step

method is shown in Fig. 8.  The scale is in

units of MPa.  It may be noted that the

yield stress of the hydride is ~ 60 MPa

and that of the zirconium is ~300 MPa

[53].  As is evident from this figure, most

of the regions inside the blister and matrix,

are under negligible stress, with a small

strip near the boundary between blister and

matrix, under very high stresses.  Since the

hydride was considered to have lower yield

strength as compared to the matrix, most

of the volume change is accommodated

inside the blister by the plastic flow of

hydride.

The contour plot of the equivalent stress

inside the blister and the matrix around

it, with both the hydride and matrix having

identical yield strengths (300 MPa) and

computed by multi-step method, is

exhibited in Fig. 9.  The maximum value

of equivalent stress was observed at the

interface between blister and matrix.  The

stress decays as one moves away from

the blister matrix interface. All earlier

investigators [54-55] have simulated

hydride formation by raising the

temperature and allowing the phase transformation

of the entire hydride in one step.  For comparison, the

contour plot of the equivalent stress inside the blister

Fig. 8: Contour plot of equivalent stress in the soft blister and matrix

around it. Phase transformation achieved in multiple steps [38].

Fig. 9: Contour plot of equivalent stress in the blister and matrix around

it for hydride/matrix yield stress ratio equal to unity. Phase

transformation achieved in multiple steps [38].

Fig. 10: Contour plot of equivalent stress in the blister and matrix

around it for hydride/matrix yield stress ratio equal to unity. Phase
transformation achieved in single step [38].

and inthe matrix around it, computed by single step

method, is shown in Fig. 10. As is evident from Figs.

9 & 10, equivalent stresses in the blister and matrix
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are higher for a single step transformation, than that

for a multi-step transformation. The difference

between the hydrostatic stress variation along direction

2 (corresponds to radial direction of tube) computed

by single and multiple step methods, are shown in

Fig. 11. Since hydride blisters grow sequentially, a

single step phase transformation results in

overestimation of the equivalent stress.

A section of the hydride blister [36] is shown in

Fig.12a.  It is evident from this figure, that the section

of the hydride blister has three regions.  Far away

from the center of blister lies region I, comprised of

the matrix and circumferential hydrides (horizontal dark

lines).  As one approaches the center of the blister,

region II is reached which consists of the matrix,

circumferential hydrides and radial hydrides (normal

to circumferential ones).  Region III comprises of single-

phase hydride.  The texture and microstructure of cold

worked and stress relieved Zr-alloy tube is such that,

under the unstressed condition of hydride precipitation,

circumferential hydrides form.  When hydride

precipitation takes place under stress greater than a

threshold value, radial hydrides may form.

In Fig. 12(b), the threshold stress variation across the

sample thickness is superimposed on the plots of

computed stress for 11σ  x
2 
= 0.2, 0.5  and 1.0mm

(in the figure it is denoted as a ) [36].  The hydride

platelet orientation at any location in the matrix around

the blister is governed by the stresses generated due

to the hydride blister.  For any point in the matrix

where prevailing tensile stress is greater than the

threshold stress for reorientation of hydrides, radial

hydrides will also precipitate out.

Accommodation Energy of Hydrides and Its Habit

Plane [48-49]

The accommodation energy of δ-hydride in α-Zr single

crystal was computed by initial strain method.  The

body was partitioned into two parts viz., Hydride and

matrix. Transformation of the zirconium hydrogen solid

solution into δ-hydride is associated with about 17

percent positive change in volume [20].  The phase

transformation was simulated by imposing a

temperature rise in hydride, assigned with appropriate

thermal expansion constants. The computation was

carried out to determine the influence of hydride plate

orientation on the accommodation energy.

The plots of normalized accommodation energy with

hydride nuclei orientation for the case where hydride

is isotropic elastically and matrix is transversely isotropic

elastically, is presented in Fig. 13. The accommodation

energy values were normalized with value

corresponding to the zero degree orientation, which

corresponds to the case where broad face of hydride

disk is oriented normal to the c-axis of α-Zr hcp crystal.

The normalized accommodation energy shows minima

for zero degree orientation for fully elastic case,

suggesting basal plane of α-Zr phase as the habit plane

of δ-hydride. However, transformation of α -Zr-H solid

solution to δ-hydride is associated with about 17

percent increase in volume. Such a large increase in

volume is likely to cause plastic deformation of both

hydride and the matrix surrounding it. Hence,

dependence of accommodation energy on hydride

Fig. 11: Plot of pressure, ,

variation with distance along direction 2 for single and
multi step transformation of matrix to hydride [38].
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Fig. 12: (a) A section of blister in Zr-alloy. (b) Comparison of the computed stress σ
11

 and the threshold stress for
reorientation of hydrides across the thickness of the plate used for growing the hydride blister [36].

Fig. 13: Plot of accommodation energy with hydride

nuclei orientation for fully elastic case [49].

nuclei orientation, was also determined for elasto-

plastic case. The hydride phase was modeled to behave

isotropically both elastically and plastically [52]. The

matrix phase was modeled to exhibit transverse

isotropic elastic behaviour [51] and either isotropic

plastic behaviour (plastic or WH) or transverse isotropic

plastic behaviour (Hill) [53]. Both perfect plastic

behaviour (plastic) and linearly work-hardening (WH)

behaviour was considered. The material model allowed

linear increase in flow stress with plastic strain, resulting

in ultimate tensile strength 25 percent greater than

the Yield Strength (YS) of the material corresponding

to a plastic strain of 10 percent.

The plots representing the variation in accommodation

energies with hydride nuclei orientation for the elasto-

plastic hydride and matrix is shown in Fig. 14. The

plots of elastic component of accommodation energies

(Fig. 14a), plastic dissipation energy (Fig. 14b) and

total accommodation energy (Fig.14c) with orientation

are shown for Iso-YS case, where both hydride and

matrix have identical YS. The data in Fig.14 represented

by circular symbols, correspond to perfect isotropic

plasticity, square symbol correspond to linear

work-hardening isotropic plasticity, triangular symbol

correspond to perfect Hill’s plasticity and inverted

triangular symbol correspond to linear work-hardening

Hill’s plasticity behaviour of matrix. Both elastic

accommodation and plastic dissipation energy values

for linear work-hardening case were always higher

than the corresponding values for perfect plastic case,

resulting in total accommodation energy values for

the former greater than the latter. The elastic

accommodation energy values for Hill’s plastic case
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 was always greater than the corresponding values for

isotropic plastic case, whereas plastic dissipation energy

for the former was lower than the corresponding values

for the latter. However, the difference between the

elastic accommodation energy was greater than that

for plastic dissipation energy,resulting in total

accommodation energy for the Hill’s plastic case being

greater than the corresponding value for isotropic

plasticity case.

For Iso-YS case (Fig. 14a), the elastic accommodation

energy decreases with increase in orientation angle,

reaches a minima at 60° and increases marginally with

further increase in orientation. The plastic dissipation

energy for iso-YS case (Fig. 14b) increased with increase

in orientation angle. The plastic dissipation energy

dominated the total accommodation energy values,

ensuring that, the total accommodation energy

increased with increase in orientation angle. Thus for

elasto-plastic case also, accommodation energy shows

minima for zero degree orientation, suggesting basal

plane of α-Zr phase as the habit plane of δ-hydride.

Conclusions

Terminal solid solubility of hydrogen in Zr-alloy was

determined using dilatometry and was found to be

Fig. 14: Variation in accommodation energies with hydride nuclei orientation for Iso-YS case. The variation in elastic
accommodation energy (a) plastic dissipation energy (b) and total accommodation energy (c) with orientation is

shown [49].

internally consistent. Up to 90 wppm of total hydrogen

content, hydrides plates oriented along the

circumferential-axial plane of the tube did not affect

the fracture toughness appreciably. The threshold

stresses were observed to decrease with increase in

reorientation temperature. The difference between the

local threshold stress and the mean threshold stress

yielded the residual stress, which was observed to

decrease with increase in reorientation temperature.

For Zr-2.5Nb alloy manufactured by Q&A route delayed

hydride crack growth rate (V
DHC

) was lower as

compared to those manufactured from CWSR route.

Threshold stress intensity factor associated with DHC

in unirradiated, cold-worked and stress-relieved Indian

Zr-2.5Nb pressure tube alloy, was found to be about

9-11 MPa.m1/2 in the temperature range of 476-556K.

The stress field in the hydride blister and Zr-matrix

were estimated using the finite element method. The

computed effective stress obtained by carrying out

the single step transformation of a hydride is higher,

as compared to that obtained by a multi-step

transformation.  The stress field could explain the

formation of radial hydrides in the matrix near the

interface region. For both fully elastic case and elasto-

plastic case, the accommodation energy shows

minima for zero degree orientation, suggesting basal

plane of a-Zr phase as the habit plane of δ-hydride.
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ABSTRACT

Due to the l imitat ion imposed by exist ing materials on the performance of Indian nuclear

reactors ,  Zr
3
Al base intermetal l ics  have been cons idered as candidate mater ia ls ,  for

structural components in pressurized heavy water nuclear reactors, due to their attractive

propert ies.  However,  these a l loys could not be used for structural  appl icat ions in the

reactors, because of poor room temperature ductility and irradiation-induced amorphization.

Our recent studies of ternary addit ion of niobium in Zr
3
Al,  have shown some promis ing

results. The present paper reports microstructural evolution and high temperature properties

of these a l loys,  upon long t ime anneal ing treatment.  The formation of var ious phases,

temperature regime of their stabi l i ty,  chemical composit ion and volume fract ion of these

phases during prolonged annealing, have also been studied. A pseudo-binary phase diagram

with vary ing niobium concentrat ions has a lso been developed. The morphology and

distribution of the Zr
3
Al phase have been explained on the basis of long range diffusion, as

the rate control l ing step. High temperature propert ies are determined and suitable range

of deformation as wel l  as for appl icat ions, have been establ ished.

Introduction

Indian Pressurized Heavy Water Reactors (IPHWRs)

work at around 30% efficiency; this figure depends

upon the difference in the temperatures of the water

leaving the pressure tubes and the water coming out

of the heat exchanger. The latter temperature is difficult

to alter. In order to improve the efficiency, therefore,

attempts have been made to operate the reactors at

higher temperatures. These attempts are severely

restricted due to a sharp drop in the strength of the

current zirconium alloys temperatures above about

573 K. Higher efficiency therefore requires stronger

materials.

D r.  R a g h v e n d r a  T i w a r i  r e c e i v e d  t h e  D A E  S c i e n t i f i c  a n d  Te c h n i c a l

E x c e l l e n c e  A w a r d  f o r  t h e  y e a r  2 0 0 7
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In the context of the life of a reactor, radiation induced

creep is one of the major issues related to structural

materials. A small increment in the core temperature

would increase the creep rate by several orders. In

the intermediate temperature and stress range, which

prevails in IPHWRs, creep is mainly governed by

dislocation climb. This, in turn, depends on the rate

of migration of irradiation-induced point defects to

the dislocations. From the point of view of climb of

dislocations, interstitials are more deleterious than

vacancies. Thus a reduction in the creep rate could be

achieved, by reducing the diffusion of interstitials. In

this respect, an ordered structure could show a better

resistance to creep as due to long range ordered

structures, it effectively entraps vacancies which would

result in a higher steady-state vacancy concentration.

Consequently, interstitials have higher chances of

combining with vacancies and getting annihilated.

Some earlier theoretical studies [1,2] have shown, that

even at an intermediate degree of order, which is likely

to occur in the presence of irradiation under  steady

state condition, is sufficient to provide a substantial

reduction in the creep rate. A material with ordered

structure would be better suited for it.

In addition to this, one of the major problems

encountered with existing zirconium-based reactor

core structural materials, is related to hydrogen pick

up. Due to the very limited solubility of hydrogen in

these structural materials, various hydride phases

precipitate out upon thermal cycling and particularly,

during the shutting down of reactors. The anisotropy

associated with the hcp structure of the low

temperature α phase of these materials, causes

preferential precipitation of hydride precipitates, on

the basal planes. Such a preferential hydride

precipitation is not desirable, since being a brittle phase

it could provide an easy path for crack propagation.

Irradiation growth, which is associated with the

anisotropy in crystal structure, poses another

formidable problem, with abnormal growth occurring

in some undesirable directions. The use of a material

with an isotropic cubic structure and a high solubility

for interstitials like hydrogen, therefore, could solve

these problems.

In order to address these issues, a study has been

initiated, to explore the possible application of an

intermetallic phase, as structural components. Due to

high strength (~135 GPa at room temperature) and

adequate toughness (K
IC 

~50 MPa√m at room

temperature) Zr
3
Al-based alloys have been considered

as candidate materials for structural components in

Pressurized Heavy Water Reactor (PHWR) [1,2]. Unlike

existing structural materials which have highly

anisotropic behaviour due to hcp crystal structure, Zr
3
Al

with its ordered fcc structure (Cu
3
Au type; L1

2 
structure)

shows no preferred orientation due to higher

symmetrical crystal structure [2]. Moreover, Zr
3
Al has

a relatively low absorption cross section for thermal

neutrons, a reasonably high melting point (1723 K;

operating temperature < 0.34 T
m
) and a moderate

density  (5970 Kg/m3)  and ultimate tensile strength

three times that of the materials, which are currently

being used in PHWRs. However, Zr
3
Al based materials

have some inherent problems, which could be

summarized as: (i) inadequate control over the

distribution of undesirable phases [2], (ii) high notch

sensitivity [3] and (iii) irradiation-induced

amorphization [4].

Our recent study on ternary addition of Nb to the binary

Zr
3
Al, have shown some promising results. It has been

found that by addition of niobium, mechanical

properties of these alloys can be tailored [5,6]. Addition

of Nb to Zr
3
Al appears to alter the sequence of phase

transformation, thus providing an opportunity to

generate a variety of microstructures [5,7,8]. Some of

the phases encountered in the binary and ternary

systems of Zr, Al and Nb elements are listed in

Table 1.

To date, there has been no detailed study on

microstructures of the Zr
3
Al-Nb alloys, generated

during various heat treatment processes. The

work summarized in this  paper is a part of our

ongoing efforts on the development of the

Zr
3
Al-Nb alloy. In the present study, the

temperature range of 1100- 1723 K, where

most of the phase reactions are found to occur in the

binary Zr-Al system has been selected, and
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long term annealing treatment was given to obtain

the equilibrium microstructure.  This paper reports on

the formation of various phases in the microstructures

of samples of the Zr
3
Al-Nb alloys, aged in the

aforementioned temperature range, their chemical

composition and volume fraction and establishes the

role of Nb in the formation of these phases.

Physical and Mechanical Properties of Zr
3
Al

Based Alloys

Zr
3
Al has ordered fcc structure with lattice parameter

0.437 nm. The ordered Zr
3
Al phase remains stable

against any thermal treatment till it decomposes above

1300 K. However, some degree of disorder can be

induced by irradiation. Under extreme irradiation

conditions (fluence exceeding 1028 n/m2), it undergoes

amorphization at low temperatures, but retains its

crystalline nature in the intermediate temperatures

Table 1: Some of the phases observed in binary Zr-Al, or ternary Zr-Al-Nb  systems in

the Zr rich side

(600-800 K). The alloys of the material are of moderate

density 5.97 gm/cc with liquidus temperature of close

to 1723 K but high elastic modulus, shear modulus

and Poison’s ratio. Some of the properties of Zr
3
Al

have been compared with existing alloys and are listed

in Table 2 and variation in the properties of these alloys

is shown in Fig. 1.

Formation of Various Phases in Zr
3
Al-Based

Alloys

Phase in the binary alloys

Zr
3
Al, a line compound in the binary Zr-Al phase

diagram (Fig. 2), contains 8.97 wt% Al. The formation

of Zr
3
Al occurs via a eutectic and two peritectoid

reactions:

Liquid →     β + Zr
5
Al

3
 Te = 1625K        (1)
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β + Zr
5
Al

3 
→Zr

2
Al Tp1 = 1488K        (2)

β + Zr
2
Al → Zr

3
Al Tp2 =1293K        (3)

The as solidified material of this composition consists

of a metastable mixture of α-Zr(Al) (hcp) (transformed

from the high temperature β-Zr(Al) phase) and Zr
2
Al

(ordered hexagonal, B8
2
) phases [9] and the formation

of Zr
3
Al occurs when the as solidified material is heated

below 1248 K. The kinetics of the reaction reaches a

maximum of around 1163 K (about 80 K below the

transition temperature)[9].

Phases In ternary alloys

A summary of the different phases observed as a result

of annealing treatment at various temperatures for

the alloys Zr
3
Al, Zr

3
Al-1.8Nb, Zr

3
Al-3Nb and Zr

3
Al-

10Nb is given in Table 3. Subsequent to the

Table 2: Comparison of properties of Zr
3
Al, Zircaloy-2 and Zr-2.5Nb

Fig. 1: Some of the properties of Zr
3
Al based alloys as a

function of Nb concentration
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Fig. 2: Phase diagram of Zr-Al

Fig. 3: Schematic pseudo-binary phase diagram of the

Zr
3
Al-Nb system

Table 3: Summary of the different phases encountered in the Zr
3
Al-Nb alloys

identification of various phases, their chemical

compositions and volume fractions, it is possible to

propose the schematic phase diagram as shown in

Fig. 3, for the Zr
3
Al-Nb section. The vertical section

was developed from the different phase reactions

expected to occur and consequent emergence of the

various phases like, β, B2, Zr
5
Al

3
, Zr

2
Al, Zr

3
Al and their

ternary derivatives observed in these alloys.

The sequence of phase transformation remains nearly

same in the case of ternary alloys, but the phase fields

of various phases change considerably. Based on the

different phases encountered in the Zr
3
Al-Nb alloys,

the temperature range can be divided into three

temperature regions; Temperature Range 1 from 1473

K to 1723 K, Temperature Range 2 from 1223 K to

1473 K and Temperature Range 3 from 1223 K and

below. Annealing in the Temperature Range 1  exhibits

two-phase microstructure with the matrix phase as

the β phase and the second phase as the Zr
5
Al

3
 phase

or its ternary derivatives. A typical microstructure

obtained from samples annealed in Temperature range

1 is shown in Fig.4(a). The β phase in this temperature
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range remains disordered. The

volume fraction of the second phase

decreases with increase in niobium

concentration, but increases

marginally with decrease in

temperature.

The matrix β shows ordering

tendency and the Zr
2
Al phase and its

ternary derivatives are encountered,

when samples are annealed in the

temperature range 2. The Zr
2
Al phase

maintains the orientation relationship

with the β phase (Fig.4(b)). In the

Temperature Range 3 depending

upon the Nb concentration, presence

of a single phase or two phase

microstructure is noticed. Low

concentration alloys, up to 1.8Nb,

show the single L1
2
 phase,

whereas higher concentration

alloys show the presence of two

phase microstructures. With

concentration increasing to 3%Nb,

the microstructure of alloys comprises

the L1
2
 phase as the major phase and

the B2 phase as a minor phase (Fig.

4(c)) The B2 phase is found mainly

located at the grain boundaries of the

L1
2
 grains. The B2 phase is rich in

Nb and Al whereas the L1
2
 phase is

lean in Nb. With increasing

concentration to 10%Nb, the B2

phase becomes the major phase in

which small precipitates of the L1
2

phase are found distributed (Fig. 4(d)) along the grain

boundaries and in the interior of the B2 grain.

The size of the β + Zr
2
Al phase field is of technical

importance. This is because, depending on the

composition and temperature at which the phase field

is obtained, thermo-mechanical treatment can be

designed. As the particle size and the distribution of

the Zr
2
Al phase, control the rate of formation of the

equilibrium Zr
3
Al phase and relative volume fractions

of untransformed phases, final properties and

microstructures of the alloys can be controlled by

suitable thermo-mechanical treatment. The

morphology of the Zr
2
Al particles can be altered from

coarse, chunky particles, to fine uniformly distributed

particles, by selecting the appropriate annealing

treatment.

Fig. 4: Typical microstructure showing samples of Zr
3
Al-Nb alloys aged

(a) in the Temperature Range 1 (b) in the Temperature Range 2 (c&d)  in the

Temperature Range 3
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Selection of suitable temperature range for hot-

working

The suitable temperature for any given alloy will be

the temperature range in which for a given work

pressure, a maximum amount of deformation can be

imparted without failure. Such a condition is ensured

only if the material undergoing deformation rapidly

recrystallizes simultaneously. The search for a suitable

temperature range for deformation, essentially reduces

and determines the temperature range of

recrystallization. In the present study, using the

plasticity parameter of the material, after converting

from hot hardness tests, a gross temperature range

was determined. Microstructural examination of the

hot-deformed samples helped in identifying the role

of each phase during deformation and in turn, to

understand the role of niobium in altering the

temperature range of deformation.

Fig. 5 shows the variation in plasticity characteristics

as a function of temperature for some of the Zr
3
Al-Nb

alloys. From the thermo-mechanical application point

of view, a suitable temperature region can be

identified, by observing the minimum temperature

above which δ
H
 attains a value greater than 0.9. Based

on which the temperature region where these alloys

could be deformed successfully, was selected as

between 1050 K -1100K. The material in small quantity

has been successfully rolled in this temperature range

(Fig. 6). Typical rolled and partially cracked specimens

are also shown in the figure.

The microstructural studies of the hot-rolled samples

revealed, that the matrix β phase has undergone

dynamic recrystallization. It has been observed that if

interconnecting network of the Zr
2
(Al,Nb) phase forms,

Fig. 5:  Plasticity parameters as a function of temperature

Fig. 6: Specimens obtained after hot-working
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it provides an easy path for crack propagation.

Therefore, in order to avoid brittle failure of the alloy,

fine distribution of the Zr
2
(Al,Nb) phase in the form

of island morphology should be maintained. As the

volume percentage and the distribution of the

Zr
2
(Al,Nb) can be altered by temperature and by the

extent of deformation, small deformation in each step

and an intermediate annealing treatment of half an

hour after two successive passes, yield a uniform

distribution of the Zr
2
(Al,Nb) phase, in the relatively

large grain size of the β phase (8 to 10 mm). In short,

it can be deduced that 1100 to 1200 K is the optimum

temperature range. An intermediate annealing time

of 30 minutes is sufficient for producing the suitable

microstructure for the successive passes.

Room Temperature and High Temperature

Properties

The variation of the hardness in the Zr
3
Al alloys did

not show a monotonous fall as observed in many

other alloy systems, but showed maxima in the

intermediate temperature range. A similar

phenomenon has been observed in the Zr
3
Al based

phases, when the yield stress of the material has been

plotted as a function of temperature [9].

The microstructural study of the room temperature

deformed sample has shown, that the mode of

deformation is by glide of dislocation partials with

burger’s vectors as a/3<112> bounding superlattice

intrinsic stacking faults on {111} planes. The

dislocations responsible for the creation of anti phase

boundaries were absent in this temperature range.

Between the temperature range of 600-800 K, both

the modes of deformation occur simultaneously and

above 800 K, dislocations responsible for APB

dominate the deformation mechanism. At

temperatures close to melting point grain sliding

dominates other modes of deformation.

Hardness-time relationship

The variation in hardness with time at a constant

temperature, provides information of the creep

behaviour of the alloy, at that temperature. The

indentation creep results have shown, that the

hardness of the Zr
3
Al based alloys exhibit small

variations with time up to 800 K. The stress exponent

in this temperature range show a very high value,

indicating that the dominant modes of deformation

are athermal in nature.

At temperatures higher than 800 K, value of stress

exponent approaches close to 5, this suggests the onset

of the diffusion-assisted phenomenon. In order to

decipher the dominant creep mechanism operating

at different temperature regions, parameters such as

stress exponent, activation energy and activation area

were determined. The values of these parameters are

shown in Table 4. Activation energy of creep in this

temperature region, falls in the range of 250 to 350

kJ/mole (Table 4). On comparing with other alloys

like zircaloys and the Zr-2.5Nb, the value of the

activation energy of creep of the Zr
3
Al based alloys

appear higher, but these values fall within the range

of activation energies of creep, shown by other

aluminides such as Ti
3
Al, Fe

3
Al etc. [10,11]. Based on

these estimates it was concluded, that the activation

energy of creep in Zr
3
Al based alloys is due to the

self-diffusion of zirconium in the Zr
3
Al alloys.

Table 4: Parameters like activation area and activation energy calculated from the derived conventional

creep curves
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Several mechanisms have been proposed, to account

for the creep rate observed at high temperature range.

The mechanism based on diffusional flow (Herring-

Nabarro creep) and Coble creep can be excluded, as

for these processes stress exponent, n, should be equal

to unity. This condition has never been observed in

this alloy system in the temperature range of

examination. Two other mechanisms proposed are

(1) the model of climb of edge dislocations [9] and

(2) the model of jogged screw dislocations [9]. The

activation energy of both the mechanisms is the same,

but the activation area is different for both the

mechanisms. The former mechanism requires an

activation area of the order of b2, whereas the latter

requires activation area of the order of hundreds of

b2. The calculated activation area for the present

material is of the order of b2 and therefore, the climb

of edge dislocation is the dominating mechanism.

Based on the approach provided by Sargent and

Ashbey and Li et al [12,13]  a creep map for the Zr
3
Al

based material  has been drawn. Fig.7 represents the

creep map for the binary Zr
3
Al alloy and the data used

to generate this, is given in Table 5. The hardness

data was superimposed on it. The data points

pertaining to temperatures higher than 0.5 T
m 

are

marked in the map and it may be noticed that these

fall in the regime of power law creep. The values of

the data points for temperature lower than 0.5T
m

approach the plasticity region indicating that, at

temperatures below this temperature region,

deformation process is athermal in nature. This is in

agreement with our findings.

Concluding Remarks

Zr
3
Al is a novel intermetallic awaiting applications in

the nuclear as well as non-nuclear industries. The

present study elucidates the vast variety of

microstructures possible in the Zr
3
Al based

intermetallics. The formation of these phases

and their morphologies could be altered, using a

suitable combination of thermo-mechanical and

aging treatment. Mechanical properties assessed

Fig. 7: Creep map for binary Zr
3
Al phase

Table 5: Relevant data used to generate creep mechanism map.
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during the present study using indentation creep

mechanisms provided insight into the mechanical

properties and their variation with temperature.  Based

on the encouraging results shown by the Zr
3
Al-Nb

alloys, attempts are being made to fabricate a pressure

tube of smaller dimensions, which would be taken

up for further studies, for structural applications.
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A B S T R A C T

We report  on the development of a novel  e lectrostat ic  ion trap for high-resolut ion mass

spec t romet r y.  The  ion  t r ap  works  on  pure l y  e l e c t ros ta t i c  f i e ld s ,  the reby  a l l ow ing

simultaneous trapping and studying of multiple mass species, over a large mass range. Ions

are trapped and stored as a bunch between two coll inearly placed electrostatic ion mirrors

and osci l late continuously.  The osci l latory s ignals are fourier-transformed to produce the

frequency spectrum, wherein each frequency corresponds to a particular mass of the trapped

ions.  From the init ia l  exper iments a mass resolv ing power (m/Δm) of about 20,000 and a

storage lifetime of about 100ms is observed.  This unique feature and several other important

characteristics of this ion trap are presented, along with its application as a high resolution

mass spectrometer.

Introduction

Since the invention of Ion trapping techniques about

50 years ago [1], ion traps have been utilized for mass

spectrometric purposes.  These ion traps range from

small tabletop size to large ion storage rings.  In

general, in most of the small ion traps, ions are trapped

and confined to a small region of space using a

combination of magnetostatic or time-dependent (RF)

fields [2].  The motion of the ions under the influence

of such fields is usually a complex function of these

fields and in general has been well understood.

Another method of trapping and storing ions is the

storage-ring technique, where ions with high kinetic

energy are kept circulating with the help of magnetic

steering and focusing systems.  These are large

systems and are particularly advantageous when used

with electron-cooler inside, which the circulating ion

beam can be merged with the electron beam, in nearly

zero relative velocity conditions.  The storage rings

require external injection followed by acceleration

either externally [3] with a linac or within the ring

itself using synchrotron-type acceleration capabilities

[4,5].

Several techniques have been put forward for time-

of-flight mass spectrometry such as time-lag focusing

[6] and compensating mirrors [7].  Piyadasa, et al [8]

reported on a multireflecting instrument where a

resolution of about 31,000 for bovine insulin was

obtained.  Later, Benner [9] using a similar instrument

could trap and study DNA molecules.  Ring et al [10]

demonstrated the fourier transform capabilities of a

similar ion trap using a MALDI-type source.
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In this paper, we present an electrostatic ion trap,

similar to the one originally reported by Zajfman et al

[11], which is somewhere in between the small ‘table-

top’ devices and large ‘storage rings’ and its

application for mass spectrometry.  The principle of

working of this ion trap and its application to radiative

lifetime measurements has already been established

[12,13] hence only a brief description is presented

here.

Design of the ion trap

‘Photon-storage’ devices such as ‘optical resonators’

have long been used in optical devices such as lasers,

and their properties have been well studied. In such

devices, photons can be trapped between two focusing

mirrors and the stability condition is given by [14]:

(1)

where D is the distance between the mirrors and ρ 
1

and ρ
2
 are the radii of curvature of the mirrors.  In the

case of a symmetric resonator (ρ
1
 = ρ

2
) and using

the relationship for focal length f =  the above

equation can be simplified to:

                                    (2)

The ion trap presented here, works on a similar

principle in which the photon mirrors are replaced by

‘electrostatic ion-mirrors’ and the photon beam is

replaced by a well-defined ion-beam. The main

advantage with electrostatic ion mirrors is that, they

are not mass limited unlike ‘magnetic mirrors’, which

means, very massive ions can also be trapped and

stored along with lighter ions provided they have the

same kinetic energy.

The design of the ion trap closely follows the original

design of Zajfman et al [11,12].  A photograph of the

actual ion trap is shown in Fig. 1.  The ion trap consists

of two collinearly placed electrostatic ion mirrors, each

consisting of 5 electrodes.  The mirrors are arranged

on an optical bench with suitable tie-rods that ensures

that they are collinear.  In order to have lateral

confinement, an einzel lens is added before each

mirror.  Together with the einzel lens, the ion mirrors

have both reflecting and focusing properties that obey

Eqn.(2).  The inner most electrodes on each mirror are

grounded, thereby keeping the region between the

two mirrors field-free.

In order to have reflecting properties, the ion mirrors

need to have a potential which is high enough to

stop the ions i.e. where   Εμ is the kinetic

energy of the ion beam and q is the charge of the

ions.  The performance of the ion trap was simulated

with SIMION v7.0 software [15].  The initial set of

voltages on the ion mirrors and the einzel lenses could

Fig. 1:  Photograph of the ion trap
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Fig. 2:  Schematic of the experimental setup

Fig. 2. The setup consists of an electron impact ion

source followed by suitable acceleration and focusing

elements.  An electrostatic chopper is utilized, to pulse

the DC beam with pulse widths ranging from 0.5 to

5 microseconds.  In order to remove the energetic

neutrals that are produced along the beamline, a

zeman type 90o electrostatic deflector [16] is

employed.  The pulsed ion beam is allowed to enter

the ion trap through a 1mm aperture with the

help of suitable XY deflectors and einzel lenses.  The

entire beamline is kept at a very low base pressure of

about 5 x 10-9 mbar with the help of triode sputter

ion pumps, while the ion trap is pumped with the

help of a 1000 l/s cryopump and a base pressure of

about 7 x 10-10 mbar could be achieved which rises to

about 1 x 10-9 mbar with the ion source operating.

DC ion beam currents of about 50 nA could

be injected into the ion trap with every injection,

or about 80,000 ions equivalent per microsecond

pulse.

be obtained from the simulation, in order to determine

stable conditions of trapping.  However in order to

perform mass spectrometry with the ion trap, it is

important that the trapped ions remain bunched for a

long period of time.  In order to achieve this, the

voltages on the ion mirrors and the einzel lenses were

adjusted such that, the energy spread in the ion beam

which translates into velocity spread could be

compensated, by determining the turnaround points

inside the ion mirror.  It should be noted that this

procedure only reduces the time-spread in the arrival

of the ion bunch due to the energy spread in the ion

beam at the centre of the ion trap, where the image

charge detector is located.

Experimental  setup and results

A. Storage Lifetime Measurements

A schematic of the experimental setup is shown in
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The voltages on the entrance mirrors are lowered to

zero while injecting the ion bunch into the ion trap

and the voltages on the exit mirror are kept high all

the time.  The voltages on the entrance mirror are

switched ON (identical to the exit mirror), as the bunch

enters the image charge pickup tube, located at the

center of the ion trap.  This reduces any interference

due to the high voltage switching.  Fast high voltage

switches (Behlke GmbH, Germany. HTS Series) with

rise times of less than 100ns are utilized to effect the

high voltage switching.  The ion bunch is now trapped

between the two mirrors and oscillates with a

frequency that is inversely proportional to the square

root of the mass of the ions.  Once the ion bunch is

trapped, the ions can decay either by a charge transfer

type of reaction (the ions are neutralized by colliding

with a residual gas molecule and are no longer

trapped) or by elastically scattering off a residual gas

molecule and no longer within the realm of stability

condition of the trap.

The storage lifetime of the ions is given by :

where η is the number density of residual gas

molecules in the ion trap, σ is the charge transfer

cross section and ν is the velocity of the ions.  The

storage lifetime is measured by monitoring the

energetic neutrals, that leave the trap (roughly about

a quarter of the stored particles at any given time) are

detected by a Microchannel plate detector and counted

by a PC-based Multichannel scaler (FAST ComTec,

Germany. Model P7887) which histograms the data

given the bin sizes.  The start of the multichannel

scaler is slightly delayed, with respect to the start of

the trapping cycle.  The entire timing cycle is controlled

by a specially designed 6-channel, <5ns jitter timer,

whose pulse widths and delay could be adjusted for

individual channels in 100ns steps.  Storage lifetimes

measured for different ions are shown in Fig. 3.

Storage lifetimes of about 100ms or greater could be

achieved routinely which was only limited by the base

pressure in the ion trap.  Under these conditions, an

argon ion bunch oscillates with a frequency of about

332 KHz, which when measured for 50ms turns out

to be 16,500 oscillations or the equivalent of a 6 Km

long time-of-flight tube when unfolded.

B. Mass Spectrometry

The oscillation of the ions is detected with the help of

an image charge detector (a small metallic tube of

18mm length and 12mm diameter) located at the

center of the ion trap.  A proportional image charge

is induced on the detector every time the ion bunch

passes through it.  This charge is then amplified with

a suitable low noise charge sensitive preamplifier and

the output signal of the preamplifier is digitized by a

PC-based high speed digitizer card [CompuScope 82G,

Gage Inc.].  A fourier transform operation is

performed on the digitized signal, to obtain the

frequency spectrum.

Two types of ion trapping modes were employed to

optimize the oscillation signals of the ions.  In the

first case, the dispersive case, the potentials on the

ion mirrors were chosen to be linear which made the

mirror a ‘hard’ mirror.  In the second case, the self-

bunching case, a velocity compensated approach was

applied to the potentials on the ion mirrors, which

made the ion mirror function as a ‘soft’ mirror.

Fig. 3. Storage lifetimes of various ions
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Fig. 4 shows an FFT spectrum obtained in the

‘dispersive mode’ from the oscillations of a 40Ar+ ion

bunch, which was used to calibrate the mass

spectrometer.  The sensitivity of the ion trap was limited

by the capacitance of the image charge detector, the

capacitance of the ultrahigh vacuum electrical

feedthrough used to transfer the signal out of the

vacuum chamber and the input capacitance and the

noise levels of the pre-amplifier.  Thus in the present

setup, we could not observe 36Ar+ due to its very low

natural abundance. The FWHM (Δf) of the

fundamental harmonic is 50Hz and using R = m/

Δm = f/2Δf, we obtain a mass resolution of about

~ 3320.  The FFT spectrum was averaged for about

100 injection cycles.

Fig. 5 shows an FFT spectrum obtained from the same
40Ar+ ion bunches trapped in the self-bunching mode.

In this case, the oscillatory signals decayed much

slower than in the dispersive mode, which contributed

to a better FFT spectrum.  The FWHM (Δf) of the

fundamental harmonic is now 20Hz and using

R = m/Δm = f/2Δf, we obtain a mass resolution of

about ~ 8300.  The FFT spectrum was averaged for

about 100 injection cycles.

Fig. 4: Frequency domain spectrum showing the first
harmonic of trapped Ar+ ions in the dispersive mode

Fig. 5: Frequency domain spectrum showing the first

harmonic of trapped Ar+ ions in the ‘Self-bunching’

mode

Fig. 6a shows an ‘as recorded’ Xe+ frequency domain

spectrum obtained in the ‘self-bunching’ mode

averaged for about 100 injection cycles.  The peak

amplitudes closely match the known natural

abundances of the various isotopes.  Further, even

higher harmonics could be detected for longer

observation times in the self-bunching mode,

indicating that a very high mass resolution is possible

with this type of mass spectrometer.

Fig. 6b shows a 5th harmonic from which the mass

resolution is calculated as R = m/Δm ~ 21,000. This

is mainly because the oscillations of the ion bunches

in the ion trap are not affected by the usual factors

that affect normal TOF instruments such as trigger

jitter, time response of the MCP detector, etc. These

and other interesting features such as its ability to be

coupled with multiple ion sources such as MALDI ion

source, Electrospray ion sources, etc., make this ion

trap, a versatile instrument for mass spectrometry.

Conclusion

We have demonstrated a novel electrostatic ion trap

which traps and stores ions as a well defined beam

that works on the principle of an optical resonator.

Storage lifetimes of about >100ms for various ions

could be achieved.  We have also demonstrated the

capabilities of the ion trap as a high resolution mass

spectrometer with mass resolutions over 20,000.
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Fig.  6a:  Frequency domain spectrum showing the first
harmonic of trapped Xe+ ions in the ‘Self – bunching’

mode

Fig. 6b: Frequency domain spectrum showing the fifth

harmonic of trapped Xe+ ions in the ‘Self – bunching’
mode

Further improvements are presently underway to

enhance the mass resolution by utilizing extremely

low ripple high voltage power supplies, very low noise

charge-sensitive pre-amplifiers and to improve the base

pressure in the ion trap.  With these developments

we expect this ion trap to be capable of studying large

bio-molecules with particularly interesting functional

properties.
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A . S i n g h

Te c h n i c a l  P h y s i c s  a n d  P r o t o t y p e  E n g i n e e r i n g  D i v i s i o n

ABSTRACT

Diffusion bonded  very low resistance electr ical  contacts (specif ic contact resistance < 10
μΩcm2)  have been developed on n -type PbTe

 
and  p-type TAGS-85 ( (AgSbTe

2
)

0.15
(GeTe)

0.85
)

thermoelements.  Thermoelectr ic  devices having two p-n  couples in ser ies (each of four
elements having 7.5 mm dia)  generated an output power of       1.2 W (at operat ing
current of ~ 17 Amp) at hot s ide temperature T

h
 = 500 °C and a  temperature dif ference

Δ T = 410 °C. Internal resistance of the devices was found to increase l inearly with increase
in the number of thermoelements. The eff iciency of developed thermoelectric devices was
found to be 6 %. The devices have been continuously operated for  more than 8 months in
air without any degradation of the output power.

Introduction

In view of global energy need and global warming
problems, research and development in the field of
thermoelectric power generation, as a means of
recovering huge amount of waste heat emitted by
automobiles, factories etc., has been accelerating at
a fast prace. The ThermoElectric Devices (TED) convert
heat into the electrical energy. These consists of several
n- and p-type semiconductor thermoelements
connected electrically in series and thermally in
parallel. Electrical contact between these n and p-
type thermoelements is usually made using metallic
electrodes [1]. It is desirable that the joints between
the thermoelements and the electrodes have low
electrical contact resistance and resist fracture during
thermal cycling. Mechanical failure due to thermal
expansion mismatch may be eliminated, by inserting

a buffer layer of intermediate thermal expansion
between metal electrode and thermoelectric materials.
In addition to this, materials should be selected so
that there is no inter-diffusion between joining materials
and thermoelements. In thermoelectric coolers, solder
materials such as SnBi, are normally used to connect
p and n–type thermoelements, via Cu metal stripes.
However, for TED operating at high temperatures,
diffusion related problems are significant and may lead
to device performance degradation with time. A thin
diffusion barrier of material such as iron, molybdenum
or tungsten may prevent diffusion.

Depending on the operating temperature of TED,
different kinds of n and p-type semiconductor materials
are currently being used. Semiconductor alloys like
n-type PbTe and p-type (AgSbTe

2
)

0.15
(GeTe)

0.85

(TAGS-85) and Si-Ge alloys are well established for
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electrical power generation at high temperatures [1].
Since 1961, PbTe, TAGS-85 and Si-Ge based TEDs were
successfully employed for reliable delivery of power,
to space mission probes. These TED’s have worked
successfully for more than 20 years. In the space
mission TED such as n-PbTe/p-TAGS based devices,
the contacts between elements and electrode (nickel
stripes) were formed by Ag-Cu-In brazing alloys
[1, 2]. In case of Si-Ge based devices electrical contacts
were formed by tungsten as interconnect and graphite
as buffer layer [1, 2]. So far there are only few reports
that deal with details of fabrication of highly efficient
TED. Hori et al have fabricated a stacked TED using
Bi-Te and Pb-Te with are efficiency of 6.1% [2].The
key to realizing an efficient TED, depends on finding
good thermoelectric materials and very low contact
resistance between  interconnects and thermoelements
[3]. So far there is not enough published literature
which details interface studies of electrode /
thermoelectric materials and which play a significant
role in deciding the contact resistance and long-term
stability of TED.

Here we report the fabrication and characterization
of n-type PbTe and p-type TAGS-85  thermoelements
with Ag shoes at the ends and subsequently the
fabrication of devices using two p-n couples in series.
The p-type and n-type thermoelements were joined
by silver stripes using diffusion bonded contact using
Fe powder and SnTe based interfaces.  Two legs devices
showed an open circuit voltage of 135 mV and a
current of 17 Amp with matched load of 4 mW. In
these devices, contribution of contacts to total device
resistance was found to be 3.5%. The working
efficiency of the devices was found to be ~6 %.

Experimental details

Single-phase polycrystalline n-type PbTe and p-type
TAGS-85 materials were synthesized by vacuum
melting in a rocking furnace [1, 4]. To fabricate
n-type PbTe elements (7.5 mm dia. and 8 mm height),
powder of PbTe was filled in a stainless steel (SS) die
with interface layers of Fe and (50% PbTe+ 50%Fe)

as shown in Fig. 1(a). The SS die had a thin graphite
liner to avoid reaction with thermoelectric materials.
This layered structure was then pressed in a vacuum
hot press at temperature of 600ºC and a load of 700
kgs. The fabrication of p-type TAGS-85 elements was
carried out in a similar way to that of n-type PbTe
using SnTe and Fe as interface materials as shown in
Fig. 1(b). As the diffusion of Fe into TAGS-85 is
reported to result in rapid degradation of the contacts
[1, 4], SnTe was used as a diffusion barrier. For assembly
of the devices, PbTe and TAGS elements were
connected using silver stripes as discussed later.

The fabricated thermoelements were characterized for
phase identification, microstructures, interface analysis,
temperature dependence of Seebeck coefficient (S),
electrical conductivity (σ) and power output.
Conductivity was measured using a standard four-
probe measurement technique on rectangular bar-
shaped samples (PbTe, and TAGS) of 7x3x1 mm3 size
using silver paint contacts for voltage and current.
The Seebeck coefficient was measured using seesaw
method. For this purpose, two miniature Pt heaters
of 2 x 2 mm2 size were attached at two ends of the
rectangular samples, using thermally conducting but
electrically insulating alumina cement. The two ends
of the sample were alternately heated (to yield a
temperature difference of nearly 10 oC across the
sample) and generated Seebeck voltages were
measured using two silver pint contacts. The
temperature difference across the sample was
measured using a chromel- alumel (K-type) differential
thermocouple, which is fixed on the sample using
alumina cement. For measurements of temperature
dependence of S and σ , the sample with contacts
were placed in a furnace and temperature was
controlled at different value using a Eurotherm
temperature controller. Errors in the measurement of
S and σ  arise from error in measurement of sample
dimensions and voltage / thermocouple contact
spacings and total error is expected to be less than
10%. The measurements were repeated in 4-5 samples
of each type and results agreed within ±7% of average
value.
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In order to characterize the devices for maximum power
output, resistances of different values (0.5-30mΩ)
were prepared using thick copper wires. The length
of the resistance was maintained at more than 5 cm

to minimize any error due to soldering at
ends.Values of these resistances were accurately
measured using the four-probe technique by
soldering them between two thick silver stripes.
For power measurement, resistances were
connected across the devices and voltages across
them were measured using a Keithley make
nanovoltmeter. The measured voltage was used
to calculate device current and power using
already resistance values. Maximum power output
and optimum load were determined from these
data for different resistances. Errors in power
output measurement were due to small errors in
four probe measurement of load resistances and
is expected to be less than 2%.

Results and Discussion

Fig. 2 shows X-Ray Diffraction (XRD) patterns of
the synthesized compounds. These show single
phase PbTe (with NaCl structure with lattice
parameter of 6.463 Å) and TAGS-85 materials
.TAGS-85 is found to have hexagonal structure
with a and c- axis lattice parameters of 8.34 Å
and 10.66 Å respectively.

The various interfaces of the PbTe and TAGS-85
thermoelements were characterized by Scanning
Electron Microscopy (SEM) and Energy Dispersive
X-ray analysis (EDX) techniques and the results
are shown in Figs. 3 and 4 respectively. Here, we
may like to add that the interface images shown
here were obtained on thermoelements after
continuous operation for more than
4 weeks. In order to study the interfaces, the
samples were cut and polished to obtain a mirror-
like surface finish. The Back-Scattered Electron
(BSE) image of PbTe element (shown at the centre
of Fig. 3), clearly reveals chemically sharp
interfaces between Ag, Fe, (PbTe+Fe) and PbTe.
This is further supported by the x-ray mapping of

Ag, Fe, Pb and Te elements (shown as side images in

Fig. 3). No interaction between PbTe and Fe is

observed in (PbTe+Fe) layer. These results are in

agreement with the reported phase diagram of

Fig. 1: Schematic diagram showing the sequence of

materials inside the die set for fabrication of (a) n-type

( PbTe) and (b) p-type (TAGS-85) thermoelements.
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PbTe-Fe and indicate the high quality of the bonding
achieved between PbTe and Fe.

Results of imaging and elemental mapping of
TAGS-85 elements also showed chemically sharp
interfaces (Fig. 4). We did not observe any diffusion
across Fe/SnTe or SnTe/TAGS-85 interfaces which is
reported to result in the loss of device strength and
its failure. Due to immiscibility of Fe and Ag at
equilibrium, the Fe/Ag interface is found to be
chemically sharp in both type of thermoelements.
On comparison with images taken for fresh elements
(not shown here) no difference in interface sharpness
was observed.

The temperature dependence of Seebeck coefficient
(S), electrical conductivity ( σ ) and power factor (S2 s)

for PbTe and TAGS-85 elements are shown in Figs. 5
and 6, respectively. The electrical conductivity (σ)
decreases with increasing temperature for both
elements as expected for heavily doped

Fig. 2: X-ray diffraction pattern of (a) PbTe and

(b) TAGS-85 materials

Fig. 3: SEM image showing various interfaces in a PbTe
element. Side images show the elemental mapping of

Ag, Fe, Pb and Te obtained using EDX

Fig. 4: SEM image showing various interfaces in a TAGS
element. Side images show the elemental mapping of

Ag, Fe, Sn and Ge obtained using EDX
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Fig. 5: Temperature dependence of electrical conductivity (σ), Seebeck

coefficient (S) and power factor (P) for PbTe thermoelement.

Fig. 6: Temperature dependence of electrical conductivity (σ), Seebeck
coefficient (S) and power factor (P) for TAGS-85 thermoelement.

semiconductors. The absolute value of  S increases
with increasing temperature, resulting in similar
temperature dependence of the power factor (S2σ)
for both elements. The power factors at 500°C
are found to be 18 μWcm -1K-2 for PbTe and
24 μWcm-1K-2 for TAGS-85 as compared to the best
reported values of 26 and 36 μWcm-1K-2 respectively
[1]. It may be noted that synthesized PbTe and
TAGS-85 materials exhibit nearly same power factor
at temperature of operation and the transport
properties are very close to the optimized materials
synthesized by other research group.

For fabrication of the devices, thermoelements were
packed in an asbestos housing that provides an
enclosure to hold them and being an insulator,
reduces direct flow of heat between hot and cold
surfaces. Subsequently, silvers stripes were placed on
the top and bottom side the thermoelements. Fig. 7
(a) shows the schematic diagram for a two legs device.
The entire assembly was vacuum hot pressed (vacuum
of   2 x 105 Torr) and optimized bonding temperature
of 400 oC. Photographs of 2, 4 and 6 leg devices
fabricated in this manner are shown in Fig. 7 (b).

In order to characterize the

devices, they were placed in a

home-made testing set up,

having a spring-loaded hot

surface and water-cooled copper

base. The temperature of hot

surface and water-cooled surface

were measured by thin wire (25

μm) thermocouples placed

between the hot / cold ends and

device.

Characteristics for a typical two
legs device as function of load
resistance are shown in Fig. 8 (a)
for hot end temperature of 500ºC
and temperature difference of
410ºC. The device showed an
open circuit voltage of 130 mV
and maximum output power of
~ 1.15 watt (with load voltage
of 68 mV and current of
17 Amp.). Similarly other devices
were characterized and Fig. 8(b)
shows the maximum output
power for different devices as
function of hot side temperature
(T

h
). The expected open circuit

voltage was also estimated for a
temperature difference of 410ºC,
using Seebeck coefficient (of PbTe
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and TAGS) at average temperature of 295ºC. This
yielded a value of ~ 200 mV compared with the
measured value of 130 mV. The difference between
the measured and estimated values could be due to
actual temperature difference across PbTe and TAGS
part of elements in Fig. 1 being lower due to the
temperature drop across the silver metal stripes and
interface layers.

I-V characteristics of all the devices were found to be
linear showing ohmic contacts.  The internal resistance
(R

int
) of a device (See Fig. 1) has two contributions.

First contribution is due to material resistance (Rm)
contributed by (a) PbTe (R

PbTe
) and TAGS (R

TAGS
)

cylindrical shaped layers, (b) SnTe (R
SnTe

) or PbTe+Fe
(R

PbTe+Fe
) and Fe layers (R

Fe
) in TAGS/PbTe elements

and (c) silver discs and strips (R
Ag

). The second
contribution is combined contact resistance (Rc) of

all the interfaces in each element. Contributions to
Rm were determined by measurement of four probe
resistivity of each material (using bar shaped sample
described as earlier) and for a two legs device were
found to be, R

PbTe 
= 1.1 μΩ, R

TAGS 
= 0.75 μΩ, R

SnTe 
=

45.4 μΩ, R
PbTe+Fe

 = 5 μΩ, R
Fe 

= 0.87 μΩand R
Ag

 =
9.82 μΩ yielding a total materials resistance of Rm =
3.84 μΩ. The resistance of two leg device (having
four elements) was measured by the four probe
technique to be 3.98 mW (the resistance of complete
device was also calculated by measured voltage drop
across a load and open circuit voltage of the device.
Both measurements yielded similar results). This yields
average contact resistance for each element to be
35 μΩ (specific contact resistance = 7.6 μΩcm2 for
each contact). The contribution of contact resistance
to total device resistance is found to be 3.5%. Similar
results were obtained for four and six legs devices. It

Fig. 7: (a) Schematic diagram showing the packing and

interconnection between elements in two legs device

(b) Photographs of two, four and six legs TED

Fig. 8: (a) The load voltage (V
L
) and current (I

L
) as a

function of load resistance (R
L
). The inset shows output

power of two legs device (b) Output power different

devices as a function of hot side temperature (T
h
)

(a)

(b)

113  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R



114  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

may be noted that the fractional loss of power due to
contact resistance is approximately equal to the ratio
of contact and thermoelectric material resistances. For
contacts of given specific resistance, fractional loss
of power is independent of element area, but is
inversely proportional to element length. In some of
the earlier studies a specific contact resistance value
of less than 100 μΩcm2 has been mentioned as
desirable, for thermoelectric applications. As the four
probe resistance of the device can be measured
accurately (< 0.1% error), errors in the measurement
of contact resistance arise from errors in the
measurement of resistivity of each material (10% as
mentioned in the experimental section).

The efficiency of the devices was directly measured
as ratio of electrical power output to heat flow through
the device. For determination of heat flow through
device elements, radiation loss from heater and heat
flow through asbestos housing were first determined,
using thermally insulating material and plain asbestos
sheets. For two legs device, heat flow was found to
be 20 W, yielding a typical device efficiency of
~6% [4].  The durability of the devices was investigated
by their continuous operation under T

h
 = 500 ºC and

ΔT = 410 ºC in air. Three devices were operated
continuously for 8 months without any measurable
degradation.

Conclusions

In conclusion we have demonstrated a process for
the fabrication of thermoelectric devices based on
n-type PbTe and p-type TAGS-85 thermoelements.

The average electrical contact resistance for each
contact in the devices was found to be £10 μΩ-cm2.
SEM images and EDX analysis of electrode and
thermoelectric materials interfaces revealed chemically
sharp interfaces even after long period of operation of
devices. For hot end temperature of 500 °C and
temperature difference of 410 °C, two legs devices
exhibited typical output power of ~ 1.2 W (at current
of 17 Amp) with a working efficiency of 6%. The
devices have been continuously in operation for
8 months, without any degradation.
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ABSTRACT

The solid state diffusion characteristics in the Cu(Al) solid solution phase, was investigated
in the temperature range of  1023–1223 K,  us ing s ingle phase bulk  d i f fus ion couples ,
between pure Cu and Cu- 10 at.% Al .  The interdif fus ion coeff ic ients,  D ,  were calculated
using Boltzmann–Matano method and Hal l ’ s  method from the concentrat ion prof i les  of
the couples acquired us ing EPMA. The calculated interdi f fus ion coeff ic ients  (D )   ranged
between 1.39 X 10

-14
 and 3.97 X 10

-13
 m2/s  in the temperature range of 1023 to 1223 K.

The composition and temperature dependence of D were established. The activation energy
fo r  i n te rd i f fu s ion  va r i e s  f rom 123 .1  to  134 .2  k J /mo l  i n  the  concent ra t ion  range
1 at .  %  ≤≤≤≤≤  CAl ≤≤≤≤≤  9  at .  %. The impur i ty  d i f fus ion coeff ic ient  of  Al  in  Cu,  i s  determined by
extrapolat ing the interd i f fus ion coeff f ic ient  va lues ,  to inf in i te  d i lut ion of  the a l loy
i.e CAl → 0 and its temperature dependence was also established. The activation energy for
impur i ty  d i f fus ion of  Al  in Cu was found to be 137.1 kJ /mol.

M r.  A r i j i t  L a i k  i s  t h e  r e c i p i e n t  o f  t h e  D A E  Yo u n g  E n g i n e e r  A w a r d

f o r  t h e  y e a r  2 0 0 7

Introduction

The Cu-rich side of the Cu-Al system, finds commercial
application in the form of aluminium bronzes, which
are Cu-based alloys containing up to 16% Al. These
alloys are considered as potential materials for a wide
variety of applications, due to their corrosion resistance
and exceptionally high strength [1]. The Cu-side
terminal solid solution is single phase Cu(Al) (α-phase)
and can dissolve up to 19.7 at. % of Al and can be
strengthened by cold working. Additions of certain
elements, such as cobalt and nickel render these single-
phase binary alloys, age-hardenable. The Cu(Al) solid
solution takes part in two solid state reactions in the
system i.e. a eutectoid reaction β ↔ γ1 +Cu(Al) at
567 °C and a peritectoid reaction Cu(Al) + γ1 ↔ α2

[2]. These reactions being solid state in nature, their
kinetics are essentially controlled by the diffusion
behaviour of the participating phases.

It is worth noting, that Sprengel et al [3] showed that
the interdiffusion coefficients obtained from diffusion
couple consisting of multiple phases, differ from those
consisting of a single-phase. Kim and Chang [4] have
reported a large difference in the activation energy
for interdiffusion, determined by multi-phase diffusion
couples and single-phase diffusion couples, in the NiAl
phase. The large difference in the activation energy
could be due to the fact, that phase boundaries
formed in multi-phase diffusion couples, influence
the diffusion flux to a large extent. The phase
boundaries act both as source and sink for point
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defects and the grain boundaries in an intermediate
phase, formed during  annealing, may alter the overall
diffusion rate in the system. Therefore, the diffusion
coefficients calculated from such experiments, are not
truly representative.

Besides, no published data for tracer diffusivity of
aluminium (DAl) in Cu is available. It is worth
mentioning here, that this is due to the experimental
limitations in determining the impurity diffusion
coefficient of Al in Cu, primarily due to non-availability
of suitable radioactive isotope of Al, which could be
used as tracer. The only isotope which is suitable for
such experiments is  26Al (t1/2 = 0.75 X 106 yr),  which
has low specific activity and is extremely expensive.
The production and isolation of the 26Al isotope,
required for the radio-tracer diffusion experiments, is
extremely difficult [5] and can be achieved through a
(p,pn) nuclear reaction, with naturally occurring 27Al
in a cyclotron [6]. However, the impurity diffusion
coefficient of Al can also be determined, from
concentration-dependent interdiffuson coefficients,
using diffusion couples experiments. Recently such
studies on binary systems Ni-Al [7] and Zr-Al [8] have
been reported.

The present study reports a detailed investigation of
the diffusion behaviour in the fcc Cu(Al)  solid solution,
in the concentration range 0 ≤≤≤≤≤ CAl ≤≤≤≤≤10 at.% Al in the
temperature range of 1023 to 1223 K. The impurity
diffusion coefficient of Al in Cu, is determined by
extrapolating the interdiffusivity values, to infinite
dilution of the alloy i.e. CAl → 0 and its temperature
dependence was also established.

Experimental procedure

A dilute alloy of nominal composition Cu-10 at. %Al
was prepared by vacuum induction melting, using
pure (99.9%) Cu and pure (99.95%) Al. Rectangular
pieces of size 10 X 8 X 3 X mm3 were cut from the
rolled Cu-Al alloy and pure Cu and were encapsulated
in quartz tubes in He atmosphere and annealed at
1223 K for 72 h. The 10 X 8 mm2 surfaces of the
samples were prepared, to a metallographic

finish of 0.25 µm. The diffusion couples were made
by keeping the polished surfaces of the pure Cu and
the Cu-10 at. %Al alloy pieces in contact with each
other, under a pressure of about 5 MPa in an Inconel
die and then heating in vacuum better than 10"3 Pa at
1223 K for 1 h. Chemical analysis using EPMA across
the interface of the as-bonded couples, showed a
negligible diffusion width. The couples were then
sealed in quartz capsules in He atmosphere and
diffusion-annealed isothermally, for different time
intervals, in a preheated resistance heating furnace,
in the temperature range 1023–1223 K for 24–72 h.
The details of the heat treatment schedule of the
isothermal diffusion annealing are given in Table 1.
The cross-sections of the couples were prepared to
0.25 µm finish using standard metallographic
techniques as described earlier. The polished surfaces
of the couples were etched with an etchant with the
composition: 5 parts water, 5 parts ammonium
hydroxide and 2 parts hydrogen peroxide to reveal
the microstructure.

The cross-sections of the polished samples were
characterized using an optical microscope and an
electron probe microanalyzer (CAMECA SX100)
equipped with three wavelength dispersive
spectrometers. The operating voltage and beam current
were kept at 20 kV and 20 nA respectively. Pure Cu
and pure Al were used as standards for the analysis.
Lithium fluoride and thallium acid pthalate(TAP)
crystals were used, for diffraction of Cu-Kα and Al-Lα
lines respectively. The standard PAP correction

Table 1: Heat treatment schedule for the diffusion
couples

Couple Temperature Time
No. [K]  [hrs]

1 1023 72
2 1073 62
3 1123 48
4 1173 36
5 1223 24
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programme was used for atomic number (Z),
absorption (A) and fluorescence (F) corrections.
Quantitative analysis on point-to-point basis was done
at a regular interval of 1-2 µm, by scanning the sample
across the bonding interface, to determine the
concentration profile. For each sample, at least three
scans were taken at different locations, to confirm
the consistency of the concentration profiles.

Results and Discussion

Interdiffusion in the Cu(Al) phase

Fig. 1 shows a typical concentration profile for the
couple annealed at 1223K. The plot shows typically
solid solution type of concentration penetration curve
across the interface. The concentration profiles for all
the couples are of the same nature and is
represented by Fig. 1. During the process of annealing,
the initial compositions of the individual pieces of
the couples are preserved at the ends, thereby fulfilling
the requirement of infinite geometry. The interdiffusion
coefficients for various compositions, within the
diffusion zone for all the diffusion couples, were
calculated by using the Boltzmann-Matano method
[9,10] and Hall’s method [11]. The interdiffusion
coefficients (D) calculated ranges between
1.39 X 10-14 and 3.97 X 10-13 m2/s in the present
temperature range of annealing.

The interdiffusion coefficients were calculated at
compositions alloy, ranging from 0.5 at. % to 9.5 at.
% at intervals of 0.5 at. %. The concentration
dependence of interdiffusion coefficients at various
temperatures by Boltzmann-Matano method is
presented in Fig. 2. The interdiffusion coefficients at
various temperatures are fitted in a cubic relation of
the type:

D = a + b CAl + c CAl
2 + dCAl

3

Fig. 1: Concentration profile across the interface of Cu/
Cu-10 at. % Al couple annealed at 1223K for 24 h.

Fig. 2: Concentration dependence of interdiffusion
coefficient in Cu(Al) solid solution at various
temperatures

The values of the parameters a, b, c and d for various
temperatures are given in Table 2.

Such enhancement in the interdiffusion coefficient
D of the terminal solid solution, with the addition of
Al was reported in other systems as well. For example,
increase in the interdiffusion coefficient in the β-Zr(Al)
solid solution phase was observed in single phase [8]
as well as in multiphase [12] diffusion couple
experiments. Similar behaviour was reported in the
β-Ti(Al) solid solution phase by Hirano and Iijima [13].
Addition of Al to Cu decreases the solidus temperature
line in the Cu–Al phase diagram [2]. The activation
energy of diffusion is directly related to the solidus
temperature [14]. Therefore, with increase in Al
concentration, solidus temperature and hence
activation energy decreases and the diffusivity
increases.
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In order to establish the temperature dependence of
the interdiffusion coefficient D, the logarithmic values
of D (ln D) is plotted against the reciprocal of the
absolute temperature (T) of diffusion annealing for
various compositions in Fig. 3. A linear relationship
in this plot shows, that D follows an Arrhenius type
of relationship, D = D0 exp(-Q/RT). The pre–
exponential factor (D0) and the activation energy (Q)
were evaluated at various compositions, in the range
1 at. % ≤≤≤≤≤ CAl ≤≤≤≤≤ 9 at. % from the values of slope and
intercept of the plots in Fig. 3. The values are tabutaled
in Table 3. The activation energy for interdiffusion, Q,
varies between 123.1 ± 3.9 to 134.2 ± 3.9 kJ/mol
in this concentration range.

Impurity diffusion of Al in Cu

According to the Darken’s relation [15], the
interdiffusion coefficient in an infinitely dilute solid
solution, corresponds to the impurity diffusion
coefficient of the solute in the solvent matrix. The
impurity diffusion coefficient of Al in Cu phase was
determined, by extrapolating the D values in the range
0 ≤≤≤≤≤ CAl ≤≤≤≤≤ 1 at. %, calculated by Hall’s method, to
infinite dilution, i.e., CAl→0. In the narrow
composition range 0 ≤≤≤≤≤ CAl ≤≤≤≤≤ 1 at. %, D bears a linear
relationship of the type D = a + b CAl. Here the

impurity diffusion of Al in Cu is denoted as   (CAl

= 0). Table 4 shows the values of at various

temperatures of investigation. The logarithm of (CAl

= 0) is plotted against the inverse of absolute

Table 2: Values of the parameters a, b, c and d in the
relation D = a + b CAl + c CAl

2 + d CAl
3  (CAl is in at. %).

Fig. 3: Temperature dependence of interdiffusion
coefficient, D, at various concentrations of Al

Table 3:  Pre-exponential factor, D0, and activation
energy,  Q, for interdiffusion in the Cu(Al) solid solution
phase at various compositions of Cu and Al

Table 4: Impurity diffusion coefficients of Al in Cu.

Temperature a b c d X10-4

[K]

1023 -29.54 0.24 -0.03 16.21
1073 -30.48 0.04 0.01 -15.02
1123 -30.74 0.01 0.01 -10.63
1173 -31.75 0.14 -0.01 7.02
1223 -31.93 0.09 -0.01 5.04

Composition Al Pre-exponential factor Activation

[at. %] (D0 X 108) [m2/s] energy [kJ/mol]

1 4.88 129.5

2 7.01 131.9

3 8.22 132.8

4 9.60 133.6

5 10.83 134.2

6 9.68 132.5

7 9.97 132.3

8 8.58 130.4

9 3.82 123.1

Temperature Impurity diffusivity
[K] DAl

Cu [m2/s]

1023 1.4823 X 1013

1073 5.7903 X 10"14

1123 4.4646 X 1014

1173 1.6261 X 1014

1223 1.3582 X10"14
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temperature in Fig. 4. The frequency factor D0 and
the activation energy QAl have been estimated by fitting
a straight line to the data points in Fig. 4, by linear
regression method. The activation energy of impurity
diffusion is 137.1±4.0 kJ/mol. The temperature
dependence can be expressed by an Arrhenius relation:

m2/s.

activation energy for interdiffusion varies from 123.1
to 134.2 kJ/mol in this composition range. The
impurity diffusion coefficient of Al in Cu is determined
by extrapolating the interdiffusion coefficient values
to infinite dilution of the alloy i.e CAl→0. The
temperature dependence of the impurity diffusion

coefficient of Al in Cu was established and the

activation energy for impurity diffusion of Al in Cu,
was found to be 137.1±4 kJ/mol.
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Fig. 4: Temperature dependence of impurity diffusivity
of Al in Cu.

Summary

The interdiffusion coefficient for the fcc Cu(Al) solid
solution phase was determined, in the temperature
range of 1023–1123 K, using single phase bulk
diffusion couples, between pure Cu/Cu- 10 at.% Al
alloy. The interdiffusion coefficients, D, calculated
using Boltzmann–Matano method and Hall’s method,
were found to range between 1.39 X 10

-14
 and 3.97

X 10
-13

 m2/s in this temperature range. The
composition and temperature dependence
of the interdiffusion coefficient (D) were
established. The interdiffusion coefficient (D) was
found to follow a cubic relation of the type
D = a + b CAl + c CAl

2 + d CAl
3 with the concentration

of Al in the range 1 at. % ≤≤≤≤≤ CAl ≤≤≤≤≤ 9 at. %.
The interdiffusion coefficient (D) shows an
Arrhenius type of temperature dependence and the
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What is risk informed IN-SERVICE INSPECTION?

Risk Informed In-Service Inspection (RI-ISI) focuses the

utilization of risk quantification in formulating an ISI

plan, thereby emphasizing the importance of

surveillance and maintenance activities on plant risk.

This methodology has been successfully adopted by

Oil & Gas industry and Chemical plants, to that extent,

they were able to establish an effective structural

integrity management programme, which reduces

plant down time, industry and regulatory burdens and

continues to maintain plant safety. Risk informed

methodology has started catching up in nuclear

industry as well wherein Probabilistic Safety Assessment

(PSA) technique is widely used, for quantifying risk to

a plant. PSA results were able to provide insights into

myriads of decision making issues such as optimizing

Surveillance Test Interval, Allowable Outage Time etc.

Since these parameters are directly involved in

analyzing the unavailability of safety systems, solutions

are provided in a fairly direct manner. But the problem

becomes slightly complicated while suggesting an

optimum inspection interval for critical components,

involved in In-Service Inspection. This paper attempts

to traverse through these issues and provides a suitable

solution.

Risk can be defined as the likelihood frequency of an

event multiplied by the consequence of the event.

Extending this definition of risk in RI-ISI [1,2], two

factors, viz., failure frequency of the component and

its failure consequence are required, for applying this

methodology. The In-Service Inspection plan has direct

impact on failure frequency of component. After

estimating the failure frequency, the next issue involves

the selection of systems / components to include the

RI-ISI programme. In Nuclear Power Plants (NPPs),

consequence is quantified using PSA methodology,

whereby the Core Damage Frequency (CDF) is

computed. Electric Power Research Institute (EPRI) has

suggested a Risk Matrix for RI-ISI, which includes the

failure frequency of the components versus its

conditional core damage probability. The estimation

of Conditional Core Damage Probability (CCDP) is dealt

in detail in section 4. Risk Matrix has suggested 7

inspection categories, depending on risk level, which

determines the inspection interval, scope of inspection

and type of inspection. Many components can fall in

the same category, which specifies a period of

inspection interval. Proper optimization techniques

should be adopted, in deciding the components to

be taken up in each year, with respect to cost of

inspection, risk level of plant and permissible radiation

exposure. These issues and an appropriate solution

are summarized below:

1. How to select the component for inspection?

(Find a suitable importance measure)

2. How ISI affects component? (Use Markov

model)

G .  V i n o d

R e a c t o r  S a f e t y  D i v i s i o n

D r.  ( M s . )  G o p i k a  V i n o d  i s  t h e  r e c i p i e n t  o f  t h e  D A E  Yo u n g  E n g i n e e r

A w a r d  f o r  t h e  y e a r  2 0 0 7 .



122  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

3. What to do when many components fall in

same category? (Formulate optimization

problem).

How In-Service Inspection affects the risk of

plant?

In-Service Inspection checks for the structural integrity

of piping components, using various Non Destructive

Testing (NDT) techniques, to detect the presence of

flaws or cracks in the component, which can lead to

undesirable situations like leak or rupture. Failure of

the piping can be termed as the probability that the

component reaches these undesirable states. Even if

the piping reaches the leak state, repair activity can

be carried out during in-service inspection, so that, it

can be made functional. In other words, in-service

inspection decides the time-dependent failure

probability of the component. The NDT technique used

during ISI, also decides the probability of detection of

flaw that can lead to undesirable state. These aspects

have been efficiently handled using Markov model

[3,4], so that a realistic estimate of piping failure

probability can be used.

ϕ, the frequency for initiation of flaw can be chosen

based on the operating experience or expert judgement.

Inspect and repair flaw rate,ω  is defined as

ω = P
f1
P

FD
/ (T

I
 + T

R
)                                             (1)

P
f1 

= probability that piping element with a flaw will

be inspected per inspection interval. The value

will be 1 if it is in the inspection programme,

else it will be 0.

P
FD 

= probability that a flaw will be detected given

this element is inspected. This is the reliability

of inspection programme and equivalent to

Probability of Detection. For most Non

Destructive Examinations, the value is between

0.84 and 0.95.

T
I
 = Mean time between inspections for flaw, is

typically 10 years for nuclear power plants

T
R
 = Mean time to repair once detected, is in order

of days, 200 hrs.

Which System to select?

Importance measures have established their credibility

in decision making issues. But the conventional

importance measures are designed for applying in

components from safety systems, which appear in

the form of unavailability in PSA analysis. Since RI-ISI

principally deals with the components from process

systems, which appear as failure frequency in PSA

analysis, these conventional importance measures fail

to provide suitable solution. Borgonovo [5]

has suggested a new measure, Differential importance

measure, principally based on sensitivity methods,

which has been found suitable for RI-ISI.

Differential Importance Measure (DIM) can be defined

as the fraction of total change in Risk that is due to a

change in parameter xi.

Piping system state
S = Success state

F = Flaw State
D = Degraded (Leak or Rupture)

State Transitions
ϕ = Occurrence of flaw
ω = Inspect and Repair Flaw

λ′ = Occurrence of degraded state = λ
L
 + λ

R

λ
L
 =  Frequency of leakage

λ
R
 = Frequency of rupture

Markov model for single failure state
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where  R is the risk or Core Damage Frequency from

PSA model x
i
 is the component appearing in the PSA

model.

A detailed discussion of this measure with its

application in RI-ISI can be found in reference [6].

Consequence Analysis and Risk Matrix

Categorization

The risk information provides an estimate of

consequence of failure of a component, using PSA

models. Consequence can be quantified through the

estimation of Conditional Core Damage Probability

(CCDP). The risk from failure of a component on

failure of a specific joint i (eg. a particular weld) is

expressed in terms of CCDP
i
. The consequence

evaluation group is organized into two basic impact

groups: (i) Initiating Event and (ii) Loss of

Mitigating Ability [1,7].

In Initiating Event (IE) impact Group, CCDP
i 
can be

directly obtained from the PSA results, by dividing

the CDF due to the specific IE by the frequency of

that IE.

                          

(3)

In the loss of mitigating ability group, the event

involves the component failures in safety system.

Safety system can be in two configurations, standby

and demand. In standby, CCDP
i
 is

CCDP
i
 = [CDF

(qi = 1)
 – CDF

(BASE)
] * T

E
                    (4)

and in demand

CCDP
i
= [CDF

(qi = 1)
 – CDF

(BASE)
] * T

t
                     (5)

Where,

CDF
(qi = 1)

= CDF given the component failure from

joint i

CDF
(BASE)

= Base or reference 
 
CDF

q
i

= component failure/unavailability due to

failure from joint i.

T
E

= Exposure Time (Detection time + AOT)

T
t

= Mean time between tests or demands.

Risk matrix is defined as the decision matrix that is

used to categorize the components based on

degradation mechanism and consequence of its failure

(Fig. 1). From international experience [3], a basis has

been established, for ranking components rupture

Fig. 1 : EPRI risk matrix

(2)
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potential as High, Medium or Low, simply by

understanding the type of degradation mechanism

present. Each component is assigned the appropriate

category depending on its ΔCDF and degradation

mechanism. Each category specifies inspection

programme strategy, which will include prioritisation

of components for inspection, inspection interval,

inspection method and scope/volume of inspection.

How to optimize?

Many components may fall in the same inspection

category. An optimum plan should be devised

subjected to constraints such as risk to plant, cost of

inspection and radiation exposure to workers, if the

component is in radioactive area. A typical

optimization problem can be defined as

λ
system 

 =                                            (6)

Subject to constraints such as

C
j
 =                                          (7)

y
i
 = 1 for j = x

i
 , where x

i
 is the year of allocation of

the feeder. Else, y
i
= 0

E
j
 = max

1

Eye i

n

i
i ≤∑

=
                                         (8)

y
i
 = 1 for j = x

i
 , where x

i
 is the year of allocation of

the feeder. Else, y
i
= 0

Where,

n is the number of the components in ISI programme.

C
j
 and E

j
 are constraints for cost and exposure time

respectively.

The objective function itself is an implicit constraint

Case Studies in RI-ISI

(i) Heavy Water Plant- Kota

A pilot study has been carried out for first pair (CT1-

HT1) of first stage of exchange towers including gas

and liquid loops. Failure data collected from HWP (K)

have been statistically analyzed by Bayesian updating

technique and generic values are taken from API 581

[8]. ANSI /ASME B31G model has been used, to

estimate the remaining strength of pipeline containing

corrosion defects. First Order Reliability Method

(FORM) has been used for reliability analysis of

pipelines [9]. Detailed sensitivity analysis was also

carried out, for identifying various critical parameters.

For consequence analysis, sample quantitative factors

from guidelines of API 581 have been used for

consequences, due to toxic release and fire.

The study demonstrates that even at 25 years of plant

life, all the  Process Heat Exchangers, Coolers, Chillers,

Steam Heaters and the liquid pipe line (barring one)

poses Medium Risk mainly due to medium

consequences. Study also demonstrates that the

Towers and large diameter gas lines, fall in the High

Risk Category. Prima-facie the study indicates that there

is scope for optimization in the existing ISI Plan. It

would be proper to put a cautionary note that the

pilot study has considered certain failure models,

damage mechanisms, likelihood and consequence

factor, analytical technique etc. that may be improved

upon, in the detailed study.

With this study, it is strongly felt that by amalgamation

of ASME and API approach, statutory requirements,

past experience of HWB and generic data available

for similar plants, the ISI can be optimized.

(ii) Indian PHWR

In the systems considered, any failure in the

components present in PHT will be an initiating event,

viz., Loss of Coolant Accident (LOCA). Depending

upon the area of leak or rupture, they are classified
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either as small or large LOCA events. In the case of

Small LOCA, CCDP comes from the accident sequence

involving failure of Reactor Protective system, where

as in the case of Large LOCA, CCDP comes from

Table 1: Results of the pilot study on RBI of Heavy Water Plant

Fig. 2 : Schematic of PHTS and SDCS

accident sequence involving failure in injection and

recirculation of Emergency Core Cooling System

(ECCS).
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Table 2 : Risk impact analysis

For the shut down cooling system, pipelines

upto  the first isolation valves (MV1, MV2, MV3 and

MV4) are connected with PHTS. So any leak

or rupture in these pipelines will be equivalent

to a LOCA event, and treated likewise. After these

isolation valves, components will be in an on-demand

configuration. Here, mean time between the tests /

inspection interval or demand is to be considered.

Risk impact analysis essentially carries out a

comparison between the existing inspection

programme and risk-based inspection programme. For

the components considered in the case study, these

aspects were compared and summarized in Table 2.

Conclusions

Risk Informed In-Service Inspection is in itself an

efficient methodology to reduce the inspection

resources and plant down time. In the case of nuclear

power plant, radiation exposure is also another

limiting factor. By employing RI-ISI, the inspection can

be focused on the high risk significant systems /

components, thereby avoiding unnecessary radiation

exposure during the inspection of low risk significant

components. Safety is a prime concern in the nuclear

industry, which can be suitably contained by the ISI

programme suggested using RI-ISI methodology. There

are lot of inherent uncertainties involved in PSA

analysis, from the point of view of data and modeling,

which needs to be properly addressed for successful

implementation of RI-ISI.
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Introduction

Prevention of failure of pressurized and high-energy

components and systems, has been an important issue

in the design of all types of power and process plants.

Instead of the traditional fracture mechanics based

approaches, it is now possible to go for detailed

modeling of different fracture or material degradation

processes. In these models (popularly known as

continuum damage models or local models), the

effect of material damage is usually considered

as an internal variable in the expressions

representing the constitutive behaviour of

engineering materials [1-4]. Numerical analyses

based on these local damage models, however,

are often found to depend on the spatial

discretisation (i.e., mesh size of the numerical

method used). The increasingly finer discretisation

grids can lead to earlier crack initiation and faster

crack growth [5]. This non-physical behaviour

is caused by the fact that the localization of

damage in a vanishing volume is no longer consistent

with the concept of a continuous damage field,

which forms the basis of the continuum damage

mechanics approach. In this paper, the author has

regularized the Rousselier’s model [2] with the

M . K .  S a m a l
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I t  i s  now widely recognized in l i terature,  that the results  of  the local  damage model  are

mesh-dependent. The growth of damage tends to localize in the smallest band that can be

captured by spat ia l  d iscret izat ion. Upon mesh ref inement,  the solut ion converges to a

local ization zone of zero width ( in the l imit),  which results in zero energy dissipation and

hence the results  become phys ical ly  meaningless.  In this  work,  the Roussel ier ’s  damage

model has been extended to a nonlocal form, using the nonlocal damage parameter as an

addit ional  degree of f reedom of the f in i te e lement (FE)  model .  The mesh independent

nature of the model has been demonstrated through the simulation of fracture behaviour

of a standard fracture mechanics specimen, using different mesh sizes. The model has also

been applied for simulation of ducti le to britt le transit ion behaviour of ferr it ic steels. It  is

demonstrated that the temperature dependency of the Weibull parameters is observed due

to the inabi l i ty of the elasto-plast ic and conventional damage models to predict the pre-

cleavage ducti le crack growth of the order of few microns. With the use of the new model,

i t  has been poss ible to predict  the fracture toughness master curve of a ferr i t ic  pressure

vessel  steel  in the ducti le to britt le transit ion regime.
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help of a nonlocal  damage parameter, the evolution

of which is related to the local void volume fraction

through a diffusion type equation. This damage

diffusion equation has been discretised alongwith the

stress equilibrium equation using finite element

method.

In order to predict the cleavage fracture probability in

the DBT region, Beremin’s model [6] needs to be

combined with continuum damage mechanics models.

When simulating the crack tip stress field at a lower

temperature (when stress gradients are large) using

finite element (FE) method, one needs to use a very

fine mesh, which cannot be used for the classical (or

local) damage mechanics model as the mesh size is

pre-defined for a material (which is typically of the

order of 0.2mm). This order of FE mesh is too coarse

to correctly capture the low temperature crack tip

stress field and hence the Weibull parameters are

unable to predict the fracture toughness transition

curve, when the classical damage mechanics or elasto-

plastic models are combined with Beremin’s model.

Many times, an empirical variation of Weibull

parameters with temperature has been suggested [7]

and used the same for prediction of the transition

curve along with elasto-plastic analysis for calculation

of Weibull stress. However, the problem lies in the

inability to model small amounts of ductile crack

growth (before unstable cleavage fracture) in the FE

analysis. Again, the minimum amount of stable crack

growth that can be simulated is of the order of one

element size. In experiments, it is usually observed

that the average stable crack growth (before instability)

is of the order of 0.2 mm at -20 deg. C and hence to

simulate very small amounts of crack growth (of the

order of one-tenth of 0.2 mm), one requires mesh

sizes of the order of 0.02 mm. It is now clear that

local damage models cannot be used for these mesh

sizes and hence the use of nonlocal formulation has

been investigated in this work.

This paper is divided into six sections. After a brief

literature survey in the introductory section, the mesh

independent ductile damage model is briefly described

in the second section. The third section describes the

Beremin’s model which uses the two-parameter

Weibull statistics. The fourth section demonstrates the

mesh independent nature of the nonlocal Rousselier’s

model where a standard 1T compact tension (CT)

specimen (made of German low alloy pressure vessel

steel DIN 22NiMoCr3-7) has been analyzed in 2D plane

strain continuum at room temperature (upper shelf),

using four different mesh sizes near the crack tip

(i.e., 0.4, 0.2, 0.1 and 0.02 mm respectively). The

simulation of the fracture toughness transition curve

has been presented in the fifth section followed by

concluding remarks in the final section.

A mesh-independent ductile damage model

Recently, the author has developed a nonlocal

formulation of Rousselier’s model, using nonlocal

damage d as a nodal degree of freedom [8-9]. The

increment of the nonlocal damage variable  in a

material point  is mathematically defined as a

weighted average of the increment of the local void

volume fraction in a domain Ω, i.e.,

  .....(1)

where is the position vector of the infinitesimally

small volume dΩ and Ψ ( , ) is the Gaussian weight

function given by

  .....(2)

The length parameter l  in Eq.  determines the size of

the volume, which effectively contributes to the

nonlocal quantity and is related to the scale of the

microstructure. The above integral nonlocal kernel

holds the property that the local continuum is retrieved
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as l → 0. By expanding  f ( ) in Taylor’s series and

substituting in Eq.  and doing some algebra, one can

obtain the damage diffusion equation as

                ....(3)

where C
length

 is the characteristic length parameter of

the material. The yield function of the Rousselier’s

model is modified by substituting the nonlocal damage

d in place of the local ductile void volume fraction

f as

  .....(4)

where D and σ
k
 are the parameters of the Rousselier’s

model and are constants for a material. For solving

the boundary value problem of the nonlocal damage

continuum, one needs to solve the partial differential

equation  along with the mechanical equilibrium

equation

                                                              .....(5)

and the associated boundary conditions, where σ  is

the Cauchy stress tensor and f
b
  is the body force per

unit volume. For the nonlocal damage degree of

freedom, the additional (i.e., Neumann) boundary

condition is used and is expressed as

              .....(6)

Where  is the normal to the boundary . By

discretizing the weak forms of the governing

differential equations, we obtain the FE equations in

matrix form as [8-9]

    ....(7)

It may be noted that the stiffness terms K
ud

, K
du

 and

K
dd

 in the element stiffness matrix are contributions

of the nonlocal formulation and and are the

internal and external mechanical force vectors

respectively, whereas is the internal damage force

vector.

Beremin’s model for cleavage fracture

For initiation of cleavage fracture, several micro-

mechanical models have been proposed in literature

[6]. Many of these models share the common feature

that no modification of the material constitutive laws

is performed. It is thus assumed, that cleavage fracture

occurs before any material degradation due to void

growth etc. has taken place, which is true only in

case of fracture in the pure lower shelf region. When

treating problems of transition from ductile to cleavage

fracture, combination of cleavage and degradation

models is necessary. The inherently random nature of

cleavage fracture, has prompted many developments

of statistical models of fracture [10-11]. Most of these

are based on the so-called weakest link assumption,

which leads to the following expression for the

probability of fracture, i.e.,

  .....(8)

Where V
  
is the volume of the plastically deformed

zone (an essential condition for slip induced nucleation

of cleavage micro-cracks) in the component, V
ref

  is

the reference volume which is taken many times as

0.001 mm3. The function g(σ l
I 
) expresses the

probability of failure of an infinitesimal volume i
(having volume dV )according to the expression

                          .....(9)

where σ l
I
 is the maximum principal stress acting at a

material point  in the plastically deformed region

having volume. According to Beremin’s model [6],

the form of  is defined as

                        .....(10)
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where m and σ
u
 are the Weibull’s shape and size

parameters respectively. Using Eq. (10)  in Eq. (8),

one can obtain the probability of cleavage fracture P
f

at any given loading as [5]

                      .....(11)

where the loading parameter is defined as the Weibull

stress σ
w
 and is expressed as [6]

                        .....(12)

In the present work, Eq. (11)  is used to calculate the

probability of cleavage fracture of the CT specimen at

different loading levels and at different temperatures,

where the Weibull stress will be calculated using the

stress field ahead of the growing crack using Eq. (12).

Analysis of a compact tension specimen in the

upper shelf region

Experiments have been conducted at MPA, Universität

Stuttgart, Germany on standard 1T CT specimens (with

initial crack to width ratio  a
0 
/ W=0.522 ) at different

temperatures ranging from -100 to -20 deg. C in the

DBT region as well as at room temperature (upper

shelf) [12]. The specimens are made of German low

alloy pressure vessel steel DIN 22NiMoCr3-7. The

standard CT specimen has the following dimensions,

i.e., width W=50 mm, height  H=60 mm, thickness

B=25 mm and net thickness (after 20% side groove)

B
n
=20 mm. Due to symmetry, only half of the

specimen has been modeled with necessary symmetric

boundary conditions. Four different mesh sizes (near

the crack tip of the specimen) are selected for the

analysis, i.e., 0.4, 0.2, 0.1 and 0.02 mm respectively.

Both local and nonlocal Rousselier’s models have been

used. The other material properties used in the analysis

are listed in Table 1. The other material properties can

be found in Ref. [8-9]. Fig. 1 shows the load-CMOD

(crack mouth opening displacement) results of analysis

of the local model with different mesh sizes, and a

comparison with  experimental data. It is clear that

the results are highly mesh-dependent. Fig. 2 shows

the load-CMOD results of the nonlocal analysis and it

can be observed that the results are nearly mesh

independent and compare very well with experimental

data. Even the load-CMOD result obtained using a

very fine mesh of 0.02 mm near the crack tip,

compares very well with the experiment. The variation

of J -integral with crack growth in the CT specimen is

shown in Fig. 3 for the local model and in Fig. 4 for

the nonlocal model, for analysis with different mesh

sizes. As can be seen from Fig. 3, the predicted fracture

resistance behaviour is FE mesh independent for the

nonlocal model, whereas the results are highly mesh

dependent in case of the local model (Fig. 4). The

results of both the analyses have been compared with

those of experiment and it can be noted, that the

results of nonlocal analysis compare very well with

the experiment, even for the 0.02 mm mesh. Hence,

this mesh size has been used for further analysis in

the ductile to brittle transition (DBT) region.

Table 1: Material properties of DIN 22NiMoCr3-7
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Analysis of a compact tension specimen in the

DBT region

It was observed from experiments [13] that there is

virtually no remarkable stable crack growth in the CT

specimens before final fracture by cleavage in the

temperature ranges of -100 to -60 deg. C and hence

the fracture is nearly pure cleavage. However, at

temperatures beyond -60 deg. C, there is onset of

stable crack growth, which is of the order of 200

micron (average value) at -20 deg. C. The ductile crack

growth alters the stress and strain distribution ahead

of the crack tip in the specimens and hence it can

significantly affect the probability of cleavage fracture

of the specimens. In this work, simulations have been

carried out using 2D plane strain analysis of the CT

specimens at different temperatures in the DBT region

using combined nonlocal Rousselier and Beremin’s

model with a very fine mesh of 0.02 mm near the

crack tip.

The experimental values of fracture toughness (i.e.,K
JC

,

which has been calculated from the critical values of

J -integral at unstable fracture (i.e.,J
c
), Young’s

modulus (E) and Poisson’s ration (v) by using the

conversion formula K=[J.E/(1-v2)]1/2) at which final

fracture (by instability) occurred, are plotted with

respect to temperature (from -100 to -20 deg. C) in

Fig. 5 (open circles denote experimental points). It

can be seen from Fig. 5, that the scatter in the

Fig. 1 : Load-CMOD response of the 1T CT specimen for
different FE mesh sizes using local model

Fig. 2 : Load-CMOD response of the 1T CT specimen for

different FE mesh sizes using nonlocal model

Fig. 3: J-resistance behaviour of the 1T CT specimen with

crack growth for different FE mesh sizes using local
model

Fig. 4 : J-resistance behaviour of the 1T CT specimen

with crack growth for different FE mesh sizes using

nonlocal model
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Fig. 6 shows the comparison of predicted cleavage

fracture probability (for fracture toughness) curves

(with and without consideration of ductile damage

or stable crack growth) with experimental scatter bands

of the CT specimen. The lines (solid for 50%, dashed

for 5% and dotted for 95% probability of cleavage

fracture, corresponding to fracture toughness),

represent simulation results of combined elasto-plastic

analysis and Beremin’s model (without modeling of

stable crack growth) and the dots (open dots for 5%,

semi-open dots for 50% and closed dots for 95%

probability of cleavage fracture) represent the

simulation results using combined nonlocal damage

mechanics analysis and Beremin’s model. The value

of C
length

 parameter for the material has been taken

as 0.05 and other model parameters are given in Table

1. It can be observed from Fig. 6, that predicted

fracture toughness values (corresponding to 5%, 50%

and 95% probability of failure) match very well with

those of experimental data, except the fracture

toughness corresponding to 5% probability of failure

at -20 deg. C (simulation value is slightly less than

that of experiment).

Conclusions

In this work, a nonlocal form of the Rousselier’s

damage model has been developed. The effect of

stress-strain and damage history of the surrounding

material region on the damage development at a

material point is taken care of, though a damage

diffusion equation. The FE formulation of the new

model has been developed, in order to solve problems

with complicated geometry and boundary conditions.

experimental fracture toughness is large at -20 deg. C

as compared to the scatter at -100 deg. C.

Initially, elasto-plastic analysis of the CT specimen was

performed, in order to calculate the probability of

cleavage fracture. This was carried out essentially to

demonstrate the importance of the simulation of stable

crack growth in prediction of cleavage fracture. It may

be noted that a single set of Weibull parameters

(m and σ
u
 are taken as 34.6 and 2005 MPa

respectively) was used, for the whole temperature

range under consideration and hence these are treated

as temperature-independent in the present work.

Obviously, crack growth is not simulated in the

elasto-plastic analysis and hence the predicted

probability P
f
 of cleavage fracture of the Beremin’s

model (without damage) could not capture the

experimental scatter as shown in Fig. 5. The master

curve approach [13] also provides a basis for the

determination of fracture toughness values within the

transition temperature regime. In this approach, the

cleavage fracture toughness (K
JC

 ) is defined by the

equation

                                                                  .....(13)

where P
f
  is the probability that a single selected

specimen chosen at random from a population of

Fig. 5 : Comparison of simulated (elasto-plastic analysis)

scatter of fracture toughness of CT specimen with
experiment in the DBT region

specimens will fail before reaching the K
J
 value of

interest, T is the temperature in deg. C and l
cf
  is the

crack front length (measured in mm) for the defect

being assessed. The master curve reference

temperature T
0
  is usually determined, using a

standard test method [13] from a limited number of

fracture toughness tests, performed on ferritic steels

of a specified product form at different temperatures,

in the ductile-brittle transition range.
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In order to predict the probability of cleavage fracture

in the DBT region, simulation of small amount of stable

crack growth is very important. It is important to

realize the fact that the stress field gets modified ahead

of a growing crack and hence prediction of the same

is crucial for accurate determination of the loading

parameter, i.e., Weibull stress. With the help of mesh

independent nonlocal damage models, it is possible

to use a very fine mesh ahead of the crack tip, in

order to predict stable crack growth, of the order of

few microns.
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ABSTRACT

Various morphologies of Tellurium, such as thin films and films made from Te nanostructures, have been

explored as toxic gas sensors, operating at room temperature. The resistance of these films was found to

increase reversibly, on exposure to reducing gases, while the opposite effect was observed on exposure to

oxidizing gases. The sensitivity as well as the selectivity of these sensors, with respect to different gases has been

studied. Response to different gases was found to be a function of various parameters like: deposition temperature,

substrate crystallinity, grain size and effect of intra-grain and grain boundary regions. Techniques like Raman

spectroscopy, X-ray photoelectron spectroscopy and Impedance spectroscopy has been employed, for investigating

the gas-–tellurium interaction.

Introduction

In recent years, because of increasing awareness about

environmental pollution, efforts have been made for

the development of sensors, which can detect gases

in the ppm level and are economical and roboust in

operation. Routinely used semiconductor gas sensors

are based on SnO
2
, WO

3
, ZnO and TiO

2
. All these

materials are n-type semiconductors and require

operating temperatures in the range of (200-400 oC).

High temperature operation of these sensors and

associated power consumption (in the range of

200 mW to about 1W) precludes battery-driven

operation and leads to problem in long term stability.

For the last few years, a lot of effort has gone into the

fabrication of new materials, which can detect different

gases at lower temperatures, particularly at room

temperature. Recently, a group led by Tsiulyanu has

reported the use of Tellurium (Te) thin films, for room

temperature detection of some toxic gases such as

NO
2
 [1], CO and propylamine [2]. Moreover, the lower

melting point (~ 723K) of Te and its elemental nature

implies, that its films can easily be evaporated devoid

of any stoichiometric deviations, thereby making it

an attractive material for study in gas sensing

properties. Tellurium is an elemental semiconductor

with energy gap of 0.34 eV. Its thin films show

p-type conduction due to lattice defects acting as

acceptors.

We have studied the gas sensing properties of Te thin

films deposited by thermal evaporation as well as Te

nanotubes grown by physical vapour deposition: both

at atmospheric pressure as well as under vacuum
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conditions. Sensitivity towards different gases has been

studied and the effect of different parameters on the

sensitivity of these films has been investigated. The

interaction of gas was investigated using Raman

spectroscopy, X-ray photoelectron spectroscopy and

Impedance spectroscopy [3,4].

Experimental Details

Thin films have been typically deposited by thermal

evaporation technique using molybdenum or tantalum

boat at a vacuum of better than 10-5 Torr. Depositions

were carried out at the rate of ~ 0.5 to 10 nm/s,

monitored by using quartz crystal thickness monitor,

to yield films of 200 nm thickness. The films have

been deposited at different substrate temperatures

between 77 and 373 K and on different substrates

like  sapphire, polycrystalline Al
2
O

3 
(alumina) and glass.

For the growth of Te nanotubes under vacuum

conditions, deposition was carried out on Si (111)

substrate at substrate temperature of 100 °C. Further

Te nanotubes were also grown on metal nanoparticles

like Ag and Au by the same method [6].

Growth of Te nanotube under atmospheric pressure

was carried out under argon atmosphere, in a tubular

furnace [7]. In brief, Te powder was loaded in an

alumina boat and placed in a 1 m long quartz tube.

The furnace temperature was increased to 550 °C in

presence of Ar gas flow of 150 cc / min and maintained

at this temperature for 2 hours. Te nanotubes were

found to deposit on quartz tube in the direction of

gas flow, at temperature of 30-50 °C. These nanotubes

were dispersed in ethanol to make a suspension, which

was painted on a glass plate to form a film.

The gas sensitivity of these films was recorded by

measuring their two probe resistances in the presence

of gases with varying concentrations. For resistance

measurement, the electrical contacts onto the film

surfaces were made, by thermally evaporating gold

pads in a two-probe configuration and attaching silver

wires to them, using indium solder. For sensitivity

measurements, the film was loaded in an airtight

housing having a volume of 250 cc. A measured

quantity of the gas was taken from a canister,

containing gas at 1000 ppm concentration, using a

syringe and introduced in the housing, so as to yield

the desired gas concentration. The response and

recovery of the films exposed to different gas

concentrations were obtained, by plotting their

resistance as a function of time.

Results and Discussion

Tellurium thin films: The effect of deposition

parameter like substrate temperature was investigated

for Te films deposited on alumina substrate. The

morphology of Tellurium films deposited on alumina

substrate at various substrate temperatures between

77-373 K, shows a change in microstructure from

amorphous to polycrystalline (supported by SEM

images and XRD), accompanied by grain growth with

increasing substrate temperatures. Films deposited at

77 K are smooth and do not show the presence of any

grains, indicating their amorphous nature whereas films

deposited at 373 K, show grain growth in the form of

dendrites with an average size of ~ 800 x 155 nm2

which are polycrystalline in nature [5]. The effect of

substrate crystallinity on microstructure of films, has

been investigated by in-situ deposition of films on

amorphous (glass), polycrystalline (alumina) and single

crystal (sapphire) substrates held at 373 K. All these

films showed dendritic growth with smallest grain size

on glass substrates. While the grain size is similar for

films on sapphire and alumina substrates, coalescence

of grains on sapphire, has reduced sharp grain

boundaries.

The gas sensitivity of these films was measured at

various temperatures for several gases like NH
3
, H

2
S,

NO
2
 etc. Response of Te films is found to reduce with

increase in temperature, for both oxidizing and reducing

gases and at T~ 373 K, the sensitivity drops to

negligibly low values (< 10 %) for all the gases. Thus

all sensitivity studies have been been carried out at

room temperature.
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Te films deposited at 373K on alumina were able to

detect less than 0.1 ppm of H
2
S. The response and

recovery time for 1 ppm H
2
S were 5 and 20 minutes

respectively. Sensitivity of Te sensors at 10 ppm

concentration of different gases as NH
3
, H

2
S, NO

2
 etc.

showed that, films are most sensitive to H
2
S and have

good response to NO
2
 while they have no response

to CO and hydrogen gases.

Response of the films deposited at different

temperatures on exposure to H
2
S shows that, the film

sensitivity increases with the deposition temperature.

Increase in sensitivity at higher deposition temperatures

is attributed to low defect density in the films at higher

temperatures [5]. In the presence of defects (which

increase at low deposition temperatures), excess

charges (holes) generated on interaction with gases

are trapped on defect centers, leading to a reduced

change in conductivity (hence, sensitivity). This also

leads to slower response time for films deposited at

lower substrate temperature.

Response of Te films deposited at 373K on glass,

sapphire and polycrystalline alumina to H
2
S showed

that, the films deposited on glass substrate show

maximum sensitivity while those on sapphire show

minimum sensitivity. This is understandable, as smaller

grain size for films on glass substrates provides large

effective surface area for gas-film interaction, thereby

improving its gas sensitivity. Coalescence of Te grains

on sapphire, reduces grain boundary area, that reduces

gas sensitivity.

Tellurium nanostructures: To further increase the

surface-to-volume ratio, films of Te nanotubes were

tested for different gases. These films were found to

show maximum response towards Chlorine gas.

Impedance spectroscopy studies showed that, the

response to chlorine and other oxidizing gases is mainly

contributed by change in grain boundary resistance

and is therefore enhanced for nanotubes. On the other

hand, the intergrain region  resistance contributes

response towards reducing gases (like H
2
S), thus thin

films are more suited to H
2
S sensor.

Metal nanoparticles were found to act like nucleation

centres  for the growth of Te nanotubes, by  thermal

evaporation method under vacuum. This lead to the

formation of dense, uniform and oriented nanotubes

of Te on Si(111) substrate [6]. Sensors made from Te

nanotube on Ag nanoparticles, were found to show

selective response towards NO gas, because of some

catalytic reaction between Ag particle and NO gas, as

investigated by Raman and XPS spectroscopy.

The gas detection mechanism of tellurium was

investigated using Raman and x-ray photoelectron

spectroscopy. It was observed, that at room

temperature, oxygen is absorbed on the surface of

thin films. This oxygen traps electrons and leads to

increase in the hole concentration and conductivity.

On exposure to reducing gases, this oxygen is removed

which leads to decrease in the hole concentration and

thus increase in resistance of the film. On the other

hand, on exposure to oxidizing gases, more electrons

gets trapped and thus the hole concentration and the

conductivity of the film increases.

Conclusions

Te thin films and nanostructures were investigated for

their sensitivity towards different gases at room

temperature. The thin films were found to show

maximum sensitivity for H
2
S. Films deposited at 373

K on glass substrates, showed maximum sensitivity

towards gases such as H
2
S and NO

2
, because of lower

defect density as well as smaller grain size. The

selectivity towards NO
2
 was increased by depositing

Te nanotubes on Ag nanoparticles on Si (111) substrate

at 100°C. Te thick film made from Te nanotubes

synthesized in furnace under atmospheric pressure,

was found to show high sensitivity towards chlorine

gas.  The sensitivity towards oxidizing gas was found

to be contributed by the grain boundary part of the

films while response to reducing gas is from the

intragrain region.
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Introduction

Various mixed oxides with spinel, perovskite and
pyrochlore structures have been widely investigated
in order to explore their suitability as substitutes for
noble metal catalysts, for applications in pollution
control, electrolytic cell, water splitting reaction etc.
[1-3]. Their thermal behaviour, stability, reducibility
and oxidizability, ease of oxygen desorptivity are
important criteria, on the basis of which an oxide
catalyst is designed. With an objective to enhance

thermal stability and incorporate high catalytic activity
to these oxides, various mixed metal oxides, have been
synthesized and investigated in detail and attempts
have been made to incorporate multiple cations at A
or B sites of these oxide systems, so as to further
tailor their catalytic behaviour and  stoichiometric
stability, during actual application. The Temperature
Programmed Reduction/Oxidation (TPR/TPO)
cycles have been recorded, to investigate their
redox behaviour, as a function of the value of x
(extent of the substitution), in which T

max
 values

M . R .  P a i

C h e m i s t r y  D i v i s i o n

ABSTRACT

The structure–activity correlations of large number of substituted novel mixed oxide systems,
with their  catalyt ic act iv i ty for react ions involved in pol lut ion control  and energy related
reactions, were established. Thermal behaviour, stability, reducibil ity and oxidizability, ease
of oxygen desorptivity of oxide samples, which are important considerations to design an
oxide cata lyst ,  were probed by the Temperature Programmed Deduct ion /Oxidat ion/
Desorption (TPDRO) technique. Thermo physical propert ies and catalyt ic performances of
vast number of oxide/mixed oxide catalysts as a function of extent of dopant, particle size
calc inat ions temperatures were invest igated. Different kinds of catalysts needed to meet
many strategic requirements of the Department of Atomic Energy,  such as the catalysts
required for hydrogen-oxygen recombinat ion in nuclear insta l lat ions under emergency
s i tuat ions and the catalysts  for sul fur ic  ac id decomposit ion react ion involved in Sulfur-
Iodine thermochemical cycle for hydrogen production, were also developed. In this article,
the potential  of TPDRO technique for thermophysical characterization of few select oxide
samples used in var ious catalyt ic react ions would be discussed.
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indicated the ease of reducibility and oxidizability
respectively, of the oxide samples which were further
correlated with the value of x. The amount of Hydrogen
consumed under TPR curves was correlated with the
nonstoichiometry generated in the mixed oxide
samples, as a result of alter-valent substitution. Also
successive 4-5 TPR/TPO cycles were recorded, to study
their reproducible behaviour and stability, during
prolonged use in catalytic applications. Temperature
Programmed Desorption (O

2
-TPD) in the inert

atmosphere upto 1000°C were recorded, to study the
effect of substitution –induced oxygen-ion vacancies,
generated on the ease of thermal desorption of lattice
oxygen. H2-TPD helped in evaluating the active metal
surface area of metal, dispersed on supported
samples. H

2
-TPD profiles of H

2
 storage materials reveal

the kinetics and ease, with which H
2
 is released from

storage materials on thermal activation [4]. TG/DTA
has been recorded, to investigate the phase transitions
and their stability in varying atmospheres, as a function
of the value of x in various studies.

Recently, studies on In-Ti-O system [5] were
undertaken, with the objective to monitor the thermo-
physical characteristics and redox behaviour of
substituted Indium titanate (In

2
TiO

5
) single-phased

samples, which can serve as prospective catalysts. The
amount of H

2
 consumed under TPR curves, was

correlated with the nonstoichiometry generated in the
In

2
Ti

1-x
Fe

x
O

5-δ samples. Fe/Cr substitution, induced ease
in the reducibility (T

max
) of substituted oxides, as

compared to In
2
TiO

5
. Formation of In1+ and presence

of Cr3+ in the reduced sample is confirmed, using x-
ray photoelectron spectroscopy. Earlier, we have
reported the structural characteristics; thermal stability,
redox properties and the catalytic activity of pyrochlore
or AIVB

2
O

7
 type (Th

x
La

1-x
V

2
O

7-δ) compounds; the
influence of La3+ substitution at A-site over the redox
behaviour and catalytic activity studies of these oxides
for reaction of methanol was studied [6]. La
substitution results in lowering of reduction
temperature, as reflected by TPR profiles. The factors
responsible for these catalytic and redox properties of
substituted ThV

2
O

7
 samples, are identified as

generation of nonstoichiometric phase, where

involvement of lattice oxygen plays an important role
as revealed by O

2
-TPD. The shift of the overall TPR

profile to lower temperature, indicated the ease of
reduction process, due to oxygen ion vacancies
generated in V

2
O

7

4- chains. DTA/TG results revealed,
that the presence of La led to suppression of the
polymorphic behaviour of ThV

2
O

7
 [7]. As compared

to ThV
2
O

7
 and Th(VO

3
)
4, 

the LaTh(VO
4
)
3-δ phase was

found to reduce at higher temperatures. Similarly in
the metavanadate of thorium, Th(VO

3
)
4
 as a function

of substitution by La and Mn at both A and B sites
respectively. In case of La substitution in Th(VO

3
)
4,
 the

substituted samples comprised of two distinct phases,
one corresponding to tetragonal thorium
metavanadate with partial substitution at A-sites, i.e.
La

x
Th

1-x
(VO

3-α)4
, and the other a new phase identified

as LaV
4
O

11+δ . A definite correlation is found to exist
between the microstructural defects generated in the
above-mentioned two phases because of the oxygen-
ion vacancies, resultant enhancement in thermal
diffusitivity of lattice oxygen as revealed by lowering
of temperature requirement for desorptivity of Oxygen
in O

2
-TPD, and finally the catalytic activity of the

substituted mixed oxides. We have also studied and
reported the stability, redox behaviour, and catalytic
properties of La

0.8
Sr

0.2
Mn

1-x
Fe

x
O

3-δ (LSMF) oxides, as a
function of cationic substitutions at B sites [8]. The
lowering of T

max
 in the TPR profiles and the

enhancement of catalytic activity in case of LSMF
samples were governed by a combination of factors,
such as (i) a smaller crystallite size - resulting from Fe
substitution at B-site, (ii) and greater non-stoichiometry
caused by substitution of an aliovalent cation at
B site, facilitating the lattice oxygen diffusion via
anionic vacancies generated in the process and
(iii) a change in the symmetry around a constituent
cation. Very recently we have reported the catalytic
decomposition of sulphuric acid by Fe

2(1-x)
Cr

2x
O

3
 oxide

catalysts, an intermittent reaction in generation of
hydrogen by sulphur-iodine thermochemical water
splitting cycle [9]. In case of Fe

1.8
Cr

0.2
O

3
, shift in T

max

is 12°C for consecutive cycles, in contrast to 50° in
case of Fe

2
O

3
, thus indicating that Cr substitution

helped in stabilizing active Fe
2
O

3
 component. Thus

Solid solution of 10 % Cr substitution in Fe
2
O

3
 lattice
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behaviour of the substituted perovskites, in addition
to the effect of substitution-induced micro-structural
defects and the synergistic effects due to valence
changes of the active metal components.

TPR/TPO studies

The reduction profiles (TPR) of LSM along with
its iron-substituted analogues are presented in
Fig. 2 (a-f).  The reduction profile of LSM
(Fig. 2a-f) shows at least two clear reduction stages,
first at 350-600°C and the second stage in the
wide temperature interval of 700-980°C. We may
mention that Mn is the only reducible species in the
case of LSM sample. This profile clearly indicates the
existence of two distinct manganese sites,
corresponding to XPS bands mentioned above. Such
multiple reduction stages have been reported by
Buciuman et al [26] in case of TPR study on LaMnO

3.16

samples, with substitution at A site with Sr, Ba, K and
Cs.  It has been demonstrated by these authors, that

has not only enhanced activity and stability, but also
prevented the deactivation of the catalyst during
prolonged use in sulfuric acid decomposition reaction.
The salient results of these systems are summarized
below.

Catalytic and redox properties of nano sized

La
0.8

Sr
0.2

Mn
1-x

Fe
x
O

3-δδδδδ      mixed oxides

La
0.8

 Sr
0.2

 MnO
3-δ  (LSM) reportedly is important as

prospective cathode material for solid oxide fuel cells.
In the present study, our objective was to investigate
the catalytic and redox properties of LSM material, as
a function of Fe substitution. The La

0.8
Sr

0.2
Mn

1-x
Fe

x
O

3-δ

(LSMF) samples of perovskite-type structure, with the
value of x ranging from 0 to 1.0 were synthesized, by
using two different methods, viz. nitrate and solid
state routes and by calcining at different temperatures.
The samples were characterized by using techniques
of powder X-Ray Diffraction (XRD) and N

2
 adsorption

techniques. The chemical state in these multi-metal
oxides was identified using X-ray Photoelectron (XPS)
and Mossbauer Spectroscopies (MB).  The redox
behaviour of these samples was studied by recording
TPR profiles. The effect of iron substitution on particle
size, reduction behaviour and catalytic activity of these
materials, was evaluated for a CO oxidation as a model
reaction.

The XRD studies showed, that the incorporation of
iron resulted in single phase samples of orthorhombic
symmetry, instead of the rhombohedral symmetry of
the parent perovskite LSM phase. The Mössbauer
spectra revealed that iron existed in trivalent state but
in three distinctive coordinative environments. At one
of these sites, iron was found to be paramagnetic in
nature and the concentration of these species
decreased with increasing iron content. On the other
hand, XPS results (Fig.1) revealed, that the
coordination of ‘B’ site cations Fe and Mn was
different at the surfaces of the sample as compared
to those in the bulk.  No significant segregation of an
individual metal was noticed at the surface layer. At
the same time, the particles of Fe-containing samples

were smaller in size as compared to LSM and it was
found to have direct bearing on the lowered reduction
temperature and the enhanced catalytic activity of
LSMF samples.  The results of comparative study of
same compositions prepared by different routes
revealed that subtle changes in particle morphology
may also play an important role in the catalytic

Fig.1 : Mn 2p XPS spectrum of La
0.8

Sr
0.2

Mn
0.8

Fe
0.2

O
3-δ

(LSMF2) catalyst.
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Fe3+ only at very high temperature. The lowering in
reduction temperature in case of LSMF6 sample is
attributed to synergism among metal ions of different
oxidation states existing in different coordinations as
mentioned above. The shift in Tmax from ~300°C  to
higher temperature ~500°C from LSMF6 to LSF sample
respectively, is attributed to increase in symmetric
ordering of Fe as we go from LSMF6 to LSF sample as
indicated by Mössbauer spectroscopy results.
In addition to the role of Fe substitution, the reduction

Mn is present in +4 as well as in +3 states and the
Mn4+ state reduces at a lower temperature as
compared to Mn3+. This has been interpreted in terms
of lowering of the oxidative nonstoichiometry, on
substitution of La3+ by cations at lower oxidation stage,
while keeping the tetravalent manganese practically
unchanged. Since our sample shows rhombohedral
symmetry, the reduction of strontium substituted
lanthanum manganites is likely to follow the scheme:

At 350°C

La3+
0.8

Sr2+
0.2

Mn4+

x
Mn3+

1-x
O
3.16

 → La3+
0.8

Sr2+
0.2

Mn3+O
2..9

At 700°C

La3+
0.8

Sr2+
0.2

Mn3+O
2..9

→ 0.4 La
2
O
3

+ 0.4 MnO + 0.2  SrMn
3
O
6-−δ

The XRD pattern of the TPR residue of LSM showed
the presence of La

2
O

3
, MnO and SrMn

3
O

6-d
. In line

with the previously reported studies, we conclude that
the low temperature reduction in Fig. 6 arises due to
Mn4+→ Mn3+ and at high temperature i.e. above
600°C, it is due to Mn3+ to Mn2+.

In case of sample LSMF2 where a part of Mn is
substituted by Fe, an additional shoulder band is
observed at ~ 400°C and the intensity of high
temperature bands  (T

max
 ~ 520, 700 and 900°C) is

decreased considerably (Fig. 2b).  Fe3+ has partly
replaced Mn4+ and Mn3+. This was further supported
by the XRD results showing a clear change in symmetry
from rhombohedral to orthorhombic, which is known
to be an oxygen deficient compound. As the
concentration of Fe increases, the 520°C band shifts
to a further low temperature of 494°C for the value of
x = 0.2, indicating that, iron substitution facilitates
the reduction of Manganese ions. For further
substitution of Fe considerable decrease in reduction
temperature is observed for example, LSMF4 and
LSMF6 (Figs. 2c-d) shows Tmax at 395 and 308°C.
TPR profiles of composition with higher concentration
of Fe (Fig. 2 e-f) showed that a strong reduction band
at temperature above 800°C indicating reduction of

profile of a sample depended upon the particle
morphology as well. Thus, a considerable shift was
noticed at a higher temperature in TPR profile of
a representative La

0.8
Sr

0.2
Mn

0.8
Fe

0.2
O

3-δ sample,
synthesized by solid state route and
having larger particle size. These results are shown in
the dotted curve b of Fig. 2. The solid state synthesized
sample reduces at ~150°C higher temperature as

Fig. 2 : Profiles of typical 1st TPR cycle of different LSMF

samples synthesized by solution route, (a) LSM,

(b) LSMF2, (c) LSMF4 (d) LSMF6 (e) LSMF8 and (f) LSF.
Curve (b dotted) shows TPR profile of a LSMF2 sample

synthesized by solid state route.
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The results of the present study show, that the substitution

of Fe in place of Mn, caused a rearrangement in the

symmetry of the parent LSM perovskite.  Thus, the

substituted samples exhibited an orthorhombic symmetry

instead of the rhombohedral symmetry of the

unsubstitued counterpart.  At the same time we observed

the existence of multiple valence states of Mn and Fe

cations at the B site in the substituted samples, validating

the synergistic effects of these cations in generating the

lattice vacant sites, that in turn may lead to the ease of

sample reducibility.  It is also important to notice a

decrease in the particle size and the corresponding

increase in surface area, in case of the substituted mixed

oxide samples synthesized through solution route and

calcined at relatively lower temperatures (Table 1). We

observe direct influence of symmetry around Fe atom

on the reduction behavior and catalytic activity of these

samples (Figs. 1-3). The catalyst LSMF6 has three types

of Fe in asymmetric environment, leading to the highest

activity and lowering in reduction temperature. The

decrease in CO conversion and increase in reduction

temperature from LSMF6 to LSF sample, is attributed to

increase in symmetric ordering of Fe as we go from

LSMF6 to LSF sample, as indicated by Mössbauer

spectroscopy results. Based on our experimental results,

we may thus suggest that in addition to substitution

induced nonstoichiometry, synergestic effects micro-

structural defects arising due to cationic substitution,

certain subtle changes in the particle morphology of

these mixed-oxides, may also play an important role in

the enhancement of their catalytic activity for oxidation

reactions.

Thermo-physical characterization of Ru/Al
2
O

3

catalyst samples using TPDRO

Two samples of the titled catalyst, one fresh Ru/Al
2
O

3

and other used for hydrogenation of a macrocyclic

compound, were characterized for their total and active

metal surface area, crystal structure, redox behaviour

during successive reduction-oxidation cycles, metal

content, oxidation state of Ruthenium etc. In the fresh

by La
0.8

Sr
0.2

Mn
0.4

Fe
0.6

O
3-δ 

(LSMF6) catalyst  and is in
line with the considerable lowering in reduction
temperature to ~300°C (Fig. 3d) as compared to
533°C of the unsubstituted sample. The decrease in
CO conversion from LSMF6 to LSF sample, is attributed
to increase in symmetric ordering of Fe as we go from
LSMF6 to LSF sample as indicated by Mössbauer
spectroscopy results.

compared to solution route synthesized sample. The
increase in reduction temperature indicates that redox
properties are affected significantly by particle size.

Catalytic activity

Fig. 3 presents the CO oxidation activity of
Fe-substituted LSM samples, all synthesized at a
calcination temperature of 900 oC. As seen in curves
b, c and d of this figure, the iron containing samples
exhibited better catalytic activity as compared to un-
substituted LSM (curve a) or the sample of other
extreme composition, i.e. LSF (curve e).  For instance,
Fe containing samples exhibited ca. 90 to 100%
conversion of CO to CO

2
 at 400°C, while only 45%

conversion was observed using LSM at this reaction
temperature.  Not only an increase was observed in
the conversion, the reaction onset temperature was
also found to decrease as a result of iron substitution
Fig. 3 (b-d).

 
The highest CO conversion was exhibited

Fig. 3 : Catalytic activity for CO oxidation reaction of

different La
0.8

Sr
0.2

Mn
1-x

Fe
x
O

3-d
  catalysts. LSM (b) LSMF2

(c) LSMF4 (d) LSMF6 and (e) LSF
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sample, XRD results showed poor crystalline features

due to γ-Al
2
O

3
 (PCPDF- No. 47-1308). No distinct

reflections due to metallic ruthenium were observed;

however broad reflections at 2θ values of ~ 28, 35

and 54.4°, suggested the presence of RuO
2
 in the

sample (PCPDF- No. 43-1027).  Whereas in the used

sample features due to γ-Al
2
O

3
 were present but those

due to RuO
2
 were not there. Estimation of RuO

2

crystallite size using Scherrer’s formula gave rise to a

value of ~ 10 nm. However presence of particles in

2.5 – 10 μ size range were evident from SEM images.

X-ray photoelectron spectroscopy revealed that Ru

existed in both Ru° and RuIV state in the fresh sample,

where binding energy values for Ru (3d
5/2

, 3d
3/2

), O

(1s), Al(2p) were measured. Surface area was

estimated by N
2
 BET found to be 102 m2g-1 with a

Type IV isotherm with point of inflection at p/p
0
 of

~0.75 was observed in fresh sample which was

unchanged after the reaction as surface area of the

Fig. 5 : Multiple TPR/TPO cycles of Ru/Al
2
O

3
 used sample.

Each TPR cycle was followed by a TPO run.

Fig. 4 : Multiple TPR/TPO cycles of Ru/Al
2
O

3

fresh sample. Each TPR cycle was followed by a

TPO run.

used sample was ~  98.5 m2g-1. Redox behaviour of

Ru/Al
2
O

3,
 both the fresh and used samples were

studied by Temperature Programmed Desorption/

Redution/Oxidation (TPDRO) system, where samples

were pretreated in He at 350°C for 2h prior to

measurement. Each TPR cycle (60 – 1100°C) was

followed by a TPO run(60 – 800°C). The results during

first cycle of Temperature Programmed Reduction (TPR)

of fresh catalyst (Fig.4) sample, showed the presence

of two peaks with peak maxima at ~187 and 480°C,

respectively, with the latter being the prominent one.

While the former peak is associated with reduction of

RuO
2
, the latter one was attributed to strong metal-

support interaction, as reported in several studies.

During the first cycle of Temperature Programmed

Oxidation (TPO) after a TPR run, a peak with T
max

 at

~550°C was observed and was attributed to oxidation

of Ruthenium. In the subsequent TPR cycles which

followed a TPO run, gave rise to single peak with T
max

in the range of 145 - 155°C, which is attributed to

reduction of RuO
2
 species. The lowering of T

max
 in

subsequent TPR cycles, may arise due to difference in

the RuO
2
 crystallite size. While in used sample the

TPR/TPO results (Fig. 5) are similar to those observed

in a fresh sample except that, in the first TPR cycle,

the lower temperature peak at ~187°C was not

observed and this is in conformity with the absence

of RuO
2
, as observed during XRD examination. The

active metal surface area was measured by H
2
-TPD,

where H
2
 was adsorbed at the surface at 120° and

then desorbed. The metal surface area for the fresh

sample was found to be 2.8 which increased after

the reaction and for the used sample it was found to

be 3.2 m2g-1. These results conform the fact that

ruthenium is mostly present in a metallic state in the

used catalyst. As a result, there is a nominal increase
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in the metal surface area and in metal dispersion. Both

samples show similar redox behaviour except for the

absence of oxide species in the used catalyst. Thus

we conclude, that oxide RuO
2
 species present in the

fresh sample are active species and get consumed

during the reaction. Also from TPO results, catalyst

can be regenerated at a temperature of ~550°C in

air.

Some recent studies

Studies on Sulfur-Iodine Thermochemical Cycle

for Hydrogen Production

Recently work has been initiated at the Chemistry
Division on Sulfur-Iodine thermochemical cycle, which
deals with the development of catalyst systems, for
decomposition of sulfuric acid, the most energy
intensive step involved in this cycle towards
decomposition of water for hydrogen production.
Chromium substituted Fe

2
O

3
 catalysts were synthesized

via solid-state route and characterized by XRD, N
2

sorption and Temperature Programmed Reduction/
Oxidation (TPR/O) techniques. Catalytic activity for
decomposition of sulfuric acid in the  temperature
range of 400 - 800°C has shown that, onset
temperatures for SO

2
 formation in all samples were

~600°C. Successive TPR/O studies on these samples
have revealed better sintering characteristics as
compared to a pure Fe

2
O

3
 sample and thereby

suggested a better performance of chromium
substituted catalyst during prolonged use for sulfuric
acid decomposition.

Temperature Programmed Reduction /

Oxidation

The TPR profiles depicting the reduction behavior of
Fe

2-x
Cr

x
O

3
 samples are shown in Fig. 6. Data on pure

Fe
2
O

3
 and Cr

2
O

3
 samples are also included in this

figure. As seen in Fig. 6 a, the TPR profile of Fe
2
O

3

sample comprises a prominent band with T
max

 at
~470°C and another broad band with onset of 530°C
and having T

max
 at ~705°C.  The reduction onset

temperature of the main band is at 330°C. The presence
of two bands suggests the two reduction steps. Since
Cr3+ is stable towards H

2
 atmosphere up to 1000°C,

as evident from Fig. 6d, the reduction profile of the
substituted samples is attributed to the reduction of
Fe3+→Fe0 species. T

max
 value of the main band at

~ 470°C shifted to higher values by ~ 25°C upon
chromium substitution.

The overall TPR profiles of these samples remained
same during successive TPR/TPO cycles (Fig. 7).
However, the T

max
 value for the main band in case of

chromium substituted samples, reduced by about 45°C
during 2nd TPR run and remained unchanged during
subsequent cycles. On the other hand, T

max
 for the

main band was shifted to higher temperatures by
~30°C, in case of Fe

2
O

3
 during subsequent TPR/TPO

cycles and was attributed to sintering of the sample.
Thus, Cr3+ substitution has not only eased the

reduction of iron oxide, but also enhanced the
compositional stability towards multiple TPR/TPO
cycles, as compared to unsubstituted sample.

Fig. 6 : TPR profile of various chromium substituted and

unsubstituted iron oxide samples
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Catalytic Properties of Dispersed Metal ions

(M=Ni, Co and Pt) on La
2
Ti

2(1-X)
Fe

2x
O

7-δδδδδ     oxides

supports for N
2
O Decomposition

Nitrous oxide (N
2
O) is a harmful pollutant of the

atmosphere, as it is a major contributor to global
warming [10] and leads to stratospheric ozone
destruction. To control the emission of N

2
O, many

catalysts have been reported for the catalytic
decomposition of N

2
O, including supported metals

[11], pure and mixed oxides [12] and zeolites,
transition metals [13] and their oxides.

Here we report, the catalytic properties of finely

dispersed Metal ions on Lanthanum titanate support

viz; M-La
2
Ti

2(1-x)
Fe

2x
O

7-δ oxides (M=Ni, Co and Pt;

x = 0 and 0.4), for catalytic decomposition of N
2
O.

In these samples, fine powders of Ni, Co and Pt metal

ions were dispersed on Fe substituted (LF) /

unsubstituted Lanthanum Titanate (LT), viz;

La
2
Ti

2(1-x)
Fe

2x
O

7-δ oxide supports, with an objective to

decompose the N
2
O efficiently at low temperature.

Lanthanum titanate, La
2
Ti

2
O

7,
 is a Layered Perovskite

and has shown several advantages as support over

Fig. 7 : Successive TPR profiles chromium substituted
and unsubstituted iron oxide

Fig. 8 : Catalytic activity for decomposition of sulfuric
acid over various catalysts

alumina or other conventional supports. La
2
Ti

2
O

7
 is

stable towards reduction and oxidation atmoshphere

upto 1000°C. Also metal dispersed on perovskite

surface [14] remains in dispersed state, even after

prolonged use and does not suffer from the drawbacks

of ageing, agglomeration and subsequent loss of

activity, as observed in conventional catalysts, Pt/Al
2
O

3
,

Pd/Al
2
O

3
.  The metal particle moves back and forth

between the B-site in the perovskite structure and the

metal particle lattice site in the real catalyst when

exposed to fluctuation of the oxygen content of the

emission exhaust. To minimize the fluctuations in the

oxygen content, if we have a perovskite support this

can easily provide and withdraw oxygen. Thus,

La
2
Ti

2
O

7, 
a layered perovskite is a preferred support for

different metals like Pt, Ni, Co. etc. La
2
Ti

2
O

7
 crystallizes

in a monoclinic lattice, is a member of a homologous

series of layered structures built from (110) perovskite

slabs differing in thickness and bounded by

crystallographic shears in the perovskite [100]

direction. Adjacent slabs are offset from one another

by half of one TiO
6
 octahedron height and the

octahedron connectivity is broken at the shear

interface.

Support samples with the compositions of La
2
Ti

2
O

7

(LT) and La
2
Ti

1.2
Fe

0.8
O

7-δ (LF4) samples were synthesized



α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εF ο υο υο υο υο υ n δ εδ εδ εδ εδ ε r ’ s  δ α ψ   δ α ψ   δ α ψ   δ α ψ   δ α ψ  S ρ ερ ερ ερ ερ ε c i ααααα l      I s s u εεεεε

  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9  •  147

by Gel Combustion route (GC) followed by dispersion

of metal using wet impregnation method. The samples,

M-La
2
Ti

2(1-x)
Fe

2x
O

7-δ oxides (M=Ni, Co and Pt; x = 0.4)

were characterized by XRD, SEM, TEM, XPS and AAS

for compositional analysis. The TPR profiles of these

samples were recorded, to study their reduction

behaviour. The activity of several metal supported

samples was evaluated, for CO+ N
2
O, N

2
O

decomposition reaction. The adsorption behavior of

CO, N
2
O gases on these catalysts samples was

monitored by recording in situ FTIR spectra, to explore

the mechanistic aspects involved in the catalytic

reaction.

The XRD patterns of samples containing Ni,
CO and Pt supported on La

2
Ti

1.2
Fe

0.8
O

7-d

sample reveal, that all lines are attributed to
single phase; rhombohedral LaFeO

3
 phase

having unit cell parameters a=5.566 Å, b=
7.854 Å, and c= 5.56 Å, Vol=242.81 Å3

(JC-PDS Card. No. 37-1493). After
impregnation of metals on either LTO/LF4
support, there are no additional XRD lines
observed due to metal ions, suggesting that,
incorporated metal ion is too small in content
to be detected by XRD. Successive 4-5 TPR/
TPO cycles recorded for supports alone,
suggests the reorganization of oxygen excess

Fig. 9 : The temperature-dependent catalytic activity of
M-La

2
Ti

2(1-x)
Fe

2x
O

7-δ oxide samples for CO+N
2
O reaction.

layered perovskite, A
2
B

2
O

7
 lattice to ABO

3
 type lattice

perovskite structure on reduction and vice versa, thus
facilitates the removal and acceptance of oxygen within
the same composition. In addition to peaks observed
in the TPR profile of support, a low temperature peak
at ~180°C and 280°C were also observed in first and
second TPR cycles of Pt-LFGC and Ni-LFGC samples
attributed to reduction of Pt and Ni respectively. The
presence of low temperature peaks in Ni-LFGC and
Pt-LFGC samples suggest that both Ni and Pt exist in
oxide form, to some extent, in the impregnated
samples. All these samples were found to be active as
shown in Fig. 9, the decreasing order of activity of
different samples as observed from activity data was;
NiO-LT (PT-LT) > NiO-LF4 > PtO-LT > Ni-LF4 > Ni-LT
> CoO-LT > Co-LT. For the CO+N

2
O → CO

2
 + N

2

reaction, the maximum conversion was observed with
NiO dispersed on LT support where 100% conversion
was obtained at 300°C with onset of conversion at
250°C. Metal ion dispersion has considerably
enhanced the activity as compared to support LTO,
which showed negligible activity at 300°C and in case
of LF4, 100% conversion was obtained at 400-410°C
with an onset at 300°C. Particle size distribution from
TEM image of NiO-LT sample (Fig. 10) reveals that,
particles of average size ~10-12 nm of amorphous
nickel oxide are uniformly dispersed on support,
La

2
Ti

2
O

7. 
These nanoparticles were responsible for the

considerable rise in activity, observed with the NiO-LT

Fig.10 : TEM/ED image of NiO-LT sample.
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sample, as compared to other samples. Inset of Fig.10
shows, two different electron diffraction images; rings
corresponding to 220 and 111 planes of polycrystalline
NiO dispersed on support, other ED image has well
defined dots attributed to crystalline monoclinic
lanthanum titante support. In case of PT-LT sample,
Fine particles of Pt present on grain boundaries of
support observed on the backscattered SEM image of
Pt-LTGC has resulted in considerably high activity of
100% conversion at 275°C, with onset at 75°C only,
for CO oxidation reaction alone. In situ IR results reveals
that adsorption and decomposition of N

2
O alone

occurs considerably at 300° on NiO-LTGC, in contrast
to support samples, LT and LF4 where no
decomposition was observed even at 350°C. Overall,
conclusion is that dispersion of Ni and Pt metal ions
on La

2
Ti

2
O

7
 support considerably modifies its properties

and enhances catalytic activities of oxide samples for
N

2
O decomposition reaction.
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Chemical reactivity and its tuning is an important

aspect of research in chemical sciences. Chemical

reactivity deals with various factors that govern both

the reaction rates and the reaction mechanisms, by

which reactions transpire. Knowing the nature of the

intermediate steps is also an important aspect in

understanding the chemical reactions in detail. Among

all the chemical processes, electron transfer (ET) is

undoubtedly the most fundamental reaction and is

found to be involved as the initial step in numerous

chemical systems of vast technological importance,

such as information storage, energy conversion,

photosynthesis, respiration, etc.[1, 2] ET is in fact

ubiquitous in Chemistry and Biology and this veracity

of the ET reactions that prompted Prof. R.A. Marcus

to develop the theoretical understanding of ET

dynamics,[3, 4] which ultimately fetched him the Nobel

Prize in Chemistry in the year 1992.

According to Marcus ET theory (originally developed

in 1956[3, 4]), reaction rate (k
et
) for the reaction

D/A → D+/A-, where D and A represent the electron

donor and the electron acceptor, respectively, is related

to the reaction free-energy (ΔG0) by the following

quadratic equation,[5]

M .  K u m b h a k a r

R a d i a t i o n  &  P h o t o c h e m i s t r y  D i v i s i o n

where, V
el
 is the measure of the electronic coupling

between the reactant (D/A) and the product

(D+/A-) states, k
B
 is the Boltzmann constant, T is the

absolute temperature and λ is the total reorganization

energy, given as λ = (λ
s
+λ

i
), λ

s
 is the solvent

reorganization energy and λ
i
 is the intramolecular

reorganization energy. The most interesting feature

of Marcus ET theory is the expected inversion in the

ET rate as the exergonicity of the reaction (-ΔG0)

exceeds total reorganization energy λ. Thus the Marcus

equation predicts a bell shaped correlation (well known

as the Marcus inversion behaviour) between the

reaction rate and the free-energy, which can be shown

graphically as in Fig. 1.

Following Marcus equation, in the exergonicity region

of -ΔG0 < λ, the k
et
 increases with an increase in the

exergonicity (-ΔG0) of the reaction (normal region)

until the situation of barrierless condition is

reached at -ΔG0= λ, where the ET reaction proceeds

without any barrier and consequently with the

T h i s  l e c t u r e  w a s  g i v e n  b y  D r.  K u m b h a k a r  a t  t h e  Yo u n g  S c i e n t i s t

A w a r d  p r e s e n t a t i o n  –  2 0 0 7 ,  i n s t i t u t e d  b y  t h e  N a t i o n a l  A c a d e m y  o f

S c i e n c e s ,  I n d i a ,  a t  A l l a h a b a d  i n  J u l y  2 0 0 7
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maximum rate. The most interesting feature of Marcus

equation, is the inversion in the ET rates in exergonicity

region of -ΔG0 > λ, known as the Marcus inversion

region. This inversion region has tremendous

implications in applied areas as in most ET systems

following the forward charge separation reaction, the

subsequent back ET reaction often also takes place,

which significantly reduces the effective outcome of

the ET process, if the rate of the back ET reaction is

not substantially slower than the forward ET reaction.

This can be easily perceived if we consider the reverse

ET reaction, which produces back the ground state

reactants and occurs at a much higher exergonicity

than that of the forward ET reaction, such that the

back ET is in the inverted region but the forward ET is

closer to the barrierless region. In designing an efficient

photoinduced charge separation system, it is always

desired that the forward ET is carried out at a rate

much higher than that of the reverse ET process. As

the previous discussion suggests, this can be easily

achieved if the exergonicity of the forward ET reaction

is quite close to the barrierless situation

such that, the exergonicity of the reverse

ET invariably appears at the inversion

region. Thus, by taking the advantage of

this relationship, it might be possible to

control or modulate the ET reactions; a

classic example being the primary charge

separation step in photosynthesis, that

occurs in nature with its maximum

efficiency.[5]

Marcus inversion region for intramolecular

ET reactions (D and A moieties are

chemically bound) was first realized

experimentally in the mid-eighties.[6]

However, for intermolecular ET reactions

(D and A moieties are isolated molecules),

Marcus inversion region is very difficult to

demonstrate. This is primarily because the

diffusion of reactants (D and A) is required

in the first step, to bring the reactants

together to participate in the ET reaction

(cf. Fig. 1) and in such cases the diffusional

rate effectively becomes the rate

determining step. Thus in intermolecular ET reactions,

the diffusion process imposes an upper limit (k
d
) on

the observed reaction rate and consequently masks

the observation of the expected Marcus inversion

behaviour, rather reaction rate saturates to k
d
 at higher

exergonicity region, the behaviour commonly known

as the Rehm-Weller behaviour.[7] At exceedingly high

reaction exergonicity, there is still a possibility to observe

inversion behaviour where absolute ET rate becomes

lower than the diffusional rate.[8] However, finding

a homologous donor-acceptor series, which can

extend to very high reaction exergonicity, is very

difficult to obtain.

Therefore, the challenge to chemists in ET research

is to design a methodology to overcome these

limiting factors, i.e. the diffusion of the reactants

and the non-availability of suitable donor-acceptor

series and thus to convincingly demonstrate the

Marcus inversion behavior for intermolecular ET

reactions.

Fig. 1: Free energy curves for the reactant (R) and product (P) states
for the three regions of inverted bell shaped Marcus correlation curves.

Modification of Marcus correlation in the case of intermolecular ET

reactions due to the limiting effect of diffusion of the reactants on
the reaction rates is also shown (Rehm-Weller curve).
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In our studies, to surmount these limiting

factors, organized assemblies such as micelles and

reverse micelles have been judiciously chosen as the

reaction media, for the investigation of the

intermolecular ET reactions. The merits for the selection

of micellar media is based on the following

considerations.

(i) Reactants in micellar microenvironment get

entangled within the surfactant chains and their

mobility is expected to be largely reduced.[9] Therefore,

diffusion of reactants can be largely prevented, which

otherwise masks the Marcus inversion behaviour in

homogeneous solution.

(ii) The value of λ
s
 for ET reaction is expected to be

quite less in micellar media as compared to that in

bulk homogeneous solution of similar polarity, as the

solvent motion is largely retarded in micellar

systems.[10-12] Therefore, Marcus inversion region

(-ΔG0>λ) could be achieved at relatively lower

exergonicity in micellar media than in polar

homogeneous media. Hence, instead of increasing the

exergonicity to an unreasonably high value, Marcus

inversion region could be shifted to relatively lower

exergonicity in micellar media as compared to that

expected in homogeneous solution.

To substantiate our proposition that micellar media

can be conducive for the observation of Marcus

inversion behaviour, intermolecular ET reactions were

investigated between excited coumarin dyes (as

electron acceptors) and aromatic amines (as electron

donors) in sodium dodecyl-sulphate (SDS) micellar

solutions, using fluorescence quenching

measurements. Indeed, for the first time, full bell

shaped Marcus correlation curve has been

demonstrated by us for intermolecular ET reactions

using micelles as the reaction media,[13] where similar

ET systems showed the usual Rehm-Weller behaviour

in homogeneous acetonitrile solution.[14] The typical

results in micellar media displaying Marcus Inversion

behaviour is shown in Fig. 2.

Apart from demonstration of the inverse bell shaped

correlation between the reaction rate and the driving

force, we also emphasized the intricate details of the

micellar ET kinetics, by critical analysis of the observed

results and by scrupulous scrutiny of published

literature. It has been established that the standard

diffusional kinetic model,[15, 16] which is used by many

researchers to analyze the reaction kinetics in micelles,

is not appropriate in describing the ET kinetics for the

systems we studied. Rather, for our systems, it was

realized that ET reactions in micelles effectively

occur under nondiffusive condition[17-20] and the

kinetics is determined mainly by the distant

dependent quencher distribution around the excited

fluorophore.[13] Moreover, in micelles, ET occurs

between donor-acceptor pairs that are on an average

Fig. 2: Marcus correlations for the intermolecular ET reactions between coumarins and amines in micellar media
(left) and in homogeneous acetonitrile solution (right).
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The successful demonstration of Marcus inversion

behaviour in micellar media also raises a number of

questions. Some of the important ones are,

(i) How micellar characteristics (i.e. micellar charge

and size) influence the observed ET kinetics?

separated by an intervening surfactant chain.[21] The

most important finding of our studies on ET reaction

in micellar media is the onset of Marcus inversion at

around -0.6 eV, much lower in energy than that

expected from the full contribution of the solvent

reorganization energy λ
s
 (≥ -1.2 eV).[22, 23] Unlike

conventional ET theory, these results were better

explained by the Sumi-Marcus two-dimensional ET

(2DET) theory,[24] where the ET reaction is viewed to

proceed through the intramolecular coordinate even

when the reactants are in a non-equilibrium

configuration with respect to the solvent reorganization

coordinate, as shown in Fig. 3.

Fig. 3 : Conceptual drawing of the hybrid ET reaction as formulated in the Sumi-Marcus two dimensional ET theory

(left). The solvation process occurs along the solvent coordinate, while the reaction occurs through the classical low
frequency vibrational coordinate. The role of quantum mechanical high frequency vibrational levels on the ET

reaction have also been indicated in the scheme. The isoenergy contours of the potential energy surfaces (right)

drawn in a two-dimensional plane for the reactant and product states in relation to the two-dimensional ET model
is also shown, where X represents the solvent coordinate and q represents the nuclear coordinate. The normalized

X,q coordinates for the reactant and product state potential energy minima are customarily considered at (0,0) and

(1,1) coordinates, respectively. The line C-C represents the transition state curve corresponding to the crossing of the
reactant and product state potential energy surfaces. In this model electron transfer can occur along the q coordinate

for any solvent configuration (X
g
), as are shown by arrow parallel to the q coordinate.

(ii) Is it possible to tune the exergonicity scale for the

appearance of Marcus inversion region?

(iii) Whether the observation of Marcus inversion is

specific to some donor-acceptor systems or it is a

general phenomenon applicable to all kind of donors

and acceptors involved.

(iv) Is the inversion in the ET rates at higher

exergonicity due to the alteration in the diffusion

parameters of the reactants or is it due to the alteration

in the energetics (e.g. activation barrier) for the ET

reactions ?

(v) Why are the ET rates orders of magnitude slower

in micelles when compared to those of electron donor

amines that are directly used as the reaction medium

(non-diffusional ET) ?

To address the first question, intermolecular ET studies

were also carried out in neutral micelles formed by

triton-X-100 (TX100) and Pluronic tri-block copolymers
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To evaluate the third point, intermolecular ET

studies were further extended to other series of

donor-acceptor systems, namely, quinone-aromatic

amine systems in SDS micelles.[18, 23] It is seen that ET

rates for quinone-amine systems also show inversion

behavior above an exergonicity of 0.7 eV, quite similar

to that observed earlier for the coumarin-aromatic

amine systems. Marcus inversion behaviour is also

seen for coumarin-aliphatic amine systems in other

Fig. 4: Marcus correlation curves for coumarin-amine

systems in different micelles. ET rates are calculated from

the fast decay components

micelles.[25] These results substantiate the fact that

Marcus inversion behaviour is a general phenomenon

for intermolecular ET reactions in micellar media.

We also studied similar ET reactions in TX-100 and

P123 micellar solutions as a function of temperature

to answer the fourth issue.[17, 27] The results indicate

an inverse bell-shaped correlation for the estimated

activation energy (E
a
) for the ET reactions with ΔG0,

as envisaged from the Marcus ET theory (cf. Fig. 5).

The translational diffusion coefficient (D
L
) of the

acceptor dyes on the micellar surface, calculated from

the two-step model of their fluorescence anisotropy

decays in micellar systems, show nearly linear relation

with ΔG0 (cf. Fig. 5). Comprehension of these results

indicates that the inversion in the ET rate at higher

exergonicity is due to the alteration in the activation

barrier for the ET reactions and the role of reactant

diffusion is really insignificant for intermolecular ET

reaction in micellar systems.

Ultrafast quenching experiments with similar

donor-acceptor systems in micelles, using the

state-of-the-art fluorescence up-conversion

instrument (developed under the Xth Project Plan),

helped us to investigate the fifth point of our queries.[22]

The fastest ET rates estimated as the inverse of the

shortest lifetime components (~ 4-10 ps) of the

fluorescence decays (k
et
 ≅ t

fast

-1) and the relatively

slower ET rates (k’
et
) obtained from the conventional

Stern-Volmer analysis of the relatively longer time

constants (~ 40-100 ps) of the fluorescence decays

exhibit similar Marcus inversion behaviour. Fitting of

Marcus correlation curves for k
et
 and k’

et
 indicate two

largely different values for the V
el
, which is known to

have an exponential relation with the separation (r)

between the reacting D and A, (i.e. V
el
(r) = V

el
(r

0
)

exp[-β(r-r
0
)], where β is the attenuation coefficient,

usually assumed as unity and r
0
 is the sum of the D

and A radii). It has beenindicated from the critical

analysis of the results that in micellar media, the

ultrafast ET (k
et
) component arises due to the

surfactant separated donor-acceptor pairs, that are

oriented perfectly to give the maximum electronic

(P123) and in cationic micelles formed by

cetyltrimethyl ammonium bromide (CTAB) and

dodecyltrimethyl ammonium bromide (DTAB) and the

results were compared with those in anionic SDS

micelle.[13, 17, 18, 21, 22, 25-27] Interestingly, Marcus inversion

behaviour was clearly evident in all the micelles,

irrespective of their cationic, anionic or neutral nature

and the differences in their sizes. Although depending

on the relative propensity of solvation and ET rates,

appearance of Marcus inversion was shifted towards

higher exergonicity in CTAB and DTAB micelles

(~1.2 eV) as compared to that in SDS, P123 and

TX100 micelles (cf. Fig. 4). Nearly 0.6 eV shift for the

onset of Marcus inversion region, depending on the

micellar identity for the same coumarin-amine systems

is an interesting observation and suggests the

possibility of tuning the ET rates, by changing the

nature of the micelles. This observation in turn answers

our second query on the tuning of Marcus inversion

region.
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coupling and the slower ET component (k’
et
) is

predicted to arise due to those pairs of D and A for

which the orientations are not very suitable but still

good enough to give a sizable electronic coupling.

As the interacting donor–acceptor molecules are on

an average separated by an intervening surfactant chain

in micelle, ET rates are inherently slower in comparison

to the ET reactions where they are in close contact,

e.g. in  experiments with coumarin dyes in the electron

donating amine solvents.

In summary, the main highlight of our ET research, is

the demonstration of a simple but innovative

approach, to control the kinetics and mechanism of

intermolecular ET reactions in micellar media and the

appreciation of diverse intriguing aspects related to

micellar ET dynamics, of general interest to chemists

who strive to control the dynamics and mechanism

of chemical reactions, for the maximum outcome of

the desired effect.

Fig. 5 : Plot of E
a
 vs ΔG0 (left) and D

L
 vs ΔG0 (right) for the coumarin-amine systems in P123 micelles.
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I N  C O N F I N E D  S Y S T E M S  A N D  M O D U L A T I O N

B Y  A N  E X T E R N A L  M A G N E T I C  F I E L D

Photoinduced Electron Transfer  (PET) react ions have been studied in the presence of an

external magnetic field, in order to identify the mechanism and dynamics of such reactions.

I t  has been demonstrated that not only the structure of the part ic ipat ing molecules,  but

also the topology of the medium can have a profound influence on the magneto-dynamics

of electron transfer react ions. The elusive Marcus inverted region has also been observed

for bi-molecular PET reactions in some confined media.

Introduction

Photoinduced Electron Transfer (PET) is one of the

most important processes underlying many

photochemical and photobiological reactions.1,2 The

primary life sustaining process on earth,

photosynthesis, is initiated by PET. Understanding and

control of PET reactions comprise one of the broadest

and flourishing areas of research today. PET reactions

involve the jump of an electron from the occupied

orbital of one reactant (donor), to the unoccupied

orbital of another (acceptor), either of them may be

photoexcited. In solution, where the molecules are

free to diffuse, PET is influenced by reactant diffusion

as well as solvent reorganization and different types

of ion pair species are formed. Exciplex or excited state

complex formation is also a manifestation of PET

reactions.

PET reactions involve a change in the number of

unpaired spins and thus can be affected by an external

Magnetic Field (MF). The MF effect is basically an

interplay between spin dynamics and diffusion

dynamics.3-5 The electron spin multiplicity of the excited

state (Singlet, S or Triplet, T) is generally preserved

during charge transfer and a memory of this initial

spin multiplicity is retained in the resulting Radical

Ion Pair (RIP) until the latter undergoes further reactions.

If the RIP is in the singlet spin state, back electron

transfer and geminate recombination is favoured.

Conversely, if the RIP is in the triplet spin state,

recombination is hindered as the radicals escape to

the bulk and participate in further reactions. The spin

multiplicity of the RIP is, however, not stationary and

can evolve coherently between the S and T

configurations. When the partners of a RIP are

sufficiently separated, the exchange interaction,
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J  ≈ 0, and the singlet (S) and triplet (T
±
, T

0
) states

become degenerate. In this situation, Inter System

Crossing (ISC) among the different spin states is possible

by electron-nuclear hyperfine interaction. In the

presence of an external MF, the degeneracy of the triplet

states is destroyed due to Zeeman splitting and as a

result S ↔ T
+
, T

-
 conversion is stopped leading to an

increase in the population of the initial spin state

(Scheme 1). The modulation of spin dynamics of RIPs,

in the presence of an external MF, can be detected by

monitoring the increase in exciplex luminescence of

the singlet precursors in homogeneous solutions, by

using a phase sensitive detection system.5 For the triplet

precursors, the laser flash photolysis technique is used

for the detection of the transients and a MF is applied

with the help of an externally placed electromagnet to

see the MF effect on the dynamics of the transient

radical ion species. For triplet derived RIPs, the MF

effect is not observed in homogeneous media because

radical separation is too rapid and geminate reaction

is generally a very minor process. In organized

assemblies, the RIPs are in a restricted environment

and hence can retain their geminate character for a

sufficiently long time so that spin flipping can occur.35

The MF effect is thus an important tool for probing

the initial spin of the reactants as well as the dynamics

of PET reactions.

Relation between structure of participating

molecules and PET dynamics revealed by MF

studies

Several studies have indicated the important role of

molecular structure and steric effect on PET reactions

and the steric encumbrance has been utilized to

improve PET reactions, by reducing the energy-wasting

back-electron transfer process.6,7 We have used the

MF effect to study PET dynamics from Ethyl CarbaZole

(ECZ) to two structurally different acceptors, DiMethyl

Terephthalate (DMT) and DiCyano Benzene (DCB).

These acceptors have similar reduction potentials and

the extent of charge transfer is similar in both cases.

However, DCB is a planar molecule where as DMT is

non planar and bulkier. It is interesting to see how

this is manifested in the PET dynamics and

subsequently in MF behaviour.

Exciplex luminescence is observed for both the systems

indicating the formation of a charge transfer complex

for ECZ-DMT and ECZ-DCB. In the presence of an

external MF (~0.012 T), the exciplex luminescence

increases, suggesting that the initial RIP is formed in

the S state. Typically the percentage MF effect, i.e.

the percentage increase in exciplex luminescence

intensity in the presence of MF, varies with the

dielectric constant of the

medium and reaches a

maximum at a medium

dielectric constant value.5 This

is because at low polarity, the

spin flipping is hindered and at

a high polarity the geminate

recombination is hindered. At

an intermediate polarity, both

spin flipping and geminate

recombination are balanced and

as a result, maximum MF effect

is observed. This pattern is seen

for ECZ-DMT and ECZ-DCB, as

well, but the nature of the plots

for % MF effect vs dielectric

constant is quite different forScheme1: Spin dynamics in the presence of an external MF
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the two systems (Fig. 1). These differences are

attributed to the different structures of the acceptor

molecules. Due to the greater steric bulk of DMT, the

energy barrier between the solvent separated ion pair

and the contact ion pair increases and hence the solvent

polarity required for observing the maximum MF effect

increases for ECZ-DMT. Moreover, the spin correlation

is valid up to much higher polarity for ECZ-DMT, so

the plot for ECZ-DMT is also much broader than that

of ECZ-DCB. However, the MF effect is lower for ECZ-

DMT because of the higher propensity of DMT to

undergo ISC and to form free ions.

Effect of the medium on MF behaviour: micelles

and reverse micelles

We have identified a new exciplex system between a

heteroaromatic molecule PhenaZine (PZ) and some

aromatic amines like N,N-DiMethylANiline (DMAN).

In this case, however, there was no enhancement in

the exciplex luminescene in the presence of an external

MF. The molecule PZ undergoes rapid ISC to the triplet

state. So the MF effect on triplet derived RIPs was

studied using laser flash photolysis in two different

heterogeneous media, namely micelles and reverse

micelles.9 A pronounced MF effect was observed in

both the cases. The MF effect increases with increasing

MF and then saturates at a particular value (Fig. 2).

This behaviour is typical of the hyperfine coupling

mechanism and the MF value at which half the

saturation is reached (B
1/2

), is a measure of the

hyperfine coupling constant.3-5 Interestingly, the

experimental B
1/2

 value observed in micellar media is

much higher than the theoretically calculated B
1/2

value. Since the effective concentration of donors

inside a micelle will be quite high, this could promote

electron hopping and hence lead to an increase in the

B
1/2

 value.10 Moreover, for donor-acceptor molecules

encapsulated in micelles with restricted space, the

situation can be compared to that of a linked system,

so the high B
1/2

 value can be explained by lifetime

broadening due to frequent re-encounter within the

RIP.11

Another interesting feature was observed in reverse

micelles. It is well known that the size of reverse

micelles can be easily modulated by changing the

water to surfactant molar ratio ([water]/[surfactant]

= w
0
). It is observed that the MF effect increases with

increasing water pool size, reaches a maximum and

then decreases again. This result demonstrates that

MF effect requires an optimum separation between

the donor and acceptor molecules, which is attained

at an intermediate w
0
 value.

Fig. 1: Plots of percentage MF effect vs solvent dielectric
constant for ECZ-DMT (blue) and ECZ -DCB (red)

Fig. 2: Variation of ÄOD (increase in transient absorption
of DMAN radical cation) with external MF for PZ-DMA
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PET in model biomolecules: insights from MF effect

Interaction of a model carcinogen, 4-Nitro Quinoline-

N-Oxide (NQO) has been studied with some indole

derivatives, the amino acids, Tyrosine (TyrOH) and

Tryptophan (TrpH) and the proteins Bovine Serum

Albumin (BSA) and lysozyme. Interesting differences

have been observed in the behaviour of the indole

derivatives depending on their substitution. In

acetonitrile medium, PET is accompanied by

subsequent proton transfer from the indoles. However,

in protic medium protonation from the surrounding

medium is the dominating reaction following PET.

Similar behaviour is observed in the case of the amino

acids and the proteins. Surprisingly, 4NQO showed a

preferential interaction with the TrpH residues of the

proteins, although quenching rate constants of triplet

4NQO by TrpH and TyrOH are similar. This indicates

that in a protein environment, the 4NQO molecule

has an affinity for the TrpH residues or alternately, 4NQO

is capable of destroying the native structure of the

proteins such that, the TrpH residues become more

exposed and hence more susceptible to the attack.

The effect of an external MF on this system has been

studied for elucidating the mechanism of the reaction.

It is worth fuctioning that an external MF can perturb

the free radical concentration in a system and hence

has immense significance in the free radical-based

biochemical reactions. Indirectly, the MF can act as a

co-carcinogen by enhancing the genotoxic potential

of the radical carcinogen.12 In the present cases, the

MF effect was observed to be very small. This is

attributed to competition between random and

geminate proton transfer. When PET is accompanied

by geminate proton transfer between the participating

radicals, the spin correlation is preserved, hence MF

effect can be observed. However, when PET is

accompanied by random proton transfer from the

medium, the spin correlation is destroyed and hence

no MF effect can be observed.13

Bimolecular PET kinetics in organized assemblies

One of the most intriguing aspects of Marcus ET theory

is the “Marcus inverted region”. According to classical

Marcus theory for outer-sphere ET reactions, the rate

constant, k
ET

, is given by

where, ν is the frequency of motion in the reactant

potential well, ΔG0 is the free energy change for the

ET reaction, k
B
 is the Boltzman constant, T is the

absolute temperature and λ (= λ
s
 +λ

i
), is the total

reorganization energy, where λ
s
 and  λ

i
 are the solvent

reorganization energy and the intramolecular

reorganization energy, respectively.1,2 The most

interesting feature of this theory is the expected

inversion in the ET rates as the exergonicity of the

reaction (-ΔG0) exceeds λ. Although predicted way

back in 1956, the inverted region could not be detected

for bimolecular ET reactions for a long time, because

in these cases, the actual ET rates are masked by

diffusion rates. This problem of diffusion can be

circumvented by using micellar media, where diffusion

of the reactants is largely retarded / prevented and

thus the actual ET rates can be monitored.14 Moreover

due to slow solvation dynamics in micelles, the

effective solvent reorganization energy (λ
s
) will be

lower, so the inverted region in the Marcus correlation

(k
et
 vs ΔG0 plot) will be shifted to the lower

exergonicity, making it easy to be observed.

We have investigated the bimolecular ET kinetics

between some coumarin derivatives and aromatic

amines in two organized assemblies, namely, reverse

micelles and Small Unilamellar Vesicles (SUVs). In

reverse micelles, the coumarin dyes were found to be

localized in the heptane-like phase or in the water-like

phase. Clear Marcus inversion was observed in the

water-like phase (Fig. 3).

However, the inversion was not apparent in the

heptane-like phase because sufficient exergonicity

could not be attained with the present systems.15 In

SUVs, the coumarin dyes were found to be localized
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in the lipid bilayer and in this case too, clear Marcus

inversion could be observed.16 These results indicate

that irrespective of the nature of the system,

confinement of the reactants causes bimolecular ET

reactions to occur under non-diffusive condition and

this helps in the easy observation of Marcus inversion

behaviour, although such a behaviour is normally not

observed for bimolecular ET reactions in homogeneous

media.
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Introduction

Photon emitting brachytherapy sources with average

energy higher than 50 keV are being extensively used

in the brachytherapy treatment of various tumours

such as gynaecological, breast, prostate, head and

neck and other soft tissue cancers.1 The sources used

in intracavitary brachytherapy applications include low

activity (in units of mCi) stainless steel encapsulated
137Cs tubes. 2D (two dimensional) dose-rate

distribution in water is generally used as input data

for Radiotherapy Treatment Planning System. The

distributions are either in the form of 2D Cartesian

look-up table or in the form of dose parameters

prepared in accordance with the TG-43U1 protocol2,

recommended by the American Association of

Physicists in Medicine (AAPM). There are many

published studies devoted to the dosimetry of different

commercial models of 137Cs sources, performed in

accordance with the TG-43 formalism.3-10 Most

published studies are based on the GEANT4-based

Monte Carlo code4-7,9,10 and Williamson3 employed

the Monte Carlo-based MCPT code.

The Board of Radiation and Isotope Technology (BRIT),

India has indigenously developed two 137Cs source

models, namely, CSA1 (active length 1.5 cm) and

CSA2 (active length 1 cm) for intracavitary

brachytherapy applications. About 70 radiotherapy

centers in India utilize these sources with a manual

afterloader. The nominal activities of the CSA1 and

CSA2 sources are 120 mCi and 80 mCi, respectively.

The source designs are significantly different from other

existing commercial models of 137Cs sources.

According to the TG-56 report,11 a dose-rate dataset

specific to each source model must be used. Hence,

it is important that accurate dosimetry data are made

available for the above-mentioned sources. The

objective of the present study is to calculate dosimetry

data in accordance with the TG-43U1 formalism2 for

the CSA1 and CSA2 137Cs sources including 2D (two

dimensional) dose rate distribution (in cGy/(h U)) in

Cartesian format.  For the present work, we have

employed the well-established EGSnrcMP code

system12 as it has novel electron transport mechanics.

Materials and Methods

Radioactive sources

Fig. 1 depicts the cross-section views of the CSA1

and CSA2 137Cs sources and the coordinate system

employed in the Monte Carlo simulation. Both the

sources have an active radius of 0.065 cm and external

radius of 0.15 cm. The active lengths of CSA1 and

CSA2 sources are 1.5 cm and 1 cm, respectively. The

active core of these sources is composed of borosilicate

glass of density 2.7 g cm-3.  Source particles are

uniformly distributed in this active volume. The active

part of the sources is sheathed in a 0.1-mm-thick

platinum cylinder. There is an inactive borosilicate glass

(spacer) below the active source part for both the

source models. For the CSA1 source, the length of

this inactive borosilicate glass is 2 mm, whereas for

T.  P a l a n i  S e l v a m ,  S .  S a h o o  a n d  R .  S .  V i s h w a k a r m a

R a d i o l o g i c a l  P h y s i c s  &  A d v i s o r y  D i v i s i o n

T h i s  p a p e r  r e c e i v e d  t h e  B e s t  O r a l  P a p e r  A w a r d  a t  t h e  m e e t i n g

“ U p d a t e s  i n  M e d i c a l  P h y s i c s ” ,  h e l d  a t  A I I M S ,  N e w  D e l h i ,  o n  S e p .  8 ,  2 0 0 7 .
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In the Monte Carlo calculations, the distal spherical

surface of the CSA1 and CSA2 sources is modeled as

flat (therefore distal end has a uniform stainless steel

the CSA2 source, it is 4 mm. The sources are further

encapsulated in a 0.5 mm thick AISI 316L stainless

steel (density is 7.8 g cm-3) capsule, with an outer

radius of 1.5 mm, a spherical distal end and a

2 mm thick proximal end. The distance from the distal

end of the active source to the tip of the source is

2 mm. The overall lengths of the CSA1 and CSA2

sources are 21 mm and 18 mm, respectively.

Monte Carlo calculations

The PEGS4 dataset needed for Monte Carlo simulations

is based on the state-of-the-art XCOM compilations.13

We set AE=512 keV and AP=1 keV while generating

PEGS4 dataset, where the parameters AP and AE are

the low-energy thresholds for the production of

secondary bremsstrahlung photons and knock-on

electrons, respectively. Rayleigh scattering bound

Compton scattering, photoelectric absorption and

fluorescent emission of characteristic x-rays were all

simulated. We used only the 662 keV gamma energy

of 137Cs emission (yield of 662 keV: 0.851 photon/

disintegration).14 In the Monte Carlo calculations, we

ignored x-rays from 137Ba, because in a previously

published study, it was demonstrated that these

x-rays did not contribute to the calculated air-kerma

strength, S
K.

15 The density of water considered for the

Monte Carlo simulations is 0.998 gcm-3 at 220C, which

is consistent with the TG-43U1 update.

Fig. 1 : (a) Schematic diagram of CSA1 and CSA2 137Cs sources simulated in the Monte Carlo calculations. The
spherical ends are modeled as flat. Dimensions shown are in mm (not to scale). (b) The coordinate system used in the

Monte Carlo calculations. The origin is chosen to be at the centre of the active source.
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uncertainties on the dose and water-kerma

values varied between 0.06% and 0.5%. For regions

z > 2 cm to z =5 cm and up to y= 2 cm, the

uncertainties varied between 0.5% and 1.5%. For

regions z > 5 cm to z=20 cm and up to y=2 cm,

the uncertainties varied between 1.5% and 2%. For

the rest, the uncertainties varied between 0.2% and

1%. The uncertainty on air-kerma was less than 0.10%.

Throughout this paper, the number in parentheses

following a value, represents the absolute uncertainty

on the last digit of the value with a coverage factor

k=1.

Results and Discussion

TG-43 parameters

Air-kerma strength and dose rate constant

The calculated value of S
K
/A

 
for the CSA1 and CSA2

sources is 7.393(7)x10-8 cGycm2/(h Bq). This suggests

that material details along the source axis (inactive

borosilicate spacers of different lengths) and active

length do not affect the value of S
K
/A. The values of

dose rate constant, Λ obtained for the CSA1 and CSA2

sources are 0.945(1) cGy/(h U) and 1.023(1)

cGy/(h U), respectively.

Radial dose function

Table 1 presents the values of radial dose function,

g
L
(r) for the CSA1 and CSA2 sources. We utilized

the line source-based geometry function,

G
L
(r,θ=π/2) for calculating g

L
(r) The g

L
(r) data is

fitted to two polynomial functions g
L
(r) .  The g

L
(r)

For r = 0.2 cm – 0.5 cm, the data are fitted to a

4 th order polynomial function and for

r = 0.5 cm - 20 cm, to a 5th order polynomial

function. The values of coefficients are given at the

bottom of Table 1. The data of the CSA1 and CSA2

sources are almost identical. The fitted and actual

values of agree to within 0.01 % up to 0.5 cm and

agree to within 0.02% - 0.25% for r = 0.5 cm and

20 cm. Up to r = 3 mm, data of the CSA1 and CSA2

sources are significantly different from that of other

sources.4,9,10.

thickness of 2 mm) as the FLURZnrc and DOSRZnrc

user-codes16 cannot handle this aspect of source

geometry. We used the EGSnrcMP-based DOSRZnrc

user-code for calculating absorbed dose in a 80 cm

diameter x 80 cm height water phantom. In the Monte

Carlo calculations, absorbed dose is scored in cylindrical

shell segments symmetric about the source axis.

Absorbed dose is calculated as functions of away, y

and axial z distances. The values of photon and electron

transport cut-off parameters, PCUT and ECUT, used

are 10 keV and 521 keV (10 keV kinetic energy),

respectively.

The FLURZnrc code16 calculates the particle fluence

and mean energy in cylindrical regions in a cylindrical

RZ geometry. Calculation of air kerma was done in

vacuum (using the FLURZnrc code) avoiding the need

to correct for photon attenuation and scatter by air.

As described by Borg and Rogers17,18 in their

EGS4-based19 study on calculation of fluence

spectrum and S
K
 of 192Ir sources, the photon fluence

spectrum scored (10 keV interval) at y=100 cm was

subsequently converted to air-kerma per initial photon,

K
air 

(y=100 cm) (in cGy/initial photon) using the

mass-energy-absorption coefficient of  air.20

The composition of air considered is as recommended

by the TG-43U1 protocol (40% humidity)2. The

K
air

(y=100 cm) value was converted to S
K
 per unit

source activity, S
K
/A (in cGycm2/(h Bq) or U/Bq)).

Monte Carlo parameters and statistical

uncertainties

All Monte Carlo simulations utilized the PRESTA-II

electron-step-length algorithm and EXACT boundary-

crossing algorithm. The electron step size parameter

is set at ESTEP=0.25. To increase the speed of the

calculations, for all simulations, electron range

rejection technique was used by setting

ESAVE=2 MeV.

Up to 4 x 109 primary photon histories are simulated.

All simulations were run on a 2.66 GHz PIV machine.

The statistical uncertainties on the calculated estimates

have a coverage factor k=1. For the regions containing

all the y values and up to z = ± 2 cm, the statistical
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2D look-up table

The 2D dose rate distributions in water (in cGy/(h U))

around the CSA1 and CSA2 sources in along-away

co-ordinates are presented in Tables V & VI respectively.

Although the active length of the CSA1 source

(1.5 cm) is larger than that of the CSA2 source (1 cm)

dose rate at z=1 cm and y=0.2 cm for CSA1 source

is higher by a factor of 1.5, when compared to that

of the CSA2 source. This is because, the values of line

source-based geometry function at these positions are

1.87 cm-2 and 1.24 cm-2, respectively, for the CSA1

and CSA2 sources.

2D anisotropy function

The TG-43U1 protocol2 permits the use of more

complex forms of the geometry function (i.e. “exact”

geometry function) for accurately estimating dose at

small distances. In our study, the dose data in Cartesian

format was tabulated as functions of r and q. Tables II

and III present the values of 2D anisotropy function,

F(r,θ) for the CSA1 and CSA2 sources for

r = 0.2 cm -15 cm, respectively. We utilized the line

source-based geometry function for calculating F(r,θ).

Approximating the distal spherical end of the CSA1

and CSA2 sources as flat, introduces systematic

uncertainty on the dose results, for regions close to

source axis. To obtain an approximate estimate of

systematic uncertainty, we calculated the primary

component of collision kerma analytically for the

cases, spherical end and flat end. A comparison of

the results suggests, that the primary component of

collision kerma is comparable when θ = 00 to 50.

Depending upon the values of r and for θ = 60 to

150, the primary component of collision kerma for

the case, spherical end was higher by 0.5% to 1.5%,

when compared to the case, flat end. In the analytical

calculation of collision kerma, the active cylindrical

source was divided into N number of discs. Exponential

attenuation of 662 keV photons by the source materials

(active source, platinum and stainless steel) and water

for each of the photon paths in these materials, was

included in the analytical calculation.

Table 1 : Monte Carlo-calculated radial dose

function, g
L
 (r) of the CSA1 and CSA2 137Cs sources.

The line source-based geometry function G
L
 (r,θ) was

used for calculating g
L
 (r).

a g
L
 (r) of CSA1 has  been fitted to a 4th order polynomial

between r = 0.2 – 0.5 cm and 5th order polynomial  between

0.5 cm and 20 cm. The coefficients obtained were a
0
= -0.7231,

a
1
=20.67543, a

2
=-89.78567, a

3
=168.52667, a

4
=

 
-115.73333

and a
0
= 1.00307, a

1
= -0.00168, a

2
= -0.00175,

a
3
=1.11609e-04, a

4
=-4.83893E-6 and a

5
=8.81973E-8,

respectively, for r = 0.2 cm to 0.5 cm and r = 0.5 cm to 20 cm.

bg
L
 (r) of CSA2 has  been fitted to a 4th order polynomial  between

r = 0.2 – 0.5 cm and 5th order polynomial  between 0.5-20 cm.

The coefficients obtained were a
0
=-1.1769, a

1
=26.25577,

a
2
=-114.48067, a

3
=215.74333, a

4
=-148.73333 and

a
0
=1.0059, a

1
=-0.00509, a

2
=-9.1533e-04, a

3
=2.01673e-05,

a
4
= -2.95412e-07 and a

5
= 5.31396e-09, respectively, for

r = 0.2 cm to 0.5 cm and r = 0.5 cm to 20 cm.

Distance Radial dose function g
L
(r)

r(cm) aCS1 bCSA2

(L=1.5cm) (L=1cm)

0.20 0.9836 0.9830

0.25 1.0153 1.0220

0.30 1.0116 1.0169

0.40 1.0043 1.0085

0.50 1.0007 1.0029

0.75 1.0011 1.0014

1 1.0000 1.0001

1.5 0.9977 0.9968

2 0.9944 0.9921

2.5 0.9897 0.9878

3 0.9848 0.9829

3.5 0.9789 0.9777

4 0.9744 0.9721

4.5 0.9673 0.9655

5 0.9621 0.9596

6 0.9484 0.9467

8 0.9173 0.9159

10 0.8830 0.8815

12 0.8449 0.8427

14 0.8026 0.8020

15 0.7827 0.7792

18 0.7137 0.7142

20 0.6686 0.6690
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Table 2 : Monte Carlo-calculated 2D anisotropy function F(r,θ) for the CSA1 137Cs source. The line source-based

geometry function G
L
(r,θ) was used for calculating F(r,θ).

Uncertainty

As recommended in the TG-43U1 report2, the

uncertainties of the final dose rate values have been

evaluated from contributions, the type A or statistical

uncertainty and the type B or systematic uncertainty.

The dose rate distribution of 137Cs sources in water

gives statistical uncertainties of less than 2% for the

points at or close to the longitudinal seed axis and

less than 0.5% for the other points. The statistical

uncertainty on the simulation of the S
K
/A is less than

0.1%.

The type B uncertainty is quite complex to evaluate.

This uncertainty is composed of various factors:

(a) the uncertainty due to volume-averaging artifacts,

θθθθθ (deg)
 radial distance, r (cm)

0.20 0.5 0.75 1 1.5 2 3 4 5 6 7 8 10 15

0 - - - 0.952 0.928 0.919 0.906 0.901 0.893 0.898 0.901 0.899 0.909 0.907

1 - - - 0.953 0.931 0.924 0.911 0.902 0.902 0.910 0.896 0.906 0.897 0.899

3 - - - 0.994 0.919 0.883 0.866 0.852 0.857 0.866 0.861 0.861 0.883 0.894

5 - - - 0.912 0.866 0.850 0.838 0.833 0.838 0.844 0.852 0.861 0.871 0.892

7 - - - 0.896 0.856 0.845 0.840 0.841 0.839 0.848 0.852 0.859 0.874 0.896

10 - - - 0.895 0.869 0.861 0.854 0.857 0.863 0.872 0.879 0.882 0.886 0.905

12 - - - 0.918 0.883 0.875 0.873 0.874 0.884 0.889 0.889 0.897 0.899 0.918

15 - - 0.977 0.943 0.908 0.901 0.900 0.898 0.901 0.907 0.911 0.914 0.916 0.936

20 - - 1.006 0.963 0.944 0.936 0.926 0.930 0.928 0.932 0.949 0.932 0.938 0.948

25 - 0.998 0.996 0.976 0.963 0.957 0.948 0.944 0.948 0.953 0.947 0.951 0.957 0.954

30 - 1.017 0.995 0.987 0.970 0.965 0.962 0.956 0.960 0.960 0.961 0.963 0.965 0.962

35 - 1.014 0.994 0.986 0.980 0.976 0.972 0.972 0.972 0.973 0.971 0.978 0.975 0.976

40 - 1.008 0.993 0.990 0.990 0.984 0.980 0.977 0.977 0.977 0.979 0.978 0.987 0.985

45 - 1.002 0.994 0.993 0.989 0.990 0.986 0.986 0.987 0.989 0.986 0.986 0.989 0.986

50 - 0.999 0.992 0.994 0.990 0.990 0.990 0.987 0.991 0.990 0.990 0.990 0.991 0.998

55 0.889 0.998 0.993 0.995 0.994 0.994 0.992 0.991 0.992 0.994 0.990 0.993 0.995 0.996

60 0.926 0.999 0.995 0.995 0.995 0.995 0.992 0.990 0.993 1.000 0.992 1.001 1.000 0.996

65 0.954 0.999 0.997 0.999 1.004 0.995 0.995 0.992 0.995 0.997 0.997 0.998 1.006 0.997

70 0.980 1.001 1.010 0.998 0.996 0.999 0.996 0.994 0.994 1.000 0.998 1.002 1.001 0.998

80 0.997 1.000 0.997 0.999 1.000 1.001 1.000 0.997 0.999 1.003 1.000 1.006 1.004 1.004

90 1 1 1 1 1 1 1 1 1 1 1 1 1 1

100 0.995 0.999 0.997 0.999 1.000 1.000 1.001 0.997 0.999 1.000 0.999 1.001 1.003 1.005

110 0.974 0.999 0.997 0.998 0.999 0.998 0.998 0.997 0.998 0.999 0.996 0.999 1.002 0.999

115 0.954 0.998 0.995 0.997 0.997 0.997 0.996 0.995 0.998 0.998 0.999 0.999 1.000 1.002

120 0.931 0.999 0.994 0.996 0.995 0.996 0.996 0.992 0.994 0.997 0.996 1.004 0.997 1.003

125 0.888 0.999 0.995 0.994 0.994 0.992 0.991 0.990 0.994 0.996 0.993 0.997 0.996 0.998

130 - 1.000 0.994 0.994 0.991 0.992 0.990 0.989 0.990 0.993 0.987 0.993 0.992 0.993

135 - 1.004 0.992 0.992 0.990 0.988 0.986 0.986 0.986 0.989 0.988 0.987 0.990 0.988

140 - 1.006 0.991 0.989 0.986 0.987 0.983 0.981 0.985 0.984 0.978 0.981 0.984 0.988

145 - 1.012 0.990 0.985 0.979 0.976 0.977 0.974 0.975 0.975 0.971 0.976 0.978 0.982

150 - 1.016 0.994 0.983 0.973 0.970 0.967 0.964 0.967 0.969 0.965 0.973 0.971 0.978

155 - 0.998 0.994 0.974 0.962 0.958 0.957 0.959 0.958 0.955 0.952 0.959 0.961 0.962

160 - - 1.009 0.965 0.948 0.940 0.936 0.930 0.939 0.937 0.939 0.940 0.943 0.954

165 - - 0.973 0.946 0.921 0.909 0.903 0.900 0.906 0.905 0.908 0.914 0.915 0.930

168 - - - 0.928 0.898 0.880 0.873 0.872 0.880 0.888 0.888 0.898 0.898 0.919

170 - - - 0.919 0.865 0.852 0.852 0.850 0.862 0.873 0.870 0.873 0.885 0.908

173 - - - - 0.837 0.822 0.823 0.823 0.838 0.839 0.844 0.854 0.862 0.891

175 - - - - 0.858 0.832 0.823 0.820 0.832 0.835 0.843 0.851 0.867 0.884

177 - - - - 0.898 0.863 0.842 0.835 0.850 0.856 0.855 0.864 0.865 0.881

179 - - - - 0.921 0.897 0.886 0.921 0.885 0.882 0.875 0.887 0.902 0.907

180 - - - - 0.911 0.899 0.887 0.887 0.895 0.904 0.897 0.894 0.899 0.917
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φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

Table 3 : Monte Carlo-calculated 2D anisotropy function F(r,θ) for the CSA2 137Cs source. The line source-based

geometry function G
L
(r,θ) was used for calculating F(r,θ).

(b) the uncertainty due to the energy spectrum,

(c) the uncertainty due to photon cross section dataset,

and (d) the uncertainty due to the geometric design

of the source. The uncertainty on volume averaging

is negligible. The uncertainty on the 137Cs energy

spectrum is negligible. Hubbell21 assigns an uncertainty

of 2% on photon cross section dataset. We assign a

global uncertainty of 0.8% on cross section. We have

not evaluated the contribution of the uncertainty in

the internal component mobility of the source. We

assign a 1% uncertainty on the dose results, for the

polar angles θ=60 to 150 as the distal spherical end of

the source was modeled as flat. Thus, the combined

type A and type B uncertainty is about 1% for all the

points, except near longitudinal axis points θ=00 to

50 where the combined uncertainty is about 2.2%.

 radial distance, r (cm)

0.20 0.5 0.75 1 1.5 2 3 4 5 6 7 8 10 15

0 - - 0.947 0.939 0.925 0.938 0.925 0.918 0.928 0.919 0.915 0.917 0.934

1 - - - 0.951 0.936 0.931 0.939 0.923 0.921 0.927 0.944 0.915 0.917 0.931

3 - - - 0.947 0.929 0.908 0.898 0.892 0.891 0.895 0.900 0.894 0.897 0.922

5 - - - 0.927 0.894 0.882 0.881 0.883 0.879 0.881 0.890 0.898 0.895 0.905

7 - - - 0.904 0.882 0.874 0.871 0.870 0.877 0.879 0.878 0.886 0.892 0.912

10 - - - 0.897 0.875 0.876 0.876 0.875 0.881 0.887 0.892 0.892 0.902 0.922

12 - - - 0.888 0.880 0.881 0.884 0.884 0.887 0.895 0.896 0.902 0.908 0.919

15 - - 0.925 0.908 0.906 0.901 0.902 0.907 0.907 0.913 0.912 0.920 0.926 0.935

20 - - 0.956 0.941 0.929 0.927 0.928 0.936 0.934 0.934 0.933 0.935 0.939 0.949

25 - 0.987 0.969 0.961 0.949 0.948 0.946 0.948 0.948 0.947 0.947 0.951 0.952 0.953

30 - 1.010 0.979 0.968 0.964 0.964 0.961 0.958 0.962 0.959 0.958 0.959 0.965 0.967

35 - 1.005 0.988 0.979 0.975 0.974 0.974 0.970 0.972 0.973 0.969 0.970 0.972 0.989

40 - 1.001 0.989 0.984 0.981 0.984 0.979 0.978 0.978 0.977 0.977 0.980 0.984 0.983

45 - 0.997 0.994 0.993 0.989 0.988 0.987 0.987 0.985 0.987 0.983 0.982 0.988 0.986

50 - 0.991 0.994 0.993 0.987 0.989 0.990 0.991 0.991 0.992 0.990 0.987 0.990 0.991

55 0.892 0.992 0.996 0.994 0.993 0.993 0.993 0.991 0.992 0.994 0.989 0.990 0.995 0.997

60 0.930 0.992 0.997 0.995 0.994 0.993 0.996 0.993 0.994 0.991 0.991 0.995 0.998 0.990

65 0.957 0.992 0.999 0.998 0.997 0.995 0.998 0.998 0.999 1.006 0.993 0.996 1.000 0.993

70 0.977 0.992 0.999 0.998 0.997 0.997 0.998 0.996 0.997 0.998 0.995 1.000 0.997 0.995

80 0.996 0.995 1.000 1.001 1.000 1.000 1.003 0.999 1.002 1.002 0.997 1.001 1.003 0.998

90 1 1 1 1 1 1 1 1 1 1 1 1 1 1

100 0.996 0.993 1.002 1.000 1.000 1.000 1.002 1.001 1.000 0.999 0.998 0.998 1.001 0.998

110 0.977 0.994 0.999 0.998 0.997 0.998 1.001 1.000 1.002 0.998 0.998 0.996 1.003 0.995

115 0.960 0.992 0.998 0.996 0.995 0.997 0.999 0.997 1.002 0.999 0.999 1.002 1.003 0.999

120 0.929 0.994 0.997 0.995 0.995 0.994 0.996 0.994 0.994 0.995 0.995 1.000 0.997 0.995

125 0.889 0.991 0.996 0.994 0.993 0.995 0.996 0.992 0.995 0.995 0.992 0.995 0.997 0.993

130 - 0.992 0.994 0.991 0.991 0.992 0.991 0.990 0.992 0.991 0.989 0.989 0.991 0.992

135 - 0.995 0.991 0.989 0.987 0.987 0.987 0.988 0.988 0.990 0.989 0.987 0.987 0.985

140 - 0.998 0.989 0.984 0.983 0.984 0.984 0.985 0.987 0.987 0.982 1.001 0.983 0.980

145 - 1.004 0.985 0.979 0.977 0.978 0.980 0.976 0.977 0.977 0.973 0.974 0.978 0.976

150 - 1.008 0.980 0.973 0.970 0.971 0.974 0.973 0.974 0.970 0.966 0.972 0.969 0.975

155 - 0.987 0.971 0.962 0.957 0.955 0.956 0.959 0.960 0.957 0.953 0.957 0.961 0.962

160 - - 0.960 0.953 0.940 0.937 0.937 0.938 0.941 0.966 0.941 0.941 0.946 0.946

165 - - 0.939 0.925 0.912 0.911 0.913 0.905 0.916 0.913 0.916 0.916 0.920 0.929

168 - - 0.923 0.907 0.887 0.881 0.878 0.883 0.887 0.898 0.894 0.899 0.907 0.922

170 - - - 0.885 0.860 0.853 0.859 0.862 0.870 0.880 0.878 0.877 0.892 0.914

173 - - - - 0.846 0.836 0.839 0.843 0.852 0.859 0.864 0.866 0.880 0.902

175 - - - - 0.875 0.866 0.852 0.847 0.863 0.860 0.868 0.867 0.876 0.905

177 - - - - 0.892 0.870 0.864 0.860 0.871 0.873 0.879 0.882 0.880 0.894

179 - - - - 0.900 0.888 0.922 0.897 0.896 0.887 0.893 0.890 0.902 0.899

180 - - - - 0.899 0.890 0.891 0.886 0.898 0.901 0.908 0.892 0.903 0.906

θθθθθ (deg)
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φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εF ο υο υο υο υο υ n δ εδ εδ εδ εδ ε r ’ s  δ α ψ   δ α ψ   δ α ψ   δ α ψ   δ α ψ  S ρ ερ ερ ερ ερ ε c i ααααα l      I s s u εεεεε
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Table 4 : Away and along 2D dose rate distribution in water (in cGy/(h U)) for the CSA1 137Cs source.

For θ=60 to 150, the combined uncertainty is about

2.4%.

Conclusions

The dose rate distribution in water for the indigenously

developed CSA1 and CSA2 137Cs source models has

been calculated using the EGSnrcMP-based Monte

Carlo code system. The dose rate distributions are

presented in AAPM TG-43U1 recommended

parameters and in a 2D Cartesian look-up table. These

dose rate values can be used as input data for

treatment planning, for the indigenous development

of treatment planning software.
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 D i s t a n c e D i s t a n c e  a w a y .  y  ( c m )

a l o n g

z  ( cm) 0 0.2 0.5 0.75 1 2 2.5 3 4 5 6 8 10 15 20

20 0.00171 0.00173 0.00165 0.00166 0.00164 0.00163 0.00163 0.00161 0.0016 0.00158 0.00154 0.00143 0.00130 0.00095 0.00065

15 0.00347 0.00340 0.00332 0.00336 0.00339 0.00333 0.00336 0.00333 0.00328 0.00318 0.00303 0.00272 0.00235 0.00154 0.00096

10 0.00896 0.00860 0.00851 0.00843 0.00844 0.00841 0.00836 0.00823 0.00785 0.00730 0.00670 0.00546 0.00434 0.00240 0.00134

8 0.0143 0.0141 0.0138 0.0135 0.0134 0.0136 0.0133 0.0130 0.0120 0.0108 0.00953 0.00729 0.00551 0.00278 0.00149

6 0.0269 0.0255 0.0249 0.0247 0.0248 0.0243 0.0234 0.0222 0.0193 0.0164 0.0138 0.00966 0.00685 0.00318 0.00163

5 0.0387 0.0371 0.0361 0.0364 0.0364 0.0347 0.0326 0.0301 0.0249 0.0203 0.0165 0.0110 0.00757 0.00336 0.00169

4 0.0631 0.0596 0.0573 0.0580 0.0584 0.0518 0.0471 0.0419 0.0325 0.0252 0.0196 0.0124 0.00820 0.00351 0.00174

3 0.119 0.109 0.106 0.107 0.105 0.0826 0.0700 0.0591 0.0421 0.0306 0.0229 0.0137 0.00881 0.00365 0.00178

2.5 0.175 0.162 0.159 0.157 0.150 0.106 0.0861 0.0704 0.0477 0.0335 0.0244 0.0142 0.00909 0.00369 0.00179

2 0.293 0.265 0.262 0.250 0.228 0.137 0.106 0.0826 0.0530 0.0361 0.0259 0.0148 0.00930 0.00375 0.00180

1.5 0.604 0.589 0.543 0.463 0.380 0.179 0.129 0.0966 0.0584 0.0387 0.0272 0.0152 0.00949 0.00377 0.00182

1 —- 1.88 1.19 0.812 0.586 0.216 0.148 0.107 0.0623 0.0403 0.0281 0.0154 0.00959 0.00382 0.00183

0.75 —- 5.12 1.82 1.077 0.717 0.234 0.157 0.111 0.0638 0.0412 0.0283 0.0156 0.00969 0.00381 0.00182

0.5 —- 8.36 2.43 1.321 0.837 0.249 0.164 0.115 0.0655 0.0417 0.0287 0.0157 0.00969 0.00378 0.00183

0.25 —- 9.26 2.78 1.485 0.917 0.258 0.168 0.117 0.0660 0.0420 0.0288 0.0157 0.00971 0.00382 0.00184

0.15 —- 9.39 2.85 1.521 0.936 0.261 0.169 0.118 0.0661 0.0420 0.0288 0.0157 0.00969 0.00382 0.00183

0 —- 9.45 2.89 1.539 0.945 0.262 0.169 0.118 0.0663 0.0421 0.0289 0.0157 0.00970 0.00383 0.00184

0.15 —- 9.39 2.85 1.521 0.936 0.261 0.169 0.118 0.0661 0.0420 0.0288 0.0157 0.00969 0.00382 0.00183

-0.25 —- 9.26 2.78 1.485 0.917 0.258 0.168 0.117 0.0660 0.0420 0.0288 0.0157 0.00971 0.00382 0.00184

-0.5 —- 8.36 2.43 1.320 0.837 0.249 0.164 0.115 0.0655 0.0417 0.0287 0.0157 0.00969 0.00378 0.00183

-0.75 —- 5.11 1.82 1.076 0.717 0.234 0.157 0.111 0.0638 0.0412 0.0283 0.0156 0.00968 0.00381 0.00182

-1 —- 1.94 1.19 0.813 0.586 0.215 0.148 0.107 0.0623 0.0403 0.0281 0.0154 0.00959 0.00382 0.00183

-1.5 0.595 0.578 0.547 0.464 0.381 0.179 0.129 0.0967 0.0584 0.0387 0.0272 0.0152 0.00949 0.00377 0.00182

-2 0.288 0.260 0.263 0.252 0.229 0.137 0.106 0.0826 0.0530 0.0361 0.0259 0.0148 0.00931 0.00375 0.00180

-2.5 0.172 0.159 0.158 0.158 0.151 0.106 0.0862 0.0704 0.0477 0.0335 0.0244 0.0142 0.00910 0.00369 0.00179

-3 0.115 0.107 0.105 0.107 0.106 0.0828 0.0701 0.0592 0.0421 0.0306 0.0229 0.0137 0.00881 0.00365 0.00178

-4 0.0618 0.0586 0.0562 0.0576 0.0583 0.0520 0.0472 0.0420 0.0325 0.0252 0.0196 0.0124 0.00820 0.00351 0.00174

-5 0.0386 0.0366 0.0354 0.0358 0.0362 0.0348 0.0327 0.0301 0.0250 0.0203 0.0165 0.0110 0.00758 0.00335 0.00169

-6 0.0264 0.0252 0.0245 0.0243 0.0246 0.0244 0.0235 0.0223 0.0194 0.0164 0.0138 0.00966 0.00685 0.00318 0.00163

-8 0.0142 0.0138 0.0137 0.0133 0.0134 0.0135 0.0133 0.0130 0.0120 0.0108 0.00958 0.00730 0.00551 0.00279 0.00149

-10 0.00886 0.00853 0.00843 0.00833 0.00831 0.00839 0.00833 0.00824 0.00786 0.00733 0.00671 0.00547 0.00435 0.00240 0.00134

-15 0.00347 0.00352 0.00331 0.00338 0.00333 0.00332 0.00332 0.00330 0.00328 0.00318 0.00303 0.00273 0.00236 0.00155 0.00096

-20 0.00168 0.00169 0.00165 0.00166 0.00164 0.00162 0.00162 0.00161 0.00159 0.00157 0.00154 0.00144 0.00130 0.00095 0.00065
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Table 5 : Away and along 2D dose rate distribution in water (in cGy/(h U)) for the CSA2 137Cs source.
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ABSTRACT

Solvent extract ion and Flat Sheet Supported L iquid Membrane (FSSLM) transport studies

for radiostrontium separation from nitr ic acid medium were carried out, using 4,4’(5’)-di-

tert-butyl-dicyclo hexano-18-crown-6, (DTBCH18C6) as the extractant. Role of di luent on

the extraction and transport of Sr(I I )  was investigated. Encouraging results were obtained

during the solvent extraction investigations, using 0.1M DTBCH18C6 in a di luent mixture,

compris ing 80% toluene – 20% 1-octanol  as the solvent,  which displayed s ignif icant ly

lower nitr ic acid extract ion, as compared to pure 1-octanol as the di luent.

Introduction

Due to high heat output and long half life

((t
1/2

 = 28.5 yrs), separation of 90Sr from High Level

Waste (HLW) eases its vitrification and subsequent

safe management. Further, the separated

radiostrontium can be used as a source, for

thermoelectric and thermomechanical power

generators [1].

Crown ethers have been used as size selective

complexing agents for the alkali / alkaline earth metal

ions [2,3]. In the SREX flow sheet developed at the

Argonne National Laboratory, USA 4',4"(5")-di-tert-

butyldicyclohexano-18-crown-6 (DTBuCH18C6 ) in 1-

octanol has been used as extractant, for the selective

removal of Sr from high level waste. However, due to

the high cost of the ligand, Supported Liquid Membrane

(SLM)-based separation method with low solvent

inventory, is a viable alternative to the solvent

extraction method for radiostrontium recovery from

nuclear waste solution [4]. However, though the SREX

solvent extracts Sr(II) efficiently, it also co-extracts large

amount of acid [4]. The present work deals with

development of alternative solvent with reduced

acid uptake, by using binary mixtures of

1-octanol with different diluents and subsequent use

of the modified solvent, for the carrier extractant in

supported liquid membrane studies.

Experimental

All reagents including DTBuCH18C6 (Fluka,

Switzerland) were of AR grade. PTFE membranes

(0.45 μm pore size, 64% porosity) used in the present

study were procured from Sartorius, Germany. 85,89Sr

obtained from BRIT, Mumbai was used (as a surrogate

for 90Sr), after ascertaining its radiochemical purity by

gamma spectrometry. The distribution data for Sr was

T h i s  p a p e r  w a s  g i v e n  t h e  B e s t  O r a l  P r e s e n t a t i o n  A w a r d  ( A n a l y t i c a l

&  E n v i r o n m e n t a l  C h e m i s t r y  S e c t i o n )  a t  t h e  2 6 t h  I n d i a n  C o u n c i l  o f

C h e m i s t s ’  A n n u a l  C o n f e r e n c e ,  h e l d  a t  H . S .  G a u r  U n i v e r s i t y ,  S a g a r ,

M a d h y a  P r a d e s h ,  d u r i n g  F e b r u a r y  2 6 - 2 8 ,  2 0 0 8
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obtained by mixing 1 mL of the ligand solution in the

suitable diluent mixture, with an equal volume of the

aqueous phase containing the required concentration

of HNO
3
 and spiked with 85,89Sr tracer in a

thermostated  water bath at 25+0.1oC for about1hour.

After centrifugation, the phases were separated and

assayed radiometrically, using a well-type NaI(Tl)

scintillator counter. The SLM transport studies were

carried out using 25 mL glass transport cells, with

feed / strip solutions stirred at 200 rpm. Usually, the

feed compartment contained 85,89Sr tracer in

3.0 M HNO
3
 , while the strip solution was distilled

water. Assay of the strontium tracer was made as

described above from the feed as well as the receiver

compartment at different time intervals, to calculate

the permeability coefficients and % transport data.

The transport studies were carried out at ambient

temperature (24+1oC). The material balance in these

studies was found to be within +5%.

Results and Discussion

Solvent extraction studies

Solution of DTBuCH18C6 in 1-octanol, when used as

the solvent, though showed high distribution

coefficient from acidic feed, its acid uptake reduces

process efficiency.  On the other hand, poor solubility

of the crown ether in solvents with low acid uptake,

necessitates the use of polar diluents such as 1-octanol,

as a modifier solvent. Accordingly, in the present work

1:1 mixture of 1-octanol with aromatic diluents viz.

toluene, tert-butyl benzene (TBB) and tri-isopropyl

benzene (TIB) were used. The D
Sr
 values observed using

0.01 M DTBuCH18C6 were 1.03 ± 0.02, 1.03 ±

0.02, 1.22 ± 0.01, 0.76 ± 0.03 with 100% 1-octanol,

50% 1-octanol + 50% tert-butyl benzene, 50% 1-

octanol + 50% toluene and 50% 1-octanol + 50%

tri-isopropyl benzene, respectively. The acid uptake in

these diluent mixtures was 11%, 7%, 3%, 1%,

respectively, suggesting that 1-octanol-toluene mixture

can be used as a suitable alternative. The aqueous phase

used in these studies was 3 M HNO
3
, which is the

acidity of the HLW. All subsequent studies were carried

out using binary mixtures, of toluene and 1-octanol.

The concentration variation studies carried out in all

these diluent mixtures, revealed the 1:1 stoichiometry

of extracted complex. The results of diluent variation

studies carried out with 1-octanol and toluene are

presented in Table 1. Though the data indicated no

significant change in D
Sr
 value with varying diluent

proportion, acid uptake was found to decrease with

increase in proportion of toluene. This was attributed

to the decreasing content of water (which may be

playing a crucial role for the acid uptake by hydrogen

bonding) with decreased 1-octanol proportion in the

diluent mixture. This was confirmed by carrying out

the Karl Fisher Titration with all diluent mixtures. The

Table 1: Behaviour of DTBuCH18C6 dissolved in different diluent mixtures,

[DTBuCH18C6] = 0.01M, aq. phase: 3M HNO
3
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Fig. 1: % Transport of Sr(II)in by 0.01M DTBuCH18C6 in

different diluent compositions feed: 3MHNO
3
, strip:

distilled water

results presented in Table 2 confirmed the decreased

content of water with decrease in the 1-octanol

content in binary mixture.

Supported Liquid Membrane(SLM) studies

Using 3 M HNO
3
 as the feed solution and distilled

water as the strip solution, SLM studies were carried

out using 0.01 M DTBCH18C6 in toluene + 1-octanol

in different proportions. The transport data profile is

presented in Fig. 1. The transport rate was slow when

100% 1-octanol was used as diluent while

enhancement in transport rate was observed for binary

mixture of 1-octanol and toluene. Highest transport

rate was observed when 20% 1-octanol + 80%

toluene was used as the diluent mixture. This was

attributed to the transport of acid by the diluent

mixtures as presented in Fig. 2. Surprisingly, with 20%

1-octanol + 80% toluene as diluent, after 55%

transport of Sr(II), transport of acid with a higher rate

was observed. With all binary diluent mixtures,

transport of acid was fast enough to affect the

transport of Sr(II). As a result, as shown in Figs. 1 and

2, the Sr(II) transport attained a plateau value of about

55% after 24 hours, when acid transport was ~50%

in all diluent mixtures. Though the solvent extraction

studies indicated a decrease in the acid uptake with

decreasing 1-octanol content, the SLM studies

indicated transport ~50% acid in all diluent mixtures

employed.  Use of buffer solution in the receiver phase

did not suppress the acid transport. To study the effect

of H+ ion concentration, Sr(II) transport studies were

carried out at fixed nitrate ion concentrations with

varying amounts of H+ ion concentration. It was

observed that the permeability coefficient deceased to

about one third of the value obtained with 1 M HNO
3

as the feed. However, Sr(II) transport was found to

Table 2: % of moisture content obtained by Karl Fisher titration method in different diluent mixtures

pre-equilibrated with 3M HNO
3
, temperature: 25 0C
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Fig. 2: Transport of acid in supported liquid membrane

studies by 0.01M DTBCH18C6 different diluent mixtures,

feed solution: 3M HNO
3
, strip solution: distilled water

saturate to ~50% which improved significantly when

the feed solution contained  3M NaNO
3
.

Conclusions

Use of binary mixture of 1-octanol with toluene

showed significantly lower acid uptake as compared
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to pure 1-octanol as the diluent in solvent extraction

studies. The SLM studies, however, did not indicate

quantitative transport of Sr(II) when 3 M HNO
3
 was

used as the feed. Sr(II) transport in all cases containing

acidic feed solutions saturated to slightly more than

50% which was ascribed to the competitive acid

transport phenomena.
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Introduction

In view of global energy and environmental issues,

significant efforts have been made, to develop suitable

catalysts for the efficient splitting of water. Water

splitting can be achieved through thermochemical,

photocatalytic and other methods. With these aspects

in view, we propose to develop Indium titanate based

mixed oxides, for splitting of water stoichiometrically,

under visible light irradiation.

Experimental

Catalyst Synthesis

Mixed oxides with nominal compositions
In

2(1-x)
Nd

2x
TiO

5
, In

2(1-x)
Ni

2x
TiO

5-δ, In
2
Ti

1-x
Fe

x
O

5-δ,

In
2
Ti

1-x
Cr

x
O

5-δ , were synthesized through ceramic
route by using pre-dried In

2
O

3
, TiO

2, 
NiO Nd

2
O

3
, Fe

2
O

3

and Cr
2
O

3
 (99.99% purity), as starting materials, mix-

ing them in appropriate stoichiometry as depicted by
the following equations:

(1-x)In
2
O

3
 + TiO

2
 + xNd

2
O

3
 → In

2(1-x)
Nd

2x
TiO

5-δ (2x =
0.0, 0.1, 0.2, 0.3 and 0.4)

(1-x)In
2
O

3
 + TiO

2
 + 2xNiO → In

2(1-x)
Ni

2x
TiO

5-δ (2x =
0.0, 0.1, 0.2, 0.3 and 0.4)

In
2
O

3
 + (1-x)TiO

2
 + x/2Fe

2
O

3
 → In

2
Ti

1-x
Fe

x
O

5-δ  
(x =

0.0, 0.05, 0.1, 0.15 and 0.2)

In
2
O

3
 + (1-x)TiO

2
 + x/2Cr

2
O

3
 → In

2
Ti

1-x
Cr

x
O

5-δ 
(x =

0.0, 0.1, and 0.2)

The pellets of homogeneous mixtures were calcined,
first at 700°C for 65 h and then at 1000°C for 64 h
and finally at 1250°C for 24 h, with intermittent
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A series of aliovalent and isovalent ions were substituted at A and B-site in Indium titanate,
In3+

2
Ti4+O

5
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2
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absorption band edge significantly, but some new absorption peaks attributable to 4f internal
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grindings, so as to ensure the uniformity and the
completion of the reaction. All samples are abbreviated
in text as M(x), where M is the dopant ion and x is
the extent of substitution.

Catalyst Characterization

The Powder XRD patterns were recorded on a Philips
diffractometer (model PW 1710), equipped with a
graphite monochromator and Ni-filtered Cu-Kα
radiation. The patterns were indexed using powderx
programme for determination of the unit cell
parameters of the substituted samples. The crystallite
size, D, was calculated from XRD line width according
to the Scherrer equation.

The SEM images were recorded on Model Tescan Vega
MV 2300T/40, using an accelerating voltage of 25KV
at the working distance ~10mm. EDS was recorded
with Inca Crystal IC 250 at a working distance of 23
mm spectra.

Band Gap Measurements: Diffusion Reflectance

Spectra (DRS)

Band gap measurements of all semiconductor
oxide samples was estimated, by recording
their Diffuse reflectance UV-Visible spectra using
spectrophotometer of JASCO model V-530, Japan,
scanned in the range of 200-1000 nm at the scanning
speed of 200nm/min.

Results and Discussion

Crystal structure by XRD

The powder XRD patterns of all the doped and
undoped samples are shown in Fig. 1. The In

2
TiO

5, 
is

isostructural with In
2
VO

5
. It crystallizes in the

orthorhombhic space group, with a = 0.7241 nm,
b= 0.3427 nm c= 1.4878 nm, cell volume = 0.3692
nm3 and Z = 4. The lines due to reactant oxides are
missing in all substituted patterns thus confirming the
completion of the solid-state reaction. Following are

the XRD results as a function of individual dopants at
A site by Nd and Ni, and at B-site by Fe and Cr.

A-site substitution, In
2(1-x)

Nd
2x

TiO
5:

The XRD patterns of all Nd3+ substituted In
2
TiO

5

compositions, are presented in Fig. 1, as a function
of x, where the XRD pattern of x = 0, 0.1 and 0.2
composition matches with that of orthorhombic
In

2
TiO

5  
(JCPDS card No.30-0640) oxide. The XRD

patterns as shown in Fig. 1 reveal that substitution by
isovalent metal ion, Nd3+ at A-site in In

2
TiO

5
 has

resulted in single-phase compositions isomorphic to
In

2
TiO

5
 phase

.
 Weak reflections present at

2q= 28.5°, 28.8°, 33.21°, attributable to new
secondary phase are also visible in  In

1.7
Nd

0.3
TiO

5-δ The
lines corresponding to a new secondary phase were
identified and attributed to the Nd

2
TiO

5
 JCPDS card

No. 37-0944). The intensities of XRD lines due to this
new phase, increased with increase in Nd content of
In

1.7
Nd

0.3
TiO

5-δ 
and In

1.6
Nd

0.4
TiO

5-δ 
substituted samples.

A-site substitution by isovalent cation, Nd3+ has
induced a mixed phase formation beyond 10% of
dopant comprising of both parent In

2
TiO

5-δ and
Nd

2
TiO

5-δ phases, whereas samples with In
1.9

Nd
0.1

TiO
5-δ In1.8

Nd
0.2

TiO
5-δ compositions were single phase

isomorphic to In
2
TiO

5
 phase.

In
2(1-x)

Ni
2x

TiO
5

Fig. 1 also shows the powder XRD patterns of In
2
TiO

5

and corresponding patterns observed due to aliovalent
substitution of Ni2+ in place of In3+ at A-site. The
XRD patterns of samples with In

1.95
Ni

0.05
TiO

5-δ,
In

1.9
Ni

0.10
TiO

5-δ and In
1.8

Ni
0.2

TiO
5-δ 

compositions, match
with the XRD pattern of unsubstituted indium titanate
sample, asshown in Fig. 1. Thus in these samples Ni
substitution resulted in single phase due to formation
of solid solution of Ni with the lattice of the parent
compound, indium titanate. However, for samples,
having Ni content higher than 10%, some low intensity
lines in addition to parent phase were also observed.
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These weak lines present at 2θ= 43.33°, 35.71° and

63.02° are attributed to the formation of secondary

phase in the samples having compositions of

In
1.7

Ni
0.3

TiO
5-δ and In

1.6
Ni

0.4
TiO

5-δ. The secondary phase

was identified to be Ni
0.75

Ti
0.125

O (JC-PDS card No. 31-

0916).

B-site substitution In
2
Ti

1-x
Fe

x
O

5-d

The XRD pattern (Fig. 1), of x = 0, composition

matches well with that of orthorhombic In
2
TiO

5 
(JCPDS

card No.30-0640) oxide. The XRD patterns of Fe

substituted compositions, i.e. 0.05≤ x ≤ 0.2 are

presented in Fig.1 (c & e). All these patterns reveal

that Fe substitution has resulted in single-phase

material comprised of In
2
TiO

5
 phase. Table 1 lists the

change in lattice parameters and cell volume as a
function of Fe content as generated by indexing the
XRD patterns of substituted samples. This data reveals
that as Fe content increases the cell volume decreases,
which can be explained by inclusion of smaller cation,
Fe (0.64 Å) in place of relatively larger size cation,
Ti (0.68 Å).

In
2
Ti

1-x
Cr

x
O

5-d

Fig. 1 presents the XRD patterns of B-site substituted
In

2
Ti

1-x
Cr

x
O

5-δ compositions. The XRD pattern of
composition with In

2
Ti

0.9
Cr

0.1
O

5-δ, shows weak
reflections attributable to new phase (marked as *)
are also visible which indicates the formation of
secondary phase. Thus Cr substitution has resulted in
mixed phases. The lines corresponding to new
secondary phase were identified and attributed to be
Cr

0.286
Ti

0.714
O

1.857
 (JCPDS card No. 30-416).

Thus, cationic substitution of Fe3+ at B-site has resulted
in single-phase material, isomorphic to In

2
TiO

5
 phase,

whereas Ni2+, Nd3+ and Cr3+ resulted in mixed phases
due to limited solubility of these ions in In

2
TiO

5
 lattice.

Fe3+ and Cr3+ are transition elements of same valence
and ionic radii when substituted at B-site in In

2
TiO

5

under identical conditions; their implications in the
lattice were varied and cannot be generalized. Thus,
the nature of cation, its transport properties and
diffusion characteristics play an important role in solid-
state reaction.

Fig. 1 : XRD patterns of In
2
TiO

5
, In

2(1-x)
Nd

2x
TiO

5,

In
2(1-x)

Ni
2x

TiO
5-δ, In

2
Ti

1-x
Fe

x
O

5-δ In
2
Ti

1-x
Cr

x
O

5-δ
(x = 0.0-0.2) as a function of substitution.

Table 1 : Lattice parameters of In
2
TiO

1-x
Fe

x
O

5-δδδδδ samples

Sr. Sample Lattice parameters (Å) Cell

No.  Volume

a b       c (Å3)

1 In
2
Ti

1-x
Cr

x
O

5-δ  X = 0.0 7.241 (2) 3.427 (2) 14.878 (6) 369.24

2 orthorhombic X = 0.1 7.227 (8) 3.425 (8) 17.873 (6) 368.26

3 X = 0.2 7.225 (6) 3.408 (5) 14.853 (1) 365.82
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from 3.2eV (In
2
TiO

5
) to 2.1eV (In

2
Ti

0.8
Fe

0.2
O

5-δ) and 1.9
in case of Cr doping (In

2
Ti

0.8
Cr

0.2
O

5-δ). This is considered
largely to be a consequence of the Fe 3d or Cr 3d
level. Ni has also resulted in lowering of band gap
from 3.02 to 2.0 eV. The band gap change in Ni-doped
compounds can be attributed to internal transitions in
a partially filled d shell. The wavelength at the
absorption edge, λ was determined as the intercept
on the wavelength axis for a tangent line.

Fig. 2b shows the UV–VIS diffuse reflectance spectrum
of In

2(1-x)
Nd

2x
TiO

5-δ, as a function of x. The spectrum
indicates that In

2
TiO

5
 has an optical gap of 3.02 eV.

The presence of several peaks at 529.5, 588.5, 741,
802, 866 and 879 nm in the spectra of Nd substituted
samples, reveals that the Nd3+ substitution has enabled
the sample to absorb in visible region considerably.
These peaks are attributed to possible charge transfer
transitions between Nd 4f and other bands. The
intensity of peaks was found to increase with increase
in Nd content. The band gap is likely to occur between
the top of the oxygen 2p band and the bottom of the

Though Fe substituted samples are single-phase
compositions, there is a slight distortion of lattice as
may be caused either by the generated substitution-
induced non-stoichiometry or due to decrease in
crystallinity of these samples. This data indicates that
even on substitution of upto 20% Fe in place of Ti the
structure remains intact despite of the incorporated
distortion. This may be attributed to the almost
identical ionic radii of Ti4+ and Fe3+.

Diffuse Reflectance Spectroscopy (DRS)

The metal ion substitution affects the electronic
structure of the semiconducting photocatalysts which
is manifested in their DRUV-Vis spectra.
Fig. 2a. illustrates the light absorption properties for
the In

2
TiO

5 
and metal ion substituted at A and B-site.

The band gap of these compounds can be estimated
from plots of the Kubelka-Munk functions F(R) versus
photon energy. One of the most characteristic features
is that, the Eg value (Eg is band gap) is narrowed
with Fe and Cr doping. The band gap is changed

Fig. :2 (a) Effect of different metal ion substitutions at both A and B-sites on Absorption spectra

of Indium titanate, viz. of In
2(1-x)

A
2x

TiO
5-δ and In

2
Ti

1-x
B

x
O

5-δ, A = Ni2+, Nd3+ and B = Fe3+, Cr3+)
 
 samples

(b) Dr-UV-Vis spectra of In
2(1-x)

Nd
2x

TiO
5-δ as a function of x. Symbols for each absorptions show

the excited states of isolated Nd 4f. The ground states are:  Nd, 4 I
9/2

(A) (B)
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Ti 5d (t
2g

) band. In particular, a much broader
absorption in the range 300–400 nm suggests, possible
charge-transfer transitions between Nd 4f and other
bands. In

2
Ti

1-x
Fe

x
O

5-δ samples show that the visible
absorption spectra of these compounds, are
characteristic of photocatalysts which are able to
respond to visible light.

Fig. 3 : SEM image of a) In
2
TiO

5 
b) enlarged portion showing the facets in surface of In

2
TiO

5 
c) Nd (0.2) substituted

sample

SEM

Fig. 3 shows the SEM micrograph of a typical sample
of In

2
TiO

5
 , where we can see that the particles have

clear facet grain boundaries, whereas on the
substituted samples, the facets disappear.  Also the
particle size is in micron range, due to high
temperature sintering.
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L A S E R  W E L D I N G  O F  F U L LY  A U S T E N I T I C  S T A I N L E S S

S T E E L  ( D 9 )  T H I N  W A L L E D  T U B E  W I T H

3 1 6 M  A U S T E N I T I C  S T A I N L E S S  S T E E L  E N D P L U G

IIntroduction

Fully austenitic stainless of grade D9 alloy has been

chosen as the cladding material, for the upcoming

Prototype Fast Breeder Reactor. Conventionally GTAW

process is being used in India, for the end plug welding

of fuel tubes. End plug welding is an autogenous

welding process, because of low wall thickness of

the clad tube. Even though GTAW was successful so

far, it has a few drawbacks. The problems that are

encountered in GTAW welding are, difficulty in

alignment of the electrode with weld joint, variation

in penetration throughout the circumference of the

weld and tungsten inclusion of the weld. Laser Beam

Welding (LBW) is a potential welding process, that

can offer a solution to the above-mentioned problems.

Laser heat input for the fusion of the weld is

comparatively lower than GTAW welding. So the

distortion associated with heat build up is low.

A .  K u l s h r e s t h a ,  P. V.  S u r e s h  V a r m a ,  A .  G u p t a ,  R . B . B h a t t ,  M d . A f z a l ,

J . P.  P a n a k k a l  a n d  H . S .  K a m a t h

A d v a n c e d  F u e l  F a b r i c a t i o n  F a c i l i t y

ABSTRACT

The fabrication of fuel elements for Prototype Fast Breeder Reactor (PFBR), involves welding

of ful ly austenit ic stainless steel thin-walled clad tube and stainless steel 316M end plug.

Pulsed TIG technique is generally used, for welding of clad tube and end plug. Laser welding

has been introduced for end plug welding at the Advanced Fuel Fabrication Faci l ity, BARC,

Tarapur. Laser welding offers some advantages l ike low heat input, high speed, consistent

penetration and bead geometry. In this paper, the effect of various laser welding parameters

on penetrat ion and bead geometry has been studied. Exper iments were carr ied out by

vary ing parameters l ike peak power,  energy per pulse,  spot over lap,  welding speed,

defocusing distance and repetition rate and their effect on bead geometry and penetration

was determined. The process was modeled us ing Taguchi  method and was val idated

exper imental ly.  Based on the S/N rat io,  the effect of each parameter on penetrat ion and

bead geometry was analyzed. The contr ibut ion made by each parameter in determining

penetrat ion and bead geometry was found using ANOVA. The results  of Pulsed Nd-YAG

laser welding were compared with Pulsed TIG welding of end plugs. It was found that laser

welding gives consistent penetration and bead geometry as compared to pulsed TIG.  The

welds were characterized and the effect of parameters on microstructure was also studied.

T h i s  p a p e r  w a s  p r e s e n t e d  a t  t h e  4 6 t h  N a t i o n a l  M e t a l l u r g i s t  D a y  a n d

t h e  6 2 nd  A n n u a l  Te c h n i c a l  M e e t i n g  o f  t h e  I n d i a n  I n s t i t u t e  o f  M e t a l s ,

h e l d  a t  N e w  D e l h i ,  f r o m  N o v .  1 3 - 1 6 ,  2 0 0 8 .  I t  w a s  s e l e c t e d  f r o m

a m o n g  3 9 6  p a p e r s
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The depth of penetration for end plug welding using

laser welding and TIG welding are compared in

Figs. 1 & 2. Optimization of laser welding parameters

has been done using Taguchi method. Theoretical

approach has been done, to find out the effect of

parameters on weld bead geometry.

Pulsed Nd-YAG Laser Welding

Pulsed Nd-YAG laser beam welding involves many

variables like peak power, pulse repetition rate, pulse

duration, energy per pulse, spot overlap, welding

speed, defocusing distance and shielding gas. All

these variables affect the bead geometry of the fusion

Fig. 1: Penetration in pulsed TIG and pulsed laser welding (for section A & B)

Fig. 2 : Penetration difference between section A & B  in pulsed TIG and pulsed laser

welding

 zone, which in turn influence the properties of the

weldment. Pulse peak power plays an important role

in achieving good weld penetration. At constant

duration of pulse, increase in pulse peak power

increases the energy input and thus the penetration

[1]. Increase in repetition rate will lead to higher heat

input and hence better penetration [1]. Defocusing

reduces the power density and resulted in widening

of the weld at the expense of depth. At constant pulse

power, depth of penetration is directly related to pulse

duration.But the use of the technique in inappropriate

settings, can reduce its effectiveness in welding

operation.
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Taguchi experimental design

Optimization of process parameters is the key step in

the Taguchi method, for achieving high-quality welds.

The process control parameters can be optimized for

minimum noise, cost and high-performance and

quality. It reveals the dominant control factors along

with optimal values of each control factor for

achieving desired values of dependent parameters. For

better root fusion, penetration depth and aspect ratio

(depth/width ratio) have to be maximized. So, larger-

the-better S/N ratio equation is used as follows:

S/N  =  – 10 Log10 ( 1/n  Σ 1/ Y
i
 2 )

Fig. 3 : Laser welding set-up

C Cr Ni Mn Si Mo P S Ti Fe

0.04 14.53 14.25 1.5 0.59 2.07 0.053 0.005 0.23 Bal.

Table 1:  Chemical composition of the D9 clad tube

Table 2:  Chemical composition of the 316 M S.S. end plug

C Cr Ni Mn Si M P S  Fe

0.04 17.2 10.19 1.45 0.58 2.19 0.053 0.015 Bal.

MATERIAL AND EXPERIMENTAL METHOD

A Nd-YAG pulsed laser welding machine with a

maximum average power of 500W was employed for

the work. The material used was fully austenitic D9

stainless steel tube (OD 6.6 mm and wall thickness

0.45 mm ) and SS 316M end plug of O.D. 6.6 mm.

The chemical composition of the D9 stainless steel

tube and SS 316M end plug is shown in Table 1 and

2 respectively. The tube and the end plug were held

in the chuck of a welding lathe as shown in Fig. 3

and rotated below the welding head at the required

speed. Autogenous welding beads were made on the

joint. The laser beam was delivered by a stationary

welding head, held vertically over the weld joint as

shown in Fig. 4. The focal length of the focusing

optics was kept at 200 mm.  Helium gas was used

for shielding, blown at the constant rate of 20 lpm at

45o onto the job. For all sets of experiments, the spot

size on the surface was 0.4 to 0.6

mm (Fig. 5) as per the defocusing

distance chosen and the percentage

overlap of bead was kept at 70%.

Optimization of pulsed Laser

parameters

The Taguchi method separates

factors into two main groups, the

control factors and the noise factors.

Control factors are those that allow

a manufacturer to control during

processing and noise factors are

difficult to control. In this welding process peak

power, travel speed, repetition rate, pulse duration,

pulse energy, torch angle, shielding gas type,

defocusing distance and the gas nozzle angle were

selected as control factors.
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the quality by minimizing the effects of the causes of

variation. Due to the circular geometry, heat buildup

is the major cause of variation in penetration and

aspect ratio. Hence it is chosen as the noise factor.

50% of the total revolution of tube was designated as

level 1 (section A) and 100% as level 2 (section B) as

shown in Fig. 4.

Fig. 4: PFBR end plug weld joint (cut from section A & B)

Fig. 5: Spot diameter of the pulsed laser at different defocusing distances

Character Parameter Levels

1 2 3

P Peak Power (W) 900 1000 1100

T Pulse Duration (msec) 10 15 20

F Pulse Frequency (Hz) 8 14 20

D Defocussing Distance (mm) -1.0 -2.5 -4.0

Table 3 : Laser welding parameters and their levels

Selection of parameters

In this study, peak power, pulse frequency, pulse

duration and defocusing distance were selected at

three levels. The values of the welding process

parameters at different levels are listed in Table 3. The

fundamental principle of robust design, is to improve
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Selection of orthogonal arrays

Orthogonal array-based matrix experiments are used,

to study the effects of control factors and noise factors,

to determine the bead quality characteristics for a

particular application. In this study, an L9 orthogonal

array with 4 columns and 9 rows was used. This array

has eight degrees of freedom and it can handle four

process parameters with three levels as shown in Table

4. Nine experiments for two noise level settings were

carried out and the response of each experiment is

investigated as shown in Table 5.

Evaluation of optimal conditions by use of

signal-to-noise ratios

Taguchi has created a transformation of data

to another value, which is a measure of the

variation present. This transformation called

the S/N ratio, is used in evaluating the quality

of product. The S/N ratio measures the

level of performance and the effect of noise

factors on performance and is an evaluation of

the stability of performance of an output characteristic.

In this investigation, response considered is

penetration depth and the depth/width ratio.

Table 4 : L
9
 Taguchi matrix

Expt. Peak Pulse Pulse Defocussing

No. Power Duration Frequency Distance

(P) (T) (F ) (D )

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

ANalysis Of VAriance (ANOVA)

The purpose of ANOVA is to investigate welding

process parameters, which can significantly affect

the quality characteristics. This is accomplished by

separating the total variability of the S/N ratios,

which is measured by the sum of squared deviations

from the total mean of the S/N ratio, into

contributions by each welding process parameter

and the error. The percentage contributions by each

of the process parameters is the total sum of the

squared deviations and can be used to evaluate the

importance of the process parameters change, on

quality characteristics. In addition to this the F-test

can also be used to

determine which

welding process

parameters have

significant effect

on the quality

c h a r a c t e r i s t i c s .

Usually, the change

of the welding

process parameter

has a significant

effect on the quality

characteristics, when

the F value is large.

Table 5 : Response values at noise level 1&2Table 5 : Response values at noise level 1&2

Expt.No. Depth of Penetration Depth/Width Ratio

(micron)

Noise Levels Noise Levels

1 2 1 2

1 500 520 0.700 0.688

2 700 700 0.921 0.875

3 800 820 0.755 0.745

4 600 600 0.545 0.571

5 1120 1100 1.020 1.0185

6 1000 1000 1.111 1.099

7 780 800 0.918 0.930

8 880 880 0.765 0.800

9 1300 1250 1.273 1.295
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Confirmation tests

The final step is to predict and verify the improvement

of the quality characteristics, using the optimal level

of the process parameters.  The predicted S/N ratio

using the optimal level of the process parameters can

be calculated from the table, considering the process

parameters that significantly affect the multiple quality

characteristics.

Metallurgical Charactorization

Figs. 6 & 7 depict the various combinations of welding

parameters for laser welding in this work. At constant

peak power, the effect of other parameters can also

be clearly seen in the metallograph.

Results and discussion

The aim of the present study is to reduce the variation

and make the weld bead geometry insensitive to the

noise factor. So S/N ratio is calculated on 18 cases.

The responses considered are depth of penetration

and the aspect ratio.

Fig. 6 : Metallograph for Experiment  4 (P
2 
T

1 
F

2 
D

3
)

Fig. 7 : Metallograph for Experiment  4 (P
2 
T

2 
F

3 
D

1
)

Effect of Process Parameters on The Depth of

Penetration

Table 6 shows the ANOVA table for effect of

penetration. The F-test value for all the welding process

parameters is greater than the tabulated value

(F 
0.05; 2,9 

= 4.26). It shows that all the

process parameters are significant. The percentage

effects of these parameters are also shown in the table.

For better fusion of the root, the depth of penetration

is to be maximized. The average S/N ratios of the

parameters are given in Table 7. S/N curves for all these

parameters for various levels and the optimal welding

conditions are shown in Fig. 8. The predominant

parameters that affect the depth of penetration, are

also shown in Fig. 9.

Effect of process parameters on the aspect ratio

Table 8 shows the ANOVA table for the aspect ratio

i.e. depth / width ratio. The F-test shows that all the

process parameters are significant. The percentage

effects of these parameters are also shown in the table.

For bead geometry, aspect ratio is to be maximized.

The average S/N ratios of the parameters are given in

Table 9. S/N curves for all these parameters for various
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φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
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levels and the optimal welding conditions are shown

in Fig. 10. The predominant parameters that affect

the aspect ratio are shown in Fig. 11.

Symbol Sum of Degree of Mean F Contribution
Square  Freedom  Square Statistics Percentage

P 1199100.0 2 599550.0 2632.2 28.78

T 1553633.3 2 776816.7 3410.4 37.30

F 456633.3 2 228316.7 1002.4 10.96

D 954233.3 2 477116.7 2094.7 22.91

Error 2050 9 227.8 0.05

Table 6 : ANOVA table for depth of penetration

Level                         Average S/N Ratio (db)
P T F D

1 56.38 55.86 57.65 59.03
2 58.82 58.90 58.19 58.28
3 59.65 60.09 59.01 57.54

Maximum 59.65 60.09 59.01 59.33
Minimum 56.38 55.86 57.65 57.54
Difference 3.27 4.53 1.36 1.49

Rank 2 1 4 3
Optimum

P3 T3 F3 D1
Condition

Table 7 : S/N Response table for depth of penetration

Fig. 8 : S/N curve for penetration

Confirmation test

Initially all the parameters were at level 1 with the

S/N ratio of 54.07 db for depth of penetration &
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α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

Symbol Sum of Degree of Mean F Contribution
Square  Freedom  Square Statistics Percentage

P 0.140 2 0.070 250.77 17.5

T 0.310 2 0.155 553.94 38.7

F 0.009 2 0.004 15.81 1.1

D 0.339 2 0.170 606.47 42.4

Error 0.003 9 0.003 0.3

Table 8 : ANOVA table for depth of penetration

Fig. 9 : Effect of various parameters on depth of penetration

Table 9 : S/N response table for depth / width ratio

Level                         Average S/N Ratio (db)
P T F D

1 -2.28 -2.98 -1.48 -0.28
2 -1.35 -1.04 -1.35 -0.33
3 -0.22 0.18 1.01 -3.23

Maximum -0.22 0.18 -1.01 -0.28
Minimum -2.28 -2.98 -1.48 -3.23
Difference 2.06 3.16 0.47 2.95

Rank 2 1 4 3
Optimum

P3 T3 F3 D1
Condition
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φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
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-3.175 db for the aspect ratio. The optimum setting

of process parameters for both are at peak power,

pulse duration and frequency at level 3 and defocusing

distance at level 1. But in this case, the depth of

penetration will be so large, that it can puncture the

weld bead. The optimal parameter setting was so

chosen, as to give the maximum depth of penetration

and the aspect ratio, without any defect like bead

concavity and the cracking and reduction in welding

setup time accurately. Hence peak power, pulse

duration and defocusing distance are set at level 3

and the frequency kept at level 1. The improvement

in the S/N ratio was seen as 59.08 db and -2.50 db

for depth of penetration and the aspect ratio

respectively.

Conclusions

1. All the factors namely peak power, pulse

duration, defocusing distance and frequency

Fig. 11 : Effect of various parameters on depth / width ratio

have significant effect on bead geometry.

2. It was observed that pulse duration and peak

power are the most important factors for

determining the bead geometry.

3. The pulse duration is the predominating factor

for increasing the depth of penetration. The peak

power also has an important effect on it.

4. The defocusing distance has the greatest effect

on aspect ratio but the affect of pulse duration

is also comparable.  The effect of peak power is

also significant.  The effect of frequency here is

also the least.

5. The contribution of frequency has the least effect

on both.

6. From the confirmation test, bead geometry can

very well be predicted by the Taguchi method.

7. Nd-YAG laser welding gives consistent weld

penetration in comparison with TIG welding.

7. Nd-YAG laser welding gives consistent weld pen-

etration in comparison with TIG welding.

Fig. 10 : S/N curve for depth / width ratio
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α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
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Introduction

Initially, a Metallic Melter was used in vitrification

technology for immobilization of HLW, which uses

an induction heating system. It was a batch process

with low throughput.  Advanced Vitrification System

(AVS) is designed for vitrification of High Level Waste

by using Joule Heating Ceramic Melter. This is a

continuous process with higher capacity. Glass frits

are used for vitrification of high level radioactive waste

in Joule melter. AVS joule melter furnace is located in

Cell-2. High active aqueous wastes are generated from

fuel reprocessing plants as first cycle raffinate of the

PUREX process. The waste contains fission products

and activation products i.e. more than 99.9 % of its

inventory generated in the nuclear fuel cycle. This

waste stream also contains traces of actinides, Pu, U,

etc.  To ensure that these long lived radioactive nuclides

do not pose any hazard, this waste is to kept isolated

from the biosphere, for  extended periods of time. The

two canisters are packed in an overpack and stored at

interim storage facility under air cooling and constant

surveillance.

Pre-Operational Health Physics activities

AVS joule melter furnace is located in Cell-2. Cell- 3

housed   primary and   secondary Evaporator. Prior to

cold commissioning of AVS, all Area Gamma Monitors,

U . V.  D e o k a r,  P.  M a t h e w,  V. V.  K u l k a r n i  a n d  M . D .  D e s h p a n d e

H e a l t h  P h y s i c s  D i v i s i o n

ABSTRACT

Advanced Vitrif ication System (AVS) is designed for vitrif ication of High Level Waste (HLW)

generated in reprocessing plant operation, by using Joule Heating Ceramic Melter for the

first time in India. Glass frits are used for vitrif ication. Health Physics Unit of WMF, Tarapur

was involved in planning, setting up and operation of the radiological surveil lance system,

since the inception of the AVS facility. This paper summarizes the radiological safety aspects

during production of 100 vitrif ied waste products in AVS. Vitrif ication of the concentrated

High Level Waste started on 11 th August, 2006 and completed 100 operations on 2nd Jan.,

2008. Around 4.13 mi l l ion curr ies (153070 TBq) gross beta act iv i ty,  was v i t r i f ied in 100

canisters.

Key words: Joule Melter,  Vitr i f icat ion, Glass fr i ts ,  Canister,  Overpack, Storage Vault
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Continuous Air Monitors are installed. All the installed

monitors are connected to a Centralized Radiation

Protection Console (CRPC) in control room and in HP

shift room, to provide information continuously as

well as on demand. Other portable Health physics

instruments required for monitoring purpose were

procured, calibrated and installed to increase the

effectiveness of the monitoring programme. Stack

monitor was installed, to monitor particulate activity

discharged to environment through stack. Personal

contamination monitors were placed in different plant

areas, to detect personal contamination. Radiometric

testing of walls and embedment of process cells was

carried out. Plant areas were segregated into different

zones, based on ventilation pattern and access control.

Radiation survey and air activity measurement

were carried out as a baseline data prior to

commissioning.

Surveillance programme during operation of

AVS

In the period from 11th August, 2006 to 2nd Jan.,

2008, about 211 M3 of HLW having gross β activity

25 Ci/l was received in AVS for vitrification. The

radiological data, collective dose and effluent

discharges during AVS operation are given in

Table 1 and Table 2 respectively. Health physics

surveillance was provided to monitor radiation field,

air activity and contamination levels of pump house,

waste transfer trench chambers, annulus air sampling

system, off gas room housing process, off gas filters

& blowers, etc.

HP coverage was given for around 5500 process

samples.  Sample bottle showed a radiation level of

0.01 to 280 mGy/h.

Fifty Over packs (AVS-1 to AVS-50) each containing

two canisters (total gross β activity 153070 TBq and

gross Alpha activity 507 TBq) was shifted to SSSF

storage vault with HP coverage, for interim storage

under air cooling and constant surveillance. Radiation

survey of over pack was carriedout, by exposing DRD

and TLD for a fixed time. The RL on overpack was

estimated in the range of 50-82Gy/h. Transferable β
contamination on over pack was 2 -3 Bq/cm2.

In cell air samples were collected through in cell

sampling line, at the time of each 100 pouring

operations. The gross beta air activity observed was

in the range of 20 - 365 KBq/m3 and gross alpha

0.005 - 28.46 KBq/m3 for initial 15 pouring. Later on

in cell air sample during pouring showed 900 Bq/M3

(β), 8.0 Bq/M3 (α) due to installation of hood

containment during pouring.

Monitoring of Melter Off Gas (MOG) Filter:

Online Area Gamma Monitor is installed on MOG

Filter, which gives continuous radiological status of

Filter in Control Room, as well as in Shift HP Room.

That helped in changing over the MOG filter before it

crosses the limit of radiation level of 2.0mGy/h on

shielding.

Monitoring of Exhaust Filter bank: Area Gamma

Monitor (AGM) at a distance of 1.5 meter was

installed, on duct of respective filter banks. The AGM

will monitor the radiation level on duct and which is

correlated with respect to the contact radiation level

on the filter bank. The factor of 25 is found by exposing

TLD and DRD on the contact of filter bank. This on

line monitoring of exhaust duct of filters, gives

continuous radiological status of filter banks. Thus it

facilitated the plant operator to change over to the

other filter banks, when radiation field on filter banks

exceeds 2.0 mGy/h.

Modifications

Following modifications were carried out by plant

management, to reduce personnel exposure,

environmental releases and generation of secondary

waste.

Installation of washable filter: During each

Vitrification operation, there was built up of

radiation field on Melter Off Gas (MOG) filter, to
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350 - 450 mGy/h. To slow down the built up

of  radiation field on MOG filter, washable fiber glass

filter assembly is installed before MOG

filter, which has resulted in reduction of the activity

load on MOG. The washing provision of this filter

enables to reuse the filter for many times. The washed

liquid can be handled as liquid waste in the plant

process.

Installation of hood with filter: Due to open

pouring in cell atmosphere, the radiation level of

exhaust filter bank was increased up to 1 mGy/h. in

each pouring operation. Also stack release was

increased by 10 times the normal value during pouring

operation. An enclosure in the form of

hood is provided in the space between drain point of

Joule melter and canister. The exhaust of hood was

routed through composite filter assembly (PRE &

HEPA) to cell exhaust. Hood was maintained under

vacuum by blower. The arrangement was used during

pouring operation and has given encouraging results.

It has reduced stack release activity by 8 times and

radiation level on exhaust filter bank by 5 times.

Work contributed for Collective Dose

Fifty MOG (Melter off Gas) filters, Two EOG filter

& 8 Hood filters were disposed. Radiation levels on

filter casing were in the range of 1.8-4.8 mGy/h. and

radiation level on filter cartridge was in the range of

380 - 1020 mGy/h. Exposure incurred was 8.7 % of

collective dose.

390 HEPA filters and 100 Pre filters were changed.

Radiation level on HEPA filters as 1.7 - 3.6 mGy/h.

Radiation level on PRE filters was 1.7 - 10 mGy/h. Air

activity in exhaust filter bank room during changing

of filters: 1 Bq/ M3 β & β BDL.Total exposure

contribution was 21.2 % of collective dose.

There were few safety-related unusual

observations in the beginning, like Air activity

releases during interruption of power. There was release

of air activity in working areas of the plant, in the

range of 2.5 – 9 DAC.h (β), which came down to

normal level within 10 minutes due to plant

ventilation.

Table 2 : Collective dose and effluent discharges

Table 1 : Radiological data of AVS vitrification operation

Waste Waste Number of Activity vitrified

Receipt concentrated VWPS

(M3) (M3) Gross Alpha Gross Beta

211 68.12 100 507 TBq 153070 TBq

(13.7 x 103 Ci) (4.13 x 106 Ci)

           Environmental Releases

Collective dose Stack discharge (particulate) Liquid Effluent
(Per-mSv) % of annual authorized limit % of annual authorized limit

Alpha Beta Alpha Beta

431.4 3.27x 10-3 1.176 BDL 2.78
(2.818 μSv /TBq)
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Research and Development Activities

Overpack Monitoring: Two Canisters placed in one

Overpack which is having Gross Beta Activity

80 - 100 KCi/Overpack and Gross Alpha Activity

= 0.25 - 0.30 KCi/Overpack. One high range

(1000 R/h) AGM is installed at 1m distance from the

overpack at monitoring location. Radiation field of

the overpack at contact was monitored, by exposing

TLD and DRD for fixed period of time. Comparing the

TLD, DRD and AGM readings, multiplication factor

between AGM reading and overpack contact radiation

level was worked out. The comparative radiation levels

on contact of overpack was estimated by using TLD,

DRD and AGM and are given in Table 3.

neutron field observed on cask was 70 to100 μGy/h.

However it has not contributed significantly to

personnel exposure.

Modified Annulus air sampling system: During

the transfer of concentrated liquid, there was spill of

liquid from annulus sampling line. The transfer line

was abandoned with steam flushing to flush out hold

up in the line. Annulus air sampling procedure was

revised with free flow air sampling system, through

cache pot and HEPA filter assembly.

Free Flow Annulus sampling is an arrangement

consisting of cache pot (3Lt capacity), HEPA filter

cartridge and vacuum pump, all connected to exhaust

blower of Melter off gas system. During sampling,

cache pot suction will be linked up to annulus

sampling line, by suitable valving operation. An air

flow rate of 40 – 60 lpm will be controlled, from free

flow side of annulus sampling end, during waste

transfer operation. Reading of area gamma monitor

installed on cache pot, will be continuously monitored.

Also radiation level on filter cartridge will be measured

intermittently during transfer operation.
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Table 3 : Comparative Study of radiation levels on
Overpack

AGM readings obtained were confirmed with TLD,

DRD readings and also verified by theoretical tools.

Neutron monitoring of overpack cask: Neutron

monitoring of cask containing overpack was carried

out by using BF3 proportional counter and also by

exposing SSNTD on the contact of the cask. The

Overpack Activity in Estimated Estimated Estimated

No. Ci (β) radiation radiation radiation

levels levels levels

based on based on based on

(TBq) TLD in DRD in AGM

(Gy/h) (Gy/h) Reading

in (Gy/h)

AVS 1 26053 20 18 21

AVS 2 51000 35 33 34

AVS 3 58991 50 45 53

AVS 4 65997 54 50 49

AVS 5 71995 60 54 62

AVS 6 77269 63 57 55

AVS 7 80532 62 57 65

AVS 8 89893 63 58.5 61

AVS 9 89076 70 67.5 65

AVS 10 83330 68 63.5 62
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Introduction

The measurement of precise isotopic composition of

boron is very important to nuclear industry,

geochemistry, isotope hydrology and

paleooceanography.  PTIMS where boron is analyzed

as polyatomic ions, Cs
2
BO

2

+  or Na
2
BO

2

+ and NTIMS

where BO
2

- ions are monitored, are the most widely

used techniques.  Analysis at low masses of  42 and

43   (BO
2

-) or 88 and 89 (Na
2
BO

2

+) can lead to poor

precision, due to high fractionation effects.  Attempts

have been made to reduce the mass discrimination

by using improved loading techniques[1,2,3].

However, ion source isotope fractionation which

causes variable systematic error, limiting the accuracy

of the isotopic ratio  cannot be eliminated.  Isotopic

fractionation has been observed even during analysis

of heavy mass ion Cs
2
BO

2

+ at masses 308 & 309[4].

Though Rubidium is not monoisotopic like Sodium

or Cesium, analysis of Boron as Rb
2
BO

2

+ has certain

advantages. 1) The mass of the molecular species

Rb
2
BO

2

+ is   reasonably high (212-213) resulting in

less isotopic fractionation. 2)  Unlike Cs
2
BO

2

+ ,

simultaneous collection of  ions is possible 3)  There

exists a possibility of correcting for isotope fractionation

effects, using the known isotopic composition of

Rubidium as internal standard.  However as Rubidium

has two isotopes, a number of species, 36 vs. 12 for

Na
2
BO

2

+ and Cs
2
BO

2

+ are produced. A detailed

theoretical study on the use of Rb
2
BO

2

+ ions for

isotopic analysis of Rubidium and Boron is discussed

in [5].  A number of studies are reported for formation

of Na
2
BO

2

+, Cs
2
BO

2

+ for analysis of boron in different

samples and Li
2
BO

2

+ for isotopic analysis of Li and B,

but only a few studies have been carried out on the

use of Rb
2
BO

2

+ species [ 6,7].  In most of the cases,

the observed ion intensity and isotope ratio of boron

depends on Boron-to-alkali metal atom ratio.   The

loading technique and the reagent used also affects

the ion intensity.   For example, when isotopic standard

of rubidium in the form of Rubidium chloride was

used with boric acid, the ion current yield for Rb
2
BO

2

+

was very low[6].   Xaio et al[7] reported reaction of

rubidium carbonate with boric acid  and use of graphite

slurry on the tantalum single filament to give ion

current of more than 10-11 A, for  2  μg boron.  This is

expected as boric acid which is a weak acid can only

react with a reasonably strong base, to produce borate

salt and water.

The present work  focuses on the experimental

methods for generating Rb
2
BO

2

+ ions and explores the

possibility of a correlation between the K-factor(mass

discrimination factor) for boron isotope ratios and

the observed isotopic composition of rubidium.

NIST-SRM-951 which is in the form of boric acid with
10B/11B isotopic ratio of 0.2473 ± 0.0002 and

Rubidium carbonate with natural isotope abundance

of rubidium was used in this work.

T h i s  p a p e r  r e c e i v e d  t h e  B e s t  P a p e r  A w a r d  ( 1 s t  p r i z e )  i n  t h e

C o n t r i b u t o r y  P a p e r  S e s s i o n  a t  t h e  1 3 t h  I S M A S - W S  2 0 0 8  h e l d  a t  B A R C ,
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Experimental

A state-of-the art, multicollector TIMS with nine

adjustable Faraday cups was used for the analysis.

Rubidium borate was obtained by reaction of boric

acid with rubidium carbonate.  Different mixtures of

Rb(Natural) and boron(SRM-951) were prepared with

boron/rubidium 10 to 0.05.  The solutions were loaded

as a boronmannitol complex on Ta filament.  The

filament was coated with about 100μg graphite slurry

in 1:1 ethanol solution, on which the sample solution

was loaded and dried at 1.6 A for 5 minutes.   In the

ion source, the filament was slowly heated to 1.6A in

ten minutes and after degassing for ten more minutes,

the sample filament was further heated to obtain

Rb
2 
 BO

2

+   ions.  In the present experiment, the Faraday

cups were adjusted to simultaneously collect ions from

m/q 212 to 217.  The ions were integrated for

5 seconds in each scan and typically the data was

acquired in three blocks of 12 scans each.  Two to

three acquisitions of the same loaded sample at higher

filament current, were also carried out.

Results and Discussion

For 1.5 to 2 μg boron on the filament,   intensity of

more than 1x 10-11 A was obtained, for the 11B for all

solutions, except B/Rb-10 and 0.05.  The 10B/11B ratio

of the standard was found to vary from 0.2465 to

0.2470, depending on the filament current during

analysis and on the B/Rb atom ratio.

The different species obtained at masses 212 to 217

are given in Table 1 along with their abundances for

natural boron and rubidium.  Though rubidium borate

species upto m/q 221 are produced,  Rb
2
B16O

2
 species

which constitute the  major species are obtained only

from m/q 212 to 217.

As can be seen from Table 1, measured ion  intensity

ratio of  the molecular pair at m/q 212/213 ( 212I/213I   )

gives measured 10B/11B atom ratio and the ion intensity

ratio of the molecular pair at m/q 215/213, (215I/213I)

= 2 x ( 85Rb/87Rb  + 18O/16O), obtained by ignoring

the negligible contributions of the molecular ions of

very low abundance. Using natural isotopic

composition of Rb (85Rb/87Rb = 2.593) and O (18O/16O

=0.002), internal normalization technique was initially

used, to correct for fractionation.  However, no

improvement in the precision of 10B/11B  was observed.

This is because, the fractionation factor for a species

is influenced by the individual elements constituting

the molecular species.  Therefore,  the fractionation

factor K for the molecular species 85Rb
2

11B16O
2
/

85Rb
2

10B16O
2
 = 11B/10B atom ratio and (85Rb87Rb11B16O

2

+  85Rb
2

11B16O18O) / 85Rb
2

11B16O
2
 =(85Rb/87Rb  +

18O/16O) atom ratio are different. Thus, in situ

normalization is not possible.  However, a correlation

Table 1: Different molecular species of rubidium borate
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between the fractionation pattern of the two

monitoring pairs (m/q 213/212 for 10B/11B) and

(m/q 215/213 for  85Rb/87Rb  + 18O/16O)  could be

achieved.  Jason et al [8] had obtained a linear

relationship between the measured 18O/16O ion

intensity ratios and measured 11B/10B ion intensity ratios

and used the linear relationship to correct for

fractionation during BO
2

- analysis.  A similar linear

relationship was also observed, during Rb
2
BO

2

+

analysis.

It was observed that larger amounts of Rb on the

filament and higher filament current, resulted in higher

fractionation for both 87Rb/85Rb and 10B/11B atom ratios.

The data obtained from the analysis of SRM-951 with

different B/Rb ratios, was used for obtaining the

relationship between the fractionating  213I/212I  and
215I/213I.  As shown in Figs. 1 and 2, it was observed

that both 213I/212I (i.e.  11B/10B)  and 215I/212I =  213I/212I x
215I/213I  {i.e. 11B/10B x 2 x (87Rb/85Rb + 18O/16O)} vary

linearly with 215I/213I.    A correlation between the mass

discrimination factor, K = (10B/11B)
true

 / (10B/11B)
observed

and the  215I/213I could  be obtained, by using isotope

reference material SRM-951.  Fig. 3 shows the

correlation between  K and 215I/213I  and  Fig. 4 which

Fig.1: Relationship  between the ion intensity ratios
213I/212I  vs 215I/213I

Fig. 2: Relationship between the ion intensity ratios
215I/212I vs 215I/213I

Figs. 3 and 4: Based on the linearity observed in Figs. 1 & 2  showing the linearity of K- factor of boron with the

observed  215I/213I
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Table 2: 10B/11B  ratio observed and corrected for fractionation in different samples

shows improved regression coefficient, is a plot of

K x 215I/213I  Vs 215I/213I.   The certified value of 0.2473

for 10B/11B was used  for obtaining the K factor.  Using

the equation obtained, a correction for fractionation

can be carried out, to improve the precision of the

analysis. It should be noted that since the same

rubidium solution is used in all samples, it is not

necessary to obtain the K-factor for  87Rb/85Rb +
18O/16O, thus eliminating the need for isotopic standard

of rubidium.  The equation obtained from the plot of

Fraction Factor for Boron vs  215I/213I  also makes the

calculation for corrected 10B/11B atom ratio in unknown

samples easy and simple.  Also because of high

abundance of the molecular ion beam of interest at

m/q 212, 213, 214, 215 and negligible abundance

of the isobaric species at these masses, the equation
213I/212I = 10B/11B  & 215I/213I = 2 x (87Rb/85Rb + 18O/16O)

is easily derived with minimum uncertainity leading

to increased reliability of the method [9].

Validation of the Correction method

A few irradiated alloy samples analyzed by Na
2
BO

2

+

method for 10B/11B were also analyzed by Rb
2
BO

2
 +

method and correction for fractionation carried out

using the linear equation obtained.  The observed  215I/
213I and 213I/212I  during analyses were used, for

obtaining the correction.  The correction was carried

out for each analysis and not on individual scans.

The results are given in Table 2.  The Table also gives

the data obtained for a natural boric acid sample and

boron isotopic standard SRM-951 with different B/Rb

atom ratio. Each sample was analyzed at two or more

filament currents, with each analysis consisting of 3

blocks with a total of 36 scans. Column 3 of the

Table gives the 10B/11B ratio obtained for each analysis

with the uncertainty given in parenthesis. Column 4

gives the agreement among the different analyses

of the same sample loading. As can be seen, the

analysis at higher filament current leads to increased

isotope fractionation and increases the uncertainity

of the isotopic ratio.  Column 5 gives observed

2 x (87Rb/85Rb + 18O/16O) ratio obtained during

each analysis with the uncertainity in the ratio given

in parenthesis.  Column 6 gives the 10B/11B

ratio obtained through internal normalization
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using the value of 0.77531 for 2 x (87Rb/85Rb+18O/
16O) and the observed value at m/q 215/213.  As can

be seen, the in situ normalization does not result in

any improvement in the precision between the

different analyses. Column 7 gives the corrected 10B/
11B ratio obtained from the linear equation from either

Fig. 3 or 4.  The correction improves the precision

between the analysis by a factor of 2 to 3  as can be

seen from columns 4 and 8.

Conclusion

Rb
2
BO

2

+ method is an attractive viable alternative to

Cs
2
BO

2

+ method as its mass is reasonably high and

also suitable for simultaneous collection of different

ionic species.  In addition to this, the fractionation

effects on the isotopic ratio of boron can be corrected,

by using the linear relationship between the

fractionation factors of boron isotopic ratio and

rubidium isotopic ratio.
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Introduction

Thermal Ionization Mass Spectrometry is an

internationally recognized mass spectrometric

technique, for the determination of isotopic

composition and concentration of various elements in

a variety of matrices. It is a highly preferred technique,

due to its ability to provide data with high precision

and accuracy. But it has some limitations due to the

inherent time-dependent isotope fractionation, in the

ion source. A variety of methodologies have been

developed and employed, to account for this isotope

fractionation. These are (i) external normalization

(ii) internal normalization and (iii) total evaporation

and ion current integration. Each of the methods has

its inherent advantages as well as limitations.

In this paper, we describe a new methodology of

internal normalization, to correct for the isotopic

fractionation of U, using UO+ ions for obtaining

isotopic analysis data for U. The methodology is

promising for application to U isotopic analysis by TIMS.

The suitable conditions for application of this method

are also discussed in this paper.

Experimental

Certified reference materials of U namely NIST

CRM-005, CRM-010, CRM-050, CRM-200 and

T h i s  p a p e r  w a s  c o n f e r r e d  t h e  B e s t  P a p e r  A w a r d  ( 2 n d  p r i z e )  i n  t h e

C o n t r i b u t o r y  P a p e r  S e s s i o n  a t  t h e  1 3 t h  I S M A S - W S  2 0 0 8   h e l d  a t  B A R C ,

M u m b a i  d u r i n g  J a n u a r y  2 7 - 3 1 ,  2 0 0 8

CRM-500 were used in this work. About 1 mL of the

solutions containing U in the range of 1 to 2 mg was

loaded on to high purity tantalum filament, employed

as the evaporation filament in the double filament

assembly. High purity rhenium was used as the

ionization filament. The samples were analyzed in a

thermal ionization mass spectrometer, equipped with

multiple Faraday cup detection system, under static

mode of multi-collection. Instead of the conventionally

employed U+ ions, UO+ ions were employed for

acquiring the isotopic composition data of U.

Results and Discussion

The filament heating conditions for obtaining a stable

signal of UO+ ions, were initially obtained by studying

the variation in the ion current, as a function of both

evaporation filament current at constant ionization

filament current, as well as with that of ionization

filament current at constant evaporation filament

current. This data is shown in Figs. 1 and 2 respectively.

As can be seen, significant signal of UO+ is obtained

at lower ionization filament currents and higher

vaporization currents respectively. It should also be

noted, that this type of behaviour was only observed

when Ta was used as the evaporation filament and

not observed in case of rhenium filament. This may

be due to the fact, that as the samples are loaded in

atmosphere and treated under red hot conditions,
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significant amount of Ta is also converted as oxide,

which provides a stable supply of oxygen for the

formation of UO+ ions during analysis.

Based on these studies, the conditions for analysis of

U as UO+ ions were optimized and employed for the

further analysis of all the certified standards of U. U

isotopic ratio in the sample 235U/238U was obtained,

using m/q of 251 and 254 respectively, while that

of Oxygen (i.e 18O/16O) was obtained, using data of

m/q 256 and 254 respectively.

The fractionation in U, O was calculated, using the

certified ratios for 235U/238U and the oxygen isotopic

Fig.1: Variation in the ion intensity ratio of U+/UO+ as a

function of vaporization filament current at constant

ionization filament current

Fig. 2: Variation in the ion intensity ratio of U+/UO+ as a
function of ionization filament current at constant

vaporization filament current

Fig. 3: Correlation between fractionation of O and the
product of fractionation of U & O

ratio of 0.002096, determined previously in our

laboratory. A plot between Oxygen fractionation [(256/

254)
obs

/(18O/16O)
T
] with respect to  the product of U

fractionation and Oxygen fractionation [ (256/251)
obs

/

((238U/235U)
cert

(18O/16O)
T
] is shown in Fig. 3. As can

be seen, the correlation between O K-Factor with the

product of K-factors for U & O is linear for the

conditions of analysis applied in this study. Knowing

the K-factor for oxygen in the sample (obtained from

m/q ratio 256/254), one can obtain the combined

fractionation of both U & O which can then be applied

for correcting the K-factor for U (in the ratio

256/251).

Another correlation with respect to O fractionation/

mass unit (i.e. 2) vs. UO fractionation per mass unit

(i.e 5)  was also tried, using this data. This is shown

in Fig. 4. This also gave a linear relation and can also

be applied for correcting the isotope fractionation in

U. Knowing the K-factor/mass unit for oxygen in the

sample (obtained from m/q ratio 256/254), one can

obtain the K-factor for UO which can then be applied

for correcting the K-factor for UO (in the ratio

254/251). The precision in U isotopic analysis obtained

from 256/251 ratio would be poorer, since 18O is the

less abundant isotope, while the second correlation

would give a better precision on the isotopic ratio of
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U in addition to correcting for isotope fractionation.

These correlations were then applied for a number of

independent U analyses (of certified standards). Both

the correlations were found to correct for fractionation

of U in the analysis significantly. In some of the

analyses, it was found that this method was not

applicable. In these analyses, it was also found that

the O ratio measured from 256/254 was not stable or

was decreasing from one block to another. It was

also observed, that the fractionation correction by this

internal normalization improved the results whenever

the oxygen isotopic ratio between individual blocks

was stable or showed an increasing trend and yielded

poorer results, whenever the oxygen isotopic ratio

measured between individual blocks was not constant

and showed decreasing trend. This can be interpreted

Fig. 4: O fractionation per mass unit vs. UO fractionation

per mass unit

as while there was increasing trend, significant amount

of oxygen compound between Ta and U was present

on the filament for analysis, which provided a positive

fractionation, while in the other case, the fractionation

trend is negative for oxygen indicating the non-

availability of oxygen supply from the intermetallic

(U-Ta) Oxide compound, formed on the surface of the

filament. This variation is possible since the loading of

the sample is done manually and slight variations from

loading ( ie heating conditions employed for drying

the sample) is probable.

While the results of this study are interesting, for regular

application in case of analysis of actual samples, the

conditions of analysis may tend to vary which would

reduce the confidence in the application of this

methodology. The intermetallic oxide compound

formed on the filament has to be characterized by

suitable means, for obtaining a suitable condition for

loading can be optimized, for increasing the

confidence on application of this methodology on a

regular basis.
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ABSTRACT

Carbon paste e lectrode (CPE) was developed from spectroscopic grade graphite powder,

after suitable modifications. The appropriate contents of the organic binder and wax were

optimized, for better response of the electrode. Electrochemical Impedance Spectroscopy

was carr ied out, to derive the information about the resist ive-capacit ive behaviour of the

electrochemical interface, formed between carbon paste electrode and aqueous solution.

Potential of zero charge (PZC) of the electrode-electrolyte interface, obtained was –0.20 V

(vs SCE) in 0.1 M HCl solut ion. Morphology of the e lectrode surface was examined. I t  i s

observed that wax impregnated carbon paste e lectrode, developed in the present case,

gave low background current and the paste was stable for three months and eas i ly

renewable.  The electrode is  stable in the potent ia l  window of -1.2V to 0.8V in 0.1M HCl

solut ion. Renewing of the surface and obtaining a stable background, is  an important

issue for the determination of Hg, using sol id electrodes. Use of carbon paste electrode,

avoids the renewabil ity problem and also provides excellent sensitivity. A method has been

developed, by optimizing the electrochemical parameters, for the determination of Hg at

ultra-trace levels. Effect of the deposition time, deposition potential and also the supporting

electrolyte has been studied. The deposit ion potentia l  in the present case was chosen to

be –0.8V (SCE) and a wel l -def ined Hg oxidat ion peak is  observed at 0.125 V (SCE).  The

electrode also performed well, when used for simultaneous determination of heavy metals

l ike Zn, Cd, Pb, Cu in aqueous solut ions. The method has been used for determination of

heavy metals in var ious water samples and aurvedic medicines.

Introduction

Chemically Modified Electrodes (CMEs) are of

interest, because they can exert more direct control

over the chemical nature of an electrode. There are

IUPAC definitions and terminology, and also

preparation methods of CME, which have been

T h i s  p a p e r  r e c e i v e d  t h e  T h i r d  B e s t  P a p e r  A w a r d  i n  a  S y m p o s i u m

“ D i s c u s s i o n  M e e t  o n  E l e c t r o a n a l y t i c a l  Te c h n i q u e s  a n d  t h e i r  A p p l i c a t i o n s ”

( D M E L A N T E - 2 0 0 8 )  h e l d  a t  M u n n a r,  K e r a l a ,  d u r i n g  Fe b .  2 5 - 2 8 ,  2 0 0 8

described and classified in a recent report [1].

Numerous important applications of CMEs are - solar

energy conversion and storage, selective

electro-organic synthesis, molecular electronics,

electrochromic display devices, corrosion protection,

and electroanalysis [1]. Hanging mercuric

drop electrode (HMDE) is widely used in
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electrochemical stripping analysis, due to readily

renewable, reproducible surface, high over potential

for hydrogen evolution and its ability to dissolve many

of the metals  [2,3]. But in recent times, use of metallic

mercury as an electrode is a debatable issue, because

of the toxicity of this liquid metal [4-6]. Carbon paste

is an excellent alternate material to Hg electrode, for

the determination of heavy metals in trace levels [7,

8]. In the present study, carbon paste electrode was

developed for its use in various electrochemical

applications, as the working electrode. The interfacial

behaviour of the electrode was observed using

electrochemical impedance spectroscopy. The method

for the determination of Hg at ultra trace level was

also developed, in the present study. The electrode

was also used to check its performance for the

determination of Zn, Cd, Pb and Cu simultaneously.

Instrumentation and Chemicals

The electrochemical experiments were carried out using

an Eco-Chemie (The Netherlands) make

electrochemical system Autolab PGSTAT 100 running

with GPES (General Purpose Electrochemical System)

version 4.8, software. Voltammetric curves were

recorded at room temperature (250 C) in a three-

electrode cell set-up. The working electrode was wax

impregnated carbon paste electrode, with 2mm

diameter, saturated calomel (SCE) was used as a

reference electrode and platinum wire as the counter

electrode. Spectroscopic grade graphite powder was

used, for the preparation of carbon paste electrode.

All acids and general chemicals used in the present

study, are of analytical-reagent grade. Nano pure water

was used in all the experiments and also for the

washing of the electrochemical cell set up. All the

electrochemical potentials reported, measured and

applied in the present study, are with respect to the

saturated calomel as reference electrode.

Results and Discussion

Spectroscopic grade carbon powder was heated at

4000 C for 4 hrs in inert atmosphere, taking 0.5 g of

the powder in a quartz boat. After heating, the powder

was transferred to a beaker, containing high purity

paraffin dissolved in n-hexane. The mixture was kept

under the fume hood pressure and the n-hexane was

Fig.1: SEM micrograph of bare wax impregnated carbon paste (a) and the Hg thin film modified carbon paste

(b) surface.
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allowed to evaporate, at the end the mixture and was

kept under hot air blower for complete removal on

the n-hexane. Heating removes the adsorbed gases

from the surface of the carbon paste and upon paraffin

impregnation, the re-adsorption of gases is minimized.

In this study ~1.5 % (weight %) of paraffin wax was

added to the carbon powder. After paraffin

impregnation, the required quantity of silicone oil was

added as the binder (25% of the mass of modifier

and carbon powder) and ground well, to get a

homogeneous paste. The carbon paste was filled inside

a glass tube with 2 mm diameter at the bottom end;

the connection from the carbon paste to the electrode

connector of the instrument was made, using a

platinum wire. The SEM image of the bare carbon

paste electrode and the Hg thin film coated carbon

paste electrode is shown in Fig. 1. The Hg droplets

are seen in the Hg film coated carbon paste electrode.

These Hg droplets pre-concentrate the metal ions,

during the deposition process. The deposited metal

ions, using the  produce sharp peaks while diffusing

out from the droplets. Electrochemical response of

the carbon paste electrode has been checked, by using

electrochemical impedance measurements. Very well

defined capacitive and resistive behaviour was

obtained, with respect to the change in the applied

potential, as seen from Figs. 2 and  3. The capacitance

showed minima at around -0.20 V in 0.1 M HCl

solution. The lowest capacitance value at around –

0.20 V signifies the interface at zero charging

conditions of the double layer. Therefore,  a potential

more negative to this potential, will attract the

positively charged cations and at the application of

suitable deposition, the metal ions could be deposited

at the electrode surface. The charge transfer resistance

was also found to follow a  similar trend as that of

the capacitance (Fig. 3) and the maxima of that plot

are also seen at around –0.16 V. Therefore the

capacitive and the resistive measurements using this

carbon paste electrode, correspond well with  respect

to the change in the applied potential and there is no

specific interaction due to adsorption, which was seen

at the observed potential window. With  increase in

the binder and wax, concentration stability of the

electrode material increases, but the sensitivity of the

electrochemical response decreases drastically.

Voltammetric stripping plots for Hg showing very high

sensitivity of Hg determination using carbon paste

electrode is shown in Fig. 4. Very good

electrochemical response has been observed even at

16 ppt of Hg concentration in 0.1 M (NaNO
3
 + HCl)

solution. The mercury thin film coated carbon paste

electrode was tested for differential pulse anodic

stripping voltammetric determination of Zn, Cd, Pb

and Cu. All the stripping peaks were clearly seen in

the stripping voltammogramme (Fig. 5).

Fig. 2: Change in capacitance with the change in the

applied potential, V vs SCE.

Fig. 3: Plot of the change in the real impedance with the

change in the applied potential V vs SCE.
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Conclusion

Parameters for the preparation of the carbon paste

electrode have been optimized. Electrochemical

behavior of mercury film supported on wax

impregnated carbon paste electrode, has been studied.

The carbon paste electrode developed, was found to

be an excellent material for determination of heavy

metals.
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ABSTRACT

Complexation of Eu(I I I )  with N,N,N’,N’-tetraoctyl diglycolamide (TODGA) has been studied
by Time Resolved F luorescence Spectroscopy (TRFS).  Measurements have been performed
at vary ing metal - to- l igand rat io in ethanol /water  mixture.   Invest igat ion of  TRFS spectra
suggested the exc lus ive  format ion of  1 :3 complex  between Eu( I I I )  and TODGA. The
luminescence decay curves have been used for the calculation of conditional stability constant
of the [Eu(TODGA)3]

3+ complex.

Introduction

N,N,N’,N’-tetraoctyl diglycolamide (TODGA) is one
of the most promising extractants known for actinide
partitioning from high-level nuclear waste [1,2]. It is
suggested that TODGA coordinates with metal ions in
a tridentate fashion, involving two oxygen atoms from
carbonyl groups and one from the etherial group,
leading to the formation of a cyclic ring [3]. The
stoichiometry of the species formed varied, however,
with the nature of the diluent used. Whereas for
nonpolar diluents like dodecane and toluene, four
TODGA molecules were present in the extracted species
of Am(III) from nitric acid medium;  the extracted
species in the polar medium like octanol and 1,2
dichloroethane involved only two TODGA molecules.
According to EXAFS study, the Nd(III)-diglycolamide
complexes in alcohol medium are composed of two
ligand molecules bonded in tridentate fashion with
some water molecules in the inner coordination sphere

[3]. SANS studies also indicated that the stoichiometry
of the extracted species was dependent on the nature
of diluent [4]. This led us to investigate the
complexation behaviour of TODGA with trivalent metal
ion like Eu(III), using Time Resolved Fluorescence
Spectroscopic (TRFS) technique.

In the present work, an attempt was made to use TRFS
data of Eu(III)-TODGA complex in ethanol/water
mixture, for the determination of conditional stability
constant of the complex.

Experimental

Stock solutions of TODGA were prepared in
spectroscopic grade ethanol. Stock solution of Eu(III)
(5x10-3 M) was prepared, by dissolving Eu(NO3)3·6H2O
(spectroscopic grade, Alpha Biochem) at 0.05 M
HNO3. Supra pure nitric acid and HPLC grade alcohols
were obtained from Merck. Deionized water from a
milli-Q purification system (Millipore) of resistivity
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MW cm was used for all dilutions. Solutions for TRFS
measurements were prepared by mixing precise
volumes of ligand and Eu(III) stock solutions, to give
metal-to-ligand ratios (M/L) in the range of 0.1 to 5.
Sample solutions were made with appropriate amount
of EtOH/H2O mixtures.  Final concentration of Eu(III)
was 10-4M at pH 3 (HNO3).

TRFS measurements were carried out with Edinburgh
F-900 fluorescence spectrometer, equipped with Xenon
lamp and 375nm diode laser as excitation sources.
The excitation wavelength was fixed at 230nm with
xenon lamp, while emission spectrum was recorded
in the range of 575 to 625 nm. The pulse repetition
rate was kept constant at 10Hz for life time
measurements. Fluorescence decay curves were fitted
into the exponential function, to obtain the lifetime of
excited states.

Results and Discussion

Preliminary experiments  were done to homogenous
solution of Eu(NO3)3 and TODGA in ethanol/water
mixture by measuring the life time of  5D0 level of the
aquo Eu(III) ion (110±10μs), which corresponds to
nine water molecules in the inner coordination sphere
[5]. Table 1 shows the variation in the lifetime of 5D0

level of Eu(III) ion with the composition of medium. It
is evident, that the lifetime of 5D0 level of Eu(III) ion is
not affected up to 60% ethanol + 40% water mixture.
Negligible variation in the lifetime suggested, that
ethanol molecules are absent in the inner coordination
sphere of Eu(III) ion. However, there was variation in
the relative peak intensities as reported in literature.
The composition (60% ethanol + 40% water) was
found suitable for sample preparations with wide
ligand-to-metal concentration ratios. The lifetime of
5D0 Eu(III) emitting level, depends on the vibration
modes of OH bond. Colette et al, [6] obtained
a correlation between primary hydration number of
Eu(III) (NH2O) and the lifetime (t) of its 5D0 emitting
level (in millisec)  for methanol/water mixtures as
follows [6]:

N(H2O) ±0.5 = (1.06 / t) - 0.19        (1)

Fig.1 shows the luminescence spectra of Eu(III)-TODGA
complexes in different ligand-to-metal proportions
with characteristic peaks at 590, 616, and 690 nm
corresponding to the de-excitation of 5D0 level to 7F1,
7F2 and 7F4 levels, respectively. Equation (1) was used

Table 1. Lifetime data of 5D0 level of Eu(III) ion in different
media; [Eu(III)] = 1 x 10 -3 M; [HNO3] = 1 x 10 -3 M

for the determination of hydration number of Eu(III)
in water-ethanol medium, with an uncertainty of
±0.5.

The emission intensity ratio of 590nm / 616nm

decreased with increased L/M ratio. The intensity of

590nm peak does not change significantly as

compared to that of 616nm. This can be attributed to

the fact, that 5D0 to 7F2 transition is hypersensitive to

complexation, due to the electric dipole nature of the

transition, while 5Do to 7F1 transition has magnetic

dipole character.

The data fitting of decay plots of 5D0 level at varying
ligand-to-metal ratios (0.1 to 5), showed two
components, which were correlated with the lifetime/
hydration number of Eu(III) ions  in 60% ethanol
+ 40% water mixture. Based on the lifetime
measurements, these two components were identified
as  (i) the uncomplexed fraction of Eu(III) with the
lifetime of aquo ion (0.11 ms), and (ii)  the complexed
fraction of Eu(III) with enhanced lifetime  (1.3±0.1
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ms).  The lifetime data for second component when
fitted in equation (1) showed the absence of water
molecules in the complexed fraction. As TODGA is
expected to be a tridentate ligand, therefore, each
molecule entering the primary co-ordination sphere
of Eu(III) is likely to replace the three H2O molecules.
This suggests that the species present under such
conditions can be considered as [Eu(TODGA)3]

3+.  The
data fitting of lifetime measurements led us to
calculate the relative proportions of the free Eu(III) ion,
and that in the complex form (Fig. 2).

Using this data, the equilibrium concentrations of free
and complexed metal ion, and that of the free TODGA
concentration can be obtained. The conditional stability
constant (logb3) of the complex (Eu(TODGA)3

3+ type)
can be calculated as follows:

Eu3+ + 3TODGA ! Eu(TODGA)3
3+                      (2)

b3 = [Eu(TODGA)3
3+]/[Eu3+]free {TODGA]3

free
        (3)

The concentrations of complexed metal ions can be
obtained as, [Eu(TODGA)3

3+] = CEu – [Eu3+]free, where
CEu refers to the total europium concentration.

Similarly, [TODGA]free = [TODGA]total – [TODGA]comp.
The logb3 for the [Eu(TODGA)3]

3+ complex was
calculated as  14.3±1.6..
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ABSTRACT

Faci l itated transport of Am(II I )  from nitrate medium has been investigated, using a hollow

fibre supported l iquid membrane, impregnated with N,N,N2,N2-tetraoctyl  diglycolamide

(TODGA) as the carr ier.  The inf luence of feed acidity  /  str ippant ac idity  composit ion, on

the permeabi l i ty of Am(I I I )  was studied. Quantitat ive transport of Am(I I I )  was observed in

about 45 minutes  f rom a feed solut ion containing 1g/L Nd(I I I )  at  3.5M HNO
3
.   S imi lar ly,

quantitative transport of Am(II I) was observed in about 30 minutes, from PHWR-High Level

Waste containing ~0.6g/L total lanthanides.

Introduction

N,N,N’,N’-tetraoctyl diglycolamide (TODGA) has been

extensively studied, for solvent extraction of actinides

/ lanthanides [1,2]. Our earlier studies included carrier

mediated transport of actinides and fission products

from nitric acid solution across the SLM, containing

TODGA/n-dodecane as the carrier. A detailed study

was undertaken, to maximize metal ion (trivalent

lanthanide and actinide ions) mass transfer, by

optimizing various parameters such as the nature of

strippant, carrier concentration, feed acidity etc. In the

present paper, an attempt has been made for the first

time, to investigate the applicability of TODGA-SLM

technique on large scale separation of lanthanides /

actinides, employing a Hollow Fibre Supported Liquid

Membrane (HFSLM).

Although SLM technique has been widely studied for

the separation and concentration of a variety of

compounds, it has limitation of low stability and low

transport rate, when used as flat sheet SLM (FSSLM).

Whereas the instability of SLM arises due to the loss

of the carrier / or solvent from the support, the low

transport of metal ions is due to the small surface

area encountered in FSSLM. It has been observed,

that  changing the configuration from flat sheet to

tubular hollow fibres (HFSLM), improves the lifetime

of the liquid membrane as well as the transport flux

[3]. The HFSLM has major advantages over flat sheet

SLM due to very large surface area and also due to

the fact, that the eroded liquid membranes can be

easily regenerated, by passing the ligand solution

through the module [4]. The main objective of the

present work was to develop a HFSLM system, for
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the separation of actinides and lanthanides from

PHWR-SHLW, using TODGA as the carrier.

Experimental

TODGA and DHOA were synthesized indigenously.

All the chemicals used were of analytical reagent

grade. SHLW was procured from the Waste

Management Division, BARC, Mumbai. India. The

composition of the SHLW is given in Table 1 which

corresponded to a typical PHWR waste of ~ 6500

MWD/T burn up (after 3 years of cooling and ~ 800

litres of the waste).

A 28.25cm long module with 6.65cm diameter was

employed in the present study. The total effective

surface area was 1.4 square meters with ~10,000

fibers. The HFSLM was prepared by pumping the

ligand solution through the lumen side of module, at

a pressure of 3Psi in recycling mode, till it is ejected

from the shell side. After complete soaking, the excess

ligand solution was washed out with distilled water,

prior to the introduction of the feed and strip solutions.

The feed solution was passed through the lumen side,

while strip solution was passed through the shell side

of the module, in all the experiments. The flow rates

of the feed and strip solutions were maintained

constant at 200mL/min, with the help of gear pumps

equipped with precise flow controller.

Results and Discussion

The long term stability of the HFSLM is important from

the standpoint of its industrial application. For such

stability test, the module was impregnated with the

carrier solution and the system was run continuously

Table 1: Composition of a typical PHWR-SHLW used in the present study;
Acidity: 3 M HNO

3

Fig. 1: Successive transport experiments for Nd(III) to
evaluate the stability of HFSLM; Carrier: 0.1M TODGA +

0.5M DHOA in NPH; Feed: 1g/L Nd at 3.5 M HNO
3
;

Strippant: Distilled water; Temperature: 25°C

in several successive cycles, for the transport of Nd(III)

from a solution containing 1g/L Nd at 3.5M HNO
3
.

The permeability of Nd(III) was

measured for 45min and after

this period of time, the depleted

feed and enriched strip solutions

were withdrawn and replaced

with fresh solution. From the

data reported in Fig. 1, it can be

observed, that the Nd(III)

transport was consistent within

the error limit in all the ten runs.

According to Pearson et al [5],

probable causes of membrane

instability could be (a) loss of
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extractant by solubility in adjacent aqueous solution,

(b) progressive wettabilty of the support pores induced

by lowering of the organic-water interfacial tension

which results from the surface active nature of the

carrier molecules and (c) the differential pressures

existing between the inside and outside of HFSLM.

Danesi et al [3,6], reported that the loss of carrier from

the pores are more significant when carrier molecules

are very strong surfactants such as alkyl / aryl sulphonic

acids and long chain quaternary ammonium salts. On

the other hand, no significant loss was observed when

weaker surface active carriers such as CMPO, TOPO

and long chain amines were used. They reported, that

the HFSLM was quite stable for 60 days with

polypropylene hollow fibre SLM containing

tridodecylamine in n-dodecane as the carrier, when

outside and inside hydraulic pressures were balanced.

In the present work, TODGA being a weaker surface

active carrier, a similar stability of HFSLM is envisaged,

though our study was restricted to only 72 hrs of

continuous operation.

Since, HLW contains lanthanides at several times higher

concentration than the minor actinides, it was of

interest to investigate the effect of rare earth metal

concentration on the transport of Am(III). By taking

Nd(III) as the representative element of lanthanides,

the transport of Am(III) was investigated in the presence

of 1g/L Nd(III) and the results are shown in Fig. 2. It

was evident, that the quantitative transport of Am(III)

was achievable in 45min of operation. Similarly, the

quantitative transport of Am(III) was achieved in 30min

under SHLW conditions (Fig. 2). Faster transport of

Am(III) from SHLW as compared to pure Nd solution

was ascribed to lower concentration of lanthanides

(~0.6g/L) and salting out effect due to the presence

of large concentration of metal salts.Present

observation suggests, that HFSLM offers a promising

alternative approach for actinide partitioning, using

TODGA as the carrier. The basic phenomena which

occur at SLMs separation processes, are sufficiently

well understood, to permit the scale-up of laboratory

units to commercial scale. However, studies need to

be undertaken for the radiation stability of the HF

Fig. 2: Transport of Am(III) by HFSLM; Carrier: 0.1M

TODGA + 0.5M DHOA in NPH; Feed: 1g/L Nd at 3.5M
HNO

3
 / SHLW spiked with 241Am tracer; Strippant: Distilled

water; Temperature: 25°C

modules before applying the system to the actual

HLW.

References

1. Y. Sasaki, Y. Sugo, S. Suzuki and S. Tachimori,

Solv. Extr. Ion Exch., 19 (2001) 91.

2. S.A. Ansari, P.N. Pathak, M. Husain, A.K.

Prasad, V.S. Parmar and V.K. Manchanda, Solv.

Extr. Ion Exch., 23 (2005) 463.

3. P.R. Danesi and P.G. Rickert, Solv. Extr. Ion

Exch., 4 (1986) 149.

4. C. Fontas, C. Palet, V. Salvado and M. Hidalgo,

J. Membr. Sci., 178 (2000) 131.

5. D. Pearson, Ion Exchange Membranes, D.S.

Flett (Ed.), Society of Chemical Industry,

London (1983), P. 55-73.

6. P.R. Danesi, Sep. Sci. Technol., 19 (1985) 857.



α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εF ο υο υο υο υο υ n δ εδ εδ εδ εδ ε r ’ s  δ α ψ   δ α ψ   δ α ψ   δ α ψ   δ α ψ  S ρ ερ ερ ερ ερ ε c i ααααα l      I s s u εεεεε

  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9  •  221

Dr. P. K. Mohapatra joined the Radiochemistry Division, BARC in 1987 after graduating

from the 30th batch of BARC Training School. His research interests include separation of

actinides and fission products using liquid membranes. He has developed hollow fiber

liquid membrane separation method, for the recovery of actinides and fission products

from radioactive waste samples. Dr. Mohapatra has to his credit about 100 publications in

reputed international journals.

A B O U T  T H E  A U T H O R S

Dr. V.K. Manchanda has research interests in the areas of separation science of actinides,

actinides’ speciation, CQC of plutonium-based fuels, complexation of actinides and fission

products with macrocyclic ligands. He has more than 190 publications in reputed international

journals to his credit. He is the past President of IANCAS and founder president of ASSET.

He is on the Advisory Board of international journals such as Radiochimica Acta and Solvent

Extraction & Ion Exchange. He currently heads the Radiochemistry Division, BARC.

Dr. S.A. Ansari did his Ph.D. under BARC-Mumbai University Programme in 2008 and

subsequently joined the Radiochemistry Division of BARC  as  KS Krishnan Research Associate.

He has been instrumental in design and development of extractants, for the separation of

actinide and fission elements, from nuclear waste. He has gained expertise in membrane

separation processes including hollow fibre liquid membrane technology. He has more

than 20 publications in reputed international journals.



222  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

ABSTRACT

In uranium metal  product ion process,  uranium ingot is  general ly  produced by Magnesio

Thermic Reduct ion (MTR) of uranium tetra f luor ide.  This  highly exothermic react ion is

carr ied out in a c losed vessel ,  ca l led ‘bomb reactor’ ,  l ined with MgF
2
.  In i t iat ion of this

instantaneous reaction is indicated by sudden temperature shoot up of the reaction mixture

and it  is  cal led f i r ing. I t  is  observed that the t ime required to init iate the react ion (f i r ing

time), depends on various parameters of the reactants and the l ining material  along with

operating parameters. But no correlation is available to correlate the firing time as a function

of a l l  these parameters together.  Art i f ic ia l  neural  network is  used here to predict  f i r ing

time, based on these parameters using BIKAS software and exclusive studies were carr ied

out here, to study the relat ive importance of the parameters on f ir ing t ime.

Key words:  Art i f ic ia l  Neural  Network,  Magnesio Thermic Reduct ion and F i r ing t ime.

Introduction

Uranium production processes are categorized in four

groups: 1) reduction of uranium halides with metals,

2) reduction of uranium oxides with metal and carbon

3) electrolytic reduction and 4) disproportionate or

thermal decomposition of uranium halides [1].

The reduction of uranium tetrafluoride by magnesium,

is one of the main industrial methods for producing

commercially pure uranium ingot.  The main reaction:

UF
4
 + 2Mg = 2MgF

2
 + U, Δ H

298 
 = -83.5 Kcal/ gm

atom of U.

The hot metal product is chemically very reactive and

therefore must be contained in an inert reaction vessel.

Furthermore, the peak temperature attained is well

above the boiling temperature of magnesium and

therefore the reaction must be carried out in a closed

vessel. The reaction vessel, called a bomb reactor,

commonly used is a flanged steel bomb lined with

either electrically fused dolomitic lime or recycled
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magnesium fluoride slag liner. These lining materials

are poor conductors. They are used to protect the

reactor from the high heat of reaction. Initiation of

this instantaneous reaction is indicated by sudden

temperature shoot up of the reaction mixture and the

reaction is over within a few seconds. The time taken

for spontaneous initiation of the reaction or the ignition

is defined as the firing time. Very high temperature is

generated due to high heat of reaction. Under adiabatic

conditions, the maximum temperatures that can be

generated in the bomb reactor at various ignition

temperatures (firing temperatures) have been reported

[1,2]. For very good metal (Uranium) and slag

separation, both the reaction products should be in

molten condition for sufficient time. If the reaction is

started at any temperatures below 175oC, complete

fusion of the slag cannot occur. To avoid this problem,

reactor is preheated following a predefined schedule.

Firing temperature depends on preheating time, which

is known as firing time [1]. An optimum firing time is

important for maintaining product recovery, safe

operation and proper energy utilization. Based on

importance of firing time and its uncertainty of

prediction due to wide variation, prediction of firing

time is very much needed for the plant.

During preheating, many side reactions occur inside

the bomb reactor. These reactions have effect on the

reduction process and indirectly on the firing time. It

is observed from plant experiences, that firing time

depends on 12 parameters of reactants and lining

materials:1) moisture content in UF
4
, 2) free acid

content in UF
4
 3) UO

2
F

2
 content in UF

4
, 4) AOI

(ammonium oxalate insoluble) in UF
4
, 5) tap-density

of the UF
4
, 6) moisture in lining material (MgF

2
)

7) uranium in lining material, 8) iron content in lining

material, 9) LOI (Loss Of Ignition) in lining material,

10) tap-density of lining material, 11) Mg particle size

and 12) MgO content in Mg. Overall parametric effect

is not well established yet. These  parameters are so

interrelated, inherently non linear and transient, that

it is impossible to correlate them by a theoretical

equation.

Mathematical modeling or white box model is also

difficult. As an easier alternative, the plant data can

be used to find out a black box model or an empirical

correlation describing the system. For the success of

this method, proper mathematical function has to be

assumed to correlate the parameters. Improper

assumption may end as wrong representation of the

system. In Artificial Neural Network (ANN) modeling,

there is no need to understand the physics of the

system. This is the advantage of using ANN.

Theoretically ANN, with three layers can approximate

any non-linear function with arbitrary accuracy [3]

and this feature makes the neural network  a promising

nonlinear modeling tool.  As a tool of modeling, neural

networks have been used by Raha (2005) [4] for

management of waste water treatment plan,  Sharma

et al (1999) [5] for vapor-liquid equilibrium prediction,

Qiang Xiong (2002) [3] for chemical process control,

Singh et al (2004) [6] for modeling of head power

characteristics of pump-mixer and Parisi (2001) [7]

for steady state modeling of heterogeneous gas solid

reactors.

An attempt has been taken here to predict the firing

time based on these parameters and to study the

relative importance of these parameters on the firing

time by artificial neural network, using the software

BIKAS.

Chemistry of Magnesio thermic reduction

reaction

All input materials, UF
4
, lining material and magnesium

play a major role in the performance of magnesio-

thermic reduction reaction hence on firing time. Green

salt (UF
4
) composition is a well recognized variable in

the reduction of UF
4
 and has a significant effect on

firing time, bomb yields and uranium metal quality.

UF
4
,
 
produced by hydrofluorination of UO

2
, normally

contains small amount of uranyl fluoride (UO
2
F

2
),

known as water soluble content and mixed oxides,

known as AOI (ammonium oxalate insoluble),

moisture and little bit of free acid (HF). During pre

heating stage, moisture hydrolyses UF
4 
and generates

UO
2
. UO

2 
does not get dissolved in the slag and as a

result reduces the fluidity of the slag and metal and
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slag separation. HF reacts with magnesium and forms

refractory MgF
2
 film on magnesium, which hinders

the vaporization of the magnesium chips and the

triggering of the reaction, is delayed i.e. firing time

increases. Hydrogen generated by this side reaction

reacts with UO
2
F

2
, to produce harmful HF again.

Moisture in the UF
4 
reacts with magnesium, forms

magnesium oxide film on the surface of the chips

and hydrogen is evolved. Magnesium oxide is a

refractory material and affects the reaction in the same

way as MgF
2
. HF in the UF

4
 reacts with MgO to form

moisture in a similar fashion and this vicious cycle

goes on. The net effect of all the above side reactions

is delay in firing or increase in the firing time. UO
2
F

2

in UF
4 
 plays a major role in the reduction reaction.

UO
2
F

2
 when heated in the presence of moisture,

hydrolyses to UO
3
 and HF. UO

3
 remains unreduced

during the Magnesio Thermic Reduction and naturally

bomb yield decreases and HF causes similar problems.

AOI content of the green salt is a mixture of all the

un-hydro-fluorinated oxides. These oxides neither get

reduced during the course of the reaction nor they

get dissolved in the slag and as a result, reduce the

fluidity of the slag and metal and slag separation. It

has been observed that the effects of  UO
2
F

2
 and AOI

are lesser than moisture and free acid content in UF
4
.

Compactness of the reaction mixture depends on the

tap density of UF
4
. The more the compactness, faster

the heat transfers to reactant mixture and less the firing

time.

UF
4 
+ 2H

2
O = UO

2
 +2HF (1)

Mg + 2HF = MgF
2
 +H

2
(2)

UO
2
F

2
 +H

2
 = UO

2 
+ 2HF (3)

UO
2
F

2 
+ H

2
O = UO

3
 + 2HF (4)

Lining material is used to protect the freshly reduced

molten uranium metal from coming in contact with

the material of construction of the reaction vessel.

A good quality lining should act as a good heat

conductor in the preheating stage, despite being

a bad conductor of heat. Faster the heat transfer rate,

lower the firing time. On the contrary, it should act

as a heat insulator immediately after the reaction i.e.

it should contain the heat generated during the

reduction, thereby holding the molten mass for a

sufficiently long time, to effect a good metal slag

separation. But moisture present in the lining material

affects the firing time as does the moisture present in

UF
4
. Presence of iron and uranium increase the

conductivity of the lining material.

Since the Magnesio Thermic Reduction reaction is in

all probability  initiated by the reaction of the

magnesium vapour and UF
4
, the size of the

magnesium particle and MgO content in magnesium

are very important parameters for the initiation of the

reaction, hence in firing time [1].

Artificial Neural Network

An artificial neural network is defined as a data

processing system, consisting of a large number of

highly interconnected processing elements (artificial

neurons) in an architecture inspired by the structure

of cerebral cortex of the brain [8].  An artificial neuron

is developed, to mimic the characteristics and

functions of a biological neuron. Analogous to a

biological neuron, an artificial neuron receives much

input representing the output of the other neurons.

Each input is multiplied by the corresponding weights

analogous to synaptic strength. All these weighed

inputs are then summed up and passed through an

activation function, to determine the neuron output.

A simplified artificial neural model is shown in Fig. 1.

U = W
1
 I

1
 + W

2
 I

2
 + W

1
 I

1
 +........ + W

0
 I

0

=

O = ƒ (U),

More complex neural networks are available as

software packages.
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Present Work

In the present work, artificial neural network has been

used, based on data obtained from the Uranium Metal

Plant of BARC using the software BIKAS (BARC IIT

Kanpur ANN Software). The work can be classified

into four categories- 1) selection of proper training,

testing and prediction file, 2) selection of proper

network and 3) prediction of firing time based on

proper network & 4) study of relative importance based

on proper network. Interfacing of plant data with BIKAS

software is shown in block diagram (Fig. 2).

1) Selection of proper training file: Once a

network has been structured for a particular

application, that network is to be trained. As artificial

neuron is developed to mimic characteristics, it is a

very good interpolator but not a good extrapolator.

So selection of proper training and testing files is

important to make the ANN efficient. There are 12

input parameters on which one out parameter

(firing time) is dependent. The training file has been

chosen such that, training data file covers the  full

range of values for each parameter.

2) Selection of proper network: In the present

case, feed forward multilayer network with supervised

learning method is used. A nonlinear function has

been chosen as activation function, to emulate the

nonlinear behaviour of the conduction current

mechanism, in a biological neuron. Neurons with

sigmoidal functions bear a greater resemblance to

biological neurons than with other activation functions.

It is also seen that for sigmoidal functions, the output

of a neuron varies continuously but not linearly with

the input [9]. As firing time (output in the present

case) is never  negative, unipolar sigmoidal function

is taken as activation function. Different networks are

useful for different kinds of applications. There are no

general rules to select proper network for different

applications. Efficiency of different networks has been

checked here, to select proper network. Average error

Fig. 1: A simplified artificial neural model
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of testing is considered as indication of efficiency of

the networks, more the average error, lesser the

efficiency.  Details of different networks with tuning

parameters have been presented here.

a) Back propagation with momentum: Back

propagation is a systematic method of training

multilayer artificial neural networks. Back propagation

was developed by Rumelhart, Hinton and Wilham in

1985. They [10] presented a clear and concise

description of the back propagation algorithm. Parker

[11] has also supported Rumelhart’s views.

Proper selection of tuning parameters such as number

of hidden layers and number of neurons in the each

hidden layer, momentum factor and learning rate are

Fig. 2: Block diagram showing interfacing between plant data and BIKAS

required, for efficient learning and designing of a stable

network.

i) Effect of Number of hidden layers and

number of neurons in each hidden layer:

There is no general criterion about deciding the number

of the hidden layers and number of nodes (neurons)

in the hidden layer. It is checked based on trial and

error method. Different case studies have been carried

out in the present work (Table 1).

It has been observed (Table 1) that average testing

error is obtained when number of hidden layers is 2

and number of neurons in first and second hidden

layers are 6 and 3 respectively.
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Table 1: Effect of different networks of back propagation

(with momentum)
ii) Effect of momentum

factor: Rate of

convergence can be

improved by adding some

inertial or momentum to the

gradient expression. This has

been accomplished by

adding a fraction of the

previous weight change to

the current weight change.

The addition of such a term,

helps to smooth out the

descent path, by preventing

extreme changes in the

gradients due to local

anomalies. A commonly

used update rule  by

[10] introduces such a

momentum term.

Where α is momentum

factor, W= Weight  t= No.

of iteration, E = error.

The value of α should be

positive but less than 1.

Typical values lies in the

range of 0.5-0.9 [9]. Effect

of momentum factor is

shown in (Fig. 3) for same

number of iterations, same

learning rate and same

activation function.

It has been observed that

the network is best when

0.8 is the momentum

factor.

Case
No.

1

2

3

4

5

6

7

8

9

10

11

12

13

Number of hidden layer and number of
neurons in each hidden layer

No. of hidden layer: 1
No. of nodes in the hidden layer 1: 11

No. of hidden layer: 1
No. of nodes in the hidden layer 1: 6

No. of hidden layer: 1
No. of nodes in the hidden layer 1: 24

No. of hidden layer: 2
No. of nodes in the hidden layer 1: 12
No. of nodes in the hidden layer 2: 12

No. of hidden layer: 2
No. of nodes in the hidden layer 1: 6
No. of nodes in the hidden layer 2: 6

No. of hidden layer: 2
No. of nodes in the hidden layer 1: 8
No. of nodes in the hidden layer 2: 4

No. of hidden layer: 2
No. of nodes in the hidden layer 1: 24
No. of nodes in the hidden layer 2: 12

No. of hidden layer: 2
No. of nodes in the hidden layer 1: 6
No. of nodes in the hidden layer 2: 3

No. of hidden layer: 2
No. of nodes in the hidden layer 1: 24
No. of nodes in the hidden layer 2: 6

No. of hidden layer: 2
No. of nodes in the hidden layer 1:16
No. of nodes in the hidden layer 2: 8

No. of hidden layer: 3
No. of nodes in the hidden layer 1: 8
No. of nodes in the hidden layer 2: 6
No. of nodes in the hidden layer 3: 4

No. of hidden layer: 3
No. of nodes in the hidden layer 1: 12
No. of nodes in the hidden layer 2: 8
No. of nodes in the hidden layer 3: 4

No. of hidden layer: 3
No. of nodes in the hidden layer 1: 24
No. of nodes in the hidden layer 2: 12
No. of nodes in the hidden layer 3: 6

Average
error (%)

21.45

19.93

26.36

29.33

18.10

20.56

23.60

16.33

24.05

28.87

19.06

23.06

27.53



228  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

iii) Effect of learning rate: Learning rate coefficient

determines the size of the weight adjustments made

at each iteration and hence influences the rate of

convergence. If the learning rate coefficient is too large,

the search path will oscillate and network may not be

able to make the fine discriminations possible with

that system  more slowly. On the other hand if learning

rate is too small, the descent will progress in small

steps significantly increasing the time to converge.

Learning rate cannot be negative because this would

cause the change of weight vector to move away

from ideal weight vector position [9]. If it is zero, no

learning takes place and hence, the learning coefficient

must be positive. If learning coefficient is equal to 2

the network is unstable and if it is greater than 1, the

weight vector will overshoot from its ideal position

and oscillate [9]. Hence, the learning rate must be

between zero and one. Effect of different learning

rates based on presented problem is tested for same

number of iterations, same momentum factor and

same activation function in the present work (Fig. 4).

It has been observed that networked trained best, when

value of learning rate was 0.6.

So it is concluded that back propagation network with

unipolar sigmoidal activation function give best result

when momentum factor is 0.8, learning rate is 0.6

and there are 2 hidden layers and 6 and 3 neurons in

the 1st and 2nd hidden layers respectively.

Fig. 3: Effect of momentum factor on the average testing
error

Fig. 4: Effect of learning rate on the average testing

error

b) Quick propagation network: Back prop works

by calculating the partial first derivative of the overall

error with respect to each weight. This gives the

gradient of the error surface. Once this gradient is

known, this gradient is descended down until a

minimum error is found. But the gradient is only known

at this one point at any time and so an infinite number

of small steps need to be taken. This is why the back

propagation algorithm takes too long. Quick

propagation speeds things up by taking large steps

down the gradient, by keeping a copy of the previous

change in overall error with respect to the weight,

the difference between the previous weight and the

present weight and the present derivative of error with

respect to the weight. It is also assumed, that the

change in the slope of the error curve is only going to

be affected by the weight whose next step is being

calculated, and the error curve would be similar to a

parabola.
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It has been concluded that Back Propagation with

momentum is the best learning rule for present system.

It has also been concluded, that artificial neural

network with two hidden layer and 6 and 3 neurons

in the 1st and 2nd hidden layers is the best network

with Back Propagation with Momentum learning rule

with 0.8 momentum factor and 0.6 learning rule and

unipolar sigmoidal activation function.

Prediction of firing time based on proper

network

Firing times have been predicted from not-trained and

not-tested input data sets (prediction file) using best

artificial network for this job.  Results have been shown

in Table 3.  It has been observed that prediction of

the firing times using artificial neural network based

on 12 parameters is within tolerance limit.

Firing time more than 28 hrs leads to unsafe condition,

which attracts administrative control of different

authorities. To avoid this situation, results of this study

(prediction of firing time) can be useful tools for

managing the input parameters, to get firing time

within desired range. Prediction of firing time

eliminates the uncertainty of firing and is helpful for

plant operation. It has been observed from plant

experience that optimal recovery and maximum

efficiency of the MTR process are obtained, when firing

Table 2: Effect of different Learning Rules

C) Delta-bar-Delta (batch mode): Delta-Bar-Delta

is a heuristic algorithm for modifying the learning rate

as training progresses. One of the salient features of

the delta-bar-delta algorithm is that, each weight has

its own learning rate. There are two factors associated

with the learning rate: The learning-rate increment

factor  η+, and the learning-rate decrement factor

η−.The typical values for η+ and  η− are 0.1 and 0.5

respectively.

D) Resilient Back Propagation: It is a local adaptive

learning scheme, performing supervised batch learning

in multi-layer perceptrons. The basic principle is to

eliminate the harmful influence of the size of the partial

derivative on the weight step. As a consequence, only

the derivative is considered to indicate the direction

of the weight update.

E) Self Scaled Conjugate Gradient Algorithm:

The steepest descent algorithm based on first order

scheme having several shortcomings such as: the

convergence tends to be extremely slow and

convergence to global minimum is not guaranteed.

To combat above shortcoming, second order gradient

technique, Self Scaled Conjugate Algorithm has been

used. In this method, the error gradient information

has been used at two time consecutive steps to improve

the convergence speed. Dr. Manoranjan Sinha, from

IIT Kanpur, developed it in 2000.

The comparisons of efficiency of different learning

rules for same number of iterations are summarized

in Table 2.

Sr. No.

1

2

3

4

5

6

Actual
firing time
(hr)

17.92

16.25

20.25

28.25

22.50

18.00

Predicted
firing time
(hr)

20.31

18.21

20.07

25.79

22.03

20.27

%
Error

13.33

12.06

0.89

8.70

2.09

12.61

Table 3:  Prediction of firing time using BIKAS software

Learning rule

Back Propagation with Momentum 16.33%

Quick Propagation 17.42%

Delta Bar Delta 17.30%

Resilient Back Propagation 16.68%

Self Scaled Conjugate Gradient Algorithm 19.56%

Average
error
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time is in the range of 16-30 hrs. This range can be

maintained using this software.

Study of relative importance based on best

network

It has been experienced that firing time depends on

the twelve properties of the reactants and lining

material, if other process parameters remain

unchanged. But relative importance of these

parameters is not studied yet. As reaction occurs at

high temperature, lots of inter-related side reactions

take place and it is quite impossible to theoretically

correlate these parameters. An effort has been taken

here to study the relative importance of these

parameters by artificial neural network using BIKAS

software.

After selecting best network (as mentioned earlier),

the best network has been tested with test data sets

(test file). Among these, only best test data set

(consisting of 12 input and one output data) has been

used, for relative study of these parameters. The error

between calculated and desired firing time is only

0.05% in case of best test data set. One parameter of

the best test data set (consists of 12 input parameters

and one output parameter) has been increased by

10 % taking care that, that value of the test data set

should not go beyond the range of the training data

sets. The best network then tested with changed test

data set and deviation in calculated firing time with

respect to best-calculated firing time was noted. The

same test was carried out twelve times for twelve

input parameters. Deviation of firing time with

defined deviation of only one parameter has been

studied and more the deviation of firing time, more

the importance of the parameter. These parameters

are nonlinear and so interrelated, that it is not possible

to give a fixed ranking based on the relative

importance of these parameters. It has been finally

concluded, that firing time mainly depends on tap

density of UF
4
, moisture and free acid in UF

4
, particle

size of magnesium and MgO content in magnesium.

Almost similar result was also observed from plant

experience during operation.

Conclusions

Initiation of the Magnesio Thermic Reduction of UF
4
,

carried out in a closed vessel called bomb reactor, is

realized by sudden shoot up of the core temperature

and it is called firing. Based on the importance of

firing time and its uncertainty of prediction due to

wide parametric variation, an attempt has been made

here to predict firing time, using available operational

data. Firing time depends on twelve properties of

reactants and lining materials. There is no correlation

available among these variables. Prediction of Firing

Time and study on relative importance of the

parameters has been carried out here, using software

BIKAS based on Artificial Neural Network. Back

Propagation with 0.8 momentum factor and 0.6

learning rate is found to be the best network for the

present problem. The software is able to predict the

firing time with acceptable error using properly

selected network.  Tap density of UF
4
, moisture and

free acid in UF
4
, particle size of magnesium and MgO

content in magnesium are the most important

parameters for determination of firing time. As ANN

works based on input and output data sets and

selection of proper network has been done by trial

and error method, more rigorous tuning of all

parameters with more data sets may provide better

results.
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Nomenclature

E = Error

f = Transfer function.

I = Input parameters to neural network.

I
0

= Threshold input parameter.

t = Number of iteration.

O = Out put from neural network.

U = Summation function.



α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εF ο υο υο υο υο υ n δ εδ εδ εδ εδ ε r ’ s  δ α ψ   δ α ψ   δ α ψ   δ α ψ   δ α ψ  S ρ ερ ερ ερ ερ ε c i ααααα l      I s s u εεεεε

  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9  •  231

5. R. Sharma, D. Singhal, R. Ghosh and A Dwivedi,

Computers and Chemical Engineering, 23,385-

390, (1999).

6. K. K. Singh, K. T. Shenoy. A. K. Mahendra and

S. K. Ghosh, Chemical Engineering Science,

59,2937-2945, (2004).

7. D. R. Parisi and M. A. Laborde, Computers and

Chemical Engineering, 25,1241-1250, (2001).

8. Tsoukalas Lefteri, H. and A. Uhrig Robert, Fuzzy

and Neural Approaches in Engineering, John

Wiley and Sons, Inc (1997).

9. S. Rajasekaran and G.A. Vijayalakshmi Pai, Neural

networks, Fuzzy Logics, and generic Algorithms,

Prentice Hall of India Pvt Ltd, (2004).

10. Rumelhart, D. E., G. E. Hinton and R. J. Williams,

Parallel Distributed Processing, 1,318, (1986).

11. Parker, D. B. Learning Logic, Invention Report S

81-84, File 1, Office of Technology, Stanford

University, Stanford, CA.

Mr. S. Manna  of Uranium Extraction Division, BARC Mumbai, obtained B. Tech. in

Chemical engineering from Haldia Institute of Technology and M. Tech in Chemical

Engineering from IIT Kharagpur. He has joined BARC through DGFS 02 batch and ranked

1st in Chemical Engineering during orientation course in training school. He is involved in

Fluoride Effluent Treatment Plant project and Nitrate Effluent Treatment Plant project. He

is associated with different developmental studies for betterment of the processes. He has

five national and international conference/ journal papers to his credit.

W = Weight.

W
0

= Thresholds value.

Greek Letters:

α = Momentum factor

η = Learning rate

η+ = Learning rate increment factor

η− = Learning rate decrement factor

References

1. C. D. Harrington and A. E. Euchle, Uranium

production Technology, D. Van Nostrand

Company, Inc. Princeton.

2. N. P.Galkin and B. N. Sudarikov, Technology of

Uranium, Israel Program for Scientific Translation,

Israel.

3. Qiang Xiong and Arthur Jutan, Chemical

Engineering Science, 57,1027-1039, (2002).

4. Debashis Raha, Indian Chemical Engineer, Section

B, 47, 182-188, (2005).

A B O U T  T H E  A U T H O R S



232  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

A B O U T  T H E  A U T H O R S

Mr. S. Chowdhury obtained his B.E. (Metallurgy) from Bengal Engineering College,

Calcutta University in 1994 and thereafter moved to IT-BHU for M. Tech. Subsequently, he

joined BARC training school (39th batch) in 1995. He is engaged in uranium metal

production and associated developmental activities since 1996. He obtained his M. Tech.

degree in the year 2002. He has authored a few journal and conference papers.

Mr. S. K. Satpati  of  Uranium Extraction Division, BARC obtained B. Tech. (Chemical

Engineering) from Calcutta University and M. Tech. (Chemical Engineering) from IIT

Kharagpur and joined BARC through  36th  Batch of Training School. Since 1993 he has

been carrying out activities related to uranium metal ingot production of different sizes

and carrying  with different input uranium materials. He is also involved in R & D activities

in the field of process development, design and application relevant to uranium, material

processing and production. He has 21 international and national conference / journal

papers to his credit.

Dr. (Ms) S.B. Roy a Chemical Engineer from Calcutta University, joined the Uranium

Extraction Division in 1982, after successful completion  of the 25th batch of  BARC

Training School.  Ever since she has been  engaged in regular production, related R&D and

project engineering activities in the field of research reactor grade uranium metal production.

She obtained her Ph.D. degree in Chemical Engineering from IIT, Mumbai in 2001. Presently,

she is heading the Uranium Extraction Division, BARC and is a member of various safety

committees for processing and production of uranium compounds. She is a Professor of

the Homi Bhabha National Institute and was conferred  the DAE Scientific and Technical

Excellence Award for the year 2006.



α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εF ο υο υο υο υο υ n δ εδ εδ εδ εδ ε r ’ s  δ α ψ   δ α ψ   δ α ψ   δ α ψ   δ α ψ  S ρ ερ ερ ερ ερ ε c i ααααα l      I s s u εεεεε

  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9  •  233
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M a t e r i a l s  P r o c e s s i n g  D i v i s i o n

ABSTRACT

This  paper  reports  an account  of  s tudy,  conducted on opt imizat ion of  the process

parameters, for electro-winning of cobalt from cobalt sulphate solution. Effect of parameters

such as bath composit ion, temperature,  current density,  agitat ion etc.  on the voltage

requirement,  current eff ic iency and power eff ic iency of cobalt  e lectro-deposit ion was

explored. A maximum current efficiency of 97% was attained with an electrolyte composition

of 60 g / L Co, 15 g / L Na
2
SO

4
,  at  a temperature of 60°C, a pH of 4.0 and a cathode

current density of 400 A / m2.  The energy consumption was 3.0 kWh / kg of Co deposited.

The opt imum condit ions so establ ished were test  examined for recovery of cobalt  values

from leach l iquors,  generated on process ing of Alnico magnet scrap, cemented carbide

tool scrap and spent hydrogenation catalyst.  The cathode current eff ic iency ranged from

86 to 94 %, due to lower concentrat ion (25 to 40 g/L)  of  cobalt  in the processed leach

liquor.

Keywords :  Electro-winning, Cobalt,  Secondary resources.

Introduction

Cobalt is a strategic metal finding use in diverse

commercial, industrial, medical and military

applications. As a metal, its largest use is in superalloys

for critical applications in defense and industry. Other

uses include additions in HSLA steels, cemented

carbide tools, magnetic alloys, battery electrodes,

preparation of Co60 radiation sources, body implants

and in electroplating. Non metallic uses include those

in ceramics, catalysts, paint pigments, steel belted

radials, etc.

Cobalt occurs in nature in a widespread but dispersed

form, almost exclusively in admixtures with ores of

other metals. It is essentially extracted as a byproduct

of Cu, Ni and Zn processing and as such cannot adjust

to demand fluctuations. Recovery of Co from secondary

resources is increasing, but the associated technology

is hardly documented for proprietary and commercial

reasons. About 70% of the world’s total cobalt

production is obtained from pure cobalt sulphate

solutions through hydrometallurgical routes (Pradhan

et al, 2001). Generally, in the recovery of Co from

these sources, solvent extraction followed by electro-

winning, is finding increasing application.

India has a cobalt production of 140 tonnes / annum;

the balance requirement is met through imports. Several

Indian laboratories have developed flow-sheets to

effectively deal with selected secondary sources for

recovering cobalt values (Tangri and Suri, 1999; Das,

T h i s  p a p e r  w a s  a w a r d e d  t h e  I I M E - B e s t  P u b l i s h e d  P a p e r  i n  t h e  j o u r n a l

E x t r a c t i v e  M e t a l l u r g y ,  d u r i n g  t h e  y e a r  2 0 0 5
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recovering cobalt values (Tangri and Suri, 1999; Das,

1998; Alex et al, 2001; Alex et al, 2004; Sadanandam

et al, 2002, Tripathy et al, 2001). Extensive work has

also been carried out in our laboratory at MPD, BARC,

to develop flow-sheets for various indigenous sources

such as Alnico magnet scrap (Alex et al, 2001),

cemented carbide tool bits (Alex et al, 2004), spent

catalyst (Sadanandam et al, 2002), etc. While the

earlier work was concerned with bringing the metal

values into solution, the present programme on electro-

winning was undertaken to complete the flow-sheet.

During the electrolysis of CoSO
4
 solution, the

predominant reactions at the electrodes are as follows

At the cathode

i) Co2+ + 2e- → Co (1)

ii) 2H+ + 2e- → H
2

(2)

At the anode

i) 2H
2
O → O

2
 + 4H+ + 4e- (3)

The reduction of H+ ions at the cathode, results in a

rise in pH while the generation of H+ ions at the anode,

results in a decrease of pH. If the anolyte and catholyte

are allowed to mix, then in normal Co electro-winning

where current efficiency for Co deposition is in the

range of 90%, the pH of the electrolyte will drop.

Similarly, the Co strength of the electrolyte will also

deplete. If the above three reactions are the only

reactions taking place, then the drop in pH is

proportional to the Co ion depletion. Therefore, if

Co(OH)
2
 is added to this solution, then, when the pH

of the solution is restored, the Co strength of the

solution will also be restored. Thus, restoring the pH

is an effective method of regenerating the bath with

respect to both the pH and the Co concentration.

However, other reactions do take place at the

electrodes, prominent amongst these being

(Lakshminarayan et al, 1996)

Co2+ → Co3+ + e-  (4)

Most of the Co3+ ions deposit at the anode as a black

oxide / hydroxide powder. The probability of a small

fraction reaching the cathode cannot be ruled out.

The presence of multivalent ions in the electrolyte

affect the nature of the deposit. However, in the

purified solutions used in this investigation, the activity

of other ions was very low and their discharge at the

electrodes could be neglected. Similarly, reaction (4)

could also be neglected because the Co oxide deposited

at the anode was only a small fraction of the Co

deposited at the cathode.

This paper presents detailed studies on optimization

of electrolysis parameters. Experiments were carried

out on pure synthetic cobalt sulphate solutions to

establish the optimum conditions for electrolysis. These

conditions were then used on solutions, derived from

leaching of secondary resources.  It was aimed to

prepare a cobalt plate of 1 mm thickness, to enable

subsequent processing to a slug of 1m dia and 1 mm

height, for conversion to Co60 isotopes.

Experimental

Materials

The synthetic electrolyte solutions were prepared by

dissolving analytical grade cobalt sulphate and sodium

sulphate in distilled water. Analytical grade sodium

hydroxide was used, to prepare cobalt hydroxide slurry

from cobalt sulphate solution. The purified leach liquors

were prepared, by processing secondary resources of

cobalt such as alnico scrap, cemented carbide tool

bits and spent catalyst, the solutions were also subjected

to electro-winning studies.

Equipment

Electro-winning experiments were conducted using a

Pyrex glass laboratory cell. This cell, having a volume

of 500 mL, consisted of an inlet for pH adjusted cobalt

solution (regenerated electrolyte feed) and an outlet,

from where the spent acidic electrolyte overflowed

into the regeneration tank. Cobalt hydroxide slurry was

pumped at a fixed rate into the regeneration tank to

replenish the depleted electrolyte with cobalt and adjust

the pH to the desired level. The regenerated electrolyte

was next transferred to a buffer tank, from where it

was fed back to the electro-winning cell at a metered

rate. This procedure ensured that the bath composition,
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particularly the bath pH, was maintained constant

throughout the experiment, unlike in some of the

earlier studies (Das and Subbaiah, 1984). The

temperature of the system was maintained by using a

thermostat. The cathodes used were rectangular

stainless steel /aluminium sheets of fixed dimensions.

A thin layer of lacquer was applied on one side of the

cathode. The anode was a Pb-8% Sb plate, placed at

a constant distance of 30 mm from the cathode. A

regulated DC power supply was used, for obtaining a

constant current density during electrolysis. For

measuring cell voltage and current, precision voltmeter

and ammeter were incorporated in the circuit. The

bath pH was measured continuously using a pH meter.

For stirring of the electrolyte and keeping the cobalt

hydroxide slurry in suspension, magnetic stirrers were

used, while pumping of the electrolyte was done

through metered peristaltic pumps.

Procedure

A solution of cobalt sulphate and sodium

sulphate of known strength was filled

in both electrolytic and regeneration

tanks. Both the anode and the un-

lacquered face of the cathode were

polished with fine silicon carbide paper,

rinsed with distilled water and acetone.

Voltage was applied across the

electrodes to achieve the desired current

density. After electrolysis, the cathode

was removed, washed thoroughly with

distilled water, dried in an oven and the

deposited plate was scraped off carefully

from the cathode surface and weighed.

From the weight gain, current efficiency

was calculated. The thin powder coating

at the anode was also scraped off and

analyzed. The effect of the following

parameters on the current efficiency,

power efficiency and quality of deposit

were studied : Co2+ concentration,

Na
2
SO

4
 concentration, cathode current

density, bath temperature, pH.

All the electro-deposition tests were conducted for a

minimum period of 3 hours in pure cobalt sulphate

solutions. This was followed by electrolysis of purified

leach liquors obtained from various secondary sources.

Results and Discussion

Effect of Co2+ Concentration : Electrolysis was

conducted by varying the cobalt concentration from

20g / L to 70g / L in the presence of 15 g / L of sodium

sulphate, at a temperature of 60° C, pH 4 and a current

density of 400 A/m2. The results, summarized in

Fig. 1  show, that the current efficiency increases with

increase in cobalt concentration in the electrolyte. It

was also observed that a low concentration of cobalt

results in brittle and stressed deposits, which get easily

detached from the SS cathode during electrolysis. All

this is obviously due to the more abundant

availability of cobalt ions, vis-a-vis hydrogen ions,

at the higher cobalt concentrations, while at lower

Fig. 1: Effect of Co concentration on the current efficiency
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cobalt concentrations, relatively higher hydrogen

evolution, and its consequent incorporation into the

deposit, results not only in lower current efficiencies,

but also in stressed and brittle plates. Since no

additional benefit is derived in going beyond 60 g /

L, this value was chosen as the optimum Co

concentration.

The energy required to deposit cobalt also drops as

the Co concentration increases, as can be seen from

Fig. 2. This is an obvious consequence of the lower

voltage requirement (due to higher conductivity at

the higher Co concentration) and the increased current

efficiency.

Na
2
SO

4
 Concentration: The incorporation of

alkaline sulphate into the electrolyte, increases the

conductivity of the solution. Experiments were

performed by the addition of different alkaline

sulphates such as potassium, sodium, ammonium and

magnesium. Of these, a small amount of sodium

sulphate addition resulted in adherent and good

quality deposit. The effect of sodium sulphate

concentration on the current efficiency is depicted in

Fig. 3. As can be seen, the current efficiency increases

with Na
2
SO

4
 addition up to 15 g / L, beyond which

there is no benefit. The increase can be explained using

Fig. 4, which depicts the voltage required to obtain

the desired current density. The decreased voltage

results in lower H
2
 evolution and higher efficiency for

Co recovery. Beyond 15 g / L Na
2
SO

4
, there is no drop

in voltage and no change in current efficiency. The

lowering in the applied voltage and the increased

current efficiency also results in lower energy

requirement as can be seen in the figure.

Fig.2: Effect of Co concentration on the applied voltage

and power consumption

Fig. 3: Effect of sodium sulphate concentration on the

current efficiency

Fig. 4: Effect of sodium sulphate concentration on the

applied voltage and power consumption
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Fig. 5: Effect of temperature on the current efficiency Fig. 6: Effect of temperature on the applied voltage and

power consumption

Temperature: Fig. 5 gives the effect of temperature

on the current efficiency, at a current density of

400 Amp / m2, pH3 and using an electrolyte

composition of 60g / L cobalt and 15g / L of sodium

sulphate. By increasing the temperature from 27 to

70°C, it was observed that the current efficiency

increased and power consumption decreased.  The

deposit formed at temperatures up to 50°C was non-

uniform and non-adherent, however, higher

temperatures improved both quality and adherence.

The higher current efficiency is obviously due to

increased ionic mobilities at higher temperatures. This

is reflected in Fig. 6 which shows that the voltage

required to obtain the desired current density decreases

with temperature. The rapid availability of Co ions at

the cathode can also result in less stressed, better

quality deposits. Other factors that can affect quality

of the deposit are as follows (Trevor, 2003) : cobalt

exists in both α  and β forms, the α  form is hexagonal

close packed and is not usually deposited in an

electrochemical cell, the β form is face centered and

is the preferred form. If deposited at higher

temperatures, it is claimed that the deposit will be β
and at lower temperatures will be a mixture of both α
and β (Nakahara,1980;Goddard, 1963)   will obviously

cause a stress in the deposit, which results in

detachment of the deposit. Another problem with

cobalt is that, besides Co2+ it also exists as Co3+ in

the electrolyte, the latter being  generated at the anode.

The Co
2
O

3
 powder collected at the anode and analyzed

by oxidation- reduction reaction of ferrous sulphate

solutions (Lakshminarayan, 1996) confirmed this.

Though, the effects of Co3+ in the electrolyte are

unclear, the presence of multivalent cations in the

electrolyte results in lower efficiency and dendritic

nature of the deposit. Hence a temperature of 60°C

was selected, for obtaining cobalt plates of good

morphology. The power consumption also stabilizes

at around this temperature, as can be seen in Fig. 6.

pH: Fig. 7 depicts the influence of pH of the

electrolyte on Co electro-deposition. The current

efficiency rises sharply as the pH rises to

around 3; beyond that it stabilizes. At lower pH, the

higher H+ ion concentration results in substantial H
2
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gas evolution, resulting in reduced current efficiency

and also poor quality deposits that get detached from

the substrate during electrolysis. At pH greater than

5, the small amount of H+ discharge (and H
2
 gas

evolution) at the cathode, results in increased pH in

the catholyte and initiates Co(OH)
2
 precipitation. This

hydroxide gets incorporated in the electro-deposit,

resulting in very poor quality plates. It can be said

that below pH 2.5, the current efficiency drops. Hence

a pH range of 3 to 4 appears to be reasonably

satisfactory from the current efficiency point of view.

Cathode Current Density: The effect of Cathode

Current Density (CCD) on the current efficiency is

depicted in Fig. 8. As can be seen, the current

efficiency went through a maximum at 400 A / m2,

above which it declined steadily, while applied voltage

increases with CCD as seen from Fig. 9. Similar results

have been reported by Das et al (Das et al, 1984). The

quality of the deposit also changed with the CCD.

The deposit was patchy and non-adherent at low CCD.

As the CCD increased, the cobalt coverage of the

cathode increased and the deposit was more adherent.

Beyond 400 A / m2, the efficiency decreased because

to increase the CCD it was necessary to increase the

cathodic voltage which resulted in greater

H
2
 evolution. As the CCD increased, the deposit at

the edges became increasingly powdery and dendritic

growth was becoming prominent at the edges mainly

because of two reasons. First, due to current

concentration at the edges and secondly due to the

more abundant availability of Co ions at the edges,

from all sides unlike at the centre of the cathode. This

generally leads to very thick growth at the edges and

in extreme conditions to powdery, dendritic growth.

Stirring alters the condition to yield a more uniform

deposit all over. Stirring of the electrolyte during

electrolysis mixes the acidic anolyte with the bulk

electrolyte and increases mass transfer of Co2+ ions

to the cathode. In one experimental run at 1500 A /

m2 for a duration of 3 h, stirring during the electrolysis

decreased the current efficiency from 83% to 76%.

But the dendritic growth at the edges came down

very substantially. Fig 9 depicts the effect of applied

voltage on current density, showing an increase in

voltage requirement with current density.

Initial electro-winning trials at low current density

(< 200 A / m2) on SS substrate, resulted in patchy

and non-adherent deposits. Roughening the cathode

surface with 80 mesh paper and / or electro-etching

the surface just prior to plating, generally proved

beneficial for the deposit quality. While deposit quality

improved at higher CCD, the plates continued to be

Fig. 7: Effect of pH variation Fig. 8: Effect of Cathode current density on the current

efficiency
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highly stressed with the edges bending towards the

anode, if they got detached during electro-winning.

Residual stress values were measured at different

locations of the plate, using XRD (Kushner,1962;

Prevey,1986), and ranged from 300 to 600 MPa and

were tensile in nature. The best results were however

obtained with Al substrates that had been polished

with 80 mesh paper. The electrodeposited Co plates

were adherent and flat.

Based on these studies, the optimum conditions

for electro-deposition of cobalt from a sulphate

solution were fixed as follows : Co 60 g / L,

Na
2
SO

4
 15 g / L, temperature = 60°C, pH = 3 to 4,

CCD = 400 A / m2. These conditions were directly

applied for the electro- deposition of cobalt from

various secondary resources to prepare cobalt metal

sheets.

1. Alnico scrap : Alnico scrap used in this

investigation was analyzed and contained 8.5-

10 % Ni, 11-12 % Co, 32-50 % Fe, 10-11 % Al

and balance SiO
2
. After processing the scrap

through a hydrometallurgical route (including

CuCl
2
 leaching) a leach liquor containing 18-20

g / L (Ni + Co), 7-8 g/L Cu and 0.1 g / L Fe was

obtained. On further processing through solvent

extraction, a purified CoSO
4
 solution (99.99 %)

containing 30-35 g / L Co was generated.

Fig. 9: Effect of applied voltage on current density

2. Cemented Carbide Sludge: The average

composition of a typical cemented carbide sludge

was found to be 37 % Co, 10 % Ta, 0.78 % Nb,

5 % Ti and 12.37 % W. Processing of the sludge

involved fusion with soda ash in the presence of

sodium nitrate followed by acid leaching. The

leach liquor analyzed 25-30 g / L Co with less

than 1 % Fe. A solvent extraction step resulted in

a 99.99% pure solution of strength 35-40 g / L.

3. Spent ammonia cracker catalyst: The typical

analysis of the spent catalyst revealed 36.5 %

Al
2
O

3
, 31.5 % Fe

2
O

3
, 29.5 % CoO, 0.27 % NiO,

0.70 % K
2
O and balance binder. After crushing

and grinding, the catalyst was leached with H
2
SO

4

and HNO
3
 was added for oxidation. After

precipitation and two solvent extraction steps, a

99.99 % solution of strength 25 g / L was

obtained.

The Co solution from each of the above secondary

sources was first purified from organic solvents, by

adsorption on activated charcoal and then subjected

to electrowinning without upgrading, with

respect to cobalt concentration under the optimum

conditions established for the synthetic solutions. A

good quality plate was obtained in each case. The

current efficiencies were however lower, ranging from

86 % to 94 %, because of the lower Co concentration

values.

Table 1:  Chemical analysis of electrodeposited Co plate

Element Weight %

At pH 3 At pH 4

Co 99.95 99.94

Ni 0.043 0.023

Fe 0.01 0.009

Mg 0.003 0.009

Cu 0.003 0.009
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Conclusions

The optimum conditions for the electro-deposition

were found to be as follows: Co concentration =

60 g / L, Na
2
SO

4
 concentration = 15 g / L, temperature

= 60°C, pH = 3 to 4, CCD = 400 A / m2. Under

these conditions the current efficiency was 97% while

the energy efficiency was 3.0 kWh / kg of Co

deposited.

The feasibility for recovering Co metal values from a

variety of secondary sources like Alnico scrap, Carbide

sludge, heavy water spent catalyst, etc. by leaching,

solvent extraction and electro-deposition has been

established.
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The ant ioxidant /  pro-oxidant propert ies of curcumin have been studied by evaluat ing i ts

abi l ity to protect RBCs from AAPH (2,2'-azobis(2-amidinopropane) hydrochloride) induced

oxidat ive damage.  L ip id perox idat ion,  hemolys is  and K+ ion loss  in  RBCs were assessed

respectively by formation of ThioBarbituric Acid Reactive Substances (TBARS), absorbance

of haemoglobin at  540 nm and f lame photometry.  The treatment of  RBCs with curcumin

showed concentrat ion-dependent decrease in level  of TBARS and haemolys is .  However in

contrast  to the above ment ioned effects ,  curcumin in a s imi lar  concentrat ion range,  d id

not prevent release of intracellular K+ ions during the process of haemolysis, rather curcumin

i tse l f  induced i t ’ s  re lease even in the absence of  haemolys is .  The abi l i ty  of  curcumin to

prevent ox idat ion of  intrace l lu lar  GSH due to hemolys is  showed mixed resul ts .  At  low

concent ra t ions  o f  cu r cumin  (<10  μM) i t  p reven ted  GSH dep le t ion  and  a t  h ighe r

concentrat ions,  the GSH levels  decreased gradual ly.  These results  indicate that curcumin

while acting as an antioxidant, also exhibits pro-oxidant activ ity at high concentrations.

I n t r o d u c t i o n

Curcumin (diferuloylmethane), a dietary pigment
responsible for the yellow colour of turmeric, has been
used in traditional medicine. Extensive research within
the past one decade has confirmed that curcumin
possesses antioxidant activity and mediates
anti-inflammatory effects [1,2]. Curcumin has been
shown to inhibit lipid peroxidation and effectively
scavenge superoxide and peroxyl radicals [3]. It also
shows anti-tumour activity, by suppressing the
proliferation of a wide variety of tumour cells [4]. In

contrast to these studies, some reports suggest
that curcumin induces production of Reactive Oxygen
Species (ROS) and leads to apoptosis in proliferating
cells [5]. Taken together, these contrasting reports
suggest that curcumin exhibits both antioxidant and
pro-oxidant activities depending on cell type. Therefore
in this present work, we have investigated
the differential antioxidant/pro-oxidant behaviour
of curcumin, by following its ability to protect
human RBCs from free radical-induced damages. RBCs
are enucleated cells, containing poly-unsaturated
fatty acids in their cell membrane [6]. The

A .  B a n e r j e e ,  A .  K u n w a r  a n d   K . I .  P r i y a d a r s i n i
R a d i a t i o n  &  P h o t o c h e m i s t r y  D i v i s i o n
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major protein component found within these RBCs is
the red pigment haemoglobin (Hb) [6]. RBCs are
fragile cells and are highly susceptible to free radical-
induced damage of cell membrane (lipid peroxidation)
leading to leakage of Hb (haemolysis) from within.
K+ ions present within the cell, which maintain the
osmotic balance, are prone to leakage following
haemolysis [6]. Therefore, oxidative haemolysis of
RBCs and its protection by compounds, act as a good
model system to screen the test compounds for their
antioxidant/pro-oxidant behaviour [6]. Haemolysis, was
initiated by the peroxyl radicals generated by thermal
decomposition of an azo compound 2,2'-Azobis
(2-Amidino Propane) Hydrochloride (AAPH) in the
presence of oxygen. Since ROS can influence the
glutathione (GSH) concentration in cells, GSH levels
were also monitored following haemolysis.

Materials and Method

Curcumin,2,2 ' -Azobis(2-AmidinoPropane)
Hydrochloride (AAPH), and 5,5'-DiThiobis-2-
NitroBenzoic acid (DTNB) were of the best purity
available and obtained from commercial sources. All
the other chemicals were of analytical grade. Blood
samples were obtained by venipuncture from healthy
volunteers, with strict adherence to the ethical
guidelines laid down by the institutional animal ethics
committee and RBCs were isolated. Haemolysis of
RBCs was initiated by mixing RBCs suspension in
Phosphate Saline Buffer (PBS) with AAPH solution (final
concentration 50 mM) and incubating the mixture at
37 OC for 3 hours. The lipid peroxidation, haemolysis
and K+ ion loss in RBCs as a consequence of
haemolysis were assessed respectively by formation
of ThioBarbituric Acid Reactive Substances (TBARS),
absorbance of haemoglobin at 532 nm and flame
photometry [7]. The concentration of GSH in RBCs
was determined using 5,5’-DiThiobis-2-Nitro Benzoic
acid (DTNB) reagent [7]. In order to test the effects of
curcumin on the above processes, RBCs were
pre-incubated with varying concentrations of curcumin
at 37oC for 30 min, washed twice with cold PBS and

then subjected to AAPH-induced haemolysis. The IC50

value i.e. the concentration of curcumin required to
inhibit hemolysis or lipid peroxidation by 50%, was
determined by plotting the percent haemolysis or TBARS
levels respectively, as a function of curcumin
concentration and from the plot, the concentration of
curcumin required to reduce the activity by 50% was
identified. Each experiment was done in triplicate and
results are presented as means ± SEM, n = 3.

Results

(i) Inhibition of AAPH-induced haemolysis and lipid
peroxidation in human RBCs by curcumin

In the absence of AAPH, RBCs were stable and the
haemolysis was negligible. When aqueous suspension
of RBCs was incubated with AAPH, about 53% of
haemolysis was observed. Fig. 1 shows variation in %
haemolysis in RBCs, pre-incubated with increasing
concentrations of curcumin (5-50 μM) for 30 minutes
at 37ºC and then subjected to AAPH-induced
haemolysis. It is evident from Fig. 1, that the percent
haemolysis gradually decreased with increasing
concentration of curcumin, from which the IC50 value,
was found to be 43 ± 5 μM. Inset of Fig.1 shows
variation in TBARS level in RBCs, after being subjected
to AAPH-induced damage, in the presence and absence
of different concentrations of curcumin. The level of
TBARS was significantly increased after incubation of
RBCs with AAPH as compared to the control sample.
In the presence of curcumin, there was gradual decrease
in TBARS formation and this inhibition increased
with increasing curcumin concentration from
5 to 40 μM, from which the IC50 value, was found to
be 23.2 ± 2.5 μM. The percent haemolysis in RBCs,
incubated with curcumin (5-50 μM), in the absence
of AAPH was almost identical to that of control sample,
indicating that curcumin itself could not induce
haemolysis. The incubation of RBCs with curcumin in
the absence of AAPH did not show any significant
change in the level of TBARS as compared to control
sample.
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79% of K+ ion leakage was observed. Fig. 2 shows
the variation in % K+ ion leakage from RBCs pre-
incubated with increasing concentrations of curcumin
(5-40 μM) for 30 minutes at 370C and then subjected
to AAPH -induced haemolysis. It is evident from Fig. 2
that the percent K+ ion leakage is lower in curcumin
pretreated samples as compared to control sample,
however in each case, the K+ ion leakage increased
with increasing concentration of curcumin. Inset of
Fig. 2 shows variation in percent K+ ion loss in RBCs
after incubation with different concentrations of
curcumin (5 to 100 μM) for 3 hours in the absence of
AAPH. From the figure it is clear that the percent K+

ion loss is significantly higher in curcumin treated
samples, as compared to the control sample. The
percent K+ ion loss was almost identical; nearly 47%
at all the concentrations of curcumin (5 to 100 μM)
tested in the present study.

(iii) Effect of curcumin on GSH levels in RBCs after
hemolysis

Fig. 3 shows change in GSH levels in RBCs after
treatment with AAPH and also in the presence of
increasing concentration of curcumin (5 to 40 mM).
The normal basal level of GSH in RBCs was found to
be 2.74 ± 0.05 nmoles/mg of haemoglobin and after
incubation with AAPH, the GSH level reduced to about
1.82 ± 0.03 nmoles/mg of haemoglobin. Addition of
curcumin to this reaction system, prevented the
reduction in GSH content in a concentration-dependent
manner up to 10 mM. However at higher
concentrations of curcumin treatment, GSH content
reduced in a concentration-dependent manner.

Inset of Fig. 3 shows variation in glutathione level in
RBCs, after incubation with different concentrations
of curcumin (5 to 40 μM) for 3 hours in the absence
of AAPH. From the figure it is clear, that the level of
glutathione in curcumin treated RBCs was almost
constant up to treatment concentration of 10 μM,
however beyond that, a concentration-dependent
decrease in level of glutathione was observed.

Fig. 1: Percent haemolysis in human RBCs pre-incubated
with different concentrations of curcumin and subjected
to haemolysis by AAPH for 3 hours. Inset shows variation
in TBARS in the same system.

Fig. 2: Variation in percent K+ ion loss in human RBCs
incubated with AAPH for 3 hours in presence of different
concentrations of curcumin. Inset shows variation in
percent K+ ion loss in human RBCs incubated with
different concentrations of curcumin.

In the absence of AAPH, the RBCs were stable and
the K+ ion leakage was negligible. When aqueous
suspension of RBCs was incubated with AAPH, about

(ii) Inhibition of AAPH induced K+ ion leakage in human
RBCs by curcumin.
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Discussion

Haemolysis of human RBCs is a very good model for
studying free radical-induced oxidative damage to
membranes and to evaluate the antioxidant activity
of new compounds [6]. Therefore, to evaluate the
antioxidant activity of curcumin, lipid peroxidation of
the membrane fatty acids, loss of haemoglobin and
release of intracellular K+ ions have been estimated in
human RBCs treated with AAPH. The results obtained
from these studies indicate, that curcumin protects
RBCs from AAPH-induced lipid peroxidation and
thereby prevents haemolysis.

Like in lipid peroxidation and haemolysis assays,
curcumin did not show progressive inhibition of K+

ion loss and GSH depletion under AAPH-treated
condition, thus making us unable to estimate their
IC50 values. Curcumin treated samples showed lower
percent of K+ ion loss as compared to AAPH-treated
samples. However among them, the percent K+ ion
loss was increasing with increasing concentrations of
curcumin. Therefore, to know whether curcumin itself
has any effect on K+ ion loss, we looked at the loss of
K+ ion only in curcumin treated samples. The results
clearly suggest, that curcumin at concentration as low

as 5 mM drastically increased the loss of K+ ions (47%)
from RBCs. With increasing curcumin concentration,
the percent of K+ ion loss remained almost the same,
suggesting the saturation effect of curcumin on K+

ion loss. The ability of curcumin to induce the K+ ion
loss may be because of its effect on Na+/K+ ion
channels present on RBCs membranes. This indicates
that curcumin may not be acting as a simple
antioxidant, but probably has a pro-oxidant effect.

GSH, a tripeptide containing cysteine, is the most
abundant thiol present in mammalian cells [7]. During
oxidative stress, the cellular pool of GSH is depleted.
Exogenously applied antioxidants protect GSH levels
in cells by preventing them from being consumed in
reaction with free radicals. Our results indicate that
the GSH levels come down significantly in RBCs after
AAPH incubation, but treatment with curcumin in the
concentration range from 5 to 10 μM prevents
decrease in GSH level. However, further increase in
concentration of curcumin, showed decrease in
GSH level, in a concentration-dependent manner. Some
reports suggest, that curcumin reacts with free radicals
and generates less reactive phenoxyl radical [8].
Therefore, the observed decrease in reduced GSH level
in curcumin (>10 mM) pretreated samples, after
exposure to AAPH, could also be due to the excess
accumulation of phenoxyl radicals and thereby
oxidation of cellular reduced GSH pool to GSSG. Hence,
this observation suggests pro-oxidant behaviour of
curcumin at higher concentrations of treatment.
In conclusion, curcumin shows both antioxidant and
pro-oxidant activity in RBCs haemolysis model and at
high curcumin concentration, it is the later which
predominates over the former.
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Fig. 3: Variation in GSH levels in human RBCs incubated
with AAPH for 3 hours in the presence of curcumin.
Inset shows variation in GSH levels in human RBCs
incubated with different concentrations of curcumin
without AAPH.
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S . S .  K h o l e  a n d  S .  G h a s k a d b i

D e p a r t m e n t  o f  Z o o l o g y ,  U n i v e r s i t y  o f  P u n e ,  P u n e

a n d

T. P. A .  D e v a s a g a y a m

R a d i a t i o n  B i o l o g y  a n d  H e a l t h  S c i e n c e s  D i v i s i o n

ABSTRACT

Diabetes mel l i tus is  a complex chronic disease character ized by hyperglycemia, which via

several  mechanisms leads to an increase in product ion of ROS (React ive Oxygen Species)

and oxidat ive stress.  Addit ional ly,  impaired synthesis of natural ly  occurr ing antioxidants

under diabetic condit ion also results in increased oxidative injury to biological molecules.

Ox ida t i v e  s t r e s s  ha s  been  shown  to  be  r e spons ib l e  fo r  deve lopment  o f  d i abe t i c

compl i ca t ions .   Hence  ant iox idant  supp lementat ion  a long wi th  a  d rug  to  cont ro l

hyperglycemia would be a helpful therapy to combat diabetes. Therefore many products of

herbal origin are being tested for both their antidiabetic and antioxidant properties. Syndrex®

manufactured by Plethico Laborator ies,  Indore, is  a formulated ant idiabet ic drug, which

contains powder of germinated fenugreek seeds.  The ant iox idant potent ia l  of  this  drug

was al ready demonstrated in our laboratory and among the dif ferent soxhlet  f ract ions

checked, the methanol ic  f ract ion was found to possess the highest ant iox idant act iv i ty

(Dixit et al, 2008). The aim of the present study is to sub fractionate the soxhlet methanolic

fract ion of Syndrex® and to pur i fy  the compounds with high ant iox idant act iv i ty.  Sub-

fractionation of methanolic extract by si l ica gel column chromatography followed by flash

column chromatography lead to elut ion of e ight fract ions, which were then assessed for

their antioxidant potential using various in vitro  standard biochemical assays and by pulse

radiolys is.  Among the eight fract ions obtained, fract ion one, two and three showed high

ant iox idant act iv i ty  in a l l  the biochemical  assays corresponding to dif ferent levels  of

protection. Fraction 1 gave 91% protection against DPPH (2,2’-Diphenyl-1-picrylhydrazyl)

radicals  and 82% protect ion against  deoxyr ibose degradat ion. Fract ion 1,  2 and 3 also

conferred protect ion to l ip ids and proteins against  ox idat ive damage, us ing rat  l iver

mitochondria as model systems. Pulse radiolysis study revealed the abi l i ty of fraction 1 to

scavenge ABTS•- (2,2’- azinobis (3-ethylbenzothiazolin-6-sulphonic acid)) and  CO
3

•- radicals

T h i s  p a p e r  w o n  t h e  B e s t  P o s t e r  A w a r d  a t  t h e  I n t e r n a t i o n a l

C o n f e r e n c e  o n  “ F r e e  R a d i c a l s  a n d  N a t u r a l  P r o d u c t s  i n  H e a l t h ”

o r g a n i z e d  b y  t h e  S o c i e t y  f o r  F r e e  R a d i c a l  R e s e a r c h - I n d i a  a t  J a i p u r,

I n d i a ,   d u r i n g  1 4 - 1 6 ,  F e b r u a r y  2 0 0 8 .



248  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

Introduction

Diabetes is a metabolic disorder characterized by

hyperglycemia. Persistent hyperglycemia is

accompanied by increase in free radicals generated

due to auto-oxidation of glucose, AGE (Advanced

Glycation Endproducts) formation and their binding

to respective receptors, increased substrate flux

through the polyol pathway and stimulation of

eicosanoid metabolism (De Vriese et al, 2001).

Additionally hyperglycemia leads to generation of

excess ROS  (Reactive Oxygen Species) via oxidative

phosphorylation, thereby inducing oxidative stress that

a plays a key role in the development of diabetic

complications such as nephropathy, retinopathy and

neuropathy (Valko et al, 2007).  In addition to the

increased generation of free radicals in diabetes,

impaired generation of naturally occurring antioxidants

also results in increased oxidative injury, by failure of

protective mechanisms. Antioxidant defense system

appears to be compromised in diabetic patients

(Glugliano et al, 1996). Recent findings suggest that

the same pathways used in the activation of GDIS

(Glucose Dependent Insulin Secretion) can dramatically

enhance ROS production and manifestations of

oxidative stress and possibly apoptosis (Leonid et al,

2004). Thus free radicals play a significant role in the

pathogenesis of chronic diabetic complications

(Segal , 2004).

Many dietary components and their individual

constituents have antioxidant properties and are

capable of interacting with reactive molecules. One

of the most potent groups possessing antioxidant

properties includes polyphenols and flavonoids. These

components are known to be present in seeds of

fenugreek (Trigonella foenum-graecum) which is

widely used as a spice and a rich source of fibre. Its

sub-fractions are known to have hypoglycemic effects

in different model systems (Srinivasan, 2006).

Additionally, fenugreek seed extract was known to

stimulate hypoglycemic effect by activation of an

insulin signaling pathway (Vijaykumar et al, 2005).

Supplementation of this seed in diet, enhances the

antioxidant potential in control and diabetic rats

(Anuradha and Ravikumar, 2001). The polyphenol rich

extract of fenugreek seeds is shown to protect

erythrocytes from oxidative damage demonstrating the

potent antioxidant activities of this seed (Kaviarasan

et al, 2004).

The present study was done to evaluate the antioxidant

potential of one such anti-diabetic drug Syndrexâ.

Syndrex® is manufactured by Plethico laboratories,

Indore, India. It contains powder of germinated

fenugreek seeds. We have shown that germinated

fenugreek seed extracts, exhibit high in vitro antioxidant

potential (Dixit et al, 2005). Previous studies of this

drug in our laboratory have shown, that the soxhlet

methanolic extract of this drug has high in vitro

antioxidant properties. Besides the whole drug extract

has shown to improve the functionality and viability

of pancreatic islet in vitro (Dixit et al, 2008).

Additionally, in vivo studies of this drug also showed

that pre-treatment of this drug, prevented STZ induced

diabetes in mice (Dixit et al., Communicated). As the

soxhlet methanolic extract of Syndrex® exhibited high

antioxidant potential, we have tried to sub-fractionate

the methanolic extract and identify pure compounds

responsible for conferring high antioxidant activity.

Materials and Methods

Chemicals

Chemicals were either from one of the following

companies: Sisco Research Laboratories (Mumbai-

India), British Drug House (Mumbai-India), Hi-media

(Mumbai-India), Sigma-Aldrich (U.S.A) and Merck

(Mumbai-India).

with a value of 27 μg/ml AEAC (ascorbic ac id equivalent ant iox idant capacity)   and

4.7 μg/ml AEAC. HPLC analys is  of  f ract ions 1,  2 and 3 revealed peaks corresponding to

the purity of each fraction.  Thus we have succeeded in standardizing methods, for resolving

the soxhlet methanol ic fract ion of Syndrex® into subfract ions exhibit ing high antioxidant

act iv ity.
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Preparation of extract

Syndrex® tablets were purchased from local market,

finely powdered and subjected to sequential extraction

using solvents in increasing order of polarity such as

petroleum ether, chloroform and methanol. The

powder was extracted with each solvent for 8-10 hrs

to remove soluble matter. The methanolic extract

obtained was used for further fractionation.

Chromatographic Procedures

Thin Layer Chromatography

TLC plates precoated with silica plates (Silica gel G)

were used, to separate constituents of methanolic

extracts. Methanolic extract was spotted on the TLC

plates and air-dried. Several solvents were used for

developing the plates. The solvent that gave best

separation was chloroform : ethylacetate : methanol

:water (1:8:1.5:0.8, v/v/v). Bands were noted by UV

(254nm) and the TLC plate was captured using gel

documentation system.

Column Chromatography

The methanolic extract was fractionated using silica

gel (200-400 mesh size) as stationary phase and eluted

following a stepwise gradient of chloroform, ethyl

acetate, methanol and water in order of increasing

polarity and in varying concentrations. Fractions were

collected and TLC plate was developed using

chloroform: ethyl acetate: methanol: water

(1:8:1.5:0.8), observed under UV (254 nm) and

captured using gel documentation system.

Flash Chromatography

Methanolic extract was separated using silica gel

(200-400 mesh size) as stationary phase and

chloroform: ethyl acetate: methanol: water

(1:8:1.5:0.8) as mobile phase and under pressure.

Fractions were collected, resolved on TLC plates and

observed under UV (254 nm).

High Performance Liquid Chromatography

Reverse phase chromatographic separation of fractions

of methanolic extract was carried out, by using C18

as the station phase and water (solvent A) and

acetonitrile (solvent B) as the mobile phase with the

following gradient programme:

  Time A (%) B (%)

0 100 0

6 90 10

12 70 30

18 30 70

24  20 80

30 100 0

and a flow-rate of 1 ml/min. Chromatographic peaks

were identified at 280 nm.

In vitro antioxidant assays

DPPH radical scavenging assay

Determination of scavenging effects on 2,2’-Diphenyl-

1-picrylhydrazyl (DPPH) radical was carried out with

different fractions of soxhlet methanolic extract. In

this assay, a commercially available and stable free

radical (DPPH·) which is soluble in methanol was used.

DPPH· has a strong absorption band at 517 nm, which

disappears on reduction by an antioxidant (Aquino

et al, 2001). The calibration curve was plotted with

%DPPH· 
SCAVENGED

 versus concentration of the standard

antioxidant ascorbic. The results were expressed as

ascorbic acid equivalent antioxidant capacity (TEAC).

ABTS radical scavenging assay

In this assay, 2,2’- azinobis (3-ethylbenzothiazolin-6-

sulphonic acid) (ABTS) (7 mM) was allowed to react

with potassium persulphate (2.5 mM) for a duration

of more than 16 hrs in dark, at room temperature

(Lee et al, 2006). This leads to incomplete oxidation

of ABTS by persulphate to form ABTS radical. The

fractions were then allowed to react with this solution

and were checked for their ability to reduce the free

radical, by a decrease in absorbance at 734 nm.
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Ferric Reducing Antioxidant Power (FRAP)

The ferric reducing ability of the fractions was assayed

using the FRAP assay. In this assay, the ability of the

fractions to reduce the ferric-tripyridyltrazine

(Fe3+-TPTZ) to ferrous form was checked. The ferrous

form gives intense blue colour, which is monitored

spectrophotometrically at 595 nm (Pulido et al, 2000).

The results are expressed as ascorbic acid equivalent

antioxidant capacity.

2-Deoxy-D-ribose degradation assay

The ability of the fractions to scavenge hydroxyl radical

(·OH) was conducted in Fe3+–EDTA–H
2
O

2
–deoxyribose

system. In this assay ·OH are formed by the Fenton

reaction which leads to oxidation of 2-deoxyribose

(Halliwell et al, 1987). The oxidation products when

heated with thiobarbituric acid (TBA) under acidic

conditions, yield a pink chromogen with the maximum

absorbance at 532 nm. Results are expressed as percent

inhibition of hydroxyl radical formation.

Isolation of rat liver mitochondria

Three months old female Wistar rats (weighing about

250 ± 20 g) were used, for the, preparation of

mitochondria (Devasagayam et al, 1996). In brief, rat

livers were homogenized and the homogenate was

centrifuged. The resultant supernatant was centrifuged

at 10,000 x g for 10 min to sediment mitochondria.

This pellet was washed thrice with 5 mM potassium

phosphate buffer, pH 7.4, to remove sucrose. Protein

was estimated and pellets were suspended in the above

buffer at the concentration of 10 mg protein/ml.

Mitochondria at a final concentration of 0.25 mg/ml

were treated with ascorbate-Fe2+ to generate hydroxyl

like radical and to induce oxidative stress

(Devasagayam et al, 1983).

Lipid Peroxidation

After exposure of mitochondria to oxidative stress, the

products of lipid peroxidation were measured as lipid

hydroperoxides (LOOH) and thiobarbituric reactive

substances (TBARS). Lipid hydroperoxides were

measured using FOX II (Ferric oxidation in xylenol

orange) method (Nourooz-Zadeh et al, 1996). FOX II

contains 90% methanol which facilitates solubilization

of lipids. Oxidation of ferric in xylenol orange due to

lipid hydroperoxides, results in change in colour from

orange to blue which is read at 560 nm. Concentration

of LOOH is then calculated with the help of standard

graph using H
2
O

2
. One of the end products of lipid

peroxidation is Malonaldehyde (MDA) and other

aldehydes. These aldehydic products were measured

spectrophotometrically using TBA reagent which reacts

with aldehydes to give a pink coloured product, which

is read at 532 nm (Devasagayam et al, 1983;

Pushpendran et al, 1998). The standard was prepared

by acid hydrolysis of tetramethoxypropane.

Protein sulphydryl depletion assay

Depletion in protein sulphydryls were quantitated

using Ellman’s reagent (5, 5 –dithiobis-

(2- nitrobenzoic acid and expressed as nmoles protein

sulphydryls/mg protein (Santos et al, 1998).

Pulse radiolysis

The ability of the fractions to scavenge ABTS·- and

CO
3

·- radicals were determined by pulse radiolysis.

ABTS·- radical was produced by the reaction of

radiolytically generated azide radicals with ABTS·-. CO
3

·-

radicals were generated using reaction mixture

containing 0.05 M NaHCO
3
 and 0.05 M Na

2
CO

3

saturated with N
2
O. In the presence of the extract, the

decay of ABTS·- and CO
3

·- are correlated with the

concentration of ascorbic acid equivalents (Dixit et

al, 2005). Pulse radiolysis experiments were carried

out at the National Centre for Free Radical Research,

University of Pune.

Results

Thin Layer Chromatography

Thin layer chromatography of methanolic extract

developed using chloroform: ethyl acetate: methanol:

water (10:80:15:8) yielded 3 bands with R
f
 value of

0.6, 0.5 and 0.4 (Fig.1). Excellent resolution of the

methanolic extract was obtained in this system.
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levels. The DPPH• and ABTS radical scavenging assay

corresponds to scavenging ability, while the FRAP assay

corresponds to the reducing ability of the fractions.

As can be seen in Figs. 2a and 2b, 0.1% of fractions

10, 11, 12, 14, 18, 21 and 24 exhibited high DPPH

as well as ABTS radical scavenging activity. The ferric

complex reducing ability of the fractions is shown in

Fig. 2c. 0.1% of fractions 10, 11, 12, 14, 18, 21 and

24 exhibited highest reducing ability. The TLC profile

of fractions 10, 11, 12, 14, 18, 21 and 24 is shown

in Fig. 2d. These fractions contained a mixture of

components. Therefore to facilitate better separation

of the components, soxhlet methanolic extract was

subjected to flash chromatography.

Flash Chromatography

Fractionation of soxhlet methanolic extract of Syndrex

using flash chromatography yielded eight fractions.

The TLC profile of these fractions is shown in Fig. 3.

These eight fractions contained different components

in varying concentrations, thus exhibiting better

separation of the methanolic extract. These 8 fractions

were then subjected to various in vitro antioxidant

assays.

In vitro antioxidant assays of flash

chromatography fractions

Among the 8 fractions tested 0.01% of fractions 1, 2

and 3 exhibited high DPPH and ABTS radical

scavenging activity as well as were effective in

reducing the ferric complex in the FRAP assay (Figs.

4a, 4b and 4c). Among the three fractions, 0.01% of

fraction 1 scavenged 91% of DPPH radicals and 68%

of ABTS radicals, whereas in the FRAP assay 0.01% of

fractions 3 showed highest AEAC of 0.402. The

inhibition of deoxyribose degradation capacity is

shown in Fig. 4d. Nearly all the fractions tested

exhibited this ability with 0.01% fraction 1 showing

82% inhibition.

The ability of these fractions to prevent oxidative

damage to mitochondrial lipids induced by

ascorbate-Fe2+ system was checked in terms of TBARS

Column Chromatography

Column chromatography of methanolic extract using

glass column packed with silica gel and eluted with

chloroform following stepwise gradient of ethyl

acetate, methanol and water, yielded 200 fractions of

1 ml each. These fractions were analyzed using TLC,

fractions showing similar R
f
 values on TLC plates were

pooled to yield a total of 34 fractions. These fractions

were evaluated for their antioxidant potential using in

vitro antioxidant assays.

In vitro antioxidant assays of column

chromatography fractions

The fractions were assayed for their antioxidant potential

by various in vitro antioxidant assays, which

corresponded to action of antioxidants at different

Fig. 1: Thin layer chromatography of soxhlet methanolic

extract of Syndrex
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Fig. 2a: Radical scavenging activity of fractions as measured by DPPH  assay

Fig. 2b: Radical scavenging activity of fractions as measured by ABTS  assay

Fig. 2c: Ferric complex reducing ability of fractions by FRAP assay

Fig. 2: In vitro antioxidant assays
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Fig. 2d: Thin Layer chromatography of fractions showing
high antioxidant activity

Fig. 3: Thin layer chromatography of fractions obtained
from flash chromatography

Fig. 4a: DPPH radical scavenging assay

Fig. 4b: FRAP assay

Fig. 4c: ABTS radical scavenging assay

and lipid hydroperoxides formed. 0.1% of fraction 1

inhibited formation of TBARS as well as lipid LOOH

(Figs. 5a and 5b). Similarly 0.01% of fraction 1

prevented depletion in protein sulphydryls in

mitochondria, in response to oxidative damage

(Fig. 5c). Therefore as fractions 1, 2 and 3 exhibited

high antioxidant activity, the radical scavenging activity

was quantified using pulse radiolysis. Decay of ABTS·-
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and CO
3

·- radical was monitored in presence of

ascorbic acid and the linear plot of pseudo-first order

rate constant (K
abs

) versus ascorbic acid concentration

was used, to calibrate the standard curve for

estimation of ascorbate equivalents in the extracts.

The pseudo-first order rate constants for the decay of

Fig. 4d: Deoxyribose degradation assay

Fig. 5a: Thio B-Arbituric Reactive Substances (TBARS)
assay

Fig. 5c: Protein sulphydryl depletion  assay

Fig.5b: Lipid hydroperoxide assay

ABTS·- and CO
3

·- were determined for the known

concentrations of extracts and from the calibration

curve, the ascorbate equivalents present in

different extracts were determined. Fig. 6a shows the

ABTS·- and Fig. 6b shows CO
3

·- radical scavenging

activity by fraction 1, 2 and 3 respectively. Maximum

ABTS·- radical scavenging activity was exhibited by 1%

of fraction 1 with a value of 27 μg/ml of AEAC and

maximum CO
3

·- radical scavenging activity was

exhibited by 1% methanolic soxhlet extract with a

value of 4.4 μg/ml of AEAC.

High Performance Liquid Chromatography

HPLC analysis of fraction 1 using 0-80% acetonitrile

revealed three peaks having different retention times

(Fig. 7a). The chromatograms for fractions 2 and 3

(Figs. 7b & 7c) showed peaks corresponding to the

TLC profile of the fractions. The area under curve for

the obtained peaks co-related to the visible

concentrations of these fractions as seen in their

respective TLC profiles.

Discussion and Conclusion

Hyperglycemia causes auto-oxidation of glucose,

glycation of proteins and activation of polyol

metabolism. These changes accelerate generation of

ROS and increases oxidative chemical modification of

lipids, DNA and proteins in various tissues. Oxidative

stress plays an important role in the development of

complications in diabetes such as lens cataracts,

nephropathy and neuropathy (Valko et al, 2007).
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Fig. 6a: Pulse radiolysis study of fractions using ABTS•-

radical scavenging by fraction 1, 2 and 3 by pulse

radiolysis

Fig. 6b: Pulse radiolysis study of fractions using CO3•-

radical scavenging by fraction 1, 2 and 3 by pulse

radiolysis

Therefore supplementation with antioxidants to

diabetic patients would help in reducing the oxidative

load. At present, the treatment of diabetes mainly

involves a sustained reduction in hyperglycaemia by

the use of biguanides, thiazolidinediones, sulphonyl

ureas, D-phenylalanine derivatives, meglitinides and

α-glucosidase inhibitors in addition to insulin.

However, due to unwanted side effects, the efficacies

of these compounds are debatable and thus there is a

demand for new compounds for the treatment of

diabetes. Hence, plants have been suggested as a rich

and unexplored source of potentially useful antidiabetic

as well as antioxidative drugs (Saxena et al, 2004).
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Fig. 7a: HPLC analysis of fractions from flash chromatography

Fig. 7b: HPLC analysis of fractions from flash chromatography

Fenugreek is one of the oldest herbs

known to have beneficial therapeutic

effects. Seeds of fenugreek have been

shown to have multiple benefits in

patients with diabetes such as

reduction in blood sugar and its

complications (Madar et al, 1998;

Preet et al, 2006). Many earlier

studies whether using whole seeds

(Shani et al, 1974) or extracts (Ribes

et al, 1989) showed that fenugreek

seeds decreased fasting blood sugar

levels in animals. Additionally

fenugreek seeds also possess

antioxidant activity, which can be

attributed to the presence of various

polyphenols. (Dixit et al, 2005) have

shown that among the various

extracts tested the soxhlet methanolic

extract of germinated fenugreek

seeds exhibited strong antioxidant

activity. Evaluation of antioxidant

activity of antidiabetic drug Syndrex,

which contains powder of

germinated fenugreek seeds, revealed

that the soxhlet methanolic extract

possessed strong antioxidant activity.

Additionally this extract contained

highest amount of flavonoids and

polyphenols. This prompted us to

further sub-fractionate the extract and

identify the active principle conferring

high in vitro antioxidant activity.

To resolve the soxhlet methanolic

fraction, various chromatographic

procedures were used. The extract

was first separated onto a thin layer

of silica gel using a combination of

polar and non-polar solvents. Among

the various combinations tried,

3 bands of R
f
 value 0.6, 0.5 and

0.45 were obtained in a solvent

system comprising of chloroform:

ethyl acetate: methanol: water in
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a ratio of 10: 80: 15: 8. As the thin layer plates were

UV active, bands were observed under UV at 254

nm. To obtain the fractions in large amount so as to

enable their characterization, silica gel column

chromatography was used. The soxhlet methanolic

fraction was eluted sequentially, following a step-wise

gradient starting from chloroform and ending with

water. These gradual elutions lead to 34 fractions,

each containing mixture of different compounds. To

evaluate the active antioxidant fractions, all the

fractions were assayed for their antioxidant activity at

different levels of antioxidant action. Free radical

scavenging capacities of these fractions were measured

by standard assays like DPPH and ABTS (Figs. 3a and

b). The ferric reducing capacities were also determined,

ascorbic acid equivalent antioxidant activities were

calculated (Fig. 3c). Among the 34 fractions evaluated

only 8 fractions possessed fairly high antioxidative

scores. TLC analysis of these fractions revealed that

these contain a mixture of two or more compounds

(Fig. 3d). Thus to obtain better separation, soxhlet

methanolic extract was separated under pressure using

flash chromatography.

Fig. 7c: HPLC analysis of fractions from flash

chromatography

Flash chromatography makes use of pressure to

facilitate better separation of components of a mixture.

8 fractions eluted using chloroform: ethyl acetate:

methanol: water (10: 80: 15: 8) containing different

amounts of compounds were obtained (Fig. 3). To

further narrow down the search for active antioxidant

principle, the 8 fractions were tested for their

antioxidant ability. Low concentration (0.01%) of

fractions 1, 2 and 3 showed differential radical

scavenging and ferric reducing activities. Besides

checking the direct radical scavenging activity,

antioxidant activity can be evaluated by checking the

ability of the compounds to inhibit the damage caused

by free radicals. Various human diseases, such as heart

aliments, diabetes, cancer and Alzheimer’s disease are

known to be either consequence or cause of ROS

production. The major consequence of ROS production

is damage to membrane lipids by formation of lipid

peroxides, which via chain reaction enhances

membrane damage (Hirokazu, 2007). One of major

sites of free radical production in the cell, is

mitochondria. Therefore the ability of the fractions to

prevent oxidative damage to membrane lipids was

checked by measuring the aldehydic products (in terms

of TBARS) and lipid hydroperoxides (LOOH) formed.

Oxidative damage to rat liver mitochondria was

induced by ascorbate-Fe2+ system that generates OH-

radical like species on incubation at physiological

temperature of 37°C. Fraction 1 was the best at

preventing ascorbate-Fe2+ induced damaged to lipids

as well as proteins in rat liver mitochondria.  Pulse

radiolysis reveals the ability of antioxidants to scavenge

secondary radicals such as ABTS•- and CO
3

•- . Fraction

1 efficiently scavenged the generated secondary

radicals exhibiting the possible mechanism of its

action. Thus fraction 1 exhibited high antioxidant

activity in all the assays performed.  TLC profile of

fraction 1 showed that it is a mixture of 3 compounds

in different amounts. The observed antioxidant activity

of fraction 1 could be due to the additive effect of

the compounds present in the fraction. HPLC analysis

of fraction 1, 2 and 3 revealed presence of peaks at

retention time from 14-15 minutes, suggesting that

the different fractions contain overlapping compounds.

Chromatogram of fraction 1 showed three different

peaks with different area under curve, which correlated

with the differential amount of bands seen in the TLC

profile of fraction 1( Fig. 7a). Similar analysis was



258  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

3. De Vriese An S, Verbeuren TJ, Voorde Van de J,

Lameire NH, Vanhoutte PM. Endothelial

dysfunction in Diabetes. Br J Pharmacol. 2001;

130:963-974.

4. Devasayagayam TPA, Pushpendran CK, Eapen J.

Differences in lipid peroxidation in rat liver rough

and smooth microsomes. Biochim. Biophys. Acta.

1983: 750: 91-97.

5. Devasagayam TPA, Kamat JP, Mohan H, Kesavan

PC. Caffenine as an antioxidant: Inhibition of lipid

peroxidation induced by reactive oxygen species

in rat liver microsomes. Biochim. Biophys. Acta.

1996: 1282: 63-70.

6. Dixit P, Ghaskadbi S, Mohan H, Devasagayam

TPA. Antioxidant properties of germinated

fenugreek seeds. Phytother. Res. 2005: 19: 977-

983.

7. Dixit PP, Devasagayam TPA, Ghaskadbi SS.

Formulated antidiabetic preparation Syndrex® has

a strong antioxidant potential. Eur. J. Pharmacol.
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observed for fraction 2 and 3. All of these fractions

eluted in 30% acetonitrile, suggesting the polar nature

of the compounds in the fractions.

The above antioxidant activity and functional analysis

of fractions indicate the likely presence of

polyphenolic compounds in these fractions.

Polyphenolic compounds are well known to play an

important role in antioxidant activity. Naturally

occurring polyphenols are known to have numerous

biological activities and found to be potential

candidates for use as drugs, in diseases like heart

aliments, ulcer, diabetes and neuronal disorders. From

a chemical point of view, polyphenols can react with

one-electron oxidants which prevent free radical

formation in biological systems. Such single electron

oxidation products are considered to be key steps of

polyphenols while acting as drugs (Hadique and

Baruah, 2002).

Our results thus suggest, that we were successful in

standardizing the method for sub-fractionating the

soxhlet methanolic extract. The obtained fractions

revealed antioxidant activity comparable to that of

known antioxidant such as ascorbic acid. Further

studies such as purification of the fractions,

characterization of the functional groups and

identification of the pure compounds from the

fractions would help us to give insights in the structure

activity relationship of the compounds. Additionally

in vivo studies would help to further understanding

the mechanism of action of the purified compounds.
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Introduction

Ceria (CeO
2
) is an important oxide, that has been

attracting ever-growing attention, due to its varied

applications in fuel cells, oxygen gas sensors, polishing

agent, in oxygen permeation membrane system and

as a catalyst in different technologically important

processes. Ceria is an essential component of Three-

Way Catalyst (TWC), which is being used for

environment cleaning purpose, as well as in different

emerging fields of catalysis like oxidation of

hydrocarbons, removal of total organic carbon from

waste, automobile exhaust gas conversion and even

in deNO
x
 reaction. The possibility of transformation

from Ce3+ ! Ce4+ aids in accepting or removing oxygen

from ceria. At high temperatures, not only the surface

area of CeO
2
 reduces drastically, but it also loses its

redox properties and oxygen storage capacity. It has

been observed, that ceria with suitable dopants

(specially rare-earth oxide) improves its stability

towards sintering as well as the catalytic activity of

the resulting catalysts. On substitution of trivalent rare-

earth element, the oxygen vacancies increase, which

in turn improve the oxygen mobility and also improves

the oxygen storage capacity.

It has been observed that CeO
2
 in nanocrystalline form

is further more important since nanocrystalline CeO
2

exhibits superior optical and electrical properties to

bulk CeO
2
. It is also found that catalyst shows better

catalytic action in its nano-form.

B .  P.  M a n d a l ,  V.  G r o v e r,  M .  R .  P a i  a n d  A .  K .  Ty a g i

C h e m i s t r y  D i v i s i o n

ABSTRACT

Effect of H
2
O

2
 on synthesis and powder properties l ike surface area, agglomerate size etc.

of nanocrystal l ine Ce
0.8

M
0.2

O
1.90 

(M: Sm, Gd) has been explored, by treating cerium nitrate

and rare-earth nitrate with NaOH in the presence/absence of H
2
O

2
.  The resultant products

have been character ized by several  techniques.  The presence of H
2
O

2 
i s  found to have a

profound effect on powder properties l ike surface area, particle size etc. A mechanism has

been proposed, to explain the observed superior powder properties of the samples. It  has

also been shown, that the samples prepared in the presence of H
2
O

2
,  can lower the

convers ion temperature of CO to CO
2
,  proving them as better  catalysts .  Interest ingly,

temperature programmed reduction studies on Sm3+ doped samples revealed, that the doping

in conjunction with the use of H
2
O

2
, leads to enhanced reduction properties of the samples

over mult iple cycles.

T h i s  p a p e r  w a s  a w a r d e d  o n e  o f  t h e  B e s t  P o s t e r s  A w a r d

a t  t h e  2 nd  D A E - B R N S  I n t e r n a t i o n a l  S y m p o s i u m  o n  M a t e r i a l  C h e m i s t r y ,
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The surface areas of these samples were measured by

BET technique. It was revealed that the surface area

for GDC1 and SDC1 samples are comparatively higher

The present study aims at synthesizing and

characterizing the nominal compositions

Ce
0.8

Sm
0.2

O
1.90 

 and Ce
0.8

Gd
0.2

O
1.90 

and to investigate the

effect of the presence of H
2
O

2 
on synthesis and various

physico-chemical properties of doped ceria nano-

powders. A plausible mechanism for formation of

nano particle has been proposed, for the samples

prepared in the presence of H
2
O

2
. The study also

investigates the effect of particle size and surface area

and doping on CO oxidation to CO
2
. In addition to

this, the reduction properties of Sm3+ doped ceria

have only been studied because of their better powder

properties than that of Gd3+ doped ceria.

Experimental

The samples were synthesized by sol-gel route. Four

sets of samples were prepared wherein two sets

consisted of Ce
0.8

M
0.2

O
1.90

 (M:Gd3+, Sm3+) without

H
2
O

2 
and the two other sets consisted of Ce

0.8
M

0.2
O

1.90

(M:Gd3+, Sm3+) with H
2
O

2
.
 
Thereafter, 1M NaOH was

added drop wise, till the pH reached 10.0. Henceforth,

the samples will be referred to as GDC1 for gadolinia-

doped ceria and SDC1 for samaria doped ceria. The

samples prepared in the absence of H
2
O

2
 have been

referred to as GDC2 and SDC2, respectively.

XRD patterns were recorded on as-prepared and

calcined samples on a Philips X-ray diffractometer

(Model PW 1710). Thermo gravimetric analysis was

performed using model STA 409, M/s. Netzsch

Geratebau. TEM data was recorded on the samples,

to determine the microstructure and particle size of

the samples. The extent and nature of agglomeration

was studied by a particle size analyzer (Horiba, Model

LA-500 (Japan)). The Raman spectra were recorded

using a 532nm line from a solid state Nd:YAG laser.

X-ray photoelectron spectroscopic studies were done,

using VG Microtech hemispherical electron

spectrometer, with a dual anode power supply (Model

8025).

To determine the redox properties of the material

TPR-TPO studies have been carried out with

Thermoquest TPDRO instruments, Italy. The catalytic

activity was evaluated by a gas chromatograph.

Results and Discussion

The samples were characterized by powder-XRD for

phase identification. The XRD patterns are shown in

Fig. 1. The XRD peaks of the uncalcined samples are

broad, which indicates that the particle sizes are in

nano regime. The analysis of XRD patterns of calcined

samples revealed the doped samples to be fluorite-

type (F-type), with structure similar to pure ceria. Also,

it is clearly visible from Fig.1, that the diffraction peaks

of SDC1 and GDC1 are broader than that of SDC2

and GDC2 which implies that, the samples prepared

in presence of H
2
O

2
 have smaller crystallite size, than

the samples prepared in absence of H
2
O

2
. Thus, H

2
O

2

affects the particle size of the nanoparticles.

Fig. 1: XRD pattern of calcined (a) SDC2 (b) SDC1
(c) GDC2 (d) GDC1
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H
2
O

2
 form peroxo linkage, which hinder the formation

of infinite network. Again upon calcination, this O-O

linkages also break down, which ultimately lead to

lower particle size and higher surface area.

Correspondingly, this results in the disappearance of

the peak at 830cm-1 from the Raman spectrum of

both the compositions upon calcinations.

The transmission electron microscopy studies have

been performed on the samples prepared in the

presence of H
2
O

2
 and without H

2
O

2
. Comparatively

narrower particle size distribution is observed, for the

samples prepared in the presence of H
2
O

2
 (5-10nm)

than the sample prepared without H
2
O

2 
(10-18nm)

(Figure not shown). Thus, there is a reasonably good

agreement between the average particle size obtained

from XRD peak broadening and TEM studies.

Fig. 2 : Raman Spectra of (a) as prepared samples

(b) calcined samples.

than those of GDC2 and SDC2 i.e. use of H
2
O

2
 yields

the products with higher surface area and smaller

particle size.

In order to observe the extent and nature of

agglomeration, the powders were studied by particle

size analyzer, based on light scattering and the particle

size distribution of the powder was measured before

and after ultrasonic treatment. After ultrasonication,

all the samples showed fragmentation into smaller

agglomerates, but interestingly agglomerates of GDC1

and SDC1 broke into much smaller sizes and that too

in a shorter time as compared to GDC2 and SDC2.

This further indicates that the agglomerates obtained

from samples prepared in the presence of H
2
O

2
 are

softer than those prepared without H
2
O

2
.

Raman spectra of the as prepared and calcined samples

are shown in the Fig. 2(a-b). Pure bulk CeO
2
 shows

sharp Raman peak at 465cm-1 (F
2g

). This is the

symmetric breathing mode of O2- ion, around each

cation. The peaks observed here are assigned to the

F
2g

 mode, due to symmetrical stretching of the Ce-O

vibrational unit in 8 fold coordination. The F
2g

 peak of

GDC1 and SDC1 samples appear at lower wavelength,

which is attributed to smaller particles present in these

samples, as compared to the samples prepared without

H
2
O

2
. Another interesting observation is that, the

calcined samples do not show any red shift and the

peaks are relatively sharp which can be attributed to

comparatively higher crystallite size.

An interesting observation is the manifestation of a

peak at 835cm-1 for the uncalcined samples prepared

in the presence of H
2
O

2
 (SDC1 and GDC1). This peak

is due to O-O stretching mode of peroxo (O
2
2-) linkage.

The mechanism of formation of lower particle size,

can also be understood from Raman spectroscopy.

The samples prepared in the absence of H
2
O

2
 form

hydroxide precipitate, by reaction of metal ions and

OH- ion. During condensation, the precipitate

eliminates H
2
O and form M-O-M (M= metal ion)

network. The samples prepared in the presence of
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In order to study the reduction behaviour of the doped

ceria samples, temperature programmed reduction

studies were performed. Fig. 4 (a-e) presents the

typical first temperature programmed  reduction cycles

of CeO
2
 as well as Ce

0.8
M

0.2
O

1.9 
(where M = Gd3+/

Sm3+) samples. Here, all Ce
0.8

M
0.2

O
1.9

 samples have

only Ce4+ as the reducible cation. In the present study,

the TPR profile of nano-sized CeO
2
 (prepared by same

Fig. 4 : Temperature programmed reduction profiles

(a) CeO
2
, (b) GDC2 (c) GDC1 (d) SDC2 (e) SDC1.

To study the efficiency of these nanopowders as

catalyst, as well as to investigate the effect of H
2
O

2

on the same, all the samples were investigated for

their catalytic activity. The catalytic property of pure

CeO
2
 prepared by same route was also studied under

similar conditions, for better comparison. Fig. 3

presents the catalytic activity of CeO
2
, GDC2, SDC2,

GDC1 and SDC1 nanopowders for CO+O
2
 reaction

as a function of temperature. Substituted samples have

been found to show better activity, as compared to

the unsubstituted sample. Even though the onset of

conversion of CO to CO
2
 could be observed in

unsubstituted ceria at room temperature itself, 100%

conversion was achieved only at ~500°C, suggesting

a sluggish rise in activity with increase in temperature.

For the doped sample prepared in absence of H
2
O

2
,

the 100% conversion temperature was 475oC whereas

for the same composition prepared in the presence of

H
2
O

2
, the 100% conversion temperature dropped to

395°C which is a marked improvement from 500°C.

This observation reveals, that substitution as well as

addition of hydrogen peroxide have profound effects

on conversion temperature and subsequently on the

catalytic activity. The decreasing order of catalytic

activity as evident from Fig. 3 is: SDC1~GDC1 >

SDC2~GDC2 > CeO
2
. The catalytic activity of ceria

is attributed to factors like lattice ion mobility and the

possibility of readily changing between Ce3+ and Ce4+,

together with the high oxidizing power of the Ce4+

cation. The presence of a trivalent rare earth ion

introduces oxygen ion vacancies, which further

increases the mobility. Now, the higher catalytic activity

of SDC1 (and GDC1) as compared to SDC2 (and

GDC2) could be attributed to the higher surface area

and lower particle size of the former as compared to

the latter. In the samples having higher surface area

and lower particle size, the activation barrier is easily

overcome and subsequently higher conversions are

observed at relatively lower temperature.

Fig. 3 : CO oxidation with O
2
 by different catalysts SDC1,

GDC1, SDC2, GDC2 and pure CeO
2
.
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forming -O-M-O- (M: Ce, Sm/Gd) networks. The

peroxo species would disrupt this 3-D network and

would lead to the following (i) formation of smaller

crystallite sizes as shown by XRD and TEM (ii) Higher

surface area due to the rapid elimination of peroxo

species as shown by BET measurements and Raman

spectroscopy (iii) Smaller agglomerate sizes as shown

by DLS studies. Moreover, the Sm and Gd doped

samples prepared in the presence of H
2
O

2
 showed

marked improvement in catalytic properties. TPR

studies reveal the enhancement in the reduction

properties of samaria doped samples as well as

reproducible behaviour on performing multiple TPR

cycles as compared to unsubstituted ceria.
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route) exhibits the two peaks having nearly the same

intensity. The peak at low temperature, in general, is

attributed to the reduction of Ce4+ to Ce3+ species

present at surface, whereas peak at temperature

>1073°C is normally observed due to bulk reduction

of Ce4+ to Ce3+ metal ions. The relative intensity of

these two peaks will depend upon the ratio of

reducible cations present on the surface and bulk in

the sample. It can be inferred from the figure, that

the sample has a significant amount of reducible

surface cations. The sample synthesized by solid state

reaction requires reduction temperature above

>1273°C. Hence, here the lower particle size has

facilitated the reduction at much lower temperature

and this is supposed to have direct impact on its

catalytic properties. Multiple TPR cycles were recorded,

to monitor the reproducibility of these samples,

towards their redox behaviour. Sm3+ incorporation in

ceria enhances its reproducibility. The multinodal

profile observed in the first cycle of SDC1  sample is

consistently present in all the subsequent TPR cycles.

The ease in reducibility of SDC1 sample and its

improved reproducibility, could be attributed to

generation of microstructural defects and anionic

vacancies in lattice of ceria, as a result of Sm3+

substitution albeit non-reducible cation.

Conclusions

Nanocrystalline Ce
0.8

M
0.2

O
1.90 

(M: Sm, Gd) were

prepared in the presence and absence of H
2
O

2
 to

investigate the role of H
2
O

2
 on its physico-chemical

properties. Hydrogen peroxide introduces peroxo

linkages, which greatly influence the powder properties

of the samples. The formation of ceria solid solution

nanoparticles, proceeds via condensation reaction,

between the neighbouring –OH groups of M(OH)
n
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ABSTRACT

Acute radiat ion (dose >2Gy) is  known to cause lymphopenia in exposed animals.  This

s tate  can be overcome by adminis t rat ion of  syngenic  l ymphocytes .  T  ce l l s  undergo

Homeostas is  Dr iven Prol i ferat ion (HDP),  in response to lymphopenia,  to f i l l  the empty

lymphoid space and acquire a memory phenotype, without becoming effector cells. However,

the consequences of HDP on Th1 /Th2 differentiat ion, have not been careful ly examined.

The effects of an ant iox idant,  chlorophyl l in on HDP of CD4+ T cel ls  and their  Th1 /  Th2

different iat ion were evaluated. The CD4+ T cel ls  div ided in response to lymphopenia,  in

the T cel l  zones in spleens of syngenic mice. The cel ls  recovered from lymphopenic mice,

4 days after inject ion, secreted s ignif icantly higher levels of Th1 cytokine   IFN-γ  and Th2

cytokine IL-4 as compared to that in cel ls  i solated from control  mice.  However,  the cel ls

recovered from mice 19 days and 100 days after  in ject ion, secreted s ignif icant ly  higher

levels of Th17 cytokine IL-6, but lower levels of IL-4. Chlorophyll in inhibited HDP of CD4+

T cel ls  in v ivo  and IL-6 product ion in v i t ro .  The present results  show, that fol lowing

transient lymphopenia,  Th1 dif ferent iat ion dominates dur ing in it ia l  recovery per iod, as

compared to Th2 differentiation.

Introduction

Exposure to ionizing radiations (in excess of 200cGy),

can induce significant hematopoietic damage, leading

to transient lymphopenia and leucopenia.

Chemotherapy, viral infections (HIV) and several

genetic disorders can also result in lymphopenia. In

lymphopenic, conditions, T cells expand to establish

homeostasis, by a process dependent on

self-peptide Major Histocompatibility Complex (MHC)

recognition and the availability of proliferation and

survival-promoting cytokines (Surh and Sprent, 2000).

Although physiologically normal, chronic recurrence

of this process might lead to selection of high-affinity

self-reactive T-cell clones and autoimmune disease in

susceptible individuals (La Gruta et al, 2000;

Theofilopoulos et al, 2001; King et al, 2004; Marleau

et al, 2005). CD4+ T cells help in generation of
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effective humoral and cell-mediated immune

responses, against  intracellular as well as extracellular

pathogens. Thus, understanding the mechanisms

involved in Homeostasis Driven Proliferation (HDP) of

T cells and its modulation, would find several clinical

applications. In recent times, antioxidants have been

looked upon as versatile modulators of several

biological responses, that involve oxidative stress.

Many of these antioxidants have been reported to

modulate immune responses. The antioxidants like

Mn(III) tetrakis (5,10,15,20- benzoic acid) porphyrin

(MnTBAP), glutathione and N-acetyl cysteine, have

been shown to inhibit activation induced cell death,

by upregulation of antiapoptotic genes lymphocytes

(Voehringer, 1999; Hildeman et al, 2003; Rosati et

al, 2004).

Chlorophyllin is a water-soluble mixture of sodium-

copper salts of green plant pigment, chlorophyll. CHL

is widely marketed for a variety of dietary and

medicinal uses (Young and Bergei, 1980). Its

chemopreventive, antimutagenic and anticarcinogenic

properties, are well reported (Egner et al, 2001; 2003).

Chlorophyllin exhibited protection against radiation

and chemical-induced cytogenetic damage. It was

found to inhibit radiation-induced single strand breaks

in plasmid pBR322 DNA (Santosh Kumar et al, 1999).

Apart from this, it has direct radical scavenging ability

as shown by electron spin resonance spectroscopy

(Santosh Kumar et al, 2001). In cellular and animal

models CHL acted as an antioxidant (Santosh Kumar

et al, 2004) and augmented immune responses

mediated by macrophages, B cells and T cells (Sharma

et al, 2007a and b). More importantly, CHL has been

successfully used as a cancer chemopreventive agent

in human population, residing in certain parts of

China, who are at high risk of aflatoxin B1

(a hepatocarcinogen) exposure (Egner et al, 2001;

Egner et al, 2003).

In the present study, the cytokine profile of T cells

recovered from reconstituted lymphopenic mice was

investigated. The effects of chlorophyllin on T cell

proliferation, gene expression, cytokine secretion and

homeostasis driven proliferation of purified CD4+ T

cells in lymphopenic mice, were also investigated.

Methods

Eight to ten week old inbred BALB/c mice were used.

The guidelines issued by the Institutional Animal Ethics

Committee of BARC, Government of India, regarding

the maintenance and euthanasia of small animals, were

strictly followed. For induction of lymphopenia,

animals were placed in ventilated perspex boxes and

exposed to 600 cGy whole body γ-radiation in a

Gamma Cell-220 Irradiator (AECL, Canada). CD4+ T

cells were sorted from spleen cells using magnetic

cell sorter and were treeated with chlorophyllin

(100μM). The lymphopenic animals were

reconstituted with carboxy fluoresceindiacetate

succinimidyl ester (CFSE) labeled autologous CD4+T

cells and were sacrificed 4 days or 19 days after

injection. Proliferation of donor cells was monitored

from CFSE dye dilution, using a flowcytometer.

Cytokine production was monitored by Enzyme Linked

Immuno Sorbent Assay (ELISA). Donor cells were

visualized in the host spleen by immunofluorescence

mircroscopy. Gene expression was studied by

semiquantitative Reverse Transcriptional-Polymerase

Chain Reaction (RT-PCR) using actin-β gene expression

as internal control (Sharma et al, 2007b).

Results

HDP of CD4+ T cells occurs in lymphopenic mice

Fig. 1a shows the homeostasis driven proliferation of

CFSE labeled donor CD4+ T cells, in the spleen of

lymphopenic host. The bars in Fig. 1b, show the

percentage of undivided donor cells and cells which

had undergone one, two or three cell divisions, 96 h

after reconstitution. About 50% of the normal CD4+

T cells injected into lymphopenic mice, had undergone

one or more cell divisions.

Spatial distribution of CD4+ T cells undergoing

HDP.

To decipher the specific anatomical locations that

permit empty space sensing leading to HDP, the CFSE
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labeled CD4+ T cells were injected intravenously or

intraperitoneally into lymphopenic or normal mice.

Fig. 1: Homeostasis driven proliferation (HDP) of CD4+ T cells in vivo. CD4+ T cells were purified from total splenic

lymphocytes, stained with CFSE and 1.5×106 cells were injected i.p. or i.v. into tail vain of normal or lymphopenic
mice. Lymphocytes were recovered from spleen, lymph nodes or peritoneum of the host mice 96 h after reconstitution

and 50,000 cells were acquired in flowcytometer. Percent daughter cells were calculated from decrease in mean

fluorescence intensity. (A) Representative flowcytometric histograms and dot plots of CFSE labeled cells representing
HDP of CD4+ T cells only in spleen of lymphopenic mice and not in normal mice. (B) The bars represent frequency

of daughter cells in different division cycles in each treatment group. (C) The bars represent per cent daughter cells

in the donor cell population isolated from different anatomical sites of the host. Data points represent mean ± S.E.M.
from four mice and three such experiments were carried out. *p < 0.01, as compared to cells injected in normal

mice. (D) T cells undergoing HDP make T cell zones in spleen of a lymphopenic mouse: Spleens from the host were

harvested 96 hr after injection and frozen in liquid nitrogen. Transverse sections (20mM) of fresh frozen spleen were
mounted on glass slides and stained with PE conjugated CD3 antibody and observed under fluorescence microscope.

Overlaid pictures show homing of the CFSE+ cells to the T cell zones of the host. Sections from two spleens are

shown.

Lymphocytes were recovered from the host spleen,

lymph nodes or peritoneal fluid, 96 h after injection.
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A significant increase in the fraction of donor derived

daughter cells, was seen in the spleen and lymph nodes

of lymphopenic mice, as compared to that from

normal mice. On the contrary, there was no increase

in the fraction of daughter cells in the peritoneal cavity

of lymphopenic mice (Fig. 1C), indicating that, T cells

divided only in the secondary lymphoid organs of

lymphopenic mice. To further find out the spatial

distribution of donor CD4+ T cells undergoing HDP

within the host spleen, transverse sections were stained

with phycoerythrin (PE)-conjugated anti-CD3 antibody.

T cell zones focally and avidly staining with CD3

antibody, were visible in the spleen obtained

from normal mice (Fig. 1D). The donor derived

CFSE-labeled T cells, were distributed into these specific

T cell zones, in the host spleen (Fig.1D)

Cytokine production after HDP of CD4+ T cells

in lymphopenic mice

Lymphopenic BALB/c mice or Swiss mice were

reconstituted with autologous lymphocytes, isolated

from age and sex matched donors and were sacrificed

4, 19 or 100 days after injection. The con A induced

IL- 2 production in cells, from lymphopenic mice 4

and 19 days after reconstitution, was significantly

lower than that in con A treated lymphocytes, from

age and sex-matched normal mice (Fig. 2A).However,

IL-2 levels were significantly higher at 19 days as

compared to 4 days after adoptive transfer. On the

contrary, the IL-2 production in lymphocytes isolated

from lymphopenic mice 100 days after adoptive

transfer, was similar to that in lymphocytes from

normal mice (Fig. 2A). At 100 days, spleen size in

mice recovering from lymphopenia was similar to that

in normal mice, indicating a complete recovery.

The con A induced IL-4 production in normal mice

increased steadily with age, indicating a progressive

increase in Th2 bias in BALB/c mice. However, cells

taken from lymphopenic mice 4 days after

reconstitution and stimulated with con A, produced

significantly higher IL-4 than that in lymphocytes from

normal mice. Interestingly, the IL-4 level decreased

19 and 100 days after reconstitution, as compared to

that in cells from normal mice (Fig. 2B).

The con A induced IL-6 production in lymphopenic

mice, 4 days after reconstitution, was significantly

lower than that in lymphocytes from normal mice

(Fig. 2C). On the contrary, the IL-6 levels in

lymphocytes from lymphopenic mice 19 and 100 days

after reconstitution, were significantly elevated as

compared to that in cells from normal mice (Fig. 2C).

These results indicated a clear augmentation of IL-6

production during recovery from lymphopenia. The

con A-induced IFN-γ production in lymphopenic mice,

4 days after reconstitution, was significantly higher

than that in lymphocytes from normal mice (Fig. 2D).

The IFN-γ levels in lymphocytes from lymphopenic

mice 19 days after reconstitution, were lower than

that in cells from normal mice. On the contrary, the

IFN-γ production at 100 days after injection was again

higher than that in lymphocytes from normal mice.

BALB/c mice are known to have a genetic Th2 bias.

This was also reflected by an increase in con A-induced

IL-4 production, with increased age in the present

studies (Fig. 2B). Until recently, it was believed that

IL-6 is produced by Th2 cells (Szabo et al, 2003).

Thus the increased IL-6 production in lymphocytes,

during recovery from lymphopenia, could be attributed

to genetic Th2 bias in BALB/c mice. However, now it

is established that IL-6 is produced primarily by Th17

cells (Weaver et al, 2007). These experiments were

repeated using Swiss mice. The variation in levels of

IL-2, IL-4 and IFN-γ during recovery from lymphopenia

in Swiss mice, was similar to that observed in BALB/c

mice (Data not shown). Interestingly, con A-induced

IL-6 production in lymphocytes, from lymphopenic

swiss mice, was higher even on day 4 after

reconstitution (Fig. 2E).
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Fig. 2: Changes in cytokine production by lymphocytes during recovery from lymphopenia. Lymphopenic mice
were reconstituted with autologous CD4+ T cells and sacrificed 4, 19 and 100 days after adoptive transfer. The

splenic lymphocytes from mice recovering from lymphopenia and age/sex matched normal mice were cultured in

presence of con A (10μg/ml) at 370C in CM in a 95% air/5% CO
2
 atmosphere for 24 h. The levels of (A) IL-2, (B) IL-4,

(C) IL-6 and (D) IFN-γ in the culture supernatants of cells obtained from BALB/c mice and (E) the levels of IL-6 in the

culture supernatants of cells obtained from Swiss mice were estimated by ELISA. #p < 0.01, as compared to that in

con A stimulated cells from normal mice
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Effect of CHL on con A induced proliferation

and IL-6 production in T cells in vitro and HDP

of CD4+ T cells in vivo

The effect of CHL on con A-induced proliferation of

splenic T lymphocytes of BALB/c mice, as assessed by

CFSE dye dilution, is shown in Fig. 3A. The bars

represent percentage of daughter cells obtained after

more than four divisions during 72 h culture.

Chlorophyllin up to 10μM did not inhibit con A

induced proliferation of T cells. At higher

concentrations of CHL, a significant decrease in the

percentage of daughter cells was observed. At 100μM,

almost complete inhibition of proliferation was

seen (Fig. 3A). CHL also significantly inhibited mitogen

induced IL-6 production in T cells (Fig. 3B). The

HDP of CFSE labeled CD4+ T cells treated with

CHL (100μM) and injected into syngenic lymphopenic

mice, was significantly inhibited as compared to that

of untreated CD4+ T cells, injected into syngenic

lymphopenic mice (Fig. 3C and 3D).

Chlorophyllin enhanced the expression of

apoptosis-related genes bcl-2 and bcl-xL in

lymphocytes

Since CHL inhibited T cell proliferation in vitro as

well as in vivo without inducing cell death, the

expression of antiapoptotic genes bcl-2 and bcl-xL was

studied in splenic lymphocytes, from normal and

CHL-treated mice 72 hr after injection. Fig. 4 shows

the expression of antiapoptotic genes bcl-2 and

bcl-xL in lymphocytes, as examined by

semi-quantitative  RT-PCR using β-actin as an

internal control (Fig. 4A and B). The bands appearing

at 409, 550 and 556 bp on the agarose gel correspond

to β-actin, bcl-2 and bcl-xL mRNA, respectively. The

expression of bcl-2 gene was significantly higher in

cells from CHL-treated mice as compared to that in

cells from medium treated mice (Fig. 4C). The bcl-xL

mRNA was not detectable in the cells from medium

treated mice. However, it appeared in the cells

obtained from CHL treated mice (Fig. 4C).

Discussion

Several studies in humans and rodents indicated that

lymphopenia might be associated with autoimmune

manifestations. In humans, lymphopenia accompanies

insulin-dependent diabetes mellitus (IDDM),

rheumatoid arthritis, Sjogren’s syndrome and systemic

lupus erethematosus. Signs of autoimmunity are also

frequently observed in HIV-infected patients (Reviewed

in Krupica-Jr et al, 2006). In rodent models, examples

of lymphopenia-associated autoimmunity include,

systemic autoimmunity after neonatal thymectomy,

discontinuation of cyclosporine treatment, total

lymphoid irradiation or infection with mouse T

lymphotropic virus. Accelerated onset of diabetes in

nonobese diabetic (NOD) mice, thymectomized at

weaning or neonatally injected with cyclosporine, has

also been observed (Dardenne et al, 1989; Bucy et al,

1993; Lafaille et al, 1994; Sai et al, 1994). Thus, there

is need to identify modulators which can specifically

block HDP of T cells.

In the present report, we describe the spatial

characteristics and cytokine production, during HDP

of CD4+ T cells. HDP was found to occur in the

spleen as well as lymph nodes of the lymphopenic

mice, but not in peritoneum (Fig. 1). Several reports

have shown the importance of lymphocyte trafficking

through and homing to draining lymph nodes for

antigen driven proliferation, using intravital

microscopy (Mempel        et al, 2004; Henrickson et

al, 2008). Since peritoneal fluid is not directly

connected to blood circulation, the factors sensing

empty lymphoid space may not be accessible to the

peritoneum resident lymphocytes. Antigen driven

proliferation (ADP) is generally more robust in the

draining lymph nodes and is localized to T cell zones

(Mempel et al, 2004; Henrickson et al, 2008). Our

results showed that HDP took place in lymph nodes

as well as spleen and was localized to T cell zones in

the later (Fig. 2) suggesting that HDP and ADP share

common spatial requirements.
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Fig. 3: Effect of CHL on con A induced proliferation: (A) CFSE labeled spleen cells were stimulated with the mitogen

in presence of various concentrations of CHL at 370C in RPMI 1640 medium supplemented with 10% FCS in a 95%

air/5% CO
2
 atmosphere for 72 h and 20,000 cells were acquired in flowcytometer. Percent daughter cells were

calculated from decrease in mean fluorescence intensity using Cellquest® software. Each bar represents percentage

of daughter cells after more than four divisions. (B) Concentration of Interleukin-6 in the culture supernatant of

lymphocytes stimulated with con A for 24 hr as estimated by ELISA. (C) Effect of CHL on homeostasis driven
proliferation of CD4+ T cells in lymphopenic mice in vivo. CD4+ T cells were purified from total splenic lymphocytes,

stained with CFSE and cultured in presence of CHL (100mM) at 370C in CM in a 95% air/5% CO
2
 atmosphere for

24 h. Cells were washed once with RPMI to remove unbound drug1.5×106 cells were injected i.v. into tail vain of
lymphopenic mice. Lymphocytes were recovered from spleen of the host mice 96 h after reconstitution and 50,000

cells were acquired in a flowcytometer. Percent daughter cells were calculated from decrease in mean fluorescence

intensity. (D) The bars represent frequency of daughter cells in different division cycles in each treatment group. Each
bar represents mean±S.E.M. from three replicates and two such experiments were carried out. *p < 0.01, as

compared to untreated control.
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Mitogen-induced cytokine production in T cells,

recovered from reconstituted lymphopenic mice,

showed a pro-inflammatory pattern as compared to

that in cells from normal mice. IL-2 and IFN-γ
production, showed steady increase during recovery

from lymphopenia, indicating that their levels may

be used as reliable markers, to assess recovery from

lymphopenia (Fig. 2A and D). Sanchez-Guajardo et al

(Sanchez-Guajardo et al., 2005) had shown that

CD4+ Th2 cells from Stat4"/” mice divided slower

than CD4+ Th1 cells from Stat6"/” mice. The present

results using polyclonal CD4+ T cells showed a similar

trend with increased IFN-γ production with time (Fig.

2D). However, a decrease in con A-induced IL-4

production in lymphocytes 19 and 100 days after

reconstitution, indicated that, recovery from

lymphopenia was possibly associated with decreased

Th2 differentiation in mice.

Most strikingly, mitogen induced IL-6 production was

significantly higher in lymphocytes, taken from

lymphopenic BALB/c mice 19 and 100 days after

reconstitution as compared to that in cells from age/

sex matched normal mice (Fig. 5C). Recent evidence

shows, that IL-6 is produced primarily from TH17 cells

(Langrish et al, 2005; Weaver et al, 2007). The

decrease in a Th2 cytokine and a concurrent increase

in a Th17 cytokine during recovery from lymphopenia,

may be an underlying cause for increased chances of

autoimmunity in patients recovering from

lymphopenia (Theofilopoulos et al, 2001; Baccala and

Theofilopoulos, 2005; Calzascia et al, 2008).

Chlorophyllin, a dietary antioxidant completely

inhibited mitogen driven proliferation as well as HDP

of T cells in vitro and in vivo. This inhibition of T cell

proliferation was due to increased expression of

antiapoptotic genes bcl-2 and bcl-xL in lymphocytes

resulting in cell cycle arrest.

In summary, the present work describes spatial

distribution and cytokine production by CD4+ T cells

in lymphopenic environment. To our knowledge, this

is the first report describing an elevated production

of IL-6 in T cells taken from mice, recovering from

lymphopenia. Further, for the first time, inhibitory

action of an antioxidant on lymphopenia driven

proliferation was shown (Sharma et al, 2007). Any

possibility of a therapeutic application of CHL, for

Fig. 4: Upregulation of bcl-2 and bcl-xL expression in lymphocytes of CHL treated mice. RT-PCR analysis of (A) bcl-2

and (B) bcl-x
L
 was carried out using lymphocytes isolated from medium and CHL (200 μg/gbw, 72 h) treated mice.

Total RNA from 0.5×106 cells was reverse transcribed and PCR amplified with specific primers. PCR products were
resolved on 2% agarose gels containing ethidium bromide. β-Actin gene expression in each group was used as an

internal control. (C) Ratio of intensities of bcl-2 or bcl-xL band to that of respective β-actin band as quantified from

gel pictures. Each value represents mean±S.E.M. from triplicates and two such experiments were carried out.
*p < 0.01, as compared to medium treated mice
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prevention of autoimmune disorders, needs to be

verified by careful experimental examination of

signaling events, blocked by CHL.
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ABSTRACT

Deinococcus radiodurans  R1 exhibits  the extraordinary abi l i ty,  to reassemble the near ly

3000 s ingle strand breaks and 200 DNA double strand breaks,  produced from 6.5kGy γ
radiat ion and desiccat ion with less 5% humidity.  This  bacter ium has near ly  s imi lar  DNA

recombination and DNA repair complements of a radiation-sensitive bacterium, Escherichia

col i ,  except the absence of RecBC recombination pathway proteins.  However,  the unique

mechanism of fragmented genome protection from nucleolytic degradation, possibly makes

this bacterium outperform other organisms. The molecular mechanism of DNA protection

from nuclease attack is not clearly understood. This study reports novel findings, suggesting

the high-energy attenuat ion of nuclease act iv i ty  in Deinococcus ,  a unique process that

controls nucleolyt ic degradation of DNA, during post i rradiat ion recovery of γ   i r radiated

cel ls .  Cel l  free extracts of γ  i r radiated D. radiodurans exhibit  less nucleolyt ic degradation

of double stranded DNA than E. coli. However, unlike E. coli , which showed ATP-dependent

stimulation of nuclease function, deinococcal nuclease activity was reduced by addition of

exogenous ATP. The nuclease act iv i ty was const i tut ive,  but the ATP responsive inhibitory

funct ion was sensit ive to chloramphenicol  and was γ - radiat ion inducible.  Inhibitors of

protein kinase A activity prevent ATP-dependent inhibition of nuclease activity. The nuclease

inhibit ion was a l lev iated by dephosphory lat ion, which upon incubat ion with ATP in the

presence of phosphatase inhibitor,  could be resumed. This  suggested that the nuclease

function is regulated by reversible protein phosphorylation. We suggest, that the abil ity to

control nuclease activity during post-irradiation, provides D. radiodurans with an advantage

over less DNA damage-tolerant species.   DNA degradat ion proceeds unt i l  the substrates

necessary for strand anneal ing are generated, after which the potential ly lethal nuclease

act iv ity can be shut off,  preventing excessive DNA degradation.

V.  A .  K a m b l e  a n d  H .  S .  M i s r a

M o l e c u l a r  B i o l o g y  D i v i s i o n
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Introduction

Protein phosphorylation constitutes an important

regulatory network that controls the cellular functions

including cell division, cellular differentiation and signal

transduction in all organisms. At the molecular level,

this regulates metabolic functions such as enzyme

activity modulation, protein trafficking, protein–protein

and DNA–protein interactions and recycling of the

proteins. By reversible protein phosphorylation, the

functions of proteins can be rapidly modulated,

without necessity of new protein synthesis or

degradation. This phenomenon is regulated by the

relative abundance of stress responsive protein kinases

and phosphatases in the cells.  The significance of

reversible protein phosphorylation is amply illustrated

by the involvement of DNA damage induced signal

transduction and protein kinase C mediated signaling

mechanism in cell cycle regulation, following DNA

damage in eukaryotes (1). The existence of such

mechanisms and their implications in DNA strand

break repair and bacterial growth, would be worth

investigating in bacteria, tolerant to DNA damage.

Deinococcus radiodurans R1 (DEIRA) is characterized

for its extraordinary radioresistance contributed

primarily by an efficient DNA Strand Break (DSB) repair

and a strong oxidative stress tolerance mechanism (2).

DEIRA exposed to DNA damage showed a rapid and

kinetic change in gene expression profile and a rapid

protein turnover (3). DEIRA shows a biphasic DSB

repair mechanism. Phase I is characterized as the

reassembling of shattered genomes into larger size

molecules by Extended Synthesis-Dependent Strand

Annealing (ESDSA) followed by slow events of

homologous recombination. During this period, the

shattered genome is protected from nucleolytic

degradation by end capping proteins and presumably

processed for further steps in DNA repair, by a still

unknown mechanism. However, the DSB repair

kinetics monitored on Pulsed Field Gel Electrophoresis

(PFGE) and by [3H] labeled genomic DNA stability in

vivo (4) shows a rapid increase in DNA degradation

upon γ  irradiation, which gets arrested within 30 min

of PIR. Although, the DNA damage induced change

in gene expression and protein turnover have been

reported in DEIRA, the mechanism that links DNA

damage response to these critical processes is not

known. In this study, we report the gamma radiation

inducible change in the levels of signaling molecules

in Deinococcus radiodurans and demonstrated that

the cells exhibiting higher levels of signaling molecules,

also showed reversible modulation of nucleolytic

functions. The role of DNA damage inducible protein

kinase A activity in regulation of nucleolytic functions

during post irradiation recovery of Deinococcus

radiodurans was demonstrated.

Methodology

Gamma irradiation and cell free extract

preparation

DEIRA was maintained in the laboratory as described

earlier (5). Exponentially growing cells were irradiated

with 6kGy γ-radiation, aliquots were collected at

1 h intervals and cells were washed with butanol

saturated 100 mM phosphate buffer (pH 7.0).  The

pellet was suspended in lysis buffer (20mM Tris-HCl

pH 7.6, 1mM MgCl
2 

1mM DTT and 1mM PMSF)

containing 200μg/ml of lysozyme and incubated at

370C for 20 min.  To this, 1 % Triton X-100 was added

and incubated further for 30 min at room temperature.

Cell suspension was sonicated with 4μm tip at 50%

duty cycles and 30sec pulse with intermittent cooling

on ice for 4 min. Protein content was estimated by

Bradford dye binding method. Cell free extract was

maintained in 10% glycerol at 4oC and  subsequently

used for activity assays.

Nucleotide binding proteins purification

Cell free extract was prepared from DEIRA cells

collected 0, 1, 2, 3 and 4 h post-irradiation, by

centrifugation at 15000 rpm for 30 min. Extracts were

diluted with ten volumes of column binding buffer

(10mM sodium phosphate buffer, pH7.0, 50mM

NaCl, 1mM EDTA, pH 8.0, 1mM DTT, 1mM PMSF).
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Nucleotide binding proteins were affinity purified

using heparin-sepharose affinity chromatography,

as described in the manufacturer’s protocol

(GE Healthcare, Sweden). Cell free extracts were passed

through the Hi-Trap heparin column, pre-equilibrated

with column binding buffer.  The column was washed

with binding buffer, until the proteins stopped coming

from the column. The bound proteins were eluted

with 500mM NaCl in binding buffer. The 500ml

fractionswere collected and analyzed on SDS-PAGE.

Protein concentration was determined by dye binding

method.  The effect of ATP on nuclease activity was

monitored as described earlier (6). The fraction

showing nuclease activity and its inhibition with ATP

was further purified, using ion exchange

chromatography. Each fraction was tested for

separation of nuclease activity from ATP responsive

fractions.

Enzymes activity measurement

The nuclease activity was measured as described by

Kota and Misra (2008) (6). The 500 ng heparin purified

proteins were incubated with 200 ng of 1 kb PCR

product from DEIRA genome, in a buffer (10 mM

Tris-HCl, pH7.5, 3mM MgCl
2
, 15 mM KCl and 2%

glycerol) for 20 min at 37oC. For ATP and calf intestinal

phosphatase (AP) treatment, the proteins were

preincubated with these agents for 30 min at 37oC.

For phosphatase and protein kinase inhibitors

treatment, the samples were treated with 10 mM

sodium fluoride and different concentrations of protein

kinase inhibitors respectively, for 20 min. Treated

samples were incubated with dsDNA substrate for

20 min at 37oC and reaction products were analyzed

on 1% agarose gel.

Protein kinase activity was measured as described

earlier (7). In brief, the cell free extract was prepared

from cells treated with gamma radiation and equal

amount of proteins were incubated with 50 mCi [32P]

γ  ATP (2500Ci /mmol) for 1 h at 37oC. To this, the

DNAse (50mg/ml) and RNAse (50mg/ml) were added

and further incubated for 1 h. The mixture was passed

through G-25 microspin columns (GE Healthcare) to

remove the unincorporated radionucleotides and

smaller non-proteinaceous phospho-contaminants.

Incorporation of [32P] was measured by scintillation

counting and counts per mg protein were presented.

The acid and alkaline phosphatases were assayed in

100 mM acetate buffer (pH 5.0) or 50 mM Tris-HCl

buffer (pH 9.0) respectively, using disodium salt

of p-nitrophenyl phosphate as a substrate.

The phosphatase activity was expressed as nanomoles

para-nitrophenol formed per min per mg of proteins.

Similarly, the total PhosphoDiesterase (PDE) activity

was measured in a reaction mixture containing 1 mM

bis(p-nitrophenyl) phosphate substrate in 50 mM

sodium acetate, pH 5.0 for 30 at 30°C.  The adenylyl

cyclase (AC) activity was measured using a modified

protocol described earlier (8). In brief, the a

[32P]-ATP was replaced with 500mM ATP and the

cAMP was omitted from the standard reaction mixture.

The other modifications were the use of caffeine in

place of isobutylmethylxanthine and the estimation of

cAMP by HPLC as described below.

Nucleotide extraction and estimation by HPLC

analysis

The quantitative determination of purine nucleotides

including ATP and cyclic AMP was carried out using

the protocols similar to those described by Giannattasio

et al 2003 (9), in their studies of cerebellar granule

cells, but with modifications appropriate for use in

DEIRA. These cells were washed with 70% ethanol

and incubated with lysozyme (5mg / ml) for 30 min

on ice. Treated cells were collected by centrifugation

at 5000 x g at 4oC.  Cell pellets were suspended in

ice-cold 0.5 M perchloric acid. The suspension was

mixed vigorously by shaking and incubated in ice-bath

for 20 min.  The acid extract was centrifuged (20,000

x g for 15 min at 4oC), to remove insoluble

macromolecules. The supernatant was neutralized with

equal volume of mixture, containing 4 / 5 volumes

0.5 M KOH plus 1 / 5 volume of 0.1 M KH2PO4,

pH 7.5 and left for 30 min on ice.  The potassium

perchlorate precipitate was finally removed by

centrifugation (20000 x g for 15 min at 4oC) and

neutralized supernatant was stored at –20oC until used
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for HPLC analysis. The retention times of individual

peaks and spiking with pure nucleotides were used,

for the identification of respective nucleotides. The

peak area was calculated per mg of protein for

comparative studies.

Results and Discussion

Differential effect of ATP on nuclease activity

of bacteria with contrasting response to

γ γ γ γ γ  radiation

Cell free extracts of g irradiated Deinococcus

radiodurans (DEIRA) and E. coli were incubated with

linear double stranded DNA, in the presence and

absence of ATP, in solution. E. coli proteins showed

relatively higher rate of DNA degradation as compared

to DEIRA and showed several fold stimulation of

nuclease activity with ATP. On the contrary, DEIRA

showed less nuclease activity (Fig. 1A), which was

inhibited with ATP. The ATP stimulation of nuclease

activity in wild type E. coli has been attributed mainly

to RecBCD complex (Exo V) (10). Lack of ATP

stimulation of dsDNA exonuclease activity in DEIRA,

cannot be solely accounted to the absence of only

RecBC enzymes, because DEIRA cells expressing RecBC

from E. coli did not show ATP stimulation of

exonuclease activity (Fig. 1B) (4). This suggested that

the DEIRA confers unique regulation of nucleolytic

function by ATP and the nuclease composition in these

two bacteria, showing contrasting radiation response,

was different. The ATP attenuation of nuclease activity

in DEIRA was subsequently shown to be mediated by

protein kinase function and not as a metal ion chelator.

Nuclease activity was regulated by DNA damage

induced reversible protein phosphorylation

The nucleotide-binding proteins of DEIRA cells

recovering from high-density DNA strand breaks were

purified by Heparin-Sepharose affinity chromatography

(Fig. 2). Fractions were tested for nuclease activity on

dsDNA substrate. Results showed, that the nuclease

activity present in both unirradiated (UI) and

γ  irradiated cells at zero PIR, was completely inhibited

Fig. 1: Effect of ATP on nuclease activity of cell free

extract from E. coli and Deinococcus. Cell free extract
was prepared from stationary phase cells of E. coli (E)

and DEIRA (D). The 200ng proteins were pre-incubated

with 2mM ATP before DNA substrate (S) was added and
further incubated for 30 min at 37oC. Products were

analyzed on 1% agarose gel (A). Nuclease activity of cell

free extract from wild type (1) and recD mutant (2) of E.

coli and DEIRA control (3) and RecBC expressing DEIRA

(4) was also checked on [3H] labeled genomic DNA of

DEIRA in the presence and absence of ATP (B).

at 1h and 2h PIR (Fig. 3a).  Interestingly, the nuclease

activity reappeared in 3h and 4h PIR samples. In all

these samples, except the unirradiated (UR) control,

the nuclease activity was inhibited by 2 mM ATP

(Fig. 3b). The nuclease activity inhibition in PIR1 and

PIR2 samples was revoked by dephosphorylation with

alkaline phosphatase (AP), in vitro (Fig. 3c). These

results suggested the possible involvement of protein
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phosphorylation in ATP-attenuation of nuclease

function.  Further, when dephosphorylated samples

were incubated with ATP in the presence of 10 mM

sodium fluoride, a phosphatase inhibitor; the

nucleolytic activity was inhibited in all PIR fractions,

but not in UI control (Fig. 4). The 1h PIR

dephosphorylated sample was incubated with ATP in

the presence of phosphatase, protein kinase A (H89)

and protein kinase C (staurosporine) inhibitors and

the ATP effect on nuclease activity was measured.

Both H89 and high concentration of staurosporine,

inhibit protein kinase A (PKA) activity also inhibited

ATP effect on nuclease activity (Fig. 5). It suggested

that PKA-type kinase might be involved in the post-

translational regulation of nucleolytic functions. These

results indicated that the DNA damage induces ATP

responsive function and the nucleolytic activity was

modulated by reversible protein phosphorylation, in

DEIRA.

Fig. 2: SDS-PAGE analysis of total nucleotide binding

proteins purified by Heparin affinity chromatography.The
gamma irradiated cells were allowed to grow and

samples were collected at 0,1,2,3 and 4 h of post

irradiation recovery and proteins were puriifed.

Fig. 3:  Regulation of nucleolytic functions during PIR of
DEIRA. Heparin binding proteins were purified from cells

collected at different time intervals (0,1,2,3,4 h) of post

irradiation recovery and unirradiated control (UI). These
proteins were assayed for their nucleolytic activity

(A) in the presence of ATP (B) and alkaline phosphatase

(C) treatment. Reaction products were analyzed on 1%
agarose gel.

Fig. 4: Reversible protein phosphorylation regulates
nucleolytic functions during PIR of DEIRA. Heparin

purified proteins were dephosphorylated with alkaline

phosphatase and incubated with ATP in the presence
and absence of sodium fluoride, an inhibitor of

phosphatase activity, for nuclease assay
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Fig. 5: ATP effect is manifested by protein kinase A. The
dephosphorylated 1h PIR sample was incubated with

2mM ATP with an increasing concentration of H89 (B)

and staurosporine (stauros) (C) and their effect on nuclease
activity was assayed

Fig. 6: Effect of DNA damage on the levels of signaling

molecules. Total nucleotides were extracted with

perchloric acids from unirradiated (UI) and γ irradiated
cells collected at 0, 1, 2, 3 and 4 h of PIR and their levels

were determined as described in materials and methods

(A). The cell free extracts of unirradiated (UI) and γ
irradiated cells collected at 0, 0.5, 1, 1.5, 2, 3 and 4 h of

PIR, were used for monitoring the total protein kinase

(PK), adenylyl cyclase (AC) and phosphodiesterase (PDE)
(B). The activity of all the enzymes was measured as

amount of products formed / unit time / mg total proteins.

One hundred percent activity of PK, AC and PDE,
corresponds to 1546600 CPM [32-P] / mg protein,

9.80 nmoles / min / mg protein and 6.30 mmoles / min/

mg proteins, respectively.

DNA damage induces signaling molecules in DEIRA

The change in the levels of secondary messengers like

cAMP, cGMP, Ionositol phosphates, Ca2+ etc. and

their correspondingly regulated signaling enzymes like

adenylyl cyclase (AC), phosphodiesterases (PDEs), and

protein kinases, have been considered as indicators

of signal transduction mechanism, in response to a

specific stress.  We studied the effect of radiation-

induced DNA damage on the levels of some of these

molecules. We observed that the levels of cAMP, ATP

change in DEIRA cells, recovering from very high dose

of gamma radiation treatment (Fig. 6A). These cells

showed differential expression of AC and PDEs. The

enzyme system regulates the relative abundance of

cAMP and ATP in biological system (Fig. 6B). The

functional significance that these signaling molecules

change on the regulation of protein kinases, in

response to gamma irradiation, could be hypothesized.

Recently, the involvement of protein phosphorylation

in bacterial radiation resistance and DSB repair has

gained considerable importance with the

demonstration (7), that DEIRA cells lacking

pyrroloquinoline-quinone, an inducer of protein kinase

activity, exhibit relatively low protein kinase activity,

impairment in DSB repair function and subsequently

very low tolerance to γ radiation.  A multiprotein

complex isolated from DEIRA shows (6) the possible

interaction of DNA repair proteins with protein kinase

and phosphoproteins. The involvement of ATP in
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 regulation of the metabolically opposite functions of

DNA metabolism has been demonstrated. A periplasmic

protein kinase activity, required for radiation resistance

and DSB repair, has been detected in Escherichia coli

(11). The phosphorylation of the single stranded DNA

binding protein (SSB) and the differential binding to

different types of DNA substrates as a function of

protein phosphorylation, have been shown in Bacillus

subtilis (12).

The signal transduction mechanism in response to

nutritional stress and other abiotic stresses except DNA

damage, has been shown in bacteria. In this study,

we highlight, for the first time, the presence of gamma

radiation-induced signaling mechanism, in the

bacterium, Deinococcus radiodurans. We demonstrate

that the DNA damage-induced synthesis of cAMP and

ATP, was possibly manifested, by upregulation of

adenylyl cyclase and downregulation of

phosphodiesterase activity during PIR. The presence

of different ACs and their involvement in bacterial

signal transduction, has been well established.

Although, the mechanism by which cAMP regulates

DNA damage response is not clear, it presumably acts

as an inducer of protein kinase activity and as a

signaling molecule in signal transduction processes in

bacteria, similar to that reported in eukaryotes.

Similarly, the effect of DNA damage and oxidative stress

on the AC and 2’, 3’cyclic PDE activity has not been

reported, but the regulation of PDE and AC activities

by a membrane receptor relaxin-mediated tyrosine

phosphorylation, is known in mammalian cells. Since,

cAMP is a known activator of MAP kinases and other

soluble as well as membrane- bound protein kinases

in eukaryotes, it is likely that the higher levels of cAMP

and AC activity in 1h and 2h PIR samples, regulate

protein phosphorylation by similar mechanisms. Our

results show that (i) the levels of cAMP and ATP change

in response to DNA damage and that was possibly

manifested by differential regulation of AC and PDE

enzymes upon γ irradiation and (ii) the involvement

of DNA damage inducible protein kinase mediated ATP

attenuation of nucleolytic activity during PIR. This is

consistent with the activation of protein kinase by DNA

damage in eukaryotes. Thus, there exists a DNA strand

break-induced signaling mechanism in an extremophile,

Deinococcus radiodurans, which is known to have

acquired the genetic elements possibly contributing

to some of its phenotypes, from higher organisms

through horizontal gene transfer. And the possibility

that this super bug has acquired the DNA damage

induced signaling pathway from other organisms

during evolution cannot be ruled out and will be

studied independently.
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Introduction

Thyroid tumours are the most commonly encountered

neoplasms in the endocrine system, and the vast

majority are epithelial thyroid cancers, mainly Papillary

and Follicular Thyroid Cancers (PTCs and FTCs)

accounting for 95% of all thyroid malignancies. When

diagnosed early, these cancers are generally curable.

Fine Needle Aspiration (FNA) cytology is currently the

best diagnostic tool, in the differential diagnosis of a

thyroid nodule. Whereas this cytological assessment

is diagnostic in a majority of the patients,

approximately 15–20% of patients have insufficient

biopsies and indeterminate cytological findings (1).

Complete thyroidectomy is required in the surgical

treatment of a malignant nodule, whereas partial

thyroidectomy or observation is preferred for most

benign nodules. Consequently, a majority of patients

with cytologically indeterminate thyroid nodules who

undergo total thyroidectomy do so, without a

definitive diagnosis of malignancy and have to endure

unnecessary discomfort. Therefore, an alternative

unequivocal diagnostic approach, using an accurate

blood test, would be an attractive option for evaluating

thyroid nodule patients.

Thyroid cancer frequently recurs in 20-40% of

patients, causing significant morbidity and even

mortality, particularly when extensive metastasis has

occurred (2). Therefore, after the initial treatment, it

is critical to monitor patients for cancer recurrence, a

process that currently depends on serum thyroglobulin

(s-Tg) measurement, radioiodine scans and other

imaging modalities (3). However, the utility of s-Tg

test is limited by autoantibody interference in 25% of

patients (4) and previous studies have also examined

the potential value of alternative circulating molecular

tumour markers, such as m-RNAs for Tg, TPO and

TSH-R (5,6). However, there are conflicting results over

the clinical use of such markers (7). The sensitivity of

s-Tg measurement and radioiodine scans is low, when

the patient is on thyroid hormone replacement therapy.

To increase the sensitivity of these assays, the patient

has to be off thyroxine for 4 - 6 weeks. This makes

the patient hypothyroid and also results in stimulation

of metastatic tissue. These problems in thyroid cancer

treatment have long been the focus of studies with

the goal to find novel and effective diagnostic and

prognostic markers.

Reports that tumours shed nucleic acids, which are
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Aberrant gene methylation is common in human

cancers, such as the genes for RASSF1A (12), calcitonin

(CALCA) (13), thyroid-stimulating hormone receptor

epigenetically modified has opened new areas in

diagnosis and follow-up of cancer. Thus, circulating

methylated DNA may potentially be a novel diagnostic

marker for thyroid cancer. DNA methylation is a

process that entails the addition of a methyl group to

the fifth carbon position of the cytosine residue in a

CpG dinucleotide by DNA methyltransferase (DNMT)

enzymes (Fig. 1) and usually occurs in CpG islands,

located in the 5’-flanking promoter regions of genes.

Promoter methylation is one of the most common

epigenetic alterations in tumourigenesis. A specific

epigenetic modification of DNA promoter methylation

induced gene silencing (Fig. 2) has been described in

a large number of cancers and involves an increasing

number of tumour suppressors. There is evidence that

aberrant hypermethylation of genomic DNA is

associated and may be in part responsible for

transcriptional silencing during carcinogenesis (8).

Gene silencing due to aberrant hypermethylation is a

common epigenetic event in cancer progression (9,10)

and tumour-specific patterns of hypermethylation can

be detected by sensitive DNA-based assays, such as

the methylation-specific PCR (MSP) on very limited

clinical material (11), thereby presenting a uniquely

attractive target for the development of a thyroid

cancer-specific diagnostic assay.

Fig.1: DNA methylation catalyzed by DNA Methyl
Transferase (DNMT)

Fig. 2 :  Gene silencing in Cancer caused by DNA methylation
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patients (n=20). Histopathological classification of

these patients was as follows: Hurthle cell carcinoma

(n=1), anaplastic thyroid carcinoma (ATC, n=1),

papillary thyroid carcinoma (PTC, n=4), follicular

variant of PTC (FVPTC, n=9), follicular variant of

poorly differentiated PTC (FVPDPTC, n=4); follicular

thyroid carcinoma (FTC, n=3) and poorly

differentiated FTC (PDFTC, n=1). Blood was collected

by venipuncture in heparinized vacutainers and

leukocyte separation was done using Histopaque

(Sigma-Aldrich, USA).

Thyroid cancer cell lines

Human thyroid carcinoma cell lines: NPA (papillary),

FRO (anaplastic), ARO (anaplastic) and WRO (follicular)

were used for the study. Each of these cell lines were

cultured in IMDM (GIBCO) supplemented with 10%

sterile FBS (GIBCO), sodium carbonate (NaHCO
3
),

glutamine, β-2-mercaptoethanol (β-2-ME) and

antibiotics in a 37°C humidified incubator with 5%

CO
2
. Cells were routinely sub-cultured every 3-4 days

Table 1 : Gene targets for methylation specific PCR

(TSH-R) (14), E-cadherin (CDH1) (15), tissue inhibitor

of metalloproteinase 3 (TIMP3) (16), death-associated

protein kinase (DAPK) (17), and retinoic acid receptor

â2 (RAR â2) (18) in various human cancers, including

thyroid cancer. We investigated the promoter

methylation status of the RASSF1A, CALCA, TSH-R,

TIMP3, DAPK, RARâ2 and CDH1 gene in thyroid

carcinoma. Many of these genes are tumour

suppressor genes and are involved in cell cycle

regulation, apoptosis, cell adherence, etc. and their

epigenetic silencing is believed to play an important

role in tumourigenesis. The gene targets along with

their location, size and functions are depicted in Table

1. In this study, we investigated the usefulness of

blood DNA methylation as a novel diagnostic marker

for thyroid carcinoma.

Methods

Sample collection and processing

A total of 25 samples were used for this study, which

included healthy individuals (n=5) and thyroid cancer

GENE LOCATION FUNCTION SIZE

RASSF1A – Ras Tumour suppressor gene, involvement
Association Domain 3p21.3 in apoptotic signaling 74bp
Family 1A

CALCA – Calcitonin 11p15.2 - Reduces serum calcium, involved in 100bp
p15.1 regulation of G1/S transition in cell cycle

TSH-R – Thyroid Stimulates several key steps in
Stimulating Hormone 14q31 thyrocyte concentration of iodine 121bp
Receptor

TIMP-3 – Tissue Inhibits the activity of MMPs;
inhibitor of 22q12.3 suppresses tumour growth, invasion & 92bp
metalloproteinase 3 metastasis

DAPK – Death Positive mediator of IFN-γ-induced
associated Protein Kinase 9q34.1 programmed cell death. 97bp

RARβββββ2 – Retinoic acid

receptor β2 3p24.2 Induces growth arrest & apoptosis 91bp

CDH1 – E-cadherin 16q22.1 Involved in adhesion between
type 1 epithelial cells 69bp
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Fluorogenic PCRs were carried out in a reaction volume

of 25μl in an MXPro3000 Real-Time PCR machine

(Stratagene, USA).The reaction mixture contained 5μl

of bisulfite converted DNA, 400nM of forward and

reverse primers and 2X Brilliant SYBr Green PCR

mixture (Stratagene, USA). The thermal profile of

amplification was: 95 °C for 10 min; followed by 40

cycles at 95 °C for 30 sec, 60 °C for 1 min and 72 °C

for 1 min. The dissociation curves were obtained at

the following setting: 1 cycle at 95 °C for 1 min,

60 °C for 30 sec and 72 °C for 30 sec. Each setup

consisted of patient samples as well as positive and

negative controls. Leukocytes from a healthy individual

were methylated in vitro with excess M.SssI

methyltransferase (New England Biolabs Inc., USA)

to generate completely methylated DNA. The in vitro

methylated DNA along with the CpG Methylated Hela

using trypsin-EDTA and harvested at 80% confluency.

DNA extraction and Sodium bisulfite treatment

DNA was extracted from separated leukocytes and

thyroid cancer cell lines by QIAamp DNA Mini kit

(Qiagen, USA), 1 μg of extracted genomic DNA was

bisulfite converted using the EpiTect Bisulfite Kit

(Qiagen, USA) as per manufacturer instructions and

further used in methylation specific PCR (MSP) as

shown in Fig. 3.

Fig. 3 : Flow chart of MSP and Bisulfite conversion of unmethylated Cytosines to Uracils

Fig. 4 : SYBr Green based PCR

Real-time methylation-specific PCR

Bisulfite-modified DNA was used as the template for

fluorescence (Brilliant SYBR Green) based MSP (Fig.4).

Briefly, oligonucleotide primers were designed to

specifically amplify the bisulfite-converted DNA of the

gene of interest. The primers used were as previously

described (14,19,20) and the sequences are

summarized in Table 2. Primers were synthesized by

Operon Biotechnologies (Germany) and the Board of

Radiation and Isotope Technology (BRIT), Mumbai,

India.
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NPA and FRO respectively. Methylation was

undetectable for CDH1 in all the thyroid cancer cell

lines analyzed (Table 3, Fig. 5 and Fig. 6).

Gene methylation in controls and thyroid

cancer patients

We performed an MSP analysis of the RASSF1A,

CALCA and TSH-R CpG islands in healthy subjects

and thyroid carcinoma patients. The amplification plots

and dissociation curves followed by the PAGE analysis

of the specific amplicons are depicted in Fig. 6. The

results of the MSP for the three targets are summarized

in Table 4.

The overall methylation frequency of the RASSF1A and

CALCA gene was 40% (8/20) and that of TSH-R was

50% (10/20) in thyroid carcinomas. RASSF1A and

CALCA methylation was detected in 40% (2/5) normal

thyroid controls, 66% (6/9) FVPTC, 33% (1/3) FTC

and in the only case of Hurthle cell carcinoma studied.

In ATC, PTC and the poorly differentiated variants of

FTC and PTC, no gene methylation was observed

except that of TSH-R in ATC. The methylation frequency

of TSH-R detected in controls was 60% (3/5)  FTC

was 33% (1/3) and 77% (7/9) in FVPTC. The only

Hurthle cell carcinoma case analyzed was also found

to be methylated for the TSH-R target gene.

Table 2 : Primer sequences used for MSP

Genomic DNA (New England Biolabs Inc.,USA) was

used as positive controls in each reaction setup. The

final PCR products were resolved on an 8% non-

denaturing polyacrylamide gel and visualized by silver

staining.

Results

Real-time MSP

We tested promoter methylation by MSP on the seven

genes: RASSF1A, CALCA, TSH-R, DAPK, TIMP3, RARâ2

and CDH1 in DNA isolated from the four thyroid cancer

cell lines (NPA, FRO, ARO and WRO). Based on the

results analyzed in thyroid cancer cell lines, we

performed an MSP analysis of the RASSF1A, CALCA

and TSH-R CpG islands in DNA isolated from leukocytes

from healthy controls (n=5) and thyroid cancer

patients (n=20) with different histological sub-types.

Gene methylation in thyroid cancer cell lines

All  the thyroid cancer cell lines – NPA, FRO, ARO and

WRO, showed methylation of the promoter CpG island

by MSP for RASSF1A and CALCA. TSH-R and TIMP-3

genes were not methylated in WRO and NPA cell lines.

DAPK and RARâ2 showed the lowest frequencies in

methylation and were found to be methylated only in

Gene Forward primer sequence (5' - 3') Reverse primer sequence (5' - 3')

RASSF1A GCGTTGAAGTCGGGGTTC CCCGTACTTCGCTAACTTTAAACG

CALCA GTTTTGGAAGTATGAGGGTGACG TTCCCGCCGCTATAAATCG

TSH-R GGTGTAGAGTTGAGAATGAGGTGATTTC GCCCAAATCCCTAAACAAATCG

TIMP3 GCGTCGGAGGTTAAGGTTGTT CTCTCCAAAATTACCGTACGCG

RARâ2 GGGATTAGAATTTTTTATGCGAGTTGT TACCCCGACGATACCCAAAC

DAPK GGATAGTCGGATCGAGTTAACGTC CCCTCCCAAACGCCGA

CDH1 AATTTTAGGTTAGAGGGTTATCGCGT TCCCCAAAACGAAACTAACGAC
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It was also observed that the controls and patients

which harboured RASSF1A methylation were also the

ones to test positive for CALCA and TSH-R methylation

by MSP. If one of these genes showed methylation,

then the other two genes were also methylated. This

can be attributed to the fact, that methylation

associated gene silencing, affects a broad spectrum

of genes. Thus methylation and transcriptional

silencing of one of these genes may in turn lead to

silencing of the other (11).

The only undifferentiated sample type i.e. ATC

analyzed was found to be methylated for TSH-R and

not for RASSF1A and CALCA. ATCs are known for

their poor inability to concentrate iodine. The thyroid

cells get activated when TSH binds to the TSH-receptor.

The reduced expression of TSH-R resulting in lower

stimulation by TSH could be one of the reasons for

the decreased uptake of iodine. This in turn can be

attributed to the methylation and silencing of TSH-R

gene.

Further, our study in thyroid cancer patients

demonstrates that RASSF1A, CALCA and TSH-R

methylation is more prevalent in FTC and FVPTC and

not in PTC. This probably suggests that RASSF1A,

CALCA and TSH-R may not be playing a significant

role in carcinogenesis of PTC. However, the

papillary cancer cell line - NPA demonstrated

methylation for RASSF1A, CALCA and TSH-R. The stage

positive for both RASSF1A and CALCA MSP and 10

(50%) were positive for TSH-R MSP. Interestingly out

of the 5 healthy controls, 2 (40%) were positive for

both RASSF1A and CALCA MSP whereas 3 (60%) were

positive for TSH-R MSP. Presence of methylation in

healthy controls probably suggests that basal level

methylation does exist in some percent of healthy

controls. However, in order to have a much clear

picture, it would be necessary to analyze more number

of healthy controls. Further, it was seen that control

samples which were methylation positive, generated

a small dissociation peak and also generated very faint

bands on PAGE analysis.

Table 3 : Summary of the methylation  analysis in cell

lines

Fig. 5 : Gene methylation in Thyroid Cancer cell lines:
analysis of MSP products by PAGE

The RASSF1A and CALCA MSPs generated a 74 bp

and 100bp methylation-specific products with melting

temperatures (T
m
) of 77.5 °C and 73.7 °C respectively.

The TSH-R specific primers generated a 121 bp

methylation-specific product and its melting

temperature was (T
m
) is 77.2 °C.

Discussion

Gene methylation studies were carried out in thyroid

cancer cell lines and peripheral blood samples of

controls and thyroid cancer patients with different

histologies.

Out of the 20 thyroid cancer patients, 8 (40%) were

GENE NPA FRO ARO WRO

RASSF1A + + + +

CALCA + + + +

TSH-R + + + -

TIMP-3 - + + +

DAPK + - - -

RARâ2 - + - -

CDH1 - - - -
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Fig. 6 : Gene methylation in Control & Thyroid Cancer patients: amplification plots, dissociation curves and PAGE
analysis

of differentiation may be varied in the analyzed cell

lines and the PTC patients and could be one of the

reasons for such an observation.

In the present findings on the four thyroid cancer cell

lines (NPA, FRO, ARO and WRO) it was demonstrated

that all the four cell lines were methylated for RASSF1A

and CALCA. Only WRO was not found to be methylated

for TSH-R, whereas NPA was the only one not

methylated for TIMP3. However, only NPA was found

to harbour DAPK methylation whereas FRO was also

the only one to test positive for RARâ2 methylation.

Lastly, no methylation, was detected for CDH1 in the

four cancer cell lines analyzed. The differential

methylation patterns obtained in thyroid cancer cell

lines, could be attributed to their variable histological

types and the presence of different pathways

responsible for  thyroid cancer tumourigenesis.
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Conclusion

Our results indicate, that abnormal promoter

hypermethylation of cancer-related/tumour suppressor

genes is readily detectable in the DNA, extracted from

the peripheral blood of thyroid cancer patients using

MSP analysis. By using the right combination of target

genes, MSP may detect aberrant methylated DNA

across a broad spectrum of neoplasms and may be a

valuable molecular marker of thyroid carcinoma.
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ABSTRACT

CD4+ helper T cells, are known to divide in response to diverse stimuli, including mitogens

and lymphopenia. Our earl ier studies had shown that PI3kinase and mTOR were redundant

for Homeostasis Driven Proliferation (HDP), but not for Mitogen Driven Proliferation (MDP).

Exper iments were carr ied out to study the gene express ion pattern in CD4+ T cel ls ,  after

Mitogen Driven Prol iferat ion (MDP) and HDP. Spleen cel ls were isolated from BALB/c mice

and CD4+ T cel ls  were sorted, us ing ant ibody coated magnet ic beads and were in jected

into syngenic lymphopenic mice. The cel ls  were recovered from the host,  after 4-19 days

of in ject ion. In another set ,  lymphocytes were st imulated with concanaval in A for 24 hr

and CD4+ T ce l l s  were separated.  These ce l l s  were used for  RNA ampl i f icat ion and

hybr id i za t ion .  Gene  exp re s s ion  ana l y s i s  was  ca r r i ed  ou t ,  u s ing  Oc i ch ip  (Oc imum

Biosolut ions,  Hyderabad).  Cytokine product ion was studied by ELISA. Out of a total  of

28,800 genes, 91 genes were found to be highly upregulated in CD4+ T cel ls during HDP

and MDP. E ight genes were specif ica l ly  highly upregulated dur ing HDP, but not dur ing

MDP. Only one gene was upregulated during MDP and not during HDP. A total of 38 genes

were suppressed (>4 fold decrease)  in CD4+ T cel ls  dur ing HDP or MDP. These results

indicated, that certain common pathways were involved in HDP and MDP of CD4+ T cel ls.

However,  a few pathways were specif ic  to e ither MDP or HDP. Studies us ing s ignal ing

inhibitors confirmed, that NF-kappaB -dependent pathways were involved in HDP as wel l

as MDP. However,  protein kinase C, PI3Kinase, mTOR and MEK dependent pathways were

specif ica l ly  required, for MDP and not for HDP. Further,  CD4+ T cel ls  produced different

levels  of Th1, Th2 or Th17 cytokines,  fol lowing MDP and HDP.

T h i s  p a p e r  r e c e i v e d  t h e  B e s t  P o s t e r  A w a r d  a t  t h e  4 t h  D A E - B R N S  L i f e

S c i e n c e s  S y m p o s i u m  2 0 0 8  ( L S S - 2 0 0 8 )  h e l d  a t  B A R C ,  M u m b a i ,

d u r i n g  D e c .  2 2 - 2 4 ,  2 0 0 8
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Introduction

T cells undergo Homeostasis Driven Proliferation (HDP)

under lymphopenic conditions, suggesting that they

can sense the ‘empty lymphoid space’ surrounding

them, but the mechanisms that regulate this

proliferation are not fully understood (Rocha et al,

1983). Interactions of T Cell Receptor (TCR) with self

Major Histocompatibility Complex (MHC) are required

for prolonged survival of T cells (Kirberg et al, 1997;

Tanchot et al, 1997). The same ligand receptor

interactions have been shown to induce HDP of T

lymphocytes during lymphopenic conditions (Khaled

and Durum, 2002; Moses et al, 2003). It has also

been surmised, that HDP of T cells can be initiated by

ow affinity self peptides, similar to those involved in

positive selection of T cells in thymus (Ernst et al,

1999; Goldrath and Bevan, 1999; Surh and Sprent,

2000). Such an expansion could, in theory, promote

selective proliferation of potentially self-reactive clones,

leading to autoimmunity (Theofilopoulos et al, 2001).

Total body irradiation, chemotherapy or HIV infection,

can lead to severe depletion of lymphocytes

(lymphopenia). Little is known about the TCR signaling

events, that result in proliferation during lymphopenia.

Studies with lck and fyn knockout mice have

suggested, that HDP of T cells may be driven by weak

or partial agonist signals, that depend on lck

activity (Rocha et al, 1983; Seddon et al, 2000).

However, the role of NF-kB, protein kinase C (PKC),

mitogen-activated kinase kinase (MAPKK or MEK) and

other signaling molecules during HDP of CD4+ T cells

and the differentiation of naïve CD4+ T cells into

different effector populations (Th1, Th2, Th17, T

follicular helper and Treg), during HDP, remain to be

investigated. This knowledge will facilitate the search

for modulators of signaling interactions and for

prevention of autoimmune diseases following HDP

(Baccala et al, 2005).

In the present study, we examined the role of NF-kB,

MEK, mTOR, PI3kinase and PKC during survival and

HDP of CD4+ T cells in lymphopenic mice. The

cytokine profile of T cells recovered from reconstituted

lymphopenic mice and their modulation by

pharmacological inhibitors and plumbagin, were also

investigated.

Methods

Eight to ten week-old, inbred BALB/c mice and Swiss

albino mice, weighing approximately 20-25g were

used. The guidelines issued by the Institutional Animal

Ethics Committee of BARC, Government of India

regarding the maintenance and euthanasia of small

animals, were strictly followed. Animals were placed

in ventilated perspex boxes and exposed to 600 cGy

whole body γ-radiation in a Gamma Cell-220 Irradiator

(AECL, Canada). Lymphopenia induction was

confirmed, by counting the number of total splenic

lymphocytes, 48-96 h after irradiation (Sharma et al,

2007 a). CD4+ T cells were sorted from spleen cells,

using magnetic cell sorter and were treated with

different drugs (PI3Kinase inhibitor-Ly294002, MEK/

ERK inhibitor-PD98059, mTOR inhibitor-rapamycin,

NFkB inhibitor-plumbagin or protein kinase C inhibitor-

Go6983 or control). The lymphopenic animals were

reconstituted with CFSE labeled autologous CD4+T

cells and were sacrificed 4 days or 19 days after

injection. Proliferation of donor cells was monitored

from carboxy fluoresceindiacetate succinimidyl ester

(CFSE) dye dilution, using a flow cytometer. Gene

expression analysis was carried out, using RNA

amplification, labeling and hybridization (Ocimum

Biosolutions, Hyderabad). Protein expression was

studied by western blotting. Cytokine production was

monitored by ELISA (Sharma et al 2007 a and b).

Results

Gene expression pattern in CD4+ T cells during

HDP and MDP

Out of a total of 28,800 genes, 91 genes were found

to be highly upregulated in CD4+ T cells during HDP

or MDP. These genes included those coding for

mitochondrial enzymes, transcription factors,

ribonucleoproteins, proteins involved in chromatin

remodeling, potassium-gated channel, MAP kinases,

ribosomal subunits and proteasomal components.
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Eight genes were highly upregulated specifically

during HDP, but not during MDP. Only one gene

(SMAD specific E3 ubiquitin protein ligase 1)

was up-regulated only during MDP and not during

HDP. A total of 38 genes were suppressed

(>4 fold decrease) in CD4+ T cells, during HDP or

MDP. These results indicated that certain common

pathways were involved in HDP and MDP of

CD4+ T cells. However, a few pathways were

specific to either MDP or HDP.

Fig. 1: Differential modulation of MDP and HDP of T cells by MEK inhibitor PD98059 or PKC inhibitor
Gö6983 or their combination with rapamycin and PI3kinase inhibitor Ly294002. Splenic

lymphocytes were stained with CFSE and treated with PD98059 (50μM) or Gö6983 (25 nM) or

PD98059 (50μM)+ Ly294002 (20μM) or Gö6983 (25 nM) + rapamycin (10 nM)  and  were  stimulated
with con A (10μg/ml) at 370C in CM in a 95% air/5% CO

2
 atmosphere for 72 h. In each group 20,000 cells

were acquired in flowcytometer. (A) Representative flowcytometric histograms showing proliferation of

T cells. (B) Purified CD4+ T cells were stained with CFSE and cultured in presence of PD98059 or
Gö6983 or PD98059 + Ly294002 or Gö6983 + rapamycin overnight and 2×106 cells were

injected i.v. into lymphopenic mice. Lymphocytes were recovered from spleen of the host mice 96 h after

injection and 50,000 cells were acquired in flowcytometer. Representative flowcytometric histograms
show proliferation of CFSE+ CD4+ T cells. (C) Percent daughter cells in response to con A in each

treatment group. (D) The bars represent percentage of donor derived daughter cells in the spleen of

lymphopenic host. (E) Frequency of donor cells in the host spleen. Data points represent mean±S.E.M.
from three replicates in vitro and four mice in vivo and two such experiments were carried out. *p < 0.01

as compared to con A treated cells (MDP). *p < 0.01 as compared to untreated cells injected into

lymphopenic mice.
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Role of PI3kinase, AKT/mTOR, MAPkinase and

PKC signaling pathways in MDP and HDP of T

cells

Treatment of CD4+T cells with PD98059 or Gö6983

or a combination of Gö6983 + rapamycin or PD98059

+ Ly294002, significantly inhibited the mitogen

induced proliferation in vitro (Fig. 1A and B). However,

the CFSE labeled donor CD4+ T cells treated with

above inhibitors, showed HDP comparable to that

of untreated CD4+ T cells in lymphopenic mice

(Fig. 1C and D). The frequency of donor cells was

significantly reduced in the mice reconstituted with

CD4+ T cells treated with the inhibitors, which could

be due to decrease in survival (Fig. 1E).

Modulation of cytokine production by

pharmacological inhibitors

Fig. 2 shows the effects of Gö6983 or PD98059 and

their combinations with Ly294002 or rapamycin on

con A-induced cytokine production in lymphocytes.

Fig. 2: Modulation of cytokine production by Gö6983, PD98059, Ly294002, rapamycin and plumbagin in con A
stimulated lymphocytes: Lymphocytes from BALB/c mice were treated with Go6982 (25 nM) or PD98059 (50μM) or

a combination of (Gö6983, 25nM+ Rapamycin 10 nM) or (PD98059, 50μM+ Ly294002, 20μM). Another set of

lymphocytes was treated with plumbagin  (5mM)  in  RPMI  medium  free  from  2-mercaptoethanol  and 2×106  cells
were stimulated with con A  (10μg/ml) at 370C in CM in a 95% air/5% CO

2
 atmosphere for 24 h. Unstimulated cells

were used as control. The levels of (A) IL-2, (B) IL-4, (C and E) IL-6 and (D) IFN-γ in the culture supernatant were

estimated by ELISA. *p < 0.01, as compared to that in con A treated cells.
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The lymphocytes treated with con A showed a

significantly higher production of IL-2, IL-4, IL-6 and

IFN-γ cytokines, as compared to that by unstimulated

cells. Gö6983 significantly inhibited con A induced

IFN-γ production, without inhibiting IL-2, IL-4 and IL-

6 production (Fig. 2A–D). The combination of Gö6983

+ rapamycin, significantly inhibited the production

of IL-2, IL-4 and IFN-γ but not IL-6. PD98059

significantly inhibited IL-2 and IFN-γ production

without inhibiting IL-4 and IL-6 production in con A

stimulated lymphocytes (Fig. 2A–D). Interestingly, the

cells treated with a combination of PD98059 +

Ly294002 showed a significant inhibition of

production of all the four cytokines (Fig. 2A–D).

Involvement of NF-kB and signaling mediators

in lymphocytes during HDP

Fig. 3A shows degradation of IkB-α and activation of

AKT and JNK in CD4+ T lymphocytes, isolated from

lymphopenic mice 19 days after reconstitution.

Actin-β levels were used as internal control. This

suggested that NF-kB, AKT and JNK were activated

during HDP of CD4+ T cells.

Plumbagin inhibited MDP, cytokine production

and HDP of CD4+ T cells

Fig. 3B shows the effect of plumbagin treatment

(5mM, 4 h in vitro) on HDP of CD4+ T cells, in

autologous lymphopenic hosts. The histograms and

dot-plots show donor derived CFSE+ CD4+ T cells

in the host spleen, 96 h after reconstitution (Fig. 3B).

The frequency of plumbagin treated donor CD4+ T

cells was 94% lower, as compared to that of untreated

CD4+ T cells injected into the lymphopenic mice (Fig.

3C). Thus plumbagin-treated cells failed to survive or

divide under lymphopenic conditions. Similarly,

plumbagin completely inhibited mitogen-induced

proliferation (Fig.3D) and cytokine production in T

cells (Fig.3E) in vitro.

Discussion

Many common insults to the immune system may

result in transient lymphopenia in vertebrate

organisms, and are typically followed by uneventful

immune reconstitution. However, in some clinical

settings, the drive to re-establish the T cell population

size, may compromise the diversity of the T Cell

Receptor (TCR) repertoire and allow emergence of

autoreactive clones, which in turn may lead to

immunodeficiency and autoimmunity respectively (La

Gruta et al, 2000; Theofilopoulos et al, 2001; Marleau

and Sarvetnick, 2005). Thus, understanding the

mechanisms that regulate T cell proliferation under

lymphopenic conditions, has important clinical

applications.

In the present study, MDP was compared with HDP

of purified CD4+ T cells in irradiated lymphopenic

mice. A majority of the genes upregulated during MDP

as well as HDP of CD4+ T cells, were involved in

cellular metabolism, nucleotide synthesis, respiration,

DNA replication, cell cycle and survival. Interestingly,

E3ubiquitin ligase, which has been shown to be

responsible for anergy induction in T cells (Mueller,

2004) was upregulated only during MDP and not

during HDP of CD4+ T cells. The lower levels of

E3Ubiquitin ligase would compromise peripheral self

tolerance, in a lymphopenic environment. Thus,

lymphopenic environment may allow proliferation of

self reactive clones without induction of anergy.

The present study confirmed that a broad spectrum

PKC inhibitor, Gö6983, partially but significantly

blocked the MDP of activated T cells in vitro (Hermann-

Kleiter et al, 2006). Treatment of CD4+ T cells with

Gö6983 or MEK inhibitor PD98059 or a combination

of Gö6983 plus rapamycin or PD98059 plus Ly294002

did not affect their HDP. The decreased frequency of

inhibitor(s)-treated donor cells, in the spleen of

reconstituted lymphopenic mice, indicated a possible

role for PKC and MEK in survival of CD4+ T cells in

lymphopenic mice (Fig. 1A-D) (Kirberg et al, 1997;
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Fig. 3: Activation of NF-kB during HDP of CD4+ T cells and modulation by plumbagin (A) Purified CD4+ T cells were

injected i.v. into lymphopenic mice and were recovered from host spleen 4 days after injection. CD4+ T cells were

magnetically sorted and used for analysis of IkB-α, phospho AKT, phospho JNK and actin-β using western blotting.
(B) Purified CD4+ T cells were stained with CFSE and cultured in presence of plumbagin (5μM) for 4 h and 2×106

cells were injected i.v. into lymphopenic mice. Lymphocytes were recovered from spleen of the host mice 96 h after

injection and 50,000 cells were acquired in flowcytometer. Representative flowcytometric histograms and dot plots
show proliferation of CFSE+ CD4+ T cells. (C) The bars represent frequency of donor cells in the host spleen. Data

points represent mean±S.E.M. from three replicates in vitro and four mice in vivo and two such experiments were

carried out. *p < 0.01, as compared to that in untreated cells injected into lymphopenic mice.  (D) CFSE labeled
lymphocytes were treated with plumbagin (1 to 5mM, 4 h) and stimulated with con A (10μg/ml) at 37 °C in

complete medium for 72 h. Each bar represents percentage of daughter cells in each treatment group. *p<0.01, as

compared to vehicle treated cells and *p<0.01, as compared to con A stimulated cells. (E) Effect of plumbagin on
con A induced cytokine production in vitro. Lymphocytes were pre-treated with plumbagin (5mM) for 4 h before

stimulation with con A (10 ìg/ml) for 24 h at 37 °C in complete medium. The concentration of cytokines in the

supernatant was estimated using ELISA. Each bar represents concentration of cytokines (IL-2, IL-4, IL-6 and IFN-γ).
Data points represent mean±S.E.M. from three replicates and three such independent experiments were carried out.

*p<0.01, as compared to vehicle treated cells and #p<0.01, as compared to con A stimulated cells.
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Pages et al, 1999). Interestingly, the protein kinases

AKT and JNK as well as proinflammatory transcription

factor NF-kB were activated in CD4+ T cells isolated

from reconstituted lymphopenic mice (Fig. 3A). These

proteins have also been shown to be activated, during

MDP of T cells (Baier et al, 1993; Agrawal et al, 2006).

An essential role of NF-kB for survival and HDP of

CD4+ T cells was confirmed by the results, showing

severely impeded frequency of plumbagin treated CFSE

labeled CD4+ donor T cells in the spleen of

reconstituted lymphopenic mice (Fig. 3C). Plumbagin

has been shown to inhibit NF-kB activation, by

prevention of IkB-α degradation as well as by

suppression of direct DNA binding ability of NF-kB

(Sandur et al, 2006).We had shown that plumbagin

blocks LPS induced B cell proliferation by inhibition

of NF-kB activation (Rashmi et al, 2009).

We recently showed that mitogen induced cytokine

production in T cells, recovered from reconstituted

lymphopenic mice, involved an increase in production

of pro-inflammatory cytokines, as compared to that

in cells from normal mice. Hence, different

pharmacological inhibitors were assessed for their

ability to block IL-6 production in T cells. Gö6983 or

PD98059 or Gö6983 plus rapamycin failed to inhibit

IL-6 production, but affected IL-2, IL-4 and IFN-γ
production to different extents (Fig. 2). Interestingly,

plumbagin alone completely inhibited IL-6 production

(Fig. 3E).

In summary, the present report describes the gene

expression and signaling requirements for HDP of

CD4+ T cells in lymphopenic environment. The

pathways shown in Scheme 1 are involved and

required during MDP of T cells. Of these pathways,

only those shown in red colour were found to be

required for HDP of CD4+ T cells in vivo. The inhibitors

highlighted with yellow color inhibited MDP of T cells.

Interestingly, plumbagin (highlighted in green)

inhibited both MDP as well as HDP of CD4+ T cells.

For the first time, a role for NF-kB during survival and

HDP of CD4+ T cells was highlighted. The mechanistic

basis for a possible use of plumbagin, in inhibiting

onset and progression of autoimmunity, was also

indicated.
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ABSTRACT

A process has been developed to prepare shelf  stable Ready-To-Eat (RTE) intermediate

moisture pineapple (Ananas comosus) s l ices, using hurdle technology. The combination of

hurdles inc luding osmotic dehydrat ion, infrared dry ing and gamma radiat ion dose of

1 kGy, successful ly reduced the microbial  load to below detectable l imit.  The shelf  l i fe of

the intermediate moisture pineapple slices was found to be 40 days at ambient temperature

(26 ± 2 ºC).  The untreated control  samples spoi led within 6 days.  The RTE intermediate

moisture pineapple slices were found to have good texture, colour and sensory acceptability,

during this 40 days storage.

Keywords:  P ineapple;  Hurdle technology; Osmotic dehydrat ion; Infrared dry ing; Gamma

radiation

Introduction

Pineapple (Ananas comosus) is one of the most

popular tropical fruits. The fruit is known for its

nutritive and health promoting properties. It is

commonly used as table fruit or in desserts. The shelf

life of ripe pineapple is short and limited to 4-6 days

(Hajare et al, 2006).  Fresh pineapple contains thick,

thorny inedible peel and a large crown, which

consumes storage space and also results in higher

transportation costs (Fernandes et al, 2006). Therefore,

value addition by processing to a RTE product, is an

attractive alternative. Pineapple slices dipped in sugar

syrup and canned are normally used around the world

(Mortan, 1987). The canned pineapple is shelf stable

but it is not liked by some consumers, due to its high

level of sweetness.

The shelf life of peeled, sliced and polyethylene packed

pineapple sold in market is 4-6 days, when stored at

room temperature, whereas, pineapple slices when

kept at 8-10 ºC, do not stay more than 8-10 days.

Therefore, many alternate approaches were followed

for pineapple preservation. The blanching treatment

for microbial reduction and browning inhibition, affects

freshness and taste. Cut pineapple undergoes

enzymatic browning which can be inhibited by dipping

in potassium metabisulfite solution (Adams & Moss,

2000). In osmotic dehydration, water is partially

removed from the product by dipping in hypertonic

sugar syrup (Pokharkar et al, 1997; Corzo & Gomes,

2004).The dipping in sugar solution reduces water
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activity (a
w
) to about 0.9 which is not enough for

preventing bacterial, yeast and mold growth, these

being involved in spoilage. Infrared drying offers a

number of advantages including drying uniformity,

reduced drying time, energy efficiency and high

quality finished products (Afzal & Abe, 1998; Zhu

et al, 2002). Due to limitations of individual

preservation methods, a combination of these hurdles

was used for maximizing pineapple shelf life. The

intermediate moisture pineapple products are

becoming popular, because these are shelf stable,

retain nutritional value, are convenient to use and incur

less transportation and storage costs (Leistner, 1992;

Thakur & Singh, 1995). Radiation processing, a cold

process, is being used as a preservation method for

food commodities and is increasingly attaining new

applications (Urbain, 1986; Diehl, 1990). This is one

of the very effective alternatives for ensuring microbial

quality and safety of minimally processed fruits and

vegetables and is also recommended for processed

pineapple (Shashidhar et al, 2007).

The objective of the present study was to prepare shelf-

stable, ready-to-eat and safe intermediate moisture

pineapple slices, using a combination of different

hurdles.

Materials and Methods

Chemicals

Luria-Bertani agar (LBA), potato dextrose agar (PDA),

Baird-Parker agar (BPA), violet red bile agar (VRBA),

and egg-yolk tellurite emulsion were purchased from

Himedia Laboratories, India. High density polyethylene

packages (HDPE) of film thickness, 500 gauge and

sucrose were obtained from a local market. Potassium

metabisulfite and sodium chloride (NaCl) were

purchased from S. D. Fine-Chem. Ltd., India.

Gamma radiation treatment

Gamma radiation treatment was carried out in a

cobalt-60 Gamma Chamber-5000 (GC-5000, BRIT;

dose rate 7.65 kGy/h) at Food Technology Division,

BARC. The packed samples were treated at different

doses of gamma radiation (250 Gy, 500 Gy and

1 kGy) at ambient temperature. Non-irradiated samples

were used as control. After radiation treatment, the

samples were stored at ambient temperature (26 ±

2ºC) and relative humidity (56 ± 3 % RH). The

radiation dosimetry was carried out by placing Fricke

dosimeters.

Pineapple processing

Pineapples (six) procured from a local market were

cleaned with water, crowns removed and peeled

manually. The fruits were then transversely cut into

8 slices, each approximately of 1 cm thickness. The

slices were dipped in potassium metabisulfite solution

(0.25%) for 2 h, followed by immersion in sugar

(sucrose) solution (70%, 16 h). The slices were taken

out of the sugar solution, drained on a two layered

muslin cloth and dried in infrared (IR) dryer (Sakav,

Shirsat Electronics, Mumbai) at 80 0C/1 h to bring

the a
w
 to 0.82. The slices were then packed in high

density polyethylene bags, sealed, radiation-treated

and stored at ambient temperature (26 ± 2 ºC). Such

processed pineapple slices named in this paper as

Intermediate Moisture (IM) pineapple slices were

periodically examined and subjected to the following

analyses, up to a period of 40 days of storage.

Microbiological analysis

Total Bacterial Count (TBC) and Yeast and Mold Count

(YMC) were determined as described by ICMSF (2002).

Individual pineapple slices (25g) were aseptically

homogenized for 2 min in stomacher bags with

75 ml sterile saline water solution (0.85% NaCl) using

Stomacher Blender (Stomacher Lab Blender, model

400, Seward, U.K.). Serial dilutions were made in

sterile saline and spread plated in duplicate.

Media employed were plate count agar, potato

dextrose agar for determination of TBC and YMC,

respectively. The microbial analyses of pineapple

slices were undertaken periodically during storage.
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Water activity (a
w
) measurement

A small piece of pineapple slice weighing

approximately 2 g was used, for determination of water

activity using a water activity meter (AqualabCX2T,

Decagon Devices, USA). The measurement was taken

with samples drawn from four slices and the average

value was expressed as water activity of the product.

Moisture content

To determine the moisture content, weighed

pineapple slices were kept in a hot air oven (Metlab

Scientific Instruments, India) at 1000C, till the weight

remained constant. The percentage decrease in weight

was expressed as moisture content (AOAC, 1995).

The measurement was replicated with the samples

drawn from four different slices and the average was

taken as moisture content of the product.

Colour measurement

Colour of the central region of pineapple samples was

measured by reflectance measurement, using a

Minolta CM-3600D Spectrophotometer (Konica

Minolta Sensing, Inc., Osaka, Japan). The reflectance

of whole visible spectrum (360 to 780 nm) was

recorded at wave length intervals of 10 nm. D
65 

lamp

was used as reference
 
light source and the detector

was fixed at an angle of 10º with respect to the light

source (Hajare et al 2006). The colour parameters

L* (Lightness), a* (Redness), b* (Yellowness) were

analyzed with using JAYPAK 4808 software

(Quality Control System, Version1.2).

Texture analysis

Texture was analyzed using a Texture Analyser (TA.HD

plus, Stable MicroSystems, Godalming, Surrey, UK)

with a P/2N needle probe. The probe speed and

penetration depth were 0.5 mm/s and 5 mm,

respectively. The hold time was 0.01 s and the trigger

force was set at 10 g force. The probe travel distance

was optimized for 5 mm. Texture was expressed in

the unit of gram resistance force (g) measuring

resistance offered by the sample to the penetrating

needle probe (Hajare, Saroj, Dhokane, Shashidhar &

Bandekar, 2007). The instrument was calibrated before

each use. In sliced pineapple, tissue firmness varies

from centre to periphery and hence, texture was

measured at various points starting from the central

pith region to the peripheral region of the edible

portion.

Sensory evaluation

A preliminary sensory testing was performed by an

experienced panel familiar with pineapple fruit

characteristics. This panel comprised of 15-20

researchers from different sections of Food Technology

Division, BARC. This testing was done in a Taste Panel

Laboratory in individually partitioned compartments,

under a controlled-environment (Meilgaard, Civille &

Carr, 1999). Sensory analysis was carried out on

radiation- treated and non-treated processed samples

along storage. Panelists were previously briefed and

trained to distinguish different pineapple samples and

score their respective quality attributes including

appearance, colour, texture, odour, taste and overall

acceptability. A 7-point hedonic scale (1-very poor,

2-poor, 3-fair, 4-satisfactory, 5-good, 6-very good, and

7-excellent) was used, for grading the samples

during evaluation.

Statistical analysis

All the above detailed experiments were repeated in

three different batches. In each batch, 3-4 replicates

were taken for every tested parameter. The data

obtained was expressed in terms of Mean and Standard

Deviations (SD). The mean values were compared

using one-way ANOVA (ANalysis Of VAriance) test

for significance of their difference (P < 0.05). The

data was analyzed using the Origin 6.1 software

version v6.1052 (B232) (OriginLab Corp.,

Northhampton, Mass., USA).
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Results and Discussion

Effect of pineapple processing

The potassium metabisulfite dip, minimized pineapple

slices browning which was visible. Browning occurs

in cut pineapple due to polyphenol oxidase (PPO)

action. This enzyme is located in plastids and

cytoplasm inside the cell and phenolic substrates are

located in vacuole. Due to cutting, the subcellular

compartmentation in pineapple slice is lost. The

enzyme and substrate come in contact with each other

and in the presence of oxygen, the reaction results in

the formation of quinones, which auto polymerize to

form brown melanin-like pigments (Vamos-

Vigyazo,1981). Potassium metabisulfite water solution

releases SO
2
 which inactivates the PPO enzyme

(Madero & Finne, 1982). The osmotic dehydration

alone reduced a
w
 of pineapple slices from 0.97 to

0.9. The a
w
 below 0.82 was achieved only after infrared

drying.

The a
w
 and moisture content of the IM pineapple slices

were about 0.82 and 37%, respectively and the

change was found to be

insignificant (P < 0.05) during

40 days of storage. The HDPE

packaging retained the product

moisture content. Polyethylene

is known to have good

moisture barrier properties

(Basantia, Arora, Seth & Singh,

2000). It has been observed

that the thickness of the

pineapple slices is crucial for

uniform drying by infrared.

The slices with thickness

greater than     1 cm showed

uneven drying and took longer

time to dry to the desired level.

In such slices, a
w
 could not be

maintained below 0.82 during

storage, due to improper

drying.

Microbiological analysis

The mean values of total bacterial count and yeast

and mold count in fresh pineapple slices, were found

to be in the range of 102 to 103 cfu/g. There was an

increase in TBC, YMC of freshly cut pineapple slices

after 6 days at ambient storage temperature. The

difference in microbial load between potassium

metabisulfite dipped and freshly cut slices on day 1

of storage was found to be insignificant (P < 0.05),

whereas, osmotic dehydration was found to decrease

the bacterial load. Moreover, the increase in bacterial

load and YMC of osmotically dehydrated slices during

6 days of storage was insignificant (P < 0.05). The

combination of osmotic dehydration with infrared

drying, decreased TBC and YMC which remained

constant up to 6 days of storage (Table 1). Most

bacteria fail to grow at a
w 
of less than 0.82 (Ledward,

1981). Intermediate moisture products in which a
w
 is

reduced to inhibit microbial growth, can be stored

for extended periods under ambient conditions

(Ledward, 1981). However, reduction of a
w 
alone could

not bring counts below the detection limit and so,

mold growth was observed in samples during storage

a The data was expressed as logarithm of colony forming unit (cfu/g) and represents
the mean of at least 12 slices per treatment. The mean values with different
superscript (b, c, d, e) are significantly different (P < 0.05) as analyzed by one way
ANalysis Of VAriance (ANOVA)

Table 1: Microbiological analysis of pineapple slices during storage at ambient
temperature (26 ± 2ºC) a.

Treatment Total Bacterial Yeast and Mold

Count Count

Day 1 Day 6 Day 1 Day 6

Freshly cut 3.0 b 5.5 c 2.7 b 5.6 c

Potassium metabisulfite dip 2.9 b 6.2 c 3 b 6.1 c

Osmotic dehydration 2.1d 2.4 d 2.2 d 2.4 d

Osmotic dehydration and 2.0e 2.1 e 2.0 e 2.2 e

infrared drying

Potassium metabisulfite dip, 2.0 e 2.1 e 2.0 e 2.1 e

osmotic dehydration,

and infrared drying
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(Table 2). Molds can grow even at a low a
w
 of 0.6

(Jay, 1991). When radiation treatment was included

among the employed hurdle technologies, counts fell

below the detection limits (less than 20 cfu/g).

Ionizing radiation can penetrate to inactivate

microorganisms that may have gained entry in the

tissue (Thakur & Singh,1995). A combination of

gamma irradiation at 1 kGy, potassium metabisulfite

treatment, osmotic dehydration and infrared drying

was found to be effective, in eliminating microbial

load below the detection limit (less than 20 cfu/g) up

to 40 days at ambient temperature storage (Table 2).

Colour analysis

Pineapple browning is associated with decrease in L*

(Lightness), b* (Yellowness) and increase in a*

(Redness) value. The potassium metabisulfite treatment

maintains colour as it inhibits browning, but storage

for five days deteriorated the colour of the slices with

significant (P < 0.05) decrease in L* and b* values.

In osmotically dehydrated and infrared dried samples

without potassium metabisulfite dip, the L* value

decreased and a* value increased after 5 days of

storage along with minor changes in b* value, which

indicated intense browning. Thus potassium

metabisulfite dip is unavoidable for browning control.

The combination of potassium metabisulfite dip,

osmotic dehydration and infrared drying caused initial

changes in L*, a*, b* values as compared to those of

freshly cut pineapple, but they stabilized during

subsequent storage (Table 3). There was a minor

decrease in L*and b* values

and a minor increase in a*

value, which were insignificant

(p< 0.05), at the end of storage

time in every sample (data not

shown).

Texture analysis

Pineapple slices texture

decreased in every sample

during storage, many times

significantly. The cutting

process resulted in tissue

disruption and membrane breakdown leading to the

release of hydrolytic enzymes. Enzymatic degradation

of cellulose, hemicellulose and pectin led to texture

losses during storage (Myung 2006). This effect, being

pronounced in freshly cut samples in the present study,

was not reduced by the potassium metabisulfite dip

or its combination with osmotic dehydration. Similar

effects of such pre-treatments have also been reported

by Karim et al (2008) for air dehydrated pineapple

slices. Infrared drying was found to restore texture

which remained stable up to 6 days of storage (Table

4). Drying by infrared radiation has also been reported

earlier, to stabilize the texture of sugar-infused IM

blueberries during storage (Shi et al, 2008). This texture

retention could be due to sugar infusion into the

intercellular spaces (Stojanovic & Silva, 2006). The

combination of potassium metabisulfite dip, osmotic

dehydration and infrared drying treatments, were fairly

successful in maintaining texture values up to 6 days

of storage.

The change in texture due to radiation treatment was

found to be insignificant (P < 0.05) till 40 days of

storage (data not shown). As earlier reported, a

radiation dose of 2 kGy did not affect the texture of

minimally processed pineapple slices when stored at

100C for 12 days (Hajare et al 2006). López-Malo and

Palou (2008) also reported the insignificant effect of

combined preservation methods such as blanching

and  osmotic dehydration, on texture of pineapple

slices.

Table 2: Microbiological analysis of radiation-treated intermediate moisture

pineapple slices during storage at ambient temperature (26 ± 20C)a.

Symbol (*) denotes non detectable microbial load and symbol (-) denotes visible
mold growth. a The data was expressed as logarithm of colony forming unit
(cfu/g) and represents the mean of at least 12 slices per treatment.

Radiation Total Bacterial Count  Yeast and Mold Count

dose (Gy) Day1 Day20 Day40 Day 1 Day 20 Day 40

0 2.0 2.1 - 2.0 2.1 -

250 1.8 1.9 - 1.3 1.4 -

500 1.3 1.3 1.3 1.6 1.5 1.3

1000 * * * * * *
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Sensory evaluation

Panelists gave overall scores ranging between 4

(satisfactory) and 5 (good) for the IM pineapple slices,

with no statistical significant differences due to storage

days or radiation doses.  The scores for colour were

better than texture, aroma, taste and overall

acceptability. For many of these parameters a minor,

though not significant, decrease in average scores was

observed during storage (Table 5). These findings are

in agreement with those of Hajare et al (2006), who

also reported no significant effect of 2 kGy radiation

dose, on sensory parameters of minimally

processed pineapple slices, when stored at 10 0C

for 12 days.

Conclusion

The combination of hurdles including potassium

metabisulfite dip, osmotic dehydration, infrared

drying, HDPE packaging and a radiation dose of

1 kGy was found to be effective in extending the

shelf life of pineapple slices up to 40 days under

ambient storage temperature, whereas the control

non-treated slices spoiled within 6 days. The

potassium metabisulfite dip was indispensable for

browning inhibition. Osmotic dehydration and

infrared drying reduced a
w
, which prevented

microbial growth. A radiation dose of 1 kGy was

found to be effective in eliminating the residual

microbial load on these pineapple samples, thus

ensuring microbial safety of the product sensorily

accepted throughout storage.

a The data represents mean ± SD of at least 9 slices per treatment. The corresponding mean values for day 1 and
day 5 across columns superscripted as b are significantly different (P < 0.05).  The mean a* values for day 1 and
day 5 along the rows are significantly different (P < 0.05) as analyzed by one way ANalysis Of VAriance (ANOVA).

Table 4: Texture analysis of pineapple slices during storage at

ambient temperature (26 ± 2 ºC) a d.

a The data represents mean ± SD of measurements of at least
12 slices.
b The corresponding mean values for day 1 and day 6 across

columns in each zone are significantly different (P < 0.05) as
analyzed by one way ANalysis Of VAariance (ANOVA).
d The texture was expressed in the unit of gram resistance

force (g) measuring resistance offered by the sample to the
penetrating needle probe.

Treatment Day 1 Day 6

Freshly cut 185b ± 26 111b ± 30

Potassium metabisulfite dip 175b ± 22 113b ± 34

Potassium metabisulfite

dip and osmotic dehydration 125b ± 17 106b ± 17

Osmotic dehydration and

infrared drying 138 ± 23 137 ± 26

Potassium metabisulfite dip,

osmotic dehydration, 125 ± 36 113 ± 37

and infrared drying

Table 3: Colour analysis of pineapple slices during storage at ambient temperature (26 ± 2 ºC) a.

Colour during storage

Treatment     L* (Lightness)      a* (Redness)     b* (Yellowness)

Day 1 b Day 5  b Day 1 Day 5 Day 1  b Day 5 b

Freshly cut 70  ± 2 58 ± 3 1.0c ± 0.4 4.7c ±0.7 31 ± 8 23 ± 2

Potassium metabisul
fitedip 72 ± 2 59 ± 3 1.1 ± 0.3 1.4 ± 0.2 30 ± 6 19 ± 2

Potassium metabisulfite
dip and osmotic 72 ± 2 64 ± 2 1.1c ± 0.4 2.4 c ± 1.0 30 ± 1 25 ± 3
dehydration

Osmotic dehydration

Potassium metabisulfite 70 ± 2 54 ± 5 2.8c ± 0.6 9.8c ± 2.2 37 ± 2 27 ± 4

and infrared drying
dip, osmotic dehydration, 74 ± 3 68 ± 1 3.7 ± 1.2 4.6 ± 1.6 38 ± 4 34 ± 4
and infrared drying



308  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

References

1. Adams, M., & Moss, M. (2000). Food

microbiology (pp. 349). Cambridge: Royal Society

of Chemistry.

2. Afzal, T. M., & Abe, T. (1998). Diffusion in potato

during far infrared radiation drying. Journal of

Food Engineering, 37, 353-365.

3. AOAC (1995). In official methods of analysis.

Association of Official Analytical Chemists,

Washinton DC, USA.

4. Basantia, N. C., Arora, S., Seth, R., & Singh, A.

(2000). Milk proteins in the preparation of edible

coatings. Indian Food Industry, 19, 36-47.

5. Corzo, O., & Gomes, E. R. (2004). Optimization

of osmotic dehydration of cantaloupe using

desired function methodology. Journal of Food

Engineering, 64, 213-19.

6. Diehl, J. F. (1990). Safety of irradiated foods (pp.

217). New York: Marcel Dekker Inc.

7. Fernandes, F. A. N., Rodrigues, S., Gaspareto, O.

C. P., & Oliveira, E. L. (2006). Optimization of

osmotic dehydration of bananas followed by air-

drying. Journal of Food Engineering, 77, 188-

193.

8. Hajare, S., Dhokane, V., Shashidhar, R., Saroj, S.

D., Sharma, A., & Bandekar, J. R. (2006).

Radiation processing of minimally processed

pineapple (Ananas comosus Merr.) : Effect on

nutritional and sensory quality. Journal of Food

Science,71(6), 501-505

9. Hajare, S. N., Saroj, S. D., Dhokane, V. S.,

Shashidhar, R., & Bandekar, J.R. (2007). Effect of

radiation processing on nutritional and sensory

quality of minimally processed green gram and

garden pea sprouts. Radiation Physics and

Chemistry, 76, 1642-1649.

10. ICMSF (International Commission for the

Microbiological Specifications of Foods). (2002).

Microorganisms in Foods 6: Microbial Ecology

of Food Commodities (pp. 326-353). New York:

Kluwer Academic/Plenum Publishers.

11. Jay, J.M. (1991). Intrinsic and extrinsic parameters

of foods that affect microbial growth In Modern

Food Microbiology. (pp. 45) New York: Chapman

& Hall.

12. Karim, O. R.,  Awanorin, S. O.,  & Sanni, L.

O.(2008). Effect of pre-treatments on quality

attributes of air-dried pineapple slices. Journal of

Food Technology, 6(4), 155-165.

13. Ledward, D.A. (1981). Intermediate moisture

meats. In R.A. Lawrie (Ed.), Developments in meat

science, vol. 2 (pp. 159-194). England: Applied

Sciences Publisher Ltd.

Table 5: Effect of radiation on sensory characteristics of intermediate moisture pineapple slices during storage at

ambient temperature (26 ± 2 ºC)a b.

a The data represents mean ± SD of sensory scores of 12 slices. The mean values in a column are not significantly
different (P < 0.05) as analyzed by one way ANalysis Of Variance (ANOVA). b Data in the table denote the scoring in
a 7-point hedonic scale (1-very poor, 2-poor, 3-fair, 4-satisfactory, 5-good, 6-very good, and 7-excellent

Radiation Days of Colour Texture Aroma Taste Overall

Dose (Gy) Storage acceptability

0 1 5.0 ± 0.9 4.8 ±  0.7 4.7 ± 0.6 5.1 ± 0.7 5.0 ±  0.7

20 4.9 ± 0.9 4.6 ± 0.8 4.5 ± 0.7 3.8 ± 1.0 4.5 ± 0.8

40 4.6 ± 0.9 4.4 ± 0.8 4.1 ± 0.7 3.9 ± 0.8 4.3 ± 0.9

1 5.3 ± 0.7 4.6 ± 0.7 4.6 ± 0.6 4.5 ± 0.7 4.6 ± 0.6

500 20 5.0 ± 0.9 4.3 ± 0.5 4.3 ± 0.6 4.6 ± 0.6 4.6 ± 0.6

40 4.8 ± 0.9 4.2 ± 1.2 4.0 ± 0.8 4.6 ± 0.9 4.5 ± 0.9

1 5.2 ± 1.2 4.0 ± 1.2 4.0 ± 1.2 4.0 ± 1.0 4.1 ± 1.2

1000 20 4.6 ± 0.5 4.4 ± 0.8 4.5 ± 1.0 4.9 ± 0.7 4.6 ± 0.6

40 4.6 ± 0.7 3.9 ± 1.0 4.0 ± 0.7 4.4 ± 0.9 4.1 ± 1.0
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ABSTRACT

Two extracts E1and E2 were prepared from the dried root of the plant Caesalpinia digyna
by extract ing with so lvents  of  d i f ferent  polar i t ies .  The extracts  were standardized with
respect  to a polyphenol ,  bergenin,  by LC-  MS analys i s  and they were subjected to f ree
radical scavenging activity and in vitro  radioprotection studies. Free radical reactions were
carried out with superoxide, hydroxyl, and peroxyl radicals and DPPH. In vitro radioprotecting
activ ity was studied, by fol lowing their effect on γ  -  radiat ion-induced l ipid peroxidation,
prote in carbonylat ion and DNA damage.  The resul ts  indicated that  E1 with h igher  f ree
radical scavenging is also a more potent inhibitor of radiation-induced damage to proteins,
DNA and l iposomes than E2. Comparing the results with those for bergenin indicated that,
bergenin a lone i s  not  respons ib le  for  the f ree radica l  scavenging abi l i ty  and      in  v i t ro
radioprotection. The studies also confirmed, that the extracts enriched with bergenin are
more effective than the isolated polyphenol, bergenin.

Introduction

Currently, there is a growing interest in the
development of natural products and plant extracts
as antioxidants and anti-cancer agents. It has been
postulated and verified by several researchers, that
such natural formulations are less toxic and have
minimum side effects. It is therefore necessary, to
identify important medicinal plants and plant products
and evaluate them by modern scientific tools, so that,

such plant products can be explored as leads, for the
development of novel therapeutic agents.

Members of the species of genus Caesalpinia like

Caesalpinia sappan, Caesalpinia bonducella,

Caesalpinia pulcherrima etc are known since ancient

times, for their medicinal properties and they are

commonly used in Indian folk medicine [1].

Caesalpinia digyna belonging to the same family is
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a large, scandent, prickly shrub growing wild in the
shrub forests of the eastern Himalayas, Nilgiris, Sri
Lanka, Malaya islands etc [1]. The plant is one of the
constituents of an Ayurvedic preparation known as
Geriforte, used for curing senile purities, antifatigue
effect etc. [1]. This plant has many phytochemicals
such as caesalpinine A, cellallocinine, ellagic acid,
gallic acid, bergenin, bonducellin etc. [1]. In some
of our earlier experiments, bergenin was isolated
from the root extract of Caesalpinia digyna, purified
and spectroscopically characterized [1]. Bergenin
is a hydrolysable tannin derivative, which
exhibits antiulcerogenic, anti-HIV, antioxidant,
anti-inflammatory, neuroprotective and
immunomodulatory effects [1]. It is an isocoumarin
derivative with five hydroxyl groups. The chemical
structure of bergenin is given in Scheme 1. Although
both the root and the active phenolic constituent are
known to exhibit promising antioxidant and medicinal
properties [1], they have not been evaluated for their
radioprotection capabilities. Therefore, an attempt has
been made, to compare the radioprotection and free
radical scavenging activities of the root extract, with
that of its major active constituent. For this, the root
was extracted with methanol and acetone and
two extracts E1 and E2 respectively were prepared.

They have been standardized with respect to bergenin
content. The two extracts along with bergenin have
been subjected for free radical scavenging activity and
in vitro radioprotecting activity.

Materials and Methods

The dried root of Caesalpinia digyna was powdered,
defatted with 600 ml of petroleum ether (60 – 80oC)
and extracted with methanol for 18 – 20 h. The extract
was concentrated to dryness, under reduced pressure
and controlled temperature (40° – 50° C). This was
termed as extract E1. This extract was again
fractionated with acetone. This acetone soluble
fraction was termed as extract E2. Bergenin, the active
constituent of the root was isolated from the E1 and
characterized by IR, NMR and mass spectrometry.

The total phenolic content present in the extracts
was measured, using a modified colorimetric
Folin-Ciocalteu method and compared with
a standard calibration curve plotted for gallic acid
solution (1-10 μg/ml) and expressed as percent (%)
gallic acid equivalents.

The superoxide radical scavenging ability of
the extracts and bergenin was studied
spectrophotometrically, using xanthine/
xanthine oxidase method [2]. Relative rate
constants for the scavenging of hydroxyl radical
and peroxyl radical by the extracts / bergenin
were estimated by pulse radiolysis technique,
utilizing 500 ns pulses of 7 MeV electrons,
from a linear electron accelerator [3].

Since plant extracts contain many active
components whose concentrations are not
known correctly, a method was developed to
estimate the comparative reactivity of the
extracts, based on competition kinetics, using
a standard whose rate constant with hydroxyl
radicals is known accurately. Here we
employed ABTS-2Scheme1: Chemical structure of Bergenin
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The reaction of DPPH with the extracts and bergenin
was examined by monitoring the absorbance at 517
nm in the presence and absence of different
concentrations of extracts / bergenin.

Protein oxidation was carried out in BSA and the
formation of carbonyl groups, due to radiolysis in the
presence and absence of different concentrations of
extracts and bergenin was assayed, by a standard
DNPH-coupled spectrophotometric method [4].
Agarose gel electrophoresis was employed, to track

the damage to pBR322 DNA, exposed to an absorbed
dose of 50 Gy, both in the absence and presence of
varying concentrations (82-328 μg/ml) of the extracts
bergenin [4].

Lipid PerOxidation (LPO) studies were carried out in

phosphatidyl choline liposomal models, according to

the methods reported earlier [2]. Percentage protection

for lipid peroxidation and protein carbonylation was

calculated and used, for the estimation of IC50
.. The

IC50 value is defined as the

concentration (in μg/ml)

required to inhibit protein

carbonylation, DNA damage

in terms of conversion of SC

to OC form and lipid

peroxidation, by 50%.

Results

Estimation ofEstimation ofEstimation ofEstimation ofEstimation of

polyphenolspolyphenolspolyphenolspolyphenolspolyphenols

The total phenolic content in

E1 and E2 was estimated in

terms of gallic acid, as one

μg of the extract equivalent

to 0.42 ± 0.04 and 0.34 ±

0.03 μg of gallic acid

respectively. To further

standardize them, LC-MS

analysis was carried out.

Since the Caesalpinia digyna

plant extracts contain

bergenin as one of the major

constituents, the two extracts

were standardized with

respect to the bergenin

content, by LC-MS analysis.

Initially LC-MS analysis of

bergenin in methanol was

Fig. 1: LC-MS chromatograms of (a) bergenin (b) E1 (C) E2.  The chromatograms
were recorded by using analytical C18 column, methanol as eluant and mass
detector set at mass unit 327.8. Inset shows calibration plot for estimation of
bergenin.
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A calibration plot was made for the peak area as a
function of bergenin concentration in the range of 20
to 100 ppm (Inset of Fig.1) and used to estimate
bergenin content in the extracts. Fig.1 shows the
LC-MS analysis of the two extracts, confirming the
presence of bergenin by mass peak at mass units 327.8
and from the calibration plot, the bergenin content
was estimated to be 39 ± 2.2 % and 27 ± 1.9 %
respectively in E1 and E2. The extracts thus
standardized with bergenin content were studied for
free radical scavenging ability and in vitro antioxidant
activity.

Free radical scavenging studies of the extracts
and bergenin

The IC50 values for the scavenging of superoxide
radicals by the extracts and bergenin were estimated
and are listed in Table 2. It can be seen, that E1 is
more effective than E2 in scavenging the superoxide
radicals and its activity is even more than that of pure
bergenin. Using nanosecond pulse radiolysis
technique, the rate constant for the reaction of
hydroxyl radical with bergenin at pH 7 was
independently determined, as 3.3 x 109 M-1s-1. The
reactivity of the extracts with hydroxyl radicals was
estimated by employing Competition kinetics and these
values are listed in Table 1.

In a similar fashion, the reactivity parameters of the
extracts and bergenin with CCl3O2

· radical [5] were
estimated and the results listed in Table 1.

The IC50 values for scavenging of DPPH radicals are
listed in Table 2 for E1, E2 and bergenin. The relatively
large IC50 value for bergenin suggests, that bergenin
itself in pure form is not a good scavenger of free
radicals, but the extracts showed a much better effect.
In an independent study, the rate constant for the
reaction of bergenin with DPPH was found to be 88.1
M-1s-1. Comparing the reactivity of E1 and E2 and the
above determined rate constant for bergenin, it was
found that one microgram of E1 or E2 respectively is
equivalent to 9 and 18.8 μg of bergenin, in exhibiting
reaction with DPPH radicals.

In vitro radioprotection studies

In vitro radioprotecting ability of the extracts was

evaluated, in terms of inhibition of γ-radiation-induced

protein carbonylation in BSA, DNA damage in plasmid

pBR322 and lipid peroxidation in liposomes. From these

results, the IC50 values were estimated and these values

are listed in Table 2 along with that for bergenin under

similar conditions. The results indicated that both E1

and E2 exhibit almost similar protection towards BSA

against radiation-induced damage. E1 is slightly more

a Calculated at 250 mg/ml

Table 1: Reactivity extract values estimated through competition kinetics
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potent than E2. Bergenin however is not so effective
as compared to either of the extracts tested.

Similarly, effect of the extracts or bergenin on
γ-radiation-induced damage in pBR322 DNA was
studied. On exposure to γ-radiation, the SC form of

DNA got converted to the OC form and in the
presence of extracts or bergenin, there is a decrease
in the damage to the SC form. Figs. 2 A, B, and C
show agarose gel electrophoresis pattern where, lane
1 is the unirradiated control, lane 2 is irradiation
control and lanes 3, 4, 5 and 6 show the pattern for

Fig. 2: Agarose gel electrophoretic pattern, depicting super coiled and nicked open circular forms of plasmid DNA
protection by varying concentrations of E1 (A), E2 (B) and bergenin (C) against 50 Gy γ-radiation-induced strand
breaks. The arrow indicates the direction of electrophoretic mobility. Lane 1: pBR 322 control, Lane 2: pBR 322
exposed to γ-radiation of 50 Gy; lanes 3 to 6 exposed to radiation dose of 50 Gy in the presence of the 82, 164, 246,
328 μg/ml of extracts and bergenin. (D) Line graph showing ratio of OC / SC form as a function of increasing
concentrations of  E1, E2 and bergenin
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the irradiated plasmid DNA, in the presence of varying
concentrations of E1, E2 and bergenin. The intensities
of OC and SC form of plasmid DNA were measured
under different treatment conditions and the ratio of
OC / SC was plotted as a function of the concentration
of extracts or bergenin (Fig. 2 D). From this the IC50

values were estimated and listed in Table 2. In these
studies, E1 was found to be superior to E2. However,
bergenin under these conditions displayed  protection
similar to  E1.

Inhibition of lipid peroxidation by the extracts was
monitored by TBARS formation in liposomal solution
in the absence and presence of different
concentrations of E1, E2 and bergenin after exposing
to γ radiation. The IC50 values for the inhibition of
TBARS are listed in Table 2.

The results too indicated that among the three, E1
exhibits higher protection towards liposomes than
either E2 or bergenin against radiation-induced
damage.

Discussion

Caesalpinia digyna, an herb used in Indian folk
medicine, is known to possess antioxidant activity and

the plant is rich in polyphenols like bergenin. Since
herbal extracts are being considered as alternate
therapeutic agents, the dried plant root is extracted
with solvents of varying polarity and two active extracts
were prepared and they were standardized with
respect to bergenin. The bergenin content in these
extracts was nearly 30%. These extracts were subjected
to free radical reactions and in vitro radioprotection
ability and the results were compared with those of
bergenin. The two extracts E1 and E2 and bergenin
scavenged free radicals like hydroxyl radicals,
superoxide radicals and DPPH to a different extent.
Bergenin itself is a good scavenger of hydroxyl radicals
but not so effective in scavenging other free radicals
like superoxide radical, and DPPH.

Reaction with hydroxyl radicals is non-specific, while
reaction with the other radicals is more specific and
considered important, in evaluating the antioxidant
activity of new compounds. These studies indicate
that the extracts are more effective inhibitors of
antioxidant-specific free radicals than bergenin.
Similarly a comparison of the in vitro radioprotecting
ability of the extracts indicated, that E1 exhibits higher

Radioprotection than the other extract. Bergenin in
comparison is equally effective in inhibiting DNA

Table 2: In vitro antioxidant activity of two different extracts of Caesalpinia digyna root and bergenin. E1- methanol
extract, E2 – acetone extract.
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damage but is less effective than the two extracts in
inhibiting radiation-induced damage to proteins and l
ipid peroxidation to liposomes. Both protein
carbonylation and lipid peroxidation proceed through
free radical mechanism, therefore it is not surprising
that extracts that scavenge specific free radicals are
more effective inhibitors of protein carbonylation and
lipid peroxidation. Radiation-induced DNA damage too
can be mediated through free radicals. But bergenin
showing good protection to DNA and also being a
good scavenger of hydroxyl radicals, indicates that,
the hydroxyl radical scavenging reaction is more
important for the DNA protecting ability. Inhibition
of radiation induced DNA damage by bergenin and
bergenin rich extracts indicates, that such extracts can
be explored as potent radioprotectors and therefore
warrants future in vivo studies.

Our estimation of total polyphenolic content in the
extracts indicate, that they contain some polyphenolic
substances other than bergenin and these compounds
may be responsible for the higher free radical
scavenging power of the extract. Antioxidants derived
from polyphenols on reaction with oxidizing free
radicals, generate phenoxyl radicals. The reactivity of
these phenoxyl radicals depends on the substitution
and chemical structure and this determines whether
free radical scavenging leads to antioxidant action or
not. If the resultant antioxidant radicals are reactive,
they can even induce more damage to the
biomolecules. In extracts containing mixture of
polyphenols, the reactions can lead to synergism and
thereby increase the efficacy of the antioxidant
mixture. Therefore an antioxidant rich formulation can
be more potent than any one of the constituents.

Conclusion

All these results clearly confirm that the two extracts
of     Caesalpinia digyna containing bergenin, exhibit
superior free radical scavenging ability and
radioprotecting ability than their major polyphenolic
constituent, bergenin. These results further support
the currently developing concepts that plant extracts
in natural formulations, show more potent biological
activity, than their active constituents.
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T h i s  p a p e r  r e c e i v e d  t h e  B e s t  P o s t e r  A w a r d  a t  t h e  ( N a t i o n a l
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A B S T R A C T

We have studied the gas sensing propert ies of thick f i lms prepared using ZnO nanowires.
For  th is  purpose,  a  paste of  nanowires  was prepared in methanol ,  pa inted on Alumina
substrate fol lowed by annealing at 500ºC. ZnO nanowires were prepared by carbothermal
method and character ized by SEM, EDX and XRD. The performance of f i lms as a chemical
sensor was studied, as a function of temperature for several toxic gases such as H2S, NH3,
NO, CO and CH4.  These f i lms were found to be h ighly  sens i t ive  to H2S and NO gases.  I t
was observed, that at room temperature, the fi lm is more sensitive to H2S gas as compared
to NO gas, but recovery after exposure to NO gas is  faster.  With increase in temperature,
there is  not much change in recovery t ime after NO gas exposure, but on exposure to H2S
gas, recovery t ime decreases appreciably with increasing temperature.

Introduction

Semiconductor metal-oxide-based gas sensors are
commonly used for environmental and emission
monitoring, automotive, domestic, industrial and
medical applications, due to their advantages such as
small dimensions, low cost and inertness. The gas
sensing mechanism of these sensors, involves
chemisorption of oxygen on the oxide surface, followed
by charge transfer during the reactions of oxygen with
target gas molecules. The adsorbed oxygen extracts
electrons from the semiconducting material, leading
to change in carrier density and conductivity, which
corresponds to the gas concentration. Since the
sensing mechanism is surface reaction which is directly
related to the granularity, porosity and surface-to-

volume ratio of grains, the performance of the sensors
improves with reduction in the size of oxide particles.
Among the semiconductor metal oxides, zinc oxide
(ZnO) was one of the earliest to be discovered and is
one of the most widely used gas sensing material.
ZnO gas sensors in various forms have been reported
to sense H2, NO2, NH3, CH4, O2, CO and ethanol.
Recent advances in synthesis and investigation of
physical properties of nanostructures, provide an
opportunity to greatly improve the performance of
these materials, for gas sensing. Variety of ZnO
nanostructures such as nanowires, nanobelts,
nanospring, nanorod, nanocombs, nanotetrapod,
nanotube, nanonail, nanosheet, nanohelics have been
synthesized and studied. Better gas sensing properties
of nanostructured ZnO have been reported  [1-4].
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We have synthesized ZnO nanowires by carbothermal
method and studied their gas sensing properties, as a
function of concentration as well as temperature. It is
observed, that at room temperature, these films are
reasonably sensitive towards H2S and NO gases.
Recovery time as function of increasing concentration,
significantly increases for H2S, but remains nearly same
for NO. With increase in temperature, recovery time
for H2S gas decreases, while it does not have much
variation for NO. This suggests a difference in sensing
mechanism of the two gases.

Experimental

Synthesis: A conventional horizontal tube furnace
was used, for the synthesis of ZnO nanowires. Mixture
of ZnO and graphite in 3:1 ratio (by weight) was used
as a source material. It was loaded on to a quartz
boat and placed in the center of 1 m long quartz
tube. High purity gases were introduced through one
side of the furnace and other side of the quartz tube
was connected to a water bubbler. The flow of gases
was controlled with rotameters. The material was
heated to 1050°C under a constant flow of 500 sccm
argon. On stabilizing the temperature, the gas
atmosphere was switched to 98% argon and 2%
oxygen at same flow rate. The furnace was maintained
under these conditions for 30 mins and then cooled
to room temperature at a rate of 6ºC / min. White
spongy material was deposited all along the tube, in
gas flow direction.

Characterization:     Surface morphology of the
samples was studied using a Scanning Electron
Microscope (SEM) VEGA MV2300T/40 (TS 5130 MM,
TESCAN). Chemical composition of the nanowires was
confirmed, by recording Energy Dispersive X-ray
analysis spectrum (Oxford Instruments Inca energy 250
system). The phases present and structure of nanowires
were identified by X-ray diffraction (XRD), carried out
using Cu-Kα radiation.

Gas sensingGas sensingGas sensingGas sensingGas sensing:::::      Thick films were made out of

nanowires by making a paste of nanowires in

methanol, painting them on Alumina substrate,

followed by annealing at 500ºC. Two gold contacts

were thermally evaporated on these films. Silver wires

were attached to these gold film contact pads, to

measure the resistance change, on exposure to the

gases.

For measurement of the response to gases, the films
were loaded in a housing having a volume of
250 cm3 as described earlier [5]. Measured quantity
of desired gas (having 1000 ppm gas concentration)
was introduced in the housing, using a micro-syringe,
so as to yield desired concentration and resistance of
the film was measured, as function of time. After
steady state was achieved, recovery of sensors was
studied by opening the housing to the atmosphere.

Results

Structural Characterization: The Scanning Electron
Microscopy images (SEM) in Fig. 1 show, that as
grown samples consist of nanowires, with typical
lengths in the range of several micrometers and
diameter of       50-150 nm. Energy Dispersive X-ray
spectrum confirms, that the elements present in the
powdered sample are zinc and oxygen (Fig. 2). X-ray
diffraction pattern of the nanowires is given in Fig. 3.
The diffractogram indicates a standard hexagonal
structure of ZnO (JCPDS 80.0075) with lattice
parameters a = b = 0.324 nm and c = 0.520 nm.
Traces of metallic Zn is also indicated in the diffraction
pattern.

Electrical  Characterization

Room temperatureRoom temperatureRoom temperatureRoom temperatureRoom temperature ::::: ZnO nanowires were
investigated, for their use as gas sensors for several
toxic gases (H2S, NH3, NO, CO and CH4). The films
were found to exhibit good sensitivity towards H2S
and NO gases (Figs. 4 (a) and (b)) and very little or no
response to other gases. The sensor response (defined
as S = Ra/Rg for reducing gas and Rg/Ra for oxidizing
gases where Ra and Rg are resistances in air and gas
respectively) as a function of gas concentration for
H2S and NO gases is shown in Figs. 5 (a) and (b)
respectively. Sensor response for 2 and 60 ppm of
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Fig.1: SEM micrographs of ZnO nanowires at lower and higher
magnifications

Fig. 2: EDAX spectrum from a bunch of ZnO nanowires

Fig. 3: XRD pattern from a bunch of ZnO nanowires

 H2S gas is ~3 and 16 respectively, as compared to
~1.5 and 8 for NO gas at same concentrations. It is
also observed that at higher concentrations (20 ppm
in Fig. 4 (a)) recovery is very slow for H2S gas
(~6 hrs). However for NO gas, recovery time is less
than 10 minutes even for concentrations as high as
60 ppm.

Elevated temperaturesElevated temperaturesElevated temperaturesElevated temperaturesElevated temperatures

The dynamic properties of the sensors such
as sensitivity, response and recovery times
are known to be temperature dependent.
Generally the base resistance, response and
recovery times of sensors, decrease with
increase of temperature. Therefore
response-recovery curves were recorded as
a function of temperature for both the gases
(Figs. 6 (a) and (b)). It is observed, that for
10 ppm of NO gas, response and recovery
times decrease from 5 mins to 10 secs and
10 min to 2 min respectively, when
temperature is increased from 30 to 300°C.
In contrast, for 10 ppm of H2S gas,
response and recovery times decrease from
5 mins to 25 secs and 3 hrs to 3 mins on
increasing temperature to 300°C.

Discussion

It can be seen from Fig. 4, that recovery
time of the sensor on exposure to H2S
increases with increase in gas
concentration, while for NO gas it is small
at all concentrations. Even as a function
of temperature,there is a huge change in
recovery time for H2S gas (3 hrs to 3 mins),
as that compared to NO gas (10 min to
2 min). The different response transients
of the sensor to these two gases, might
be due to different sensing mechanisms
for the two gases.

Oxygen vacancies present in ZnO, acts as
electron donors to make it an n-type
semiconductor. Oxygen molecules from
the  ambient are adsorbed at the grain
boundaries, which in turn capture electrons
from the conduction band, forming
adsorbed oxygen ion. This causes a
decrease in carrier concentration and
increase in resistance of the sample. When
the sensors are exposed to a reducing gas,
the gas reacts with the adsorbed oxygen,
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Generally, sensing mechanism of all
gases by any metal oxides is explained
by this mechanism. As the oxygen
adsorption-desorption mechanism is
nearly same for two gases, difference
in recovery time characteristics,
indicates a different mechanism for
one of the gases.

Slow response to H2S at high

concentration may arise, due to

interaction of ZnO with H2S, forming

ZnS [6-8]. On exposure to low

concentration of H2S, (as discussed

earlier) recovery is complete, since the

amount of ZnS formed, is small. As

we go to higher concentrations, the

amount of ZnS formed is more and

the desulfurization rate is same, hence

there is an increase in recovery time.

At room temperature, desulfurization

rate is slow resulting in slow recovery,

with increase in temperature this rate

increases, which helps the sample to

recover faster.

The difference in behaviour of recovery
time in the case of two gases with
increasing concentration as well as
temperature, could be attributed to
difference in sensing mechanism. In
case of NO gas, sensing takes place
by adsorption-desorption process and
in case of H2S gas, ZnO reacts with
the gas to give ZnS.

Conclusion

A conductometric gas sensor has been fabricated,
based on ZnO nanowires synthesized by carbothermal
method. Gas sensing properties of this sensor reveal
that it is sensitive to both H2S and NO gases. The
response transients of these two gases have been

Fig. 4: Response and recovery curves of ZnO nanowires thick film with
(a) different  concentrations of H2S gas and (b) different concentrations
of NO gas

resulting in the release of the trapped electrons back
into the conduction band. This leads to an increase in
carrier concentration and decrease in resistance of the
sensor. However on exposure to oxidizing gas, reaction
take place directly with the oxide surface, rather
than with the oxygen chemisorbed at the surface.

Fig. 5: Sensor response as a function of concentration at room temperature
for (a) H2S gas and (b)  NO gas

Fig. 6: Response and recovery curves of ZnO nanowire thick film for
(a) 10 ppm NO gas as a function of temperature  (b) 10 ppm H2S gas at
150°C, 200°C and 300°C.
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studied, as a function of temperature as well as
concentration. The difference in behaviour of recovery
time as a function of temperature and concentration
has been explained in terms of different interaction
mechanisms of the two gases.
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ABSTRACT

The migrat ion of metals  into the groundwater,  due to leaching from a uranium tai l ings

pond, is carr ied out in the present study. Manganese is taken as a typical example for the

study. Manganese concentrations in the inlet of eff luent treatment plant, which represent

the tail ings pond leachate concentration, were used for the calculation of the source term.

A f in ite e lement based groundwater f low and contaminant transport model  (FEFLOW) is

used, to simulate the manganese concentrations at different locations around the tai l ings

pond. S i te specif ic  K
d 

values of manganese are determined, us ing the batch method and

appl ied in the transport  model .  The distr ibut ion coeff ic ient K
d 

values were found to be

vary ing from 5.0 ml/g (Near Rekha Mines)  to 22.0 ml/g (Garanala downstream) with an

average of 10.6 ml/g. Model results show that K
d
 is a sensitive parameter in the contaminant

transport predict ion. It  was found that the model predicted plume pattern of manganese

which is  comparable with measured manganese concentrat ions.  The part ic le tra jector ies

generated by the model  can be used, to opt imize the sampl ing locat ions for the future

monitoring programme.

Introduction

Uranium milling waste (tailings) containing sulphate,

manganese and some trace amounts of radionuclides,

are disposed in ponds, specifically selected for this

purpose. Any metals or other contaminants that are

present in the tailings, may be leached into the soil

and enter into the groundwater. The possible pathway

of the metals to reach the environment is via the

leaching of the metals from tailings, to the aquifer

below and subsequent transport in the aquifer.

Migration of metals and other tailings constituents

occurs through leaching and erosion. The degree of

migration is related to numerous factors, including

the chemistry of the tailings material; the permeability

of the impoundment and liner (if present); the amount

of precipitation; the nature of the underlying soils;

and the proximity to both surface and groundwater.

In the present study, migration of manganese from a

tailings pond to the groundwater has been carried

out. The manganese concentrations, in selected

observation wells at different locations surrounding

the tailing pond were measured experimentally and
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the results were compared with the simulated

manganese concentrations, obtained from a finite

element based  groundwater flow and contaminant

transport model, using site specific distribution

coefficient (K
d
) values.

Sampling and Analysis

Jaduguda Uranium mine is located at 24 km south of

Tatanagar, in Jharkhand State, India. Bulk of the ore

processed emerges as tailings (residues from ore

processing) and are pumped in to a tailings pond.

There are three valley-dam types of tailings ponds at

Jaduguda. The first and second stages of the tailings

pond are located adjacent to each other in a valley

with hills on three sides and engineered embankments

on downstream side of natural drainage. These two

tailings ponds are nearly filled up and ready for closure.

The third stage of the tailings pond which is currently

in use, is also located nearby in a similar setting. The

precipitates settle down in the tailings pond and the

clear liquid is decanted through a series of decantation

wells and the decanted effluent is flown to the effluent

treatment plant. For the present work, tailings and

effluent samples were collected for the calculation of

source concentration. It is found, that Mn

concentration in tailings pond effluent is 60 mg/l

(which is the source for the contaminant model, as

the same effluent is leaching downwards to reach the

groundwater). Yearly average source concentration

values are varying from 47.5 mg/l to 60 mg/l.

Groundwater (from 30 different wells) and surface

water samples (from 17 locations)  were collected

covering almost 80 sq km area surrounding the tailings

pond. Soil samples were collected for the

determination of site specific distribution coefficient

(K
d
) values. All these samples were processed and

analyzed for manganese (Mn) using atomic absorption

spectrometer having a detection limit of 0.001mg/l.

Determination of K
d
 for Manganese

The distribution coefficient, K
d
, is the ratio of the mass

of solute species adsorbed or precipitated on the

solids, per unit of dry mass of the soil, to the solute

concentration in the liquids at equilibrium. For

estimation of K
d
, a batch method, (ASTM 1992j) was

used. In this test, a specific solution to geomedium

ratio of 4.0 was taken. The soil solution mixture was

gently agitated on a shaker for 6 hours/day for three-

day contact period.

In the present work, around 2 g of soil

(Mn concentration in soil was measured, prior to the

experiment) was taken and added to about 8 ml of

distilled water which is spiked with 2 mg of Mn. The

solution is constantly agitated for 3days. The solution

is centrifuged and Mn is estimated in the filtrate.

Distribution coefficient K
d
 is given by the relation

where,

C
0
 and C

e
 are the concentrations of Mn in water

(mg/ml) at the beginning of the experiment (i.e. time

t = 0) and at equilibrium condition (i.e. t = 72 hrs),

respectively. V is the volume of the liquid phase in ml

and m is the weight of the soil in g.

Results and Discussion

Using the batch method, the site specific K
d 
values

are determined for the soil samples collected from

Jaduguda near the tailings pond. Eight sites within

the study are chosen for determining the distribution

coefficient values. The K
d
 for manganese was found

to be varying from 4.97 ml/g to 22.0 ml/g and values

at individual locations are shown below.

The literature K
d
 value for manganese was found

to vary from 0.2 ml/g (Baes and Sharp, 1983) to

150 ml/g (Sheppard and Thibault, 1990). This indicates

that a one order variation in K
d
 value is possible in the

field. Thus in the Jaduguda study area, the average K
d

for manganese could vary from 4 ml/g to 40 ml/g.

Mn concentrations measured in the groundwater

ranges from 0.001 to 1.54 mg/l (Fig.1). In eighty

percentile of the sites, Mn concentration observed

are less than 0.1 mg/l. The measured concentrations
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were plotted against the latitude and longitude of

observation well locations is shown in Fig. 2(a). From

the figure it is clear, that there is a movement of Mn

around the tailings pond.

Mn plume movement was simulated using FEFLOW,

a finite element based groundwater flow and

contaminant transport model (Wasy, 2002). Mn

source and boundary conditions were applied to the

model, with flow parameters taken from other studies.

The general flow direction was towards

Suvernarekha River with the velocities in the range

of 2.0 x 10-3 m/day to 3.4 m/day. The K
d 

values

measured at different sites, were imputed in

corresponding sub domains representing a

heterogeneity. The measured Mn concentration at

each observation well is compared with the

contaminant model results. This is done with a virtual

observation well over the model domain with latitude

and longitude values of the actual observed vales.

Fig. 2 (a) represents the contour of the measured

concentrations in May 2007 with the individual

observation shown with a “plus” mark on it.

Fig 2. (b) shows the Mn concentration contours

obtained from model. It is found that the modeled

predicted plume pattern of manganese and the

Distribution
Location Coefficient

(K
d 

) ml/g

Suvernarekha River d/s 11.70

Gara nala d/s 22.00

Gara nala u/s 6 .81

Near Rakha mines 5 .28

Bhatin school 8 .49

Bhatin road 4 .97

Titlatiland near TP(1) 13.60

Titlatiland near TP(2) 12.00

Fig.1: Mn concentration observed in groundwater at different villages
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Fig. 2: Manganese concentrations in groundwater at different observation wells during 2007 around the tailings

pond (a) measured (b) modelled
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simulated manganese concentrations are almost

comparable with the measured values.

The plume of manganese transport is given in Fig. 3.

This figure shows the migration after 50 years of

simulation. The plume is moving towards south east

towards the villages of Karthi kalndhi and Bagla Shai

along the line of Gara river. From the plume pattern it

is inferred, that the manganese plume is moved up to

a distance of 500 m from the tailings pond.

Conclusion

The present work describes the preliminary results of

transport of manganese around Jaduguda tailings

pond area. It shows that there is a migration of

manganese into groundwater up to 500 m distance.

However detailed study has to be carried out for more

accurate predictions. The distribution coefficient (K
d 
)

values are found to be varying from 5.0 ml/g (Near

Rekha Mines) to 22.0 ml/g (Garanala downstream)

with an average of 10.6 ml/g. The manganese

concentration experimentally measured varies from

0.01 mg/l (Sadak di

village) to 1.54 mg/l

(Chatikocha village,

near Tailings Pond).

In eighty percentile

of the sites,

Mn concentration

observed is less than

0.1 mg/l. Model results

show that distribution

coefficient K
d
 is a

sensitive parameter

i n  c o n t a m i n a n t

prediction. It is found

that the model

predicted plume

pattern of manganese

is comparable with

measured manganese

concentrations. The

particle trajectories

generated by the

model, can be used to optimize the sampling locations

for future monitoring programme.
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Fig. 3: Simulated manganese contaminant transport from tailings pond
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ABSTRACT

Chlorine gas sensing characteristics of polypyrrole and Polypyrrole-ZnO nanowire composite thin films have

been studied. The composite films were synthesized by drop casting method. The films were characterized for

its morphology as well as gas sensing characteristics for different gases such as H
2
S, NH

3
, CH

4
, CO and NO at

room temperature. The composite films were found to be more sensitive to chlorine than pure polypyrrole. They

were also selective for chlorine gas over other gases.  This indicates composite films can be used as room

temperature  chlorine sensor.

Introduction

Chlorine is a toxic gas with very low toxic limit of

5 ppm in air for 8 hr. It is widely used in various

industrial processes as well as to disinfect water. It is

desirable to detect chlorine in lower concentrations as

it can affect human health. Inorganic materials like

semiconducting oxides (SnO
2
, ZnO, WO

3
) have been

used, for sensing of different oxidizing and reducing

gases, but the working temperature is generally in the

range of 150-400°C [1-3]. It is desirable to develop

sensors operable at room temperature. Recently

nanostructures in the form of belts, wires and rods

have been studied for gas sensing applications [4].

Conducting polymers like polyaniline, polypyrrole and

polythiopene are promising candidates for applications

in sensor technolgy [5-7], due to their room

temperature operation and easy processing. However,

they show lack of selectivity and poor thermal and

mechanical stability. Suitably processed organic-

inorganic hybrid materials may have advantages of

both organic and inorganic materials and need to be

investigated for gas sensing and other applications

[8-9].

In this paper, we report synthesis and gas sensing

characteristics of polypyrrole-ZnO nanowire composite.

Results have been compared with that of pristine

polypyrrole film. It is seen that composite film shows

better sensitivity and selectivity for chlorine than pure

polypyrrole.

Experimental

ZnO nanowires were synthesized using carbothermal

evaporation method [10] with typical diameter

of 80-100 nm and length of several microns.
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Polypyrrole-ZnO nanowire composite films were

synthesized by drop casting method, using a

suspension of polypyrrole and ZnO nanowires in

ethanol. The films were deposited on glass substrates

of 10 mm X 10 mm size. Pure polypyrrole film was

synthesized by using aqueous solution of pure distilled

Pyrrole (0.1 M) and Ammonium Persulphate (0.05 M)

as an oxidizing agent. The films were drop cast on

glass substrates. All the films were dried at room

temperature. The composite films were characterized

by scanning electron microscopy (SEM) (Vega,

MV 2300/T40, Tescan). For gas sensing

measurements, two gold pads with 1mm spacing were

thermally evaporated on the films and silver wires were

attached, using silver paint for measurement of

resistance.  In order to record response to different

gases, the films were mounted in a SS housing of 250

cc volume and measured quantity of desired gas (at

2000 ppm concentration) was injected through syringe,

so as to yield the desired concentration in the housing.

All the films were characterized for response to Cl
2
,

H
2
S, NH

3
, CH

4
, CO and NO gases by measurement of

resistances in air and in the presence of gas. All the

measurements were carried out at room temperature.

Results and Discussion

Morphology of the films was determined by SEM. For

this purpose, a very thin layer of gold was thermally

evaporated on the composite films. Typical micrograph

of a film is shown in Fig.1. The image shows formation

of island like structure embedding nanowires and

polypyrrole. SEM image of ZnO nanowires is also

shown in inset of Fig.1.

For gas sensing measurements, composite samples

were exposed to 5 ppm concentration of different gases

at room temperature. For comparison, gas response

of pure polypyrrole film was also studied. It was

observed that composite films are more sensitive to

chlorine gas, in comparison to polypyrrole. Sensitivity

of sensors is defined by:

Sensitivity = R
a
/ R

g.

Typical response and recovery characteristics for

composite and polypyrrole films are shown in Fig. 2.

The resistance of all the samples is found to decrease

after exposure to chlorine gas. This indicates p-type

behaviour of all the samples.

Fig. 1: SEM micrograph of composite films. Inset shows

SEM image of ZnO nanowires

Fig. 2: Response and recovery characteristics of

composite films to 5 ppm of Cl
2

Composite films were found to have much higher

sensitivity than that of pure polymer films. The

response time of composite film was found to be

similar to that of pure films (<1min) but the recovery

time (25 min) was much less. Cross-sensitivity of
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composite films for various gases like H
2
S, NH

3
, CH

4
,

CO, NO was also measured. The composite films were

found to be highly selective towards chlorine as shown

in Fig. 3.The higher sensitivity for chlorine gas in

composite films, is attributed to localization of electrons

on polypyrrole ring from O
2
- surfaces of ZnO

nanowires. It reduces polypyrrole films by donating

electrons that makes it insensitive to all reducing gases.

Chlorine being highly-oxidizing gas, accepts electrons

from composite films, thereby showing more

sensitivity than pure polypyrrole.

Conclusion

We have synthesized polypyrrole-ZnO nanowire

Fig. 3: Sensitivity of composite films for 5 ppm
concentration of different gases

A B O U T  T H E  A U T H O R S

composite films by drop casting method. The films

were characterized by SEM and gas response was

studied. Composite films were found to be highly

sensitive and selective for chlorine gas at room

temperature.
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Extended Abstract

It has been known for a long time, that actinide
dioxides ThO

2
, UO

2
, PuO

2
 and AmO

2
, form extensive

series of mixed crystals with ZrO
2
 above 1000°C, which

have tetragonal structure at low concentration of
actinide oxide and cubic fluorite structure at lower
content of zirconium oxide. The solid solubility of ZrO

2

in actinide oxide, forming fluorite type solid solutions
Zr

y
M

1-y
O

2
, increases, with decrease in size of actinide

ion (M). The solid solubility of ZrO
2
 in ThO

2
, UO

2
,

PuO
2
 and AmO

2
 is 5, 15, 80 and 82 mol% at 1400°C

in air, respectively.  Our recent studies on ZrO
2
-UO

2

system have shown, that the solubility of ZrO
2
 in UO

2

matrix can be increased up to 35 mol% at 1400°C, by
slightly modifying the preparation conditions. Fluorite
type zirconium-based solid solutions with actinide
oxides, are known for their high thermal and
irradiation stability and chemical durability under
repository conditions.

During the burn-up of nuclear fuels, long-lived lighter
actinides (Np, Am and Cm) are accumulated in the
fuel; neptunium thus produced, amounts to 60% of
these elements. There is no report on NpO

2
- ZrO

2

system. The present study describes the phases formed
on heating different proportions of ZrO

2
 and NpO

2
 at

1400°C in air.  Neptunium oxide used for solid state

reactions with ZrO
2
 was obtained, from thermal

decomposition of neptunium oxalate in air at 1000°C
for 10 h. Homogenous mixtures of NpO

2
 and ZrO

2

having Zr : Np ratio ranging from 90:10 to 10:90
with a difference of 10 mol%  were prepared, by
grinding together in agate mortar. These mixtures were
heated at 1400°C for 15 h in flowing dry air with
intermittent grinding, to get homogeneous products.
The products were characterized by X-Ray powder
Diffraction (XRD) analysis, using monochromatized
Cu Kα radiation (l = 1.5406 Å) on a Diano X-Ray
diffractometer, enclosed in a glove box, to handle the
radioactive materials.  It was found that up to 30
mol% of ZrO

2
 dissolves in NpO

2
 forming a single fcc

phase Zr
y
Np

1-y
O

2
 (y = 0 to 0.3) solid solutions. The

lattice parameters of fcc phase decrease with increase
in zirconium concentration, from 5.434 Å for pure
NpO

2
 to 5.383 Å for Zr

0.3
Np

0.7
O
2
. On further increase

in Zr concentration i.e. for compositions 0.35 £ y <
0.8, tetragonal phase of ZrO

2
 separated out along with

fcc phase giving a mixture of tetragonal (zirconium
rich) and cubic (neptunium rich) solid solutions. For
0 < y ≤ 0.2 a single phase tetragonal solid solution
was obtained corresponding to tetragonal phase of
ZrO

2
 containing NpO

2
.  Fig.1 shows phases formed

along with lattice parameters of fcc solid solutions,
as a function of mol% of NpO

2
.
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Fig.1: Lattice parameter and extension of solid solutions in NpO
2
 – ZrO

2
 system, 1400°C
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Introduction

In view of global energy and environmental issues,
photocatalytic water splitting to produce clean energy
carrier H

2
, has been widely regarded as one of the

ideal solar energy conversion methods [1]. Much effort
has been made to develop the single phased
photocatalysts for efficient water splitting. To our
knowledge, however, the number of single phased
photocatalysts capable of stoichiometric water
splitting, especially under visible light irradiation, is
still very limited so far [2]. Uptill now, various kinds
of indates such as In

2
O

3
(ZnO)m [3], MIn

2
O

4
 (M=Ca,

Sr, Ba) [4], LnInO
3
 (Ln=La, Nd) and

Sr
1-x

M
x
In

2
O

4 
(M=Ca, Ba), [5] have been reported as

photocatalysts for water splitting. However, the
activities of the aforementioned In3+ containing

photocatalysts are usually low under visible light
irradiation, due to the relatively large band gaps.

Earlier, we have reported the thermal/chemical stability,
redox behaviour and catalytic properties of Th(VO

3
)
4

and LaMnO
3
 oxides, as a function of multiple cationic

substitutions, at both A and B sites [6-9]. With the
objective to study the thermal and reduction
behaviours of certain titania-based single phased
compositions, which can serve as prospective
photocatalysts particularly for water splitting reactions,
studies have been recently taken up in our laboratories
on In

2
O

3
-TiO

2
 system, resulting in formation of indium

titanate, In
2
TiO

5
.An aliovalent substitution by M3+

cation [M = Fe3+ (0.64 Å), Cr3+ (0.63 Å)] at B-cation
site, in In

2
TiO

5
 was attempted, introducing thereby

some micro-structural changes in their lattice.

A .  M .  B a n e r j e e ,  M .  R .  P a i  a n d  S .  R .  B h a r a d w a j

C h e m i s t r y  D i v i s i o n
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T h e  r e d u c t i o n  b e h a v i o u r  o f  m i x e d  m e t a l  o x i d e s  w i t h  n o m i n a l  c o m p o s i t i o n s  o f
In

2(1-x)
Ni

2x
TiO

5-δ ,  where 0.0 £ x £ 0.2,  has been invest igated as a funct ion of the value of
x. These composit ions were synthesized by ceramic route and characterized using powder
X-ray diffract ion and Infrared spectroscopic techniques. The In

2(1-x)
Ni

2x
TiO

5-δ samples were
single-phased samples, isomorphic with In

2
TiO

5
 phase upto 10% Ni content. A secondary

phase,  ident i f ied to be Ni
0.75

Ti
0.125

O phase,  was present a long with the major phase of
indium t i tanate in In

1.7
Ni

0.3
TiO

5-δ  and In
1.6

Ni
0.4

TiO
5-δ samples.  Ni  subst i tut ion at In3+ s i te,

induced ease  in  reduc ib i l i t y,  as  ind icated by  lower ing of  T
max

 and onset  reduct ion
temperature in subst i tuted samples,  as compared to the In

2
TiO

5
 phase. Ni  faci l i tated the

reduct ion of T i4+ in Ni
0.75

Ti
0.125

O to Ni-Ti  phase, as indicated by the XRD ref lect ions in the
reduced In

1.8
Ni

0.2
TiO

5-δ sample.
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It is therefore apparent, that the substitution of
a lower-valent ion in place of smaller Ti4+

(ionic radius = 0.68 Å), is likely to form an anion
deficient solid solution with partial loss of oxygen in
the lattice (δ). Recently, we studied the effect of B-
Site substitution on thermal properties and reduction
behaviour of In

2
TiO

5
, viz., In

2
Ti

1-x
Fe

x
O

5-δ, In2
Ti

1-x
Cr

x
O

5-δ,

(0.0 ≤ x ≤ 0.02) mixed oxide catalysts [10]. In the
present study, we report the A-site substitution-
induced effects on indium titanate. For this purpose,
In

2(1-x)
Ni

2x
TiO

5-δ, (0.0 ≤ x ≤ 0.02) mixed oxide catalysts
were synthesized using solid-state reaction and
characterized by powder X-Ray Diffraction (XRD). The
thermal and reduction behaviours were studied by
recording ThermoGravimetric, Differential Thermal
Analysis (TG/DTA) and Temperature-Programmed
Reduction (TPR) profiles.

Experimental

Mixed oxides with nominal composition, In
2(1-x)

Ni
2x

TiO
5-

δ, for 0.0 ≤ x ≤ 0.2, were synthesized through ceramic
route, by mixing reactant oxides in appropriate
stoichiometry and calcining at 1200°C. The powder
XRD patterns were recorded on a Philips X-ray
diffractometer (model PW 1710), equipped with a
graphite monochromator and Ni-filtered Cu-Kα

radiation. The thermal behaviour of these samples
(~ 20 mg) was monitored by recording their
simultaneous DTA/TG profiles both in air and 5%H

2
+Ar

atmospheres, in the temperature range of 25-1000°C
at a heating rate of 10°C min-1.

TPR run was recorded on a TPDRO-1100 analyzer
(ThermoQuest, Italy) under the flow of H

2 
(5%) + Ar

at a gas flow rate of 20 ml min-1, in the temperature
range of 25-1000°C, at a heating rate of 6°C min-1.
The samples were pretreated at 350°C for about 2.5 h
in helium, prior to recording of the first TPR run.

Results and Discussion

X-Ray Diffraction (XRD)

Fig. 1 shows the powder XRD patterns of In
2
TiO

5
 and

corresponding patterns observed due to aliovalent
substitution of Ni2+ in place of In3+ at A-site. The lines
due to reactant oxides are missing in these patterns
thus confirming the completion of the  solid-state
reaction. The XRD patterns, of samples with
In

1.95
Ni

0.05
TiO

5-δ,  In1.9
Ni

0.10
TiO

5-δ     and     In
1.8

Ni
0.2

TiO
5-δ

compositions, match with the XRD pattern of
unsubstituted indium titanate sample, as shown in
curves b-d of Fig. 1. Thus in these samples,

Fig. 1 : XRD patterns of In
2(1-x)

Ni
x
TiO

5-δ.
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Ni substitution resulted in single phase, due to
formation of solid solution of Ni with the lattice of
the parent compound, indium titanate. However, for
samples having Ni content higher than 10% some low
intensity lines (marked with *) in addition to parent
phase were also observed (Fig. 1e and f). These weak
lines present at 2θ= 43.33°, 35.71° and 63.02° are
attributed to the formation of secondary phase in the
samples having compositions of In

1.7
Ni

0.3
TiO

5-δ and
In

1.6
Ni

0.4
TiO

5-δ. The secondary phase was identified to
be Ni

0.75
Ti

0.125
O (JC-PDS card No. 31-0916).

Temperature Programmed Reduction

behaviour (TPR)

The typical first Temperature Programmed Reduction
cycle (TPR) of substituted samples and unsubstituted
sample, are shown in Fig. 2. The TPR profile of
unsubstituted In

2
TiO

5
 sample as seen in curve ‘a’

comprises a prominent band starting at ~600°C and
extending beyond 1000°C. This indicated the
predominant reduction of one of the species, identified
to be In3+, in the temperature range of 600-1100°C,
over other reducible species in In

2
TiO

5 
sample. The

temperature maximum (T
m
) of the reduction bands

corresponds to ~1070°C. However, Ni2+ substitution
at In3+ site, has induced considerable changes in the
reduction profile of indium titanate. In case of
compositions having higher content of Ni, viz.,
In

1.8
Ni

0.2
TiO

5-δ and In
1.6

Ni
0.4

TiO
5-δ, TPR profiles

(Fig. 2c-d), exhibit two-three weak bands in low
temperature range of 450-800°C in addition to main
reduction band. The presence of these bands is
attributed to reduction of Ni2+ → Ni0 along with
reduction of In3+. At the same time, the T

max 
of the

individual peaks was found to be lower in the case of
substituted samples. For instance, we observe the
lowering of T

max
 around by 80°C in Fig. 2d, as compared

to the TPR profile of an unsubstituted phase (Fig. 2a).
Also the onset reduction temperature of 625°C in
unsubstituted phase has considerably decreased by
mere 20% Ni substitution as shown in Fig. 2d. The
TPR profile as a whole has shifted to lower temperature
as a result of Ni substitution. These results are
comparable to our earlier work [10] where Fe and Cr

were substituted at B-site. Thus, M (Ni2+, Cr3+ and
Fe3+) substitution has undoubtedly facilitated the
reduction of In

2
TiO

5
 phase. These changes in the TPR

profiles, can be ascribed to the nonstoichiometry and
imperfections, generated in the single phased
compositions, as a result of A and B-site substitution.

XRD patterns of spent In
1.8

Ni
0.2

TiO
5-δ sample, obtained

after recording TPR, shows the presence of prominent
lines at 2θ =33.01ο, 39.0ο, 54.00ο which conform to
reported pattern of In0 (JC-PDS No.5-642). Other strong
lines at 27.44°, 36.08° and 54.32°, match well with
rutile TiO

2
 phase (JC-PDS No.21-1276). Remaining

lines in the residue were at 2θ = 41.27°, 43.38°,
44.23°, 39.2°. These lines do not match with the
reported XRD pattern of Ni metal alone (JC-PDS. No.
04-0850). However, an alloy formation of Ni-Ti is
indicated by these lines, according to JC-PDS card
No. 35-1281. This is a very interesting observation as
Ti4+ is otherwise stable towards reduction, but Ni
facilitated its reduction upto 1100°C. The formation
of Ni-Ti alloy on reduction of  In

1.8
Ni

0.2
TiO

5-δ sample is
quite plausible, as revealed by the XRD pattern, a
secondary phase of Ni

0.75
Ti

0.125
O, which segregated out

in the fresh In
1.8

Ni
0.2

TiO
5-δ sample along with major

indium titanate phase. This new phase possibly would
have facilitated the reduction of titanium along with
reduction of nickel. This also suggests that the extent
of reduction of Ti and subsequent alloy formation,
would depend on the content of secondary phase.
Thus TPR results in conjunction with XRD studies,
reveal the reduction of In3+ → In0, while Ni2+

facilitated the reduction of non-reducible cation Ti4+

and resulted in formation of Ni-Ti alloy.

Thermo-Gravimetric, Differential Thermal

Analysis (TG/DTA)

Both substituted and unsubstituted samples did not
show any weight loss in TG, thus indicating that all
substituted In

2(1-x)
Ni

2x
TiO

5-δ oxide samples are stable in
air upto 1000°C. However, in H

2
+Ar atmosphere,

corresponding TG plots exhibited substantial weight
loss of all samples. The weight loss in TG plot starts
above ~490°C and continues upto ~1050°C in
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Fig. 2 : First TPR cycle of In
2(1-x)

Ni
x
TiO

5-δ,

Ni-substituted samples. As revealed by temperature
programmed reduction profiles (Fig. 2) of these oxides,
we can infer that this weight loss is due to reduction
of these oxides in H

2
 atmosphere. Mainly the weight

loss is attributed to reduction of species, In3+ and
Ni2+, to In0 and Ni0 respectively. The evidence of the
above inference comes from temperature programmed
reduction profiles of In

2
O

3
 and TiO

2
 oxides. Their TPR

profiles recorded in the range of 25-1000°C under H
2

flow (5% H
2
 in Ar) suggest, that In

2
O

3
 gives single

prominent reduction band with T
max

 at 670°C, whereas
TiO

2
 gives a very weak profile upto 1000°C. The

presence of lines due to In0 in the XRD pattern of
residue sample obtained after recording TG, confirms
the above result.

Conclusions

A-site substitution by a divalent Ni2+ cation at In3+

site, resulted in single phase compositions suggesting
formation of solid solution of Ni in the lattice of the
parent compound, indium titanate. However, for
samples having Ni content higher than 10% in indium
titanate, it resulted in the segregation of secondary
phase, Ni

0.75
Ti

0.125
O along with major phase of indium

titanate, In
2
TiO

5
. The secondary

phase, identified to be
Ni

0.75
Ti

0.125
O, was present in the

samples having compositions
of In

1.7
Ni

0.3
TiO

5-δ and
In

1.6
Ni

0.4
TiO

5-δ. The temperature
programmed reduction and
XRD studies establish reduction
of In3+ and Ni2+ to In0  and Ni0

metal in the temperature range
of 450-1050°C. Ni substitution
induced considerable ease in
reducibility (T

max
) of substituted

samples as compared to
In

2
TiO

5
 phase. Presence of Ni-

Ti alloy is indicated in the
reduced In

1.6
Ni

0.4
TiO

5-δ sample.
The substitution-induced non-
stoichiometry and the
microstrucural defects, may

cause distortion in the lattice, thus facilitating the
reduction of oxides.
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Introduction

Lead Zirconate Titanate (PZT) [1] ceramics have been
extensively used for various device applications,
because of their excellent dielectric, pyroelectric,
piezoelectric and electro-optic properties [2]. Doping
of PZT with rare earths in A/B sites (perovskite ABO

3
),

has shown significant bearing in its dielectric and
ferroelectric characteristics [3].

Conventional method of preparing these ceramic
materials is through solid-state reactions [4, 5]. But
the advantages of solution-based routes lie in the
formation of the product at much lower temperatures
with larger surface area and better micro homogeneity
as compared to solid state route. Lower synthesis
temperature prevents volatilization of the component
oxide, facilitating fixing of required stoichiometry.  This
paper presents synthesis of PZT powders containing
5, 10 and 15 mole % Ce, Pr and Nd by Gel-Entrapment
Technique [6]. AC Impedance spectroscopy has been
utilized, to study the electrical properties such as

dielectric properties and electrical conductivity of the
samples at different temperatures.

Experimental

The oxides Pb
1-x

R
x
Zr

0.65
Ti

0.35
O

3
 where R = Ce, Pr and

Nd and x= 0, 0.05, 0.1 and 0.15, were prepared by
Gel-Entrapment Technique. The samples were
characterized by room temperature XRD, TG-DTA
(Setaram, Model 92-16.18) and DSC (Setaram,
Model 131) techniques. The samples were pelletized
into 10 mm diameter disks of thickness 1.5 mm, at a
pressure of 250 MPa and sintered in air at 1000°C for
2 h. The pellets were then polished and coated with
thin layer of Pt paste on flat ends and fired to 800oC
for 2h to have a better contact with the electrode for
measurement of electrical properties.

The electrical properties of the samples were measured
using a Solatron AC Frequency Analyzer (Model 1260)
in the frequency range 10 MHz to 1 Hz. The
impedance spectra were recorded in the temperature

T h i s  p a p e r  w o n  t h e  B e s t  P a p e r  A w a r d  ( 2 n d  p r i z e )  i n  t h e  P o s t e r  S e s s i o n

a t  t h e  D i s c u s s i o n  M e e t  o n  E l e c t r o a n y l a t i c a l  ( D M - E L A N T E - 2 0 0 8 )  h e l d  a t

M u n n a r ,  K e r a l a ,  d u r i n g  F e b r u a r y  2 5 - 2 8 ,  2 0 0 8
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interval of 350 to 800oC with the step of 25oC for all
the samples. The temperature was controlled by a
microprocessor and measured by a K-type
thermocouple placed very close to the sample. At each
temperature, the samples were equilibrated for 20 min
before recording the spectra.

Results and Discussion

The room temperature XRD analysis of the samples
indicated that, the materials were single phase with
cubic lattice structure, except for Nd containing samples
in which some pyrochlore phases were also observed.
The cell parameters of the compounds obtained from
least square fitting of the XRD data, were found to be
in good agreement with the reported values. Fig.1
shows the room temperature XRD patterns of these
compounds, calcined at 1073 K. The sharp and singlet
pattern indicates better phase purity and crystallinity.

Electrical property measurements by Impedance

Spectroscopy

For impedance measurements, the sintered pellets were
polished and coated with a thin layer of Ti paste and
heated to 1073K for 2 h, to improve contact with the
electrode. The electrical properties of the samples were
measured using a Solartron AC Frequency Analyzer
(Model 1260) in the frequency range 10 MHz – 1 Hz.
Fig. 2 gives the Nyquist plot of the compound
Pb

0.95
Ce

0.05
Zr

0.65
Ti

0.35
O

3
 at various temperatures. The

relaxation frequency (f
o
) of the material, independently

of the geometrical parameter of the sample, was found
at the apex of the Nyquist semicircle fulfilling the
condition 2pf

o
R

b
C

b
 = 1.

From this relation, the bulk capacitance of the material
(C

b
), also called the geometric capacitance, can be

calculated and the bulk dielectric constant e 
b
 can

be determined using C
b
 = ε

b
ε

o 
.A/l; where ε

b
 is the

vacuum permittivity.

The semicircular pattern in the impedance spectrum is
representative of the electrical processes taking place
in the material, which can be expressed as an
equivalent electrical circuit comprising of a parallel
combination of resistive and capacitive elements. The

Fig. 1: Room temperature XRD patterns of PZTs doped

with Nd, Ce and Pr calcined at 1073 K. (* = pyrochlore
phase)

Fig. 2:  Nyquist plot of Pb
0.95

Ce
0.05

Zr
0.65

Ti
0.35

O
3
 at various

temperatures
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intercept of the semicircle on the real axis, gives the
resistance of the corresponding component
contributing towards the impedance of the sample.
The graph shows that at lower temperature, the
resistance offered for conduction is very high. As
temperature increases, the conduction becomes easier.
This shows typical semiconductor behaviour in these
samples. At lower temperature only conduction
through grains prevails where as at higher temperature
grain conduction as well as grain boundary conduction
is seen. The Nyquist plot for PZT undoped and doped
with 5 mole% of Pr, Ce and Nd is presented in Fig. 3.
The impedance of the sample decreased with Pr doping
whereas the impedance showed increase with doping
of Ce and Nd. The large increase of impedance value
in the case of Nd containing samples, may be due to
the pyrochlore phase present in them.

The frequency (1Hz to 10 MHz) dependent dielectric
constants (ε

r
) of all the compounds were determined

from the capacitance values. Fig. 4 shows the variation

of ε
r
 of PbZr

0.65
Ti

0.35
O

3 
as well as Pb

0.9
R

0.1
Zr

0.65
Ti

0.35
O

3

where R = Ce, Pr and Nd as a function of temperature
measured at 1 kHz as well as 10 kHz. It is clear that
the ε

r
 of all the compounds decrease with increase in

frequency as the capacitance value of these compounds
decreases with increase in
frequency. The dielectric constant
of these samples increased with
increase in temperature as the
polarizability of the oxide system
increases with temperature. Also,
it can be seen from the figure that
the e

r 
increases with Pr doping in

the parent PZT sample, whereas
the ε

r
 value remarkably decreases

with Ce as well as Nd doping. The
sample Pb

0.9
Pr

0.1
Zr

0.65
Ti

0.35
O

3

showed ε
r
 of ~22489 at 710oC,

measured at 1 KHz. The undoped
samples (PZT) showed a ε

r
 of ~

19600 at this temperature, whereas
the ε

r 
for Ce and Nd containing

samples showed ε
r 
values of 5232

and 3002 respectively. Further the
dielectric constants of Ce and Nd
doped samples were found to
decrease with increase in dopant
concentration. Qi-Yue Shao et al

Fig. 3:  Nyquist plot of PZT containing 5 mole% of rare

earths at 600oC

Fig. 4: Variation of ε
r
 of PbZr

0.65
Ti

0.35
O

3 
as well as Pb

0.9
R

0.1
Zr

0.65
Ti

0.35
O

3

where R = Ce, Pr and Nd as a function of temperature measured
at 1 kHz as well as 10 kHz
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[7] also reported that the dielectric constant of PZT
thin films decreased when the film was doped with
Ce. The authors attributed this behaviour to the
presence of pyrochlore phase in Ce containing thin
films. But in the present study, pyrochlore phase was
not observed in the Ce containing samples even for
15 mole% of Ce. Ce has almost equal probability to
either replace Pb2+ at A site or Zr4+/Ti4+ ions at B sites
of ABO

3
 perovskite lattice. This is feasible, as Ce can

exist both in tri and tetra valence states and can replace
Pb2+ (rCe3+=1.43 Å and rPb2+=1.63 Å) or Zr4+

(rCe4+=0.86 Å and rZr4+=0.73 Å), respectively. It is
reported in the literature [8] that tendency of Ce to
occupy A site (as Ce3+) is more if the Ce ion
concentration is less than 1 mole% and beyond 1
mole%, both A as well as B sites can be occupied by
Ce equally (Ce3+ in A site and Ce4+ in B site). They
further reported that the samples containing Ce in the
A sites (3+ oxidation state) improve the electrical
properties. Similarly, in the present study, 5 to
15 mole % of Ce containing samples, may be
occupying a large proportion of B sites in the ABO

3

system which might be responsible for the decreased
e

r
 value in the Ce containing PZT. Even though Pr also

exhibits tri and tetra oxidation states, tri oxidation state
is more stable than tetra oxidation states, whereas in
the case of Ce ion, extra stability would be attained by
Ce4+ ion because of noble gas electronic configuration
by removal of 4 electrons. Hence Pr occupancy in B
sites in place of Zr4+/Ti4+is small and high value of e

r

was observed in the present study. Since A site
substitution can reduce oxygen vacancies by forming
A site vacancy–oxygen vacancy defect dipoles, increase
electric displacements thus increasing the dielectric
constant. The donor dopants have been reported to
improve the dielectric and ferroelectric properties of
PZT thin films [9, 10]. Considering the ionic radius of
Nd3+ (1.0 Å) the B site occupancy by Nd should be
the minimum. But in our study, the addition of Nd in
PZT reduces the dielectric constant. This may be due
to the presence of pyrochlore phase in the Nd
containing samples. During sintering, pyrochlore forms
usually as a transient phase before the PZT formation.
The pyrochlore phase is oxygen deficient and so it is a

metastable transient phase [11]. Thus, in the Non
crystallite PZTs, the presence of impurity phases such
as pyrochlore, play an important role in deciding the
dielectric constant.

The DC conductivity of the samples was calculated
using the relation, σ = 1/R*(l/A), where R is the
electrical resistance, is the thickness of the sample and
A the area of cross section of the sample. The activation
energy, E

a
, for all the samples was calculated from

the plot of ln (σT) versus 1/T using the conductivity
relation σT = σ

0
 exp (-E

a
/ (K

B
T)), where σ

0
, is the pre-

exponential factor, E
a
 the activation energy and K

B
 the

Boltzmann constant. The DC conductivity increases
with increase in temperature. At higher temperature,
PZT as well as rare earth doped PZT samples behave as
semiconductors and in semiconducting ceramics, free
carriers interact with the charged grain boundaries,
giving rise to increase in the ionic conductivity. During
the course of motion through the solid, the available
limited number of mobile carriers get trapped in
relatively stable potential wells. Due to a rise in
temperature, the donor cations take a major part in
the conduction process and the conductivity increases.
At 10 mole% and 15 mole% dopant concentration,
PCeZT showed maximum conductivity amongst the
same class of samples. It was also observed, that in
PCeZT samples, the conductivity increases with increase
in dopant concentration, whereas for both the Pr and
Nd containing samples the conductivity decreases as
we increase the dopant concentration. This may be
due to the fact that at higher Ce ion concentration,
more cationic vacancies are created at A site which
contributes more towards the conductivity values. The

variation of DC conductivity for PZT and

Pb
0.85

R
0.15

Zr
0.65

Ti
0.35

O
3
 where R = Ce, Pr and Nd with

1/T is given in Fig. 5. The conductivity in Nd doped

samples showed a minimum value among all the

samples and decreased with dopant ion concentration.

The amount of pyrochlore phase in the Nd containing

samples increases with increase in Nd concentration

and reduces the conductivity of these samples.
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 Conclusions

PZT containing 5, 10 and 15 mole% of Ce, Pr and Nd
were prepared, by a novel solution-based technique.
The dielectric constants of PZT decrease with Ce
doping, because of the B site occupancy whereas the
polarizability of samples increases with Pr doping. The
DC conductivity of the samples increases with increase
in Ce concentration, which may be due to the cationic
vacancy at A site created. The pyrochlore phase in Nd
doped samples is found to be responsible for lower
conductivity as well as lower dielectric constant values.

Acknowledgements

The authors wish to express their sincere thanks to Dr.
S.K.Aggarwal, Head, Fuel Chemistry Division for his
constant encouragement throughout the course of the
work.

References

1. J.N. Kim, Michael J. Haun, Sei Jm, L.E. Cross
and X.R. Xue.  IEEE Trans. Ultrasonics

Ferroelectrics And Frequency Control. 36 (4)
(1989).

2. M.E. Lines, A.M. Glass, Principles and

applications of ferroelectrics and related

Materials  Oxford (1979).

3. Ani1 Govindan, H.D. Sharma, A.K. Tripathi,
P.K.C. Pillai and T.C. Goel, Ferroelectrics,   134
(1992) 217.

4. S.S. Chnadratreya, R.M. Fulrath and J.A. Pask,
J. Am. Ceram. Soc. 64 (1981) 422.

5. B.V.Hiremath, A.I. Kingon and J.V. Biggers,  J.
Am. Ceram. Soc. 66 (1983) 790.

6. R.V.Kamat, K.T. Pillai, V.N.Vaidya and D.D. Sood
, Material chemi. Phy.  46 (1996) 67.

7. Qi-Yue Shao, Ai-Dong Li,Yue-Feng Tang, Hui-
Qin Ling, Nai-Ben Ming, Material Chemi.phy,

75 (2002) 207.

8. S.B. Majumder, D.C. Agrawal, Y.N. Mohapatra,
R.S. Katiyar, Mater. Sci. and EngB, 98 (2003)
25.

9. S.H. Lee, S.J. Lee, S.H. Kim, B.G. Chae, Y.S.
Yang, H.J. Joo, J.P. Kim,W.S. Park, M.S. Jang,
J. Korean Phys. So. 32(1998) S1670.

10. D.F. Ryder, N.K. Raman, J. Electron. Mater. 21
(1992) 971.

11. K.G. Brooks, I.M. Reaney, R. Klissurska, Y.
Haung, L. Bursill, N. Setter, J. Mater. Res. 9
(1994) 2540.

Fig. 5: Variation of DC conductivity for PZT and
Pb

0.85
R
0.15

Zr
0.65

Ti
0.35

O
3
 where R = Ce, Pr and Nd with 1/T



348  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

A B O U T  T H E  A U T H O R S

Mr. Rajesh V.  Pai  jo ined Fuel  Chemistry  Div is ion,  BARC after  graduat ing from

the 40 th batch of Tra in ing School  in the year 1997 after  complet ing his  M.Sc.

(Appl ied Chemistry)  f rom Cochin Univers i ty  of  Sc ience & Technology.  He gained

exper ience in  synthes is  and character izat ion of  nano-s ize powders  of  mixed

oxides by var ious techniques.  He is  mainly  associated with the development of

sol-gel  process for  nuclear mater ia ls  and high technology ceramics.  He is  a lso

e n g a g e d  i n  t h e  e l e c t r i c a l  c h a r a c t e r i z a t i o n  o f  v a r i o u s  f e r r o e l e c t r i c  a n d

piezoelectr ic  mater ia ls  by Impedance Spectroscopy.

Dr.  V.  Venugopa l  i s  the  D i rec tor,  Rad iochemis t ry  &  I sotope  Group,  BARC.

He  i s  a  spec i a l i s t  i n  the  f i e l d  o f  h igh  t empera tu re  the rmodynamic s  and

chemical  qual i ty  control  of  Pu based fuels .  He has worked at  Nuclear Research

C e n t r e ,  J u l i c h  o n  t h e  d e v e l o p m e n t  o f  N i c k e l - b a s e d  b i n a r y  s u p e r  a l l o y s

required for Rocket Jet  Nozzle and turbine blades and also on the development

of  h igh in tens i t y  meta l  ha l ide  vapour  lamps  a t  h igh temperature .  He  has

b e e n  h o n o u r e d  w i t h  N E T Z S C H - I T A S  a n d  I S C A S  f o r  h i s  o u t s t a n d i n g

con t r i bu t i on s  i n  t he  f i e l d  o f  t he rma l  s c i en ce  and  so l i d  s t a t e  chem i s t r y

respect i ve ly.

Dr.  R .  Mishra,  Ph.D.  (Mumbai  Univers i ty )  i s  work ing in  Chemist ry  Div i s ion,

B A R C .  H e  s p e c i a l i z e d  i n  h i g h  t e m p e r a t u r e  c h e m i s t r y  a n d  c h e m i c a l

thermodynamics.  He der ived thermodynamic data on several  nuclear mater ia ls

and intermeta l l i c  compounds,  phase d iagram studies  of  b inary  and ternary

ox ide  s y s t ems .  He  was  awa rded  the  TA  i n s t rument - I TAS  Young  Sc i en t i s t

Award-2004 and Alexander von Humboldt Fe l lowship for post-doctoral  studies

in the Univers i ty  of  Munich,  Germany.

Dr.  S .  K .  Muker j ee  jo ined  Depar tment  o f  Atomic  Energy  a f te r  comple t ing

his  M.Sc.   (Chemist ry )   f rom Nagpur  Univers i ty.  He has  obta ined h is  Ph.D.

degree  f rom Mumbai  Univers i t y  in  the  year  1993.  Cur rent l y  he  i s  head ing

Process Chemistry  Sect ion of Fuel  Chemistry  Div is ion,  BARC and is  a recognized

Ph.D. Guide of Mumbai Univers i ty  and of Homi Bhabha Nat ional  Inst i tute.  His

area of  interest  involves the development of  ceramic mater ia ls  for  appl icat ion

of Nuclear Technology.  He has extens ive ly  studied sol  gel  process ing of nuclear

mater ia ls  for  advanced fuel  fabr icat ion.



α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εF ο υο υο υο υο υ n δ εδ εδ εδ εδ ε r ’ s  δ α ψ   δ α ψ   δ α ψ   δ α ψ   δ α ψ  S ρ ερ ερ ερ ερ ε c i ααααα l      I s s u εεεεε

  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9  •  349

S T U D I E S   O N  S Q U A R E  W A V E  A N O D I C  S T R I P P I N G

V O LT A M M E T R Y  F O R  D E T E R M I N A T I O N  O F  T R A C E  L E V E L S

O F  G A L L I U M  E M P L O Y I N G  B I - F I L M  E L E C T R O D E

J . V.  K a m a t ,  N .  G o p i n a t h ,  H . S .  S h a r m a  a n d  S . K .  A g g a r w a l

F u e l  C h e m i s t r y  D i v i s i o n

Introduction

Anodic Stripping Voltammetry is an established

electrochemical method and has been exploited in

the past, for estimation of metallic impurities at trace

as well as sub trace levels, employing mercury-drop

electrode [1,2]. However, because of the toxicity of

mercury, alternative electrode material, such as Bi-

film is being explored, for trace determination.

Recently, Wang et al have adopted Bi-film electrode

for electroanalytical determination of trace metals [3].

Bi-films can be formed on different carbonaceous

substrates such as carbon fibers [4, 5], printed inks

[6], carbon paste [7] or glassy carbon   [8]. In this

communication, we present Square Wave Anodic

Stripping Voltammetric (SWASV) studies, on the

determination of Gallium at microgram levels,

employing Bi-Film on Gc electrode in acetate buffer.

Experimental

All voltammetric experiments were performed with

Autolab PGSTAT30 / General-Purpose Electrochemical

System. A three electrode voltammetric cell having a

GC disc of 3 mm diameter  as the working electrode,

GC rod as a counter electrode and Ag/AgCl (3M NaCl)

as reference electrode was employed and 10 mL of

acetate buffer (pH = 4 .6) was used, as a supporting

electrolyte in the present studies. The GC working

electrode was polished with 0.05 mM alumina slurry

on a felt pad, prior to each new set of SWASV

experiment. The standard gallium stock solution was

prepared, by dissolving high purity gallium metal in

AR grade concentrated HCl, under reflux conditions

and stocked in a standard glass flask. The test solutions

were prepared from this standard Ga solution prior to

carrying out SWASV experiments.

Preparation of Bi-film on GC surface

Bi-film on polished GC electrode was prepared by

electrodeposition of Bi at  -1.1 V from 1mM Bi (III)

solution in acetate buffer under stirring conditions.

The deposited bismuth was then   stripped by sweeping

the potential of the electrode from -1.1V to + 0.4V

and a stripping peak of Bi was observed at –0.028 V.

On the basis of these investigations, a conditioning

potential of +0.4V was applied to remove Bi-film from

GC surface, prior to each new SWASV experiment.

Results and Discussion

In situ deposition of the Bi film and Ga was carried

out on the GC surface, by spiking the acetate buffer

with 1μg of Bi (III) and 0.8 μg of Ga. The stripping

voltammogram was recorded by scanning the

electrode between -1.1V and -0.5V, applying square

wave waveform which resulted in the sharp undistorted

T h i s  p a p e r  w a s  c o n f e r r e d  t h e  B e s t  P a p e r  A w a r d  ( 2 nd  p r i z e  )  i n  t h e

P o s t e r  S e s s i o n  a t  t h e  D i s c u s s i o n  m e e t  o n  E l e c t r o n a l y t i c a l  Te c h n o l o g i e s
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stripping peak of Ga at -0.9V. Further studies were

carried out to optimize experimental parameters,

conditioning time (T
c
), deposition potential (E

d
),

deposition time (T
d
), SW frequency and SW amplitude.

Renewal of GC surface is an essential requirement for

obtaining reproducible values of peak current. SWASV

experiments were therefore carried out, to optimize

the conditioning time for the removal of the Bi-film

and target metal from GC surface. It is obvious from

Fig.1, that 120 s of conditioning time, is optimum for

the removal of the film. Next experiments were

performed by varying deposition potential from

-1.0 V to -1.5 V. In Fig. 2 SWASV peak current of Ga

is plotted as a function of deposition potential. It is

seen from the figure, that peak current Ip
a
 increases

initially with E
d,   

up to -1.1 V and then levels off at

higher values of E
d
. This shows that a deposition

potential of -1.1 V is most optimum for

preconcentration of gallium. In     Fig. 3, effect of

deposition time (T
d
) on the SWASV peak current   is

presented. It can be seen that peak current, increases

linearly with deposition time from 60 s to 180 s and

at higher T
d
, Ip

 
 levels off. This shows, that deposition

time of 180 s is optimum. In the next course of

investigation, the effect of SW modulation amplitude

(DE) on Ip
 
was studied and the results are presented in

Fig. 4. It is seen from the figure, that Ip
 
attains a

maximum value at 60 mV amplitude, which is

optimum for further studies. On the basis of above

Fig.1: SWASV peak current ( I
p 

)  as a function of
conditioning time ( T

c
) for the removal of Bi-film from

GC surface
 
at 

 
the conditioning potential +0.4 V

Fig.2: Ip
 
as a function of deposition potential (E

d
). Test

solution  1μM Ga, deposition time 180 s, equilibration
period 30 s, SW frequency 25 Hz, SW modulation
amplitude 60 mV, step potential 5mV, scan potential
range –1.1V to  - 0.5V.

Fig. 3: Ip
 as

 a function of deposition time (T
d
), under the

experimental conditions as shown in Fig. 2 and
deposition potential of -1.1V.

mentioned studies, further SWASV experiments were

carried out with the optimized parameters;          Ed

-1.1V, T
c
 120 s, T

d
 180 s, SW frequency 25 Hz, SW

amplitude 60 mV.

Validation of optimized experimental parameters was

evaluated, by performing ten individual SWASV

experiments at 1mg level of Ga. The relative standard

deviation was found to be better than
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2%. The proportionality between I
p 
  and concentration

of Ga  in 1 μM to 4 μM range was verified. Ip was

observed to increase linearly with Ga concentration,

as shown  in Fig. 5 and a correlation coefficient of

0.998 was obtained. A few determinations of Ga at

0.2mg level were carried out by standard addition

approach and the results obtained are encouraging.

Further work on the determination of gallium at μM

concentration of gallium and interference of zinc in

gallium determination are being pursued.

Conclusion

SWASV studies, carried out employing Bi-film

electrode will be useful for gallium determination at

sub microgram level.
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Introduction

Lead-based alloys are being considered as primary

candidates, for nuclear coolants of advanced nuclear

energy systems, due to their specific thermal-physical

and chemical properties, such as high boiling point,

high thermal conductivity, low vapour pressure and

no violent reaction with air and water [1]. The amount

of dissolved oxygen in liquid lead alloys, should not

increase beyond a limit to avoid the contamination of

the liquid system by lead and bismuth oxides, as this

can affect the ability of the fluid to flow and to extract

heat, by clogging in the pipes or by depositing on the

heat exchanger surface. There is also a lower limit of

dissolved oxygen concentration, which is to be

maintained to ensure an efficient corrosion protection

of the structure, if the oxide layer self-healing method

is chosen. The use of the ionic conduction properties

of some solid electrolytes and in particular the Yttria

Stabilized Zirconia (YSZ) based ceramic, allows the

making of an electrochemical cell assembly for on-

line measurement of dissolved oxygen, in a liquid metal

system in a wide concentration range. Several  studies

are available on the development and application of

YSZ sensor, for the dissolved oxygen measurement in

LBE systems [2,3]. This paper deals with the theory

behind the measurement of dissolved oxygen in LBE,

by YSZ-based oxygen sensor. The details of

construction and experiments on the sensor are

described.

Theory

The upper limit of the dissolved oxygen in LBE is

defined, as the concentration of oxygen required to

form Fe
3
O

4
 protective oxide layer and the upper limit

as the saturation level of oxygen at a particular

temperature. The limits are obtained from the

following two reactions taking place in LBE [4],

Pb + O = PbO                                 ……………(1)

3Fe + 4O = Fe
3
O

4                                              ……….……  (2)

Using Henry’s law, the limits of partial pressure of

oxygen can be expressed, using the Eq. (1) & Eq. (2),

as follows [4],

                                                      .........….(3)

Fig. 1 shows an oxygen sensor consisting of a one-

end closed YSZ tube as solid electrolyte with Bi+Bi
2
O

3

mixture as reference electrode. The molten lead alloy

in which the tube is immersed, serves as the other

electrode. At high temperature (>300oC), the solid

electrolyte membrane (i.e. YSZ) is porous to oxygen

ion, an imbalance in the oxygen concentration

between two electrodes will cause the oxygen ion to

migrate, to equalize the concentrations on each side.

Oxygen on the higher concentration side will

“pick up” two electrons to become ions, travel through
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the YSZ and re-form into a neutral molecule at lower

oxygen concentration electrode surface, where it will

“deposit” two electrons. The potential difference across

the electrodes can be calculated from Nernst Equation

as [3],

2

2

/

ln
4

O

O

PRT
E

F P
=                                    ……………(4)

Where
2

/
OP and 

2OP are the partial pressures of the

dissolved oxygen in the reference electrode and liquid

metal respectively.

For pure lead, Pba =1.0.

Using Eq (3), Eq (4) and referring to the Oxide

Handbook [5] for ΔFs, the limits of the sensor voltage

can be expressed as,

E
max

= 8.123x10-5 T+0.4304 (Volts)     ...………(5)

E
min=

-7.264x10-5 T+0.142 (Volts)        …………(6)

Sensor Construction and Testing

An oxygen sensor is developed, to measure dissolved

oxygen level in Lead. As shown in Fig. 1 the oxygen

sensor consists of a one-end closed YSZ tube, fabricated

in Ceramics Materials Section, Materials Group, BARC.

The tube is partially filled with laboratory grade

Bi+Bi
2
O

3
 mixture, which is the reference electrode of

the sensor. A Molybdenum rod (signal rod, for electrical

connection between molten reference electrode and

vessel wall) and a SS sheathed thermocouple

(for temperature measurement) are immersed, in the

mixture. The tube is sealed with a high temperature

Teflon cap and high temperature silicon sealant. The

molten lead alloy in which the tube is immersed, serves

as the other electrode. A test setup (Fig. 2) is made to

test the oxygen sensor. The test setup mainly consists

of a SS vessel with oxygen sensor fittings, level sensor,

thermocouples and gas inlet and outlet fittings. The

sensor is inserted into the vessel through specially

designed leak-tight fitting, so that it is partially

immersed inside the molten metal. Fig. 3 shows the

sensor before installation in the test set-up. The level

sensor is a discrete type sensor.

Fig. 1 : YSZ Oxygen sensor

Fig. 2 : Oxygen sensor test set-up
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Fig. 5: Variation of EMF in the Oxygen sensor with
temperature at different dissolved O

2 
concentrations

(%wt) in LBE

When the level sensor tip touches the liquid metal

level, the electrical circuit closes between the sensor

tip and vessel wall and the indication is given by a

LED. A high impedance millivoltmeter is connected

between the Molybdenum rod and test vessel body

(Fig. 4), to measure the EMF generated across the

tube wall, due to difference in oxygen concentration

in reference electrode and molten metal. Since

the vessel body is in contact with the molten

metal, the EMF generated between reference electrode

and molten metal will be sensed by the millivoltmeter.

Fig. 3 : Oxygen sensor

Fig. 4 : View of the Oxygen sensor with the test set-up

The vessel is heated by high temperature ceramic band

heaters. The heater power is controlled by dimmer-

stat. The temperature of the liquid metal and vessel

surface is measured by SS316L sheathed

thermocouples. The center temperature of the vessel

is measured and ensured that it is well above the

melting point of the lead.

High purity argon gas is used as the cover gas of the

liquid metal in the vessel, to avoid oxidation of liquid

metal at high temperature. Argon+H
2
 gas is used as

reducing gas, to remove the excess dissolved oxygen

in the vessel. Pressure gauge is used to monitor the

gas pressure in the vessel and rotameters are used to

measure the gas flow rates. The oxygen level in the

molten lead is increased by bubbling with air and

decreased by bubbling with H
2
+Argon gas.

Results and Discussion

Fig. 5 shows the predicted variation of EMF generated

in the oxygen sensor with different temperature at

different oxygen concentrations (%wt) in LBE. This

figure is derived from equations (4), (5) and (6). From

the figure, it can be seen that if the EMF value of the

sensor goes below 0.1 Volts, then PbO oxide layer

formation begins. If EMF goes above 0.45 Volts, the

protective oxide layer on the metal surface becomes

unstable which may lead to corrosion. For normal

operation range (i.e. 350 to 550oC) the safe zone of



356  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

Conclusion

The theoretical basis for of the oxygen sensor for

molten lead has been elucidated. The construction

and testing of an Yttria Stabilized Zirconia (YSZ) probe

is described. The oxygen concentration in the liquid

metal was varied and the response of the oxygen sensor

in terms of EMF is studied. The response of the sensor

is similar to the theoretical prediction. But sophisticated

temperature control and EMF measurement and

recording systems are required, to improve the

accuracy of the sensor. Accurate and fine control of

dissolved oxygen control system is required to calibrate

the Oxygen sensor at different oxygen concentration

levels.
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In the second test, the sensor molten lead is cooled

from 525oC to 350oC with high purity argon bubbled

in the liquid metal. Fig. 7 shows the variation of EMF

of the sensor with temperature. It can be seen that

the EMF of the sensor reduces as per prediction from

525oC to 440oC. After that, it drastically reduces to

Fig. 6 : Experimental results on the variation of EMF of

oxygen sensor with oxygen concentration in molten
lead

Fig. 7 : Variation of EMF with temperature with pure

Argon gas bubbling

operation is 10-7 to 10-5 %wt of oxygen during normal

operation. In terms of EMF, it can be inferred that

from 0.2V to 0.4V is the safe zone of operation for

all temperatures.

In the experimental studies, the molten lead is kept at

constant temperature for few hours, to attain a uniform

temperature. After that, air is injected in the lead to

increase the oxygen partial pressure in the lead, which

reduces the EMF [2] in the sensor.

After some time, the oxygen concentration in the lead

is reduced by introducing H
2
+Argon gas, which is

indicated by increase in EMF values of the sensor.

This process is repeated and similar trends of EMF

values are found, as shown in Fig. 6. The maximum

and minimum EMF in the sensor are found to be

0.45V and 0.115V, which are close to the E
max 

and

E
min

 predicted by Eq (5) and Eq (6) respectively.

the saturation level in the 440oC to 350oC range. This

may be due to the accumulation of oxygen present in

the argon gas as impurity. The frequent injection of

air in the liquid metal created a thick oxide layer on

the liquid metal surface, which could not be removed

by reducing environment (bubbling with Argon+H
2
).
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Nomenclature

a activity constant

E EMF, Volts

F Faraday’s  Constant, C/mol

ΔF Free energy of formation, can be found for

            oxide hand book [5],  J/mol

P Partial pressure, Pa

R Gas constant,  JK-1mol-1

T Temperature, K

Subscript

Min minimum

Max maximum
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ABSTRACT

Alumina and alumina-based mater ia ls  were synthesized by using different techniques of

sol-gel  process at Fuel  Chemistry Div is ion, BARC. Alumina monol i ths,  in the form of disc

and cyl inder, were prepared from alumina sol by physical and chemical gelation. Ruby was

obtained by homogeneous mix ing of chromium nitrate solut ion in a lumina sol ,  pr ior  to

gelat ion and then heating the gel in oxy-acetylene f lame or heating at high temperature.

High-purity yttrium aluminium garnet (YAG) as well as neodymium-doped YAG were prepared

from aluminium nitrate solut ion by developing a s imple innovat ive method, cal led “Gel

Entrapment Technique” (GET).  Spherical  part ic les of alumina of desired s ize and porosity

were prepared from aluminium nitrate solut ion by a process,  ca l led “Internal  Gelat ion

Process” ( IGP) using hexa methylene tetramine (HMTA) and urea as the gel l ing agents for

homogeneous gelation. As a useful modification, the porous alumina spheres were embedded

with microcrysta l l ine ammonium molybdo phosphate (AMP) for se lect ive separat ion of

cesium, a major fission product present in irradiated nuclear fuel. Yet another modification

was the hydrothermal synthesis of zeol ite (mordenite) on alumina spheres for a variety of

app l i c a t i on s .  The  p r epa ra t i v e  cond i t i on s  o f  ea ch  o f  t he  above  c e r am i c s  and  i t s

character izat ion by TG, DTA, XRD, SEM, porosity,  surface area,  part ic le s ize etc.  are

described.

Introduction

Sol-gel process is one of the best methods for the

synthesis of high-tech materials. The motivations for

sol-gel process development are the need for materials

with better properties, higher purity, better

homogeneity and lower processing temperature.

Alumina ceramics prepared by sol-gel process are of

great interest, due to their wide range of applications

in preparing coatings for different purposes, catalysts,

membrane and wafers (in separation technology),

chromia-doped alumina and neodymium-doped YAG

(in LASER technology), bioceramics (artificial teeth and

bones) etc.

Alumina microspheres of controlled size and porosity

can be used for a variety of applications such as ion

exchangers, base materials for catalysts and other

materials. Their thermal and radiation stability, chemical

inertness, porous structure with large surface area and

presence of large number of exchangeable hydroxyl

groups, make them suitable for a variety of

applications. Ammonium molybdo phosphate (AMP)

is well known for selective adsorption of cesium from
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acid medium and specifically from fission products

solutions. Since AMP is micro-crystalline and

impervious to liquid, it cannot be used directly in the

separation column. To overcome this, AMP was

trapped in alumina gel particles by a novel method

known as Gel Entrapment Technique (GET). Zeolites

are crystalline alumino silicates which are widely used

as sieves, catalysts etc. In nuclear industry they are

used to remove cesium and strontium isotopes.

Hydrothermal synthesis of zeolite on alumina spheres

prepared by IGP was investigated.

Experimental

Preparation of Alumina Monoliths

In order to make alumina sol, aluminium iso-propoxide

was prepared by Yoldas [1] method and hydrolized

[2] with hot water (80 - 90°C) in the presence of

small amount of nitric acid and peptized. The sol was

then concentrated to 2.2 M and taken in Teflon moulds

coated with paraffin oil. Two sets of gels were

prepared. In the first set (GEL-I), gelation was

accomplished through dehydration, by evaporation

at room temperature (physical gelation). In the second

set (GEL-II) 2 ml of 1.1 M aluminium nitrate solution

was added to 100 ml of 2.2 M alumina sol, to bring

about the controlled chemical gelation in 30 -60

minutes. The gels were dried at room temperature for

a few days and heat treated up to 1000°C at a rate of

1°C / minute. The shrinkage (axial and radial) of the

gels was studied at various temperatures. The gels

were characterized by DTA-TG, at a heating rate

10 °C / minute using a thermo-gravimetric analyzer.

The phase analysis of gels heated at various

temperatures was done by XRD.

Preparation of chromia-doped alumina

In order to prepare chromia-doped alumina, chromium

nitrate solution was added to alumina sol, so as to

get chromia 0.1 mole percent and then gelation was

accomplished by adding aluminium nitrate solution.

The gels were heat treated at 700°C, 1000°C and

1300°C, to get chromia-doped alumina. These samples

were studied for their spectroscopic properties.

Samples were heated in oxy-acetylene flame, to

ascertain ruby formation.

Preparation of YAG by using GET

Yttrium nitrate and aluminium nitrate solutions were

mixed at 3:5 mole ratio and then gelled by controlled

addition of HMTA solution. At pH 4, the Al3+ ions

formed the hydrous oxide gel, with Y3+ ions entrapped

within the gel matrix. The gel was soaked in ammonia

solution, to cause a homogeneous precipitation of

yttrium. The gel was then washed with dilute NH
4
OH

solution, to remove water-soluble unwanted

compounds. The washed gel was dried in air at 200°C

to get the precursor powder which was subsequently

heated at various temperatures up to 1400°C, to get

the YAG powder. The phase studies of the samples

heated at different temperatures were carried out with

X-ray diffractometer. The particle size distribution was

studied by sedigraph technique and the microstructure

by SEM.

Preparation of Alumina Microspheres by

Internal Gelation Process

The saturated solution obtained by dissolving the

crystals of Al(NO
3
)

3
 in water, has a molarity of

~2.5 M, which is low for obtaining gels of desired

strength. Gelling of solution having high nitrate

content, requires large quantities of HMTA and urea,

which in turn lowers the concentration of aluminium

in the feed. By using the Al(NO
3
)
3
 solution, feed

solution could be prepared with composition [Al]

< 0.8 M and [HMTA, urea]/[Al] (reffered as R)

< 2.6. The gel particles obtained from the above

solution were soft. To get a strong gel, it is necessary

to have a solution with higher aluminium molarity

and low nitrate content. Different techniques have

been developed to reduce the nitrate content and

thereby increase aluminium concentration. Addition

of NH
4
OH to Al(NO

3
)
3
 solution, can produce acid-

deficient conditions. Different ammonia-treated
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Al(NO
3
)
3
 solutions were prepared, by adding required

amount of NH
4
OH to get [NO

3

-]/[Al] ratio (R) 3.00,

2.75, 2.50 and 2.25. Nitrate was destroyed by heating

the solution with HCHO and then the [NO
3

-]/[Al] was

adjusted to the required ratio with Al(NO
3
)
3
. Similarly,

glycerol could be used to get de-nitrated solutions.

By pre-treating Al(NO
3
)
3
 solution with HMTA, nitrate

can be controlled in two ways. When HMTA

decomposes at low pH and high temperature, HCHO

and NH
3
 are released. The HCHO denitrates while NH

3

neutralizes the nitrate in the solution. Different HMTA

pre-treated Al(NO
3
)
3
 solutions were prepared. The

above solutions were used to prepare feed solutions

having different [Al] = 0.8 to 1.5 M and R = 2.7 to

1.0. Droplets of feed solution were allowed to pass

through a vertical column, containing hot (~95°C)

silicone oil. The gel spheres were degreased with

carbon tetrachloride and then washed with dil. NH
4
OH

solution, to remove unwanted substances from the

gels. The spheres were dried at 100°C and heat-treated

at different temperatures. Characterization of the

spheres was done at   various stages of heating.

Preparation of AMP-trapped Alumina Gel

Particles by GET

Feed solution containing aluminium nitrate, urea and

HMTA was mixed with AMP powder to form a slurry.

Droplets of the slurry were gelled by dispersing in hot

silicone oil. The AMP powder was entrapped in the

alumina gel particles. Several batches were prepared

by varying the amount of AMP up to 20 g/L of the

feed solution. Different washing schemes tried for

these gels were: washing with 2 M ammonia solution,

water at room temperature, hot (80°C) water and dil.

NH
4
OH (<0.1 M) solution. The gels were heat-treated

at 200°C, 300°C and 380°C for 10 hours. For cesium

separation from nuclear waste solution, the gel

particles should have sufficient acid stability. This was

checked by immersing the gels in nitric acid of

different strengths (0.1 M, 1.0 M and 2.0 M) for a

duration of 24 hours.

Synthesis of Zeolite on Alumina Microspheres

Alumina microspheres were prepared by IGP and

heated in three lots at different temperatures, viz.

400°C, 500°C and 700°C. Five gms. each of the above

spheres were treated with  18 ml of 0.8 M sodium

silicate solution ([Si] = 1.6 M) in Teflon-lined pressure

vessel (capacity 24 ml) at 150°C for 100 hours and

thereafter  at room temperature for another 100 hours.

The product obtained was washed with water and

dried at 100°C. The material was characterized by DTA-

TG and SEM.

Results and Discussion

Alumina Monoliths

In the case of GEL-I, the gelation occurred after several

days, depending upon the quantity of the sol. The

gels shrank anisotropically, the axial shrinkage was

more than radial. Due to this, the gels had warping

during drying and sintering (Fig.1).

Less than 2 mm thick monoliths could be prepared

by this method of gelation. Nearly isotropic shrinkage

of gels without warping was noticed in the case of

GEL-II (Fig. 2 & 3). The TG-DTA curves (Figs. 4) of

Fig. 1: Alumina monoliths heated at 1200°C (physical

gelation)
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GEL-II showed major weight-losses in two stages, with

corresponding endothermic peaks. The first stage loss

at 100°C was due to the escape of physically bound

water, while the second loss around 400°C was

attributed to the chemically bound water. Above

450°C, there was a continuous decrease in weight,

till the material got transformed into α-alumina. The

exothermic peak at 295°C was due to the

decomposition of nitrate used for the gelation. In the

case of GEL-I, the exothermic peak was absent. The

XRD patterns of the gels heated up to 1100°C (Fig. 5)

Fig. 2: Alumina gel dried at room temp. (controlled

chemical gelation)
Fig. 3: Alumina monoliths heated at 1200 °C (controlled

chemical gelation)

Fig. 4: TG-DTA of GEL-II

Fig. 5: XRD patterns of alumina gel heated at different

temperatures

indicated, that the gels were amorphous up to 1000°C

and the α-alumina phase was formed after heating at

1100°C for 5 hours.

Chromia-doped Alumina

Uniform doping could be achieved by adding

chromium nitrate solution prior to the gelation of

alumina sol (Fig. 6). Spectroscopic studies revealed,

that luminescence was observed only for sample

heated at 1300°C, indicating the formation of ruby.
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Fig. 6: Chromia-doped Alumina heated at 700°C Fig. 7: Formation of Ruby after heating in oxy-acetylene

flame

Fig. 8: XRD patterns of YAG precursor heated at different
temperatures

Fig. 9: Particle size distribution of  YAG powder heated
at 1000 °C

When the gel was heated in oxy-acetylene flame, ruby

formation was observed (Fig. 7).

YAG powder

The XRD patterns of the YAG precursor powder heated

at 800, 810, 1000 and 1400°C are shown in Fig. 8.

The powder was amorphous at 800°C, whereas the

810°C heated sample showed the formation of YAG

phase. Further heating of the samples showed an

increase in the intensity of the YAG peaks. The

predominant particle size (Fig. 9) of the YAG powder

heated at 1000°C was around 400 nm.

The SEM photograph indicated the particles were

agglomerates (Fig. 10).

Alumina microspheres

Good alumina microspheres could be prepared from

pre-treated Al(NO
3
)
3
 solution, having [NO

3

-]/[Al] mole
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ratio 2.5 to 2.75 and having feed composition;

[Al]= 1.0 M to 1.4M and R = 1.8 to 0.8. The

photograph of alumina spheres heated at 700°C is

shown in Fig. 11. The gel spheres obtained from

insufficient gelation agents and low concentration of

aluminium in the feed, resulted in the formation of

soft spheres which leached during washing with

NH
4
OH solution and drying. The gel particles prepared

from high content of gelling agents in the feed,

cracked catastrophically during drying and heating.

These particles were transparent even after soaking in

NH
4
OH solution for a prolonged time.

The XRD patterns of the sample (prepared from NH
4
OH

pretreated Al(NO
3
)

3
 solution) heated at various

Fig. 10: SEM photograph of YAG powder heated at
1200°C

Fig. 11: Alumina microspheres heated at 700 °C

Fig. 12: XRD patterns of alumina samples (from NH
4
OH

pretreated  solution) heated at different temperatures

temperatures are given in Fig. 12. The 100°C dried

sample showed crystalline Al(OH)
3 
while the samples

heated at  500°C and 700°C showed very weak peak

at d = 1.98, indicating the presence of γ-alumina.

The 1000°C and 1200°C heated samples indicated that

the samples were a mixture of δ- and θ-alumina. But

in 1200°C heated sample, the intensity of XRD peaks

showed, that the θ-alumina phase was more

predominant. Only 1400°C heated sample showed

the XRD pattern of a-alumina. The XRD patterns of

samples obtained from other denitrated solutions were

similar (Fig. 13). Dried (100°C)   samples showed

bayerite peaks. While at 500°C, 700°C and 1000°C,

the samples were X-ray amorphous. After heating at

1200°C for 5 hours, the samples formed  α-alumina.

The surface area of 700°C heated samples was above

200 m2/g with pore volume about   0.4 cc/g.

AMP-trapped Alumina Gel Particles

AMP-trapped alumina gel particles are shown in

Fig. 14. Washing of the AMP-gel spheres with high

concentration of NH
4
OH solution, led to the loss of

AMP. Washing with either ambient or hot water did

not cause AMP loss, but led to severe cracking in the

gels during subsequent heat treatment. Hence

washing was carried out with <0.1 M NH
4
OH

solution. The water washed gels were not stable in

> 1 M nitric acid solution, whereas the gels obtained

with 16 g of AMP per litre of feed solution, washed
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Fig. 13: XRD patterns of alumina samples (from

de-nitrated solution) heated at different temperatures

Fig. 14: AMP-trapped alumina gel particles

Table 1: Acid-stability of the gels

NH
4
OH solution and heated at 380°C for 10 hours,

were stable in 2.0 M acid solution (Table1). When

the AMP was > 16 g/L, the gel formed was very soft.

Pure alumina spheres heated above 700°C are stable

in high acidic medium. In case of AMP-trapped

 with <0.1 M alumina, the heat treatment has to be

curtailed below 400°C, to avoid the decomposition

of AMP. Consequently such gels showed poor acid-

stability. Acid-stability of the gels was improved by

prolonged heat treatment at 380°C.

Zeolite on Alumina Microspheres

Out of the three lots of alumina spheres heated at

different temperatures, only 400°C heated batch could

form Mordenite (zeolite) after the hydrothermal

treatment with sodium silicate at 150°C. The DTA-TG

curves are shown in Fig. 15. The DTA curve showed

endothermic peaks at 150°C and 525°C which were

attributed to the loss of loose and bound water

respectively. The TG curve showed a continuous

weight-loss of 16% up to 550°C, of which a sharp

weight-loss of 5% was between 500°C and 550°C.

This sharp weight-loss accompanied by an

endothermic peak, was mainly due to the loss of

zeolite water. The SEM photograph (Fig. 16) indicated

the formation of zeolite crystals.

Conclusion

Sol-gel process can be meticulously exploited for the

synthesis of different high-tech materials. Controlled

chemical gelation of the alumina sol, helped to get

Fig. 15: DTA-TG curves of zeolite-alumina sample
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Uniform trapping of AMP particles in porous alumina

has been achieved through GET. The product obtained

is suitable for use in column, for the separation of

cesium from nuclear waste solution of low acidity.

Conditions have been optimized for the hydrothermal

synthesis of mordenite on alumina spheres. The

thermal stability was found to be good. The material

can be used for separation of cesium and strontium

from waste solutions.
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good quality gel. These gels shrank isotropically

without warping. Alumina monoliths of different sizes

can be prepared by this technique.

Homogeneous doping of chromia in alumina can be

achieved, by mixing chromium nitrate in alumina sol,

prior to gelation. This method can be adapted to

prepare doped materials.

The Gel Entrapment Technique is a novel technique

for ultrastructure processing of a variety of high-tech

multi-component materials like Nd-doped YAG, YIG

etc.

Different phases of alumina, such as γ, δ, θ and α can

be prepared, by using suitable feed solutions and heat

treatment. Gamma (γ) alumina spheres can be

prepared (nitrate neutralized Al(NO
3
)
3
 solution by

NH
4
OH solution and heating the gels at 700°C.

Amorphous alumina spheres can be obtained from

denitrated  Al(NO
3
)
3
 solutions. High surface area and

porosity make these spheres attractive as substrates

for catalysts. Since a large number of hydroxyl groups

are present in the spheres even at high temperatures

(700°C), these spheres can be used as ion exchangers

even in harsh environments like high acid medium,

high radiation etc. Other uses are in gas and water

purification systems.

Fig. 16: SEM photograph of zeolite crystals
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Introduction

During the past decade, pyrochlore-type oxides (A
2
B
2
O
7
)

have emerged as important host matrices for lanthanide

doped luminescent materials, due to their higher

thermal stability1-4. Among different types of

pyrochlores, the ones based on Sn4+ ions are applicable

as potential hosts for the incorporation of luminescent

lanthanide ions.5,6 Up to now, conventional solid-state

reaction is the most commonly used synthetic method

for preparation of rare-earth pyrochlore oxides. This

synthesis route employs a solid-state reaction of

metal-oxide with appropriate rare-earth oxides at high

temperature (>1200 %C) for a long time (several days).

At this temperature, particle aggregation invariably

takes place, leading to the formation of particles having

a size more than 100 nm. In the present work, Y
2
Sn

2
O
7

nanoparticles co-doped with lanthanide ions Tb3+ and

Ce3+ were prepared by soft chemical route at relatively

low temperature 700%C and investigated for

luminescence properties.

Experimental

Preparation of the nanoparticles

For the preparation of lanthanide ions (Tb3+ and Ce3+)

doped Y
2
Sn

2
O

7
 nano-materials, Sn metal, Tb

4
O

7
,

Y
2
CO

3
, Ce(NO

3
)
3
·6H

2
O were used as starting materials.

The solution containing  Y3+, Sn4+ and Ce3+-Tb3+ in

ethylene glycol medium, was slowly heated up to

100 °C and then subjected to urea hydrolysis. The

precipitate obtained after washing was heated to

500°C, 700°C and 900°C. Schematic diagram of the

preparation procedure is shown in Fig. 1. For

incorporation of the nanoparticles in silica matrix,

S. Nigam, V. Sudarsan and R. K. Vatsa

Chemistry Div is ion
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Nanoparticles of Y
2
Sn
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7
 co-doped with lanthanide ions, Tb3+ and Ce3+, were prepared at a relatively lower

temperature (700°C) in ethylene glycol medium, with narrow size distribution. The crystal structure, particle

size were characterized by X-ray diffraction, transmission electron microscopy. As prepared samples show

strong blue and green emission, characteristic of Tb3+, on excitation at the wavelength corresponding to the

4f®5d transition of Ce3+ due to the energy transfer from Ce3+ to Tb3+ ions, but  very poor luminescence has

been observed from samples heated at 700°C. Further, these nanoparticles were prepared and   incorporated in

silica matrix.  It has been observed that incorporation of the nanoparticles in silica matrix improves the luminescence

properties of 700°C annealed Y
2
Sn
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7
: Ce,Tb nanoparticles. Effective shielding of lanthanide ions from the

inhomogeneities by the silica matrix, is the reason for the improved luminescence.
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Fig. 1: Schematic diagram for synthesis of Y
2
Sn

2
O

7
: Ce3+-Tb3+ nanoparticles

tetraethylorthosilicate (TEOS) was added to the reaction

mixture, as soon as precipitation started.

Characterization

X-Ray Diffraction (XRD) studies were carried out using

a Philips powder X-ray diffractometer (model PW

1071) with Ni filtered Cu-Kα radiation. The lattice

parameters were calculated from the least square fitting

of the diffraction peaks. The average crystallite size

was calculated from the diffraction line width, based

on Scherrer relation D = 0.9λ/βCosθ, where D is the

average particles size, λ is the wavelength of X-rays

and β is the full width at half maximum (FWHM). All

luminescence measurements were carried out at room

temperature with a resolution of 3 nm, using a Hitachi

Instrument (F-4500) having a 150 W Xe lamp as the

excitation source. Transmission Electron Microscopy

(TEM) was performed on a representative Y
2
Sn

2
O

7
:Ln

sample, using a JEOL JEM 3000F TEM machine.

Result and Discussion

XRD and TEM studies

Fig. 2 shows the XRD patterns of as prepared

Y
2
Sn

2
O
7
:Ce3+(2.5%),Tb3+(2.5%) sample along with the

ones heated at different temperatures. As prepared

sample is amorphous, heat treatment below 700 °C,

did not induce any crystallization. However, at

700 °C and above, thermal decomposition of the

hydroxides leads to the formation of highly crystalline

cubic Y
2
Sn

2
O

7
:Ce3+,Tb3+ nanoparticles as can be

clearly seen from the XRD pattern shown in part c of

Fig. 2. For 900 °C heated sample, crystallinity has

been found to improve as revealed by the decrease in

line width of the diffraction peaks. Average particle

size is calculated from the width of the X-ray diffraction

peaks and found to be around 5 nm for the 700 °C

heated sample. For nanoparticles incorporated in silica

and heated at 700 °C, the XRD pattern (not shown)

revealed only a broad peak characteristic of amorphous

silica, suggesting that the crystalline nanoparticles are

very finely dispersed in amorphous silica matrix. TEM

images of the nanoparticles obtained at 700 °C are

shown in Fig. 3. The image is characterized by very

fine spherical particles having a diameter in the range

of 2-5 nm. Very small spherically shaped particles are

mainly formed due to the low concentration of the

product nuclei (yttrium tin hydroxide) existing in the

reaction medium after coprecipitation7.
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Luminescence studies

Luminescence measurements were carried out for as

prepared, 700 and 900 °C heated samples. For Ce3+

and Tb3+ co-doped as prepared samples, strong blue

and green emission, characteristic of Tb3+, has been

observed from the as prepared nanoparticles on

excitation at the wavelength corresponding to the

4f→5d transition of Ce3+. These results very clearly

demonstrate that there exists strong energy transfer

between Ce3+ and Tb3+ ions. But, very poor

Fig. 3 : TEM Images Y
2
Sn

2
O

7 
(5% Tb3+ and Ce3+ Co-doped) heated  at 700 °C

Fig. 2:  XRD Pattern of the Y
2
Sn

2
O

7 
(5% Tb3+ and Ce3+ Co-doped) with

respect to temperature

luminescence has been observed from Ce3+-Tb3+ co-

doped samples heated at 700 and 900°C. To improve

the luminescence, these nanoparticles were prepared

and   incorporated   in silica matrix.  It has been

observed that incorporation of the nanoparticles in

silica matrix improves the luminescence properties of

700°C annealed Y
2
Sn

2
O

7
: Ce,Tb nanoparticles.

Effective shielding of lanthanide ion from the

inhomogeneities by the silica matrix is the reason for

the improved luminescence. The emission scan of

these samples has been shown in Fig. 4.



α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εF ο υο υο υο υο υ n δ εδ εδ εδ εδ ε r ’ s  δ α ψ   δ α ψ   δ α ψ   δ α ψ   δ α ψ  S ρ ερ ερ ερ ερ ε c i ααααα l      I s s u εεεεε

  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9  •  371

Fig. 4: Emission spectra of  Y
2
Sn

2
O

7 
(5% Tb3+ and Ce3+ Co-doped) nanoparticles

Conclusion

Y
2
Sn

2
O

7
 nanoparticles co-doped with lanthanide ions

Tb3+ and Ce3+ were prepared by Soft chemical route

at relatively lower temperature 700°C and investigated

for luminescence properties. Very poor luminescence

has been observed from Ce3+-Tb3+ co-doped samples

heated at 700°C due to poor energy transfer between

Tb3+ and Ce3+ ions and interaction of surface

lanthanide ions with ligands. However, the energy

transfer and associated luminescence can be

significantly improved after dispersing the

nanoparticles in silica matrix.
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Introduction

Ti-V based systems with Body Centered Cubic (BCC)
structure, are considered as promising third generation
hydrogen storage materials, due to their high hydrogen
storage capacity of ~ 3 wt% [1]. Following the
discovery of Ti-V-M (M = Cr, Mn, Fe, Co or Ni) alloys
by Akiba et al [2], ternary Ti-V based systems have
been well explored for their hydrogen storage
properties. However, these alloys suffer from
disadvantages like difficult activation treatment, poor
kinetics, large hysteresis, low cyclic stability and high
cost. Substitution of Ti, V or Cr with elements like Zr,
Co, Fe or Mn leads to drastic changes in the hydrogen
storage properties of the alloys, due to the formation
of secondary Laves phases, which coexist along with
the BCC phase [3-7]. The presence of a secondary

Laves phase, makes the activation procedure easier as
compared to pure BCC phase, though the secondary
phase decreases the maximum hydrogen storage
capacity [8, 9]. These ‘Laves phase related BCC solid
solution’ alloys, are extensively explored for their
applications as negative electrode materials in Ni-MH
batteries [3].

In our recent work on Ti
0.85

VFe
0.15

 system, we explored
the effect of Zr substitution for V [4]. It was found
that Zr substitution (5 at%) in Ti

0.85
VFe

0.15 
improves

the activation procedure, reduces the hysteresis loss
and increases the effective hydrogen storage capacity.
Zr substitution is reported to improve the hydrogen
absorption characteristics of Ti-V based BCC alloys,
by forming the grain boundary network of Laves phase
[8]. The BCC alloy chosen for the present study is
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The effect of Zr substitution for Ti  on the hydrogen absorption-desorption characterist ics
of Ti

1-x
Zr

x
CrV alloys (x = 0, 0.05, 0.1 and 1.0) have been investigated. The crystal structure,

maximum hydrogen absorption capacity, kinetics and hydrogen desorption properties have
been studied in detai l .  Whi le T iCrV crysta l l izes in Body Centered Cubic (BCC) structure,
ZrCrV is a C15 cubic Laves phase compound and the intermediate compositions with 5 and
10 at% Zr substitutions for Ti (x = 0.05 and 0.1), show the presence of a small  amount of
ZrCr

2
 Laves phase a long with the main BCC phase.  The pressure-composit ion isotherms

have been studied at room temperature. TiCrV shows separation of TiH
2
 phase on cycl ing.

A smal l  amount of Zr  subst i tut ion for T i  i s  found to have advantageous effects on the
hydrogen absorption properties of TiCrV, as it suppresses TiH

2
 phase separation and decreases

hysteresis. It is found that the hydrogen absorption capacity of Ti
1-x

Zr
x
CrV decreases as the

Zr content increases, due to the increased fract ion of Laves phase.
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When Zr is substituted for Ti, secondary phase
formation takes place. The XRD pattern of Ti

0.95
Zr

0.05
CrV

alloy, consists of a small fraction of a secondary phase
besides the main BCC phase, with a lattice parameter
a = 3.067 Å. The earlier studies on Ti-Zr-V-Cr systems
[8], reported the secondary phase as C15 cubic Laves
phase compound ZrCr

2
. The additional lines seen in

the XRD patterns of Ti
0.95

Zr
0.05

CrV and Ti
0.9

Zr
0.1

CrV
match with those of ZrCr

2
 phase. As the Zr content

stoichiometric TiCrV from the Ti-V-Cr series, which is
reported to exhibit good hydrogen absorption capacity
[2]. However, hydrogenation of TiCrV is reported to
result in phase separation into TiH

2
 and TiCr

1.8
H

5.3
,

when subjected to cyclic hydrogenation-
dehydrogenation process [6, 7].  The hydrogen storage
properties of some of the alloys of Ti-Cr-V series are
found to improve with the substitution of Zr for Ti,
though it increases the slope of the P-C isotherm [8].
Here, we report the hydrogen absorption-desorption
properties, crystal structure and kinetics of Ti

1-x
Zr

x
CrV

(x= 0, 0.05, 0.1 and 1.0) alloys. It is found that a
small amount of Zr substitution (5 at%), improves
the hydrogen absorption-desorption properties by
suppressing TiH

2
 phase formation, while the saturation

capacity decreases only marginally.

Experimental details

The alloys were prepared by arc melting of high purity
constituent elements (> 99.9%) in a water-cooled
copper hearth under Ar atmosphere. The ingots were
turned over and remelted 4-5 times, to ensure
homogeneity. Phase purity of the alloys was checked
by powder X-Ray Diffraction (XRD) technique using
Cu Kα radiation. The composition of the alloys was
confirmed by elemental analysis. The hydrogen
absorption desorption characteristics were measured,
using a Sieverts type set up described in our earlier
studies [4, 9].  The alloys were activated by heating
under diffusion vacuum (10-6 mbar) for 2 hours at
673 K. After activation, the sample was cooled to
working temperature under vacuum, followed by
introduction of hydrogen into the reaction chamber.
The Pressure Composition isoTherm (PCT) was studied
in the pressure range of 0.02-25 atm H

2
 at ambient

temperature. After each cycle, the sample was
dehydrogenated by heating at 673 K, under diffusion
vacuum. The kinetic study was done at room
temperature and a hydrogen pressure of 20 atm after
one absorption desorption cycle. The hydride sample
was surface poisoned with air at liquid nitrogen
temperature, before being taken out.

The total hydrogen storage capacity was estimated,
by heating a small amount of the hydride sample, in
an evacuated and calibrated quartz chamber [4].

Results and Discussion

Crystal structure of the alloys

Fig. 1 shows X-ray diffraction patterns of the
Ti

1-x
Zr

x
CrV alloys with x = 0, 0.05, 0.1 and 1.0. The

XRD pattern indicates that TiCrV exists as single phase
BCC structure, with a lattice parameter 3.051 Å which
is in agreement with the values reported earlier for
the TiCrV alloy [7, 8].

Fig. 1 : X-ray diffraction patterns of the

Ti
1-x

Zr
x
CrV alloys (x =0.0, 0.05, 0.1 and 1.0)
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of 4.7 H atoms/formula unit, forming a hydride with
composition Ti

0.9
Zr

0.1
CrVH

4.7
. With increase in Zr

content to 10% (x=0.1), the peaks corresponding to
ZrCr

2
 phase are seen in the X-ray diffraction pattern.

This cubic phase is found to absorb lower hydrogen
content as compared to pure BCC phase of TiCrV.
The compound ZrCrV absorbs only 4.28 H atoms /
formula unit, forming a hydride with composition
ZrCrVH

4.28
 at room temperature, and a hydrogen

pressure of 20 atm. The maximum hydrogen
absorption capacities of different compositions are
listed in Table 1. The pressure composition (P-C)
isotherms of TiCrV, Ti

0.95
Zr

0.05
CrV, Ti

0.9
Zr

0.1
CrV and

ZrCrV are shown in Fig. 2 (a-d), respectively. The
plateau pressure is found to be less than 0.02 atm,
which is the lowest detection limit of our set up. The
BCC alloys generally exhibit two plateaus in the
pressure-composition isotherms [10, 11]. The two

Table 1: Lattice parameters of different alloys

hydride with a composition Ti
0.95

Zr
0.05

CrVH
5.60

 at room
temperature. This implies, that the maximum
hydrogen absorption capacity of TiCrV alloy does not
decrease appreciably for x=0.05. However, further
increase in the Zr content reduces the hydrogen
absorption capacity. Ti

0.9
Zr

0.1
CrV absorbs a maximum

plateaus observed in the earlier studies on Ti-Cr-V
systems [10, 11], need resolution of pressure readings,
in the range of 10-3 bar. The Zr substituted Ti

0.95
Zr

0.05
CrV

system shows improved P-C isotherm with low
hysteresis loss and relatively flat desorption plateau,
which are very important for long term cyclic stability.

increases, the intensity of the peaks corresponding to
the secondary phase increases. When Zr is completely
substituted for Ti, single phase ZrCrV is formed with
C15 cubic Laves phase structure having lattice
parameter a=7.283 Å. The lattice parameters of the
alloys are listed in Table 1.

Hydrogen absorption studies on different

compositions

The compound TiCrV absorbs a maximum of 5.7 H
atoms / formula unit (3.64 wt%) forming a hydride
with a composition, TiCrVH

5.7
 at room temperature.

This maximum absorption capacity is observed at a
hydrogen pressure of 20 atm.

For x=0.05, Ti
0.95

Zr
0.05

CrV is found to absorb a
maximum of 5.6 H atoms / formula unit, forming a
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The lattice parameter of FCC structured
TiCrVH

5.7  
is found to be  a = 4.292 Å. Lin et al [7]

reported the appearance of TiCr
1.8

H
5.3

 hydride with
FCC structure, when TiCrV is hydrogenated with a
hydrogen content of 1.5 wt%. They also observed
that further increase in hydrogen content to saturation
value of 3.55 wt%, led to TiH

2
 phase formation, in

addition to TiCr
1.8

H
5.3

 phase. Wang et al [6] also
reported a decrease in the hydrogen absorption
capacity of TiCrV alloy, due to phase separation into
TiH

2
 and TiCrH

5.3
 upon cycling. In our opinion, the

phase coexisting with TiH
2
 should have been

Ti-deficient. Unlike in the work by Lin [7] & Cho [8]
wherein TiH

2
 formation was reported on

hydrogenation, we find the formation of FCC hydride,
TiCrVH

5.7
,
 
with lattice parameter a = 4.292 Å as

The rate of hydrogen absorption for
TiCrV, Ti

0.95
Zr

0.05
CrV and Ti

0.9
Zr

0.1
CrV

after one absorption-desorption
cycleat room temperature is shown
in Fig. 3(a-c). All the compositions
were dehydrogenated at 673 K under
vacuum, before carrying out the
kinetic study. It can be seen from
Fig. 3, that for all the three alloys, the
hydrogen absorption rate is quite
fast and the hydrides reach near
saturation values in about
80-200 seconds.

Crystal structure of the hydrides

Fig. 4 shows XRD patterns of the
hydrides with saturated compositions.
The hydride TiCrVH

5.7 
is having Face

Centered Cubic (FCC) structure. In
general, Ti-V-Fe and Ti-Cr-V and based
BCC alloys form monohydride with
distorted BCC structure, which
subsequently transform into FCC
structure, upon further hydrogen
changing [10-11].

Fig. 3 : Kinetic study on the alloys at room temperature
and 20 atm hydrogen pressure. (Recorded after one

absorption-desorption cycle.)

Fig. 2 : P-C isotherms of the Ti
1-x

Zr
x
CrV alloys ((x =0.0, 0.05, 0.1 and 1.0)

at room temperature



α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εF ο υο υο υο υο υ n δ εδ εδ εδ εδ ε r ’ s  δ α ψ   δ α ψ   δ α ψ   δ α ψ   δ α ψ  S ρ ερ ερ ερ ερ ε c i ααααα l      I s s u εεεεε

  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9  •  377

contains a small amount of ZrCr
2 
hydride phase. The

alloy ZrCrV retains the C15 cubic Laves phase structure
upon hydrogenation and the lattice parameter increases
due to hydrogen absorption, which can be seen from
the decrease in the 2θ values of the peaks, in the XRD
pattern. The lattice parameter for ZrCrVH

4.28
 is found

to be 7.807 Å.

Fig. 4 : X-ray diffraction patterns of the hydrides:

(a) TiCrVH
5.7

, (b) Ti
0.95

Zr
0.05

CrVH
5.6

, (c) Ti
0.9

Zr
0.1

CrVH
4.7

 and

(d) ZrCrVH
4.28

.

Fig. 5 : X-ray diffraction patterns of (a) FCC TiCrVH
5.7

formed by hydrogen absorption at 298 K (not subjected

to absorption-desorption cycles) and (b) TiCrV hydride

formed in the 2nd cycle of absorption (298 K), following
one cycle of hydrogen absorption (298 K)-desorption

(673 K) showing TiH
2
 phase.

Conclusions

In the present study, the hydrogen absorption and
desorption characteristics of Ti

1-x
Zr

x
CrV alloys with

x = 0, 0.05, 0.10 and 1.0 have been investigated.
The maximum storage capacities of these alloys are
found to be 3.64, 3.53, 2.93 and 2.16 wt%,
respectively. While TiCrV is formed in BCC structure,
ZrCrV is a C15 cubic Laves phase compound and the

shown in Fig. 5(a). There are no peaks corresponding
to TiH

2
 in the XRD pattern of the saturated hydride.

The FCC hydride TiCrVH
5.7

 shown in Fig. 5(a) is formed
by exposing the activated TiCrV to hydrogen at 298 K
and this hydride is not subjected to absorption-
desorption cycles. However, on dehydrogenation of
TiCrVH

5.7
 at 673 K, followed by second cycle of

hydrogen absorption, the peaks corresponding to TiH
2

appear in the XRD pattern, along with the main FCC
hydride phase (Fig. 5(b)). It is quite likely that the
main FCC phase seen in Fig. 5(b) is Ti-deficient as
compared to stoichiometric TiCrV.

For x=0.05, the hydride Ti
0.95

Zr
0.05

CrVH
5.6

 is found to
have FCC structure with lattice parameter
a = 4.280 Å. XRD pattern does not indicate TiH

2
 or

ZrH
2
 phase separation, even after five hydrogenation-

dehydrogenation cycles. Thus, the 5 at% Zr substituted
sample, is expected to exhibit better cyclic hydrogen
absorption capacity than TiCrV. The lattice parameter
of Ti

0.9
Zr

0.1
CrVH

4.7
 is found to be 4.260 Å. This hydride
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intermediate compositions with x = 0.05 and 0.1
show the presence of a small amount of ZrCr

2
, along

with the main BCC phase. A small amount of Zr
substitution (5 at%) for Ti decreases the storage
capacity of TiCrV alloy marginally, but TiH

2
 phase

separation is suppressed, possibly, leading to better
cyclic hydrogen absorption capacity. Further increase
in the Zr concentration decreases the hydrogen storage
capacity considerably, due to the formation of
secondary ZrCr

2
 Laves phase, in addition to the BCC

phase.
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Introduction

Zeolites represent a class of technologically important
materials, because of their characteristic properties of
molecular sieving and catalysis, which makes them
indispensable in the petroleum industries [1, 2]. While
these properties depend upon many factors including
the acidity and the temperature stability of the zeolites,
a major role is played by the dynamics of guest
molecules, in determining these properties. In order
to be able to tailor-make these materials, for use in
industry for catalytic and sieving purposes, it is
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ABSTRACT

Rotational dynamics of propylene adsorbed in ZSM5 zeolite, as studied by using Molecular
Dynamics  (MD) s imulat ion and Quas iE last ic  Neutron Scatter ing (QENS) techniques are
reported here.  MD s imulat ion studies  indicated that  the rotat ional  mot ion i s  a lmost  an
order of magnitude faster than translational motion. While the slower translational motion
was studied by QENS spectrometer,  the rotat ional  mot ion was studied us ing t r ip le  ax is
spectrometer,  which has a wider energy window. The var iat ion of  the e last ic  incoherent
structure factor  showed, that  the rotat ional  mot ion is  i sotropic  in nature.  Intermediate
scatter ing funct ion,  corresponding to rotat ional  mot ion obta ined f rom MD s imulat ion,
also indicated an isotropic rotation of propylene in Na-ZSM5. However, the trajectory of a
CH3 site of propylene molecules, in the centre of mass frame shows a restr icted behaviour
for short periods. Migration of the molecule across different channels for longer per covers
the entire orientational space, thereby giving r ise to isotropic rotation.
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important to understand the dynamical properties of
guest molecules, adsorbed in the zeolitic materials.
The level of interest that this problem of guest
dynamics in zeolitic cavities has generated, can be
gauged from the review articles published on the
subject[3 – 5]. Over the last few decades, the
accessible time and length scales of these dynamics
have been enhanced, by the use of several advanced
techniques, including QuasiElastic Neutron Scattering
(QENS)[6 – 14], Molecular Dynamics (MD) simulation
7, 10, 11, 14 – 17], percolation theory [18], dynamics
corrected transition state theory [19], NMR [20].
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Recently Neutron Spin Echo (NSE) technique has also
been used [21,22]. The technique of QENS has
especially found a wide use in this field, for its ability
to give spatial as well as temporal information on a
wide range of time (10-10-10-13 s) and length (few
angstroms) scales.

A zeolite particularly important for its use in the
catalysis of cracking reactions is ZSM5 zeolite. This
zeolite is typified by a network of intersecting
channels. In ZSM5 zeolite there are straight channels
with an elliptical cross section of approximately
5.7-5.2 Å and parallel to the crystallographic axis b.
The sinusoidal channels with nearly circular cross
section of 5.4 Å run along the crystallographic axes
a and c (Fig. 1 (a)). The resulting intersections are
elongated cavities up to 9 Å in diameter.

Here we report the rotational motion of propylene
adsorbed in Na-ZSM5 zeolite, as studied by quasielastic
and molecular dynamics simulation. The studies were
carried out simultaneously. Results are consistent with
each other. MD simulations corroborate the
experimentally observed properties and predict more
detailed insight.

Experimental

The Na-ZSM5 samples used in the QENS study have
composition Na2.08Al2.08Si93.92O192.16H2O and were
obtained from Sud-Chemie. For ascertaining the
crystalline nature of the samples, we have carried out
X-ray diffraction, which revealed that the sample is
crystalline with a high degree of order. The zeolite
samples were put in two flat rectangular aluminum
sample cells and dehydrated by evacuating for a period
of about 48 hours, at a temperature 573 K under
vacuum (10-5 torr). One of them was loaded with
propylene gas (purity > 99.99%) to saturation at
ambient pressure. Quasieleastic neutron scattering
measurements were performed for both dehydrated
and propylene adsorbed zeolites, at Triple Axis
Spectrometer (TAS) 23], at Dhruva, Trombay. The TAS
was used in inverted geometry, in which incident
energy Ei was varied and final energy was kept fixed
at Ef = 20 meV. In this configuration, this instrument
has energy resolution ~3 meV in the Q range
0.8 - 2.5 Å-1 as obtained from standard vanadium
sample. Data from bare zeolite was used, to estimate
the contribution from bare zeolite, to the data obtained

from propylene loaded zeolite sample.

Fig. 1 : (a) Straight and sinusoidal channel structure of ZSM5 zeolite (as described in text)
(b) Propylene molecule as a united atom model used in simulation
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Computational details

Molecular dynamics simulation of propylene molecules

confined in ZSM5 (an isostructural analog of Na-ZSM5)

zeolite have been carried out in the micro canonical

ensemble. Atomic positions of ZSM5 zeolite were as

given by Van Koningsveld [24] The simulation cell

consisted of a (2×2×2) unit cell of the ZSM5 zeolite,

with 64 propylene molecules at a loading of 8 propylene

molecules per unit cell. The zeolite atoms were kept

fixed throughout the simulation. Propylene molecule was

assumed to be rigid and modeled in united atom model

as shown in Fig. 1(b). Lennard-Jones potential parameters

between guest-guest and guest-zeolite were taken from

literature [25, 26]. Reorientation motion of propylene

was studied using quaternion formalism [27].

Theoretical aspects

In a neutron scattering experiment, the scattered
intensity is analyzed as a function of both energy and
momentum transfer. The quantity measured is the
double differential scattering cross section,
representing the probability, that a neutron is scattered
with energy change dE = d ù into the solid angle
dΩ 6],

          
(1)

where ó is the scattering cross-section, subscripts coh
and inc denote the coherent and incoherent
components and S(Q,ω) is the scattering law. kkkkk and
kkkkk00000 are the final and initial wave vectors. QQQQQ = kkkkk- kkkkk00000 is
the wave vector transfer [Q= 4π sinθ /λ, where 2θ is
the scattering angle, in case of elastic scattering] and

ù  = E-E0 is the energy transfer. For systems containing
hydrogen atoms, as ócoh (any element) << óinc

(hydrogen), one can write,

                                    
(2).

Therefore, for a hydrogenous system, one is mainly

concerned with the incoherent component of the

scattering law.

For a molecular system, different kinds of motions –
translational, rotational and vibrational – can exist and
generally it is assumed that these motions are
dynamically independent for mathematically tractable
solution. In the quasielastic regime
(± 2 meV), the vibrational contribution will
be only through the Debye-Waller factor,

2 2 21,
2

We W u Q− = < >  where <u2> is the mean square
displacement. The total S(Q,ù ) can be expressed as a
convolution product of the respective scattering
functions, under the assumption that the motions are
not coupled,

     3)

The scattering law for the rotational motion can be
written as [5],

              (4)

where the first term is the elastic part and the second
is the quasielastic one. LR(w,ΓR) is a Lorentzian
function,

                                (5)

where ÃR, is the HWHM of the Lorentzian function,
inversely proportional to the reorientation time τ. It is
convenient to analyse the data in terms of elastic
incoherent structure factor (EISF), which provides
information about the geometry of the molecular
reorientations. If Iel(Q) and Iqe(Q) are the elastic and
quasielastic intensities respectively, then EISF is defined
as [6],

                                
(6)

Therefore, B(Q) in Eq. (4) is nothing but the EISF.
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There will be no elastic component for the translational

motion and the scattering law will have only a

Lorentzian function [5],

                                       
(7)

where ΓT is Half Width at Half Maximum (HWHM) of
the Lorentzian function.

Scattering Law, ( , )tot
incS ωQ  can also be expressed as

the Fourier transform of intermediate scattering func-
tion ( , )tot

incI tQ ,

             
(8)

The incoherent intermediate scattering function,
( , )tot

incI tQ  is a time correlation function for a single
particle and can be expressed in terms of the position
vector of the scatterer,

                 (9)

where rrrrr (0) and rrrrr (t) are the positions of scatterer at
time t = 0 and time t respectively and the angular
brackets indicate ensemble average. Therefore,
Eq. (3) can also be expressed in terms of intermediate
scattering function for translational and rotational
motion as

     (10)

where

     
(11)

            
(12)

where rrrrrCM(t), rrrrrCM(0) is a radius vector of center of
mass of propylene molecules, in space-fixed frames
at time t  and time 0 respectively and ddddd is radius
vector of a hydrogen atom with respect to centre of
mass of propylene molecule. Therefore, by using Eq.
(11) and (12), one can easily calculate the intermediate
scattering function from MD simulation trajectories.

Results and Discussion

Intermediate scattering functions, corresponding to
translational and rotational motions, are calculated
from trajectories of MD simulation from eq.11 and
eq.12. In case of a rigid molecule, the information
about the rotational motion can be obtained, by
following the motion of one interaction site
with respect to the centre of mass. In the present
case, a CH3 site was chosen, to provide information
about the rotational motion. Thus, ddddd appearing in eq.
12 is the radius vector of a CH3 site, with respect to

Fig. 2 : Variation of (a) translational and (b) rotational intermediate scattering functions calculated from MD simulation
trajectories with time t at Q=0.4452 Å-1
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The EISF in case of isotropic rotational diffusion can

be expressed as j0 
2(QR) where j0 is the zero order Bessel

function and R is the radiation of gyration. In the

present case, R is equal to the distance of CH3 site

from centre of mass of propylene molecules, in body

fixed frame.

To investigate the fast rotational dynamics of propylene

molecules adsorbed in Na-ZSM5 zeolite, as predicted

by the MD simulation results, we have carried out

quasi elastic neutron scattering experiment using TAS

at Dhruva, Trombay. Significant broadening was

observed for the propylene loaded Na-ZSM5 zeolite,

whereas no broadening was observed for the bare Na-

ZSM5 zeolite. Data for the bare zeolite was subtracted

from propylene loaded Na-ZSM5 data, to get the

contribution from the propylene molecules alone. Here

both the fast and slow components are expected to

contribute to the data and therefore the scattering law

would have the contribution from both translation and

rotation. The solace is the translational contribution is

already available from the measurement of the QENS

spectrometer [7] and using that information, the

contribution of the rotational part can be evaluated.

Here we used the total scattering law as given in

Eq. (3). Scattering law for the rotational and

translational components is given in Eqs. 4 and 7

respectively. Convoluting the total scattering function

with the instrumental resolution function, the

parameters of the rotational part (B(Q) and ΓR) were

determined by least squares fit with the measured data.

The EISF extracted from the fit is shown in Fig. 4. Out

of the various plausible models that can be envisaged

for describing the rotational motion of the propylene

adsorbed in Na-ZSM5, isotropic rotational diffusion

described the experimental EISF very well as evident in

Fig. 3. Radius of gyration was obtained as 1.91± 0.01

Å which is equivalent to average distance of all

hydrogen atoms, from centre of mass of propylene

molecules.

Fig. 3 : Variation of EISF obtained from the simulation
for propylene and ZSM5 zeolites.  The solid curve
corresponds to the calculated variation for isotropic
rotational diffusion. Note that the curve is calculated for
a CH3 site of the propylene molecule.

centre of mass. Very different features can be noted
from the behaviour of the calculated intermediate
functions, corresponding to translational and
rotational motions, as shown in Fig. 2 for a typical
value of Q =0.4452 Å-1. The intermediate scattering
functions corresponding to the rotational motion
reaches a non-zero minimum value within
t ~ 100 ps, whereas that of the translational goes to
zero at t ~ 900 ps. A much faster decay of the
rotational component, indicates an order of magnitude
of faster motion as compared to translation.

The value of IR (Q,t) functions for longer durations is

identical to the EISF, a quantity obtained in a QENS

experiment. To understand the geometrical aspects of

the rotational motion in the present case, the IR (Q,t)

was calculated for different Q values. The variation of

EISF was compared with various models of rotational

motion. The variation of EISF for propylene adsorbed

ZSM5 zeolites is found to be described well by the

isotropic rotational diffusion model as shown in

Fig. 3.
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The Scattering Law for isotropic rotational diffusion

[28] is given by,

          (13)

where,  is the weight fac-

tor of the quasielastic part and jl
’s are the spherical

Bessel function of order l, DR is rotational diffusion

coefficient. With the maximum allowed wave vector

transfer, Q, as 2.5 Å-1 in Triple Axis Spectrometer (TAS),

it was found that contribution only up to l=6 towards

in Eq. (16) are sufficient [17].

Using Eqs. 13, 4 and 3, the total scattering function

can be written as,

Fig. 4 : Variation of EISF as obtained from QENS
data using TAS with respect to wave vector Q.
The solid line corresponds to the isotropic
rotational diffusion model.

Fig. 5 : Typical fitted experimental data observed with TAS assuming isotropic rotational
diffusion model for propylene adsorbed in Na-ZSM5 zeolite at some typical Q values.

 (14).
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Fig. 6 : Variation of rotational diffusion coefficient
with Q.

Fig. 7 : Trajectory of the CH3 site with respect to the centre of mass of the molecule for a) 1311 ps and b) first 50 ps
of the simulation production run in X-Y plane.

To compare with the experimental data, Eq. (14) was

convoluted with instrumental resolution and the

parameters were determined by least squares fit. Here

only DR is to be determined. Typical data with fits

obtained are shown in Fig. 5. As evident from the

figure, the model has provided very good description

of the experimental data. Variation of rotational

diffusion coefficients obtained from fits, is shown in

Fig. 6. It is found, that rotational diffusion coefficient

is more or less constant with respect to Q, with an

average rotational diffusion coefficient of

DR =0.37 meV.

For isotropic rotational motion the trajectory,

as obtained from MD simulation of a CH3 site of the

propylene molecule, with respect to the centre of

mass should trace a sphere in 3 dimensions.

Figs. 7(a) and (b) show the same for time intervals of

1.3 ns and 50 ps in the X-Y plane. It is clearly seen

from Fig. 7 (a), that the path traced by the CH3 site

with respect to the centre of mass of the molecule,

encompasses the surface of a sphere at longer

durations, thereby showing that the molecule has had

all the possible orientations, during the time interval

of the simulation. This shows that the rotational motion

is indeed isotropic on the average over large time.

But for shorter periods, the motion is restricted by

channel framework and not truly isotropic which is

evident in Fig. 7 (b). This is because, as the channel

size of the ZSM5 zeolite is comparable with the size

of propylene molecule, the molecule does not have

the full freedom to rotate in all the directions in a

particular channel, for short periods. However, for

longer periods, the molecule can migrate to other

channels through channel intersection, thereby

covering larger orientational space. Therefore, at

sufficiently long time, on the average, a molecule can

cover all the different orientations.
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Conclusion

A study of the rotational motion of propylene confined
in channel framework of Na-ZSM5 has been carried
out, using QENS measurements and MD simulations.
MD simulations predicted faster rotational motion,
which was confirmed by QENS measurements carried
out at TAS. It was found, that propylene molecule
undergoes isotropic rotational diffusion in the channels
of ZSM5 zeolite. MD simulation also indicated
isotropic rotational diffusion, however, it showed that
for short periods, the rotational motion deviates from
isotropic behaviour, which is expected from the
topology of the ZSM5 zeolite framework. Here
experiments and simulation were carried out
simultaneously and independently. The results as
obtained from these studies not only gave an insight
into the rotational dynamical process, but were also
consistent with each other.
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ABSTRACT

Rare  ea r th  ( La ,  Nd ,  Gd)  doped  z i r con ia  were  s yn thes i zed  by  ge l  combus t ion  and
co-precipitation route. All compositions were found to stabil ise as cubic phase of Zirconia,
similar to YSZ, 700 °C. Only Gd doped zirconia retained cubic phase for temperatures upto
1150 °C. Nd and La doped samples exhibited phase separation at 1150 °C. Thermal expansion
behaviour of Gd doped z i rconia was found to be compatible with that of reported sol id
oxide fuel cel l  components.

Introduction

The efficiency of energy conversion and durability of
performance of the fuel cell, mainly depend on the
oxide ion conducting solid electrolyte activity [1, 2].
YSZ is most commonly used as an electrolyte in SOFCs,
because it fulfils several desired criteria (high ionic
conductivity, low or nearly zero electronic conductivity
and rational strength to stand the mechanical and
thermal stresses while operating) [3]. In particular,
8 mol% Y

2
O

3
–92 mol% ZrO

2
 (8YSZ), whose reported

conductivity is 0.12 S / cm at 10000C, has been widely
used. Because a high-temperature operation (about
10000C) causes many serious problems, i.e.
degradation of the cell performance and a limited
choice of materials and so on, it is desirable to operate
SOFCs at a moderate temperature around 8000C. Two
approaches for operation temperature reduction have
been proposed: one is to use electrolyte membrane

to reduce the ohmic loss and the other is to find new
electrolyte materials that exhibit high oxygen ion
conductivity at reduced temperatures [4]. In the present
work, other rare earth (La, Gd and Nd) substituted
zirconia were synthesized and evaluated to aid in the
development of improved intermediate temperature
SOFCs. Most of these electrolyte materials are
synthesized using traditional solid state techniques
with sintering at 1600–1650 °C, leading to densities
of less than 95%, which normally reduce ionic
conductivity of the electrolytes. While the wet-chemical
synthesis methods produce ceramics single or multi-
oxide powders with high sinterability, high surface area,
well-defined chemical compositions and homogeneous
distribution of the elements [5]. Here gel combustion
and co-precipitation synthesis of mentioned multi-
component ceramic oxides has been carried out, to
produce homogeneous, very fine, crystalline and
unagglomerated powders, without the intermediate
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Characterization

X-ray Diffraction

Philips 1710 diffractometer based on the
Bragg-Brentano reflection geometry with Cu K

á

source and Ni foil filter was used for the phase
characterization of the obtained powder by X-ray
diffraction technique. The diffractometer has
a proportional counter (Argon filled) for the
detection of X-rays. The X-ray tube rating was
maintained at 30 KV and 20 mA in the Philips unit.

The approximate crystallite size is estimated from
line broadening of the X-ray peak with the help of
Scherrer formula [7].

Thermal Expansion

In the present work, LKB 3185 quartz dilatometer was
used for dilatometric measurements. The sample
(in the form of sintered pellet of 10 mm diameter and

decomposition step. The structural characterizations
of prepared sample were done by XRD and thermal
expansion data was generated by dilatometric studies.

Experiment

The solution route adopted in the present work includes
combustion and co-precipitation method. The
comparisons between the properties of the compound,
as to the route of synthesis were also studied.

Synthesis

Various rare earth doped zirconia samples were
prepared, by combustion and co-precipitation route
and are denoted in Table 1.

with a simultaneous evolution of large volume of
gaseous product. The powder obtained was further
calcined at 600 ºC for 24 h. This is to remove the
traces of residual fuel, nitrates and their decomposition
products, so as to have a chemically pure and
crystalline product. The equation for reaction can be
written as

0.8 ZrO(NO
3
)
2 
+ 0.2 RE(NO

3
)
3 
+ fuel → Zr

0.8
RE

0.2
O

2-
δ

+ evolution of gases + H
2
O

Co-precipitation method

The rare earth substituted samples were prepared by
co-precipitation route. A stoichiometric solution with
appropriate concentration of the metal nitrates was
prepared and mixed. The ammonia solution was then
directly added at 90°C with constant stirring. The
precipitate was allowed to settle down and then filtered
and washed with distilled water.

This precipitate was dried at 100°C. The dried powder

(the precursor) was then calcined at 600°C and

1400°C.

Combustion method

In the present work, the nitrate salts of the metals of
interest were mixed together in a required
stoichiometry, along with glycine in an aqueous media,
to produce the transparent mixed metal nitrate
solution. Appropriate amount of glycine was added
as a fuel, as per the concept of propellant chemistry
to obtain ratio of oxidizing to reducing valences as
unity [6]. The transparent aqueous solution containing
metal nitrates and glycine is then converted to a
viscous liquid (gel) by thermal dehydration on a hot
plate. The gel with an intimate blending between fuel
and an oxidant is then subjected to a temperature in
excess of 180 °C by external heating to initiate the
combustion reaction. Combustion once initiated is
self propagating, resulting in a voluminous powder

Table 1: Synthesis route, composition and sample name

for the synthesised oxides

Synthesis composition Sample
route name

Combustion La
0.2

Zr
0.8

O
2-ä

LaSZC
Nd

0.2
Zr

0.8
O

2-ä
NdSZC

Gd
0.2

Zr
0.8

O
2-ä

GdSZC

Co-precipitation La
0.2

Zr
0.8

O
2-ä

LaSZP
Nd

0.2
Zr

0.8
O

2-ä
NdSZP

Gd
0.2

Zr
0.8

O
2-ä

GdSZP
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Fig. 1 : XRD patterns for (a) LaSZP, (b) GdSZP,
(c) NdSZP, (d) LaSZC, (e) GdSZC and (f) NdSZC samples

after calcination at 700 °C for 24h

along with traces of tetragonal phase of zirconia
(JCPDS 42-1164).

Samples synthesized by combustion route were also
sintered at 1100 °C. Fig. 3 exhibits overlay of XRD
patterns recorded for these samples. It is evident that
while, Gd substituted sample retains the cubic phase,
Nd and La substituted samples exhibit phase transition
to Tetragonal (Trace level) and Monoclinic phases,
respectively. The overall data for the phases present
after sintering at different temperatures is summarized
in Table 1.

Dilatometry

The relative thermal expansion was measured in air
from room temperature to 850°C on air-sintered
circular shaped pellets of 10 mm diameter. Plots for
the relative thermal expansion of sintered pellets in Ar
flow are shown in Fig. 4. The temperature dependence
of relative thermal expansion for all materials shows
identical behaviour. The Linear Thermal Expansion
Coefficients (TECs) of the compounds for different

2-3 mm height) was kept between small quartz discs,
which were placed inside the quartz tube. The dilation
of the sample was read on a calibrated Mituloyo dial
gauge with an accuracy of ± 0.5 ìm. The dilatometric
runs on these pellets were carried out in the
temperature range of 25 °C to 850 °C at a heating
rate of 4°C/min, in air. The dilatometer was calibrated
using high density nuclear pure thoria pellets.

Results and Discussion

XRD

Phase identification for the synthesized materials was
carried out using Powder XRD technique.
Fig. 1 depicts XRD patterns of all the samples as
synthesized by combustion and co-precipitation route
and heated for 24 h at 700 °C. All the
rare earth substituted samples were found to be
single phasic in nature and the XRD lines were found
to match with the reported pattern for cubic
phase of Yttria stabilized Zirconia (JCPDS 30-1468). It
is evident from the XRD patterns, that the
samples produced by both the routes have stabilised
the cubic phase of zirconia. The broadening of
the XRD peaks also suggests crystallite size in
nanometre range. Crystallite size data as calculated
by Scherrer equation are given in Table 1. The samples
prepared by combustion route are found to have
smaller particle size of 11 – 15 nm as compared to
22 - 25 nm when obtained through co-precipitation
route.

The synthesised samples were sintered at two more
temperatures, i.e. 1400 °C and 1100 °C. The XRD
recorded are given in Fig. 2 and Fig. 3 respectively.
As evident from Fig. 5, all the samples underwent
phase transition during this sintering. While, La
substituted sample was found to match with
monoclinic phase of zirconia (JCPDS 37-1484), Nd
and Gd substituted samples exhibit the presence of
two phases. XRD patterns for NdSZC and NdSZP
samples are found to consist of both monoclinic
(JCPDS 37-1484) and tetragonal (JCPDS 42-1164)
phases of zirconia. GdSZP and GdSZC samples exhibit
retention of cubic phase of Zirconia (JCPDS 30-1468)
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rare earth dopants were deduced from Fig. 4 and are

given in Table 3. The TEC value of Gd substituted

zirconia was close to that reported for YSZ value

whereas the value for La substituted sample was found

to be the least. The TEC value increases with decrease

in ionic radii of substituted rare earth cation. When

these values were compared with those reported for

other components of SOFC, as shown in Table 4, the

value for GdSZ is found to be in good agreement

with the TEC values of all the three components,

namely Ni/YSZ cermet anode, the lanthanum

manganite cathode and metallic interconnect

materials.

Fig. 2 : XRD patterns for (a) LaSZP, (b) GdSZP,

(c) NdSZP, (d) LaSZC, (e) GdSZC and (f) NdSZC samples
after sintering for 4h at 1400 °C.

Fig. 3: XRD patterns for (a) LaSZC, (b) GdSZC and
(c) NdSZC samples after sintering for 4h at 1100 °C

Discussion

Low temperature synthesized rare earth substituted
zirconia  showed cubic phase which on heating above
1100°C converts to tetragonal and/or monoclinic
phase. In case of GdSZ, cubic phase could be stabilised
to a greater extent as compared to other two
substituted samples. These could be due to identical
ionic radii of Y3+ (0.93 Å) and Gd3+ (0.94 Å), which
also displays similar behaviour. Whereas the ionic size
of La3+ (1.06 Å) and Nd3+ (1.00 Å) being bigger the
stabilisation of cubic phase formed at lower
temperature was by solution route synthesis, was not
possible at temperatures in excess of 1100 °C.

Table 2: Crystallite size and phase identification after sintering at different temperatures

C = Cubic, T = Tetragonal, M = Monoclinic

Sample                700°C 1400°C

Particle size Symmetry Particle size Symmetry

NdSZC 11nm C 40nm C + T

GdSZC 15nm C 44nm C + T

LaSZC 11nm C 66nm M

NdSZP 23nm C 45nm C + T

GdSZP 22nm C 38nm C + T

LaSZP 25nm C 48nm M
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Fig. 4 : Thermal expansion for samples, sintered at

1400 °C

Conclusion

In all the three La, Nd and Gd substituted zirconia,
the cubic phase could be achieved at as low as 700°C
temperature, when synthesized by gel combustion as
well as co-precipitate route. Whereas, this phase could
be prepared only above 1700°C by ceramic route.
The samples calcined at 700°C showed nano sized
particles of 11 -25 nm depending on the synthesis
route employed. When heated to 1400°C all the
samples exhibited good sintering characteristics with
crystallite size in excess of 40 nm. Among the three
thermal expansion coefficient value of Gd substituted
zirconia was close to YSZ or to other components of
SOFC. Whereas, La substituted zirconia showed the
value of 8.5 X 10-6 which is not compatible with other
cell components. Secondly, above 1000°C it showed
monoclinic phase, which is not a desirable phase of
electrolyte in SOFC. In case of Nd substituted zirconia
all the three phases namely cubic, tetragonal and
monoclinic were present. Thus among all the three it
appears that Gd substituted zirconia can be considered
as probable electrolyte material.
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Table 4: Thermal Expansion Coefficients of components used for commercial Solid Oxide Fuel Cell

Component Material TEC/10-6K-1 Ref.

Electrolyte YSZ 10.5-11.0` [8]

Anode Ni/YSZ cermet (30 vol. % Ni) 12.3 [8]

Cathode La
0.79

Sr
0.2

MnO
3

12.4 [8]

Ceramic interconnect     La
0.9

Sr
0.1

CrO
3

10.7 [8]

Metalic interconnect Fe + Cr (18-24 wt %) 12.2-14.0 [9]

Table 3: Thermal Expansion Coefficient (TEC) values of

rare earth doped zirconia

Sample TEC

LaSZP 9.64 X 10-6

NdSZP 10.55 X 10-6

GdSZP 11.87 X 10-6
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Dr. Salil Varma joined BARC through Training School (40th Batch) in 1996. After working
in WMPD for planning and commissioning of WIP Process  Control Lab, he joined the
Chemistry group in 1999 and since then, he has contributed to catalysis group for research
on H

2
 mitigation catalyst, mixed oxide catalysts for pollution abatement and for various

TPD-MS/FTIR techniques for reaction mechanism studies. He was awarded PhD in 2004
by University of Mumbai and did his Post-Doctoral research at University of Leipzig,
(Alexander von Humboldt Fellow (2005-2006)) on “Decomposition and selective catalytic

reduction of nitrogen oxides on substituted rare earth orthovanadates”. Currently he is involved in research on
newer materials for their application in SOFC and development of a single cell SOFC test setup.

Ms. Charu Dwivedi did her post graduation in Physical Chemistry from Panjab University,
Chandigarh in 2007. After completion of training from 51st batch of BARC training school,
she is pursuing her doctoral studies under the aegis of HBNI at Radiation & Photochemistry
Division of BARC, under the guidance of Dr. Manmohan Kumar and Mr. P.K. Wattal,
BETDD. Her research interests are development of polymer extractant composites for
separation of radionuclides and toxic metals from waste solution and synthesis of
nanoparticles and their applications.

Mr. A. N. Shirsat joined BARC in 1994 and then obtained M.Sc. in Physical Chemistry
from Mumbai University in 2004. He has contributed extensively to thermodynamic studies
on nuclear and non-nuclear materials. He has worked on thermodynamic stabilities of
various rare earth oxycarbonates and transport properties of volatile fission products
pertaining to oxide and metallic nuclear fuels. Currently, he is involved in synthesis,
characterisation and property measurements for various mixed oxides with prospective
application in IT-SOFC and development of test facility for single cell SOFC setup.

Dr. (Ms) Bina Wani, Ph.D (Mumbai University) joined the Chemistry Division in 1979.
She has about 28 years of experience in utilization of various thermo-analytical techniques
related to solid-state chemistry, studies on oxyfluoro compounds including superconductors
and catalysts based on mixed oxides. She has 54 publications in reputed peer review
journals to her credit. She worked as Visiting Scientist at Ames Laboratory, Iowa, USA in
1995. Her current interest lies in the development of various cell component materials for
IT-SOFC and mixed oxide based catalysts for pollution control.
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Dr. (Ms) Shyamla Bharadwaj, M.Sc. and Ph.D from Mumbai University joined BARC
in 1977 through 20th Batch of Training School. She has been working in the area of high
temperature thermodynamics of nuclear as well as other refractory materials for the past
30 years. During the year 2000 – 01, she worked as Guest Scientist at Juelich Research
Centre, Germany. Presently, she is heading the Fuel Cell Materials and Catalysis Section of
Chemistry Division, BARC. She is a Ph.D guide of Mumbai University and Professor of
Homi Bhabha National Institute, Mumbai. She has been honoured with the NETSH-ITAS
Award 2006, for her contribution in the field of thermodynamics and thermal analysis.
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ABSTRACT

An electrochemical  process has been developed, to deposit  a layer of ruthenium on the

concave surface of a s i lver  plaque of dimension 0.2 mm (t)  x  15 mm (φ ) .  106Ru tracer was

used, to optimize the parameters for electro-chemical deposit ion such as current density,

acidity and ruthenium ion concentrat ion in the bath. Satisfactory deposit ion of 106Ru was

achieved at a current density of 1mA.cm”2 over a period of 18 - 20 hours, with ruthenium

concentration of ~ 200 μg/ml and 0.05-0.1M HNO
3
 in the electrochemical bath. Leachability

of 106Ru bare source in 0.9% saline was found to be < 185 Bq and activity distr ibution was

found to be uniform within ± 5 %. The process of electro-deposit ion of ruthenium on the

plaques was reproducible

Introduction

106Ru transforms into 106Rh with emission of β particles

(E
b
max = 39 keV, T

1/2
=

 
368 d) which subsequently

decays to stable 106Pd with emission of β particles

(E
b
max 3.54 MeV (79%), 3 MeV (8%), 2.4 MeV (11%)

and 2 MeV (2%). 106Ru is one of the attractive

radionuclides employed in brachytherapy of eye cancer

for more than four decades. Several groups have been

involved in the 106Ru/106Rh ophthalmic plaque

preparation and used in clinical situations after

dosimetric evaluations [1-5]. A plaque with low

amount of 106Ru activity of the order of 12 - 26 MBq

(0.3 - 0.7 mCi ) is adequate  for the treatment and

the plaque can be used for upto two years. Macro

amount of stable ruthenium electrodeposition in

different media has been reported [6-8]. In this paper,

T h i s  p a p e r  r e c e i v e d  t h e  3 r d  B e s t  P r i z e  i n  t h e  P o s t e r  S e s s i o n  a t  t h e

I n t e r n a t i o n a l  S y m p o s i u m  o n  M a t e r i a l  C h e m i s t r y  h e l d  a t  B A R C ,  M u m b a i ,

f r o m  D e c e m b e r  2 - 6 ,  2 0 0 8



398  •  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9

α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εD R .  H O M I  B H A B H A  C E N T E N A R Y  Y E A R

optimize parameters for the preparation of

brachy therapy source of 106Ru on silver plaque using

electrochemical method wherein, the 106Ru is

deposited on the concave surface  and sealed between

two layers of 0.7 mm backing and 0.1 mm thick

front window of silver, for the treatment of eye cancer.

Experimental

All the reagents used were of analytical grade. A simple

digital potentiostat (locally fabricated) was used, to

achieve constant current supply. A potentiostat/

galvanostat (AUTOLAB/PGSTAT100), Micro Devices

Metrohm Limited, Netherlands was used, to record

cyclic voltammogram. All the experiments were carried

out at ambient temperature (22 ± 1oC). 106Ru used in

this experiment was isolated from intermediate level

waste, arising from spent nuclear fuel. The isolation

and purification of 106Ru was carried out using the

facility available at WIP, Trombay. The solution 106Ru

was evaporated to near dryness and reconstituted with

0.4 M sulphamic acid, containing ~ 0.1M nitric acid.

GM and HPGe counters were used to determine

ruthenium activity. High purity RuCl
3.
nH

2
O was

procured from Aldrich Chemical and used as carrier

after dissolving the required quantity in 1 M HNO
3
.

A H type galvanic cell (20 mm ID × 60 mm h) was

fabricated in our Division and the anolyte and

catholyte were separated using a G-3 porous frit. The

experimental volume of the bath was maintained at

10 mL. High purity silver cicular disks were moulded

in the shape of the plaque of 15 mm φ and 0.2 mm

thick were used as cathode and platinum plate of

10 mm (l) × 0.2 mm (b) × 70 mm (h) as anode. The

experimental set-up is shown in Fig. 1. Efforts were

made to find out the formal redox potential of

ruthenium in sulphamic acid medium, a silver micro

electrode was prepared using 2 mm φ circular silver

rod embedded in the Teflon tube and surface polished

with different polish papers (600-1000 grade) followed

by diamond paste. A cyclic voltammogram (CV) of

ruthenium solution was recorded using silver as

working, calomel as reference and platinum as counter

electrodes. The cathodic deposition at different

ruthenium carrier concentrations (25 – 600 μg/ml)

with trace quantities of  106Ru was studied, by passing

a constant current of 1 mA/cm2 at pH ~ 1 for a time

period of 2 h. The deposition was also studied for

varying deposition time periods up to 24 h, keeping

other parameters constant such as current,

concentration (~200 μg/ml) and pH ~ 1. The

effect of current on deposition was studied

at different cathode current densities ranging from

0.5 - 4 mA/cm2. To estimate the leach rate, the

source was placed in 100 mL of 0.9% saline solution

for 72 hours and the activity in the solution was

measured at 24 hour intervals. The deposition yield

was determined indirectly by drawing samples before

and after plating from the bath and measuring the

activity using GM counter, after proper dilution. The

uniformity of the activity distribution of 106Ru in

sources was ascertained by autoradiography wherein

the sources were exposed to Agfa D-7 film for 1- 6 h.

Fig. 1: Electrochemical cell (1) Current supplier,

(2) Glass cell (3) Silver plaque  (4) Stirring glass rod
(5) Magnetic stirrer

Results and Discussion

The aim of this work comprises an investigation of

different parameters influencing the electrochemical

deposition of 106Ru on circular disks, evaluation of the

level of uniformity of the deposited layer,

determination of leachability of the deposited layer,



α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξα β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε
φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξφ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ
ψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εψ ζ α β χ δ ε φ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ ε φ γ η ι ϕ κ λ μ ν ο π θ ρ σ τ υ ϖ ω ξ ψ ζ α β χ δ εF ο υο υο υο υο υ n δ εδ εδ εδ εδ ε r ’ s  δ α ψ   δ α ψ   δ α ψ   δ α ψ   δ α ψ  S ρ ερ ερ ερ ερ ε c i ααααα l      I s s u εεεεε

  I S S U E  N O .  3 0 9  •  O C T O B E R  2 0 0 9  •  399

for the   preparation of 106Ru plaque. The concentration

of 106Ru used for this purpose was in micrograms

quantity and the electrolysis has to be performed in a

custom-made electrochemical cell. Voltammetric

studies were performed to study the electrodeposition

behaviour of 106Ru in the electrobath.

In cyclic voltammograms (CV) studies, no reduction

or oxidation peaks were observed in 0.4M NH
2
SO

3
H

containing  ruthenium  in  the  range  of  5 x10-5 to

5 x10-4 M. When we changed the supporting medium

to HNO
3
 and KCl instead of sulphamic then a sharp

reduction peak was observed and the cyclic

voltommogram is shown in Fig. 2. To see the behaviour

in dropping mercury electrode in sulphamic acid as

supporting medium, a small reduction hump was

seen at - 0.86 V instead of a sharp peak and shown in

Fig. 3.

Though reduction is not observed in the cyclic

voltametric experiments, electrodeposition of 106Ru on

the cathode was achieved, by applying constant current

(potential) between anode and cathode, as it is two

electrode system was used. The results obtained at

constant time of 2 h under various carrier

concentrations indicating that ~ 12 to 15 % of the
106Ru  could be deposited (Fig. 4). Around

~ 50 ± 5% was deposited when the deposition

time was subsequently extended to ~ 18 hours

(Fig. 5). It was further observed, that if nitric

acid is absent in the electrolytic bath or

if higher current density > 2 mA/cm2 is

applied, then either the solution became

Table 1: Optical density on autoradiography of the silver plaque sources

Fig. 2: Cyclic voltammogram of ruthenium in nitric acid
and silver microelectrode

Fig. 3: Cyclic voltammogram of Ru in sulphamic acid
and Dropping Hg electrode

(OD)

S. No. I II III IV Average SD C.V.

(OD) (%)

A 2.34 2.26 2.32 2.38 2.32 ± 0.05 2.15

B 2.25 2.17 2.12 2.20 2.18 ± 0.047 2.16

C 2.64 2.57 2.46 2.49 2.54 ± 0.07 2.75
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Fig. 6: SEM image of ruthenium coated silver plaque

under 200 times magnification

Fig. 5: Deposition (%) vs deposition time (h)Fig. 4: Deposition (%) vs various carrier concentrations

of ruthenium in the bath

 turbid  or the coating became black because of silver

surface oxidation. Addition of ~ 1mL of 1M HNO
3

along with the NH
2
SO

3
H into the bath, eliminated

these problems and yielded bright silvery deposition.

On placing the source (~ 26 MBq) in saline for 72 h,

no measurable activity (< 185 Bq) of was observed.

On autoradiography, it was seen that the distribution

of activity was uniform within 2.5 % C.V. The data is

summarized in Table 1. The Scanning Electron

Microscopy (SEM) image of Ru coated silver plaque

at 200 times magnification is shown in Fig. 6. This

revealed that Ru particles are distributed uniformly

throughout the silver matrix. In order to ascertain the

homogeneity of Ru in the plaque, the EDX spectra

was recorded at various locations and the

quantification of results as weight percentage are given

in Table 2 which revealed, that the variation in

distribution of Ru along the surface of the silver plaque

is reasonably uniform within ± 5 %.

This process of making the source is especially

advantageous, as it permits ‘all- radioactivity’ in situ

approach, allows the control of radioactivity content

in the source and the mild experimental conditions of

this process, facilitate safe handling of radioactivity.

The major advantage of the present method is the

simplicity of a single electrolysis step and economy.

Conclusions

106Ru could be uniformly electrodeposited on silver

plaque. The sources prepared were non-leachable and

have the potential to be used in brachytherapy for the

treatment of eye cancer. The major advantages of this

plaque preparation is the ease of deposition, possibility

of depositing  desired amount of activity, low

leachability and long term usability as compared to
125I and 103Pd.
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been working in Radiopharmaceuticals Division. He obtained his Ph D. degree in Chemistry

from University of Mumbai in 2000. He was involved in the development and supply of

brachytherapy sources particularly radioactive phosphorous (32P) coating on stents for the

prevention of reblockage (restenosis) after post angioplasty. He was also involved in

multi-centric clinical trial programme and the stents were supplied to various hospitals in Mumbai, Pune,

Bengaluru, Delhi and Hyderabad etc. He has standardized a method for the production and supply of radioactive
125Iodine for the treatment of eye and prostate cancer and radioimmunoassay (RIA) etc. He has published over

9 papers in international journals and 30 papers in symposia/conferences.

Mr. A.R. Mathakar after completing B.Sc. from Mumbai University joined BARC in 1988

and obtained his M.Sc. degree from Mumbai University in 1994. He was involved in the

regular production and supply of 99Mo. He has worked in the development of 153Sm-

EDTMP, 166Ho-HA and various 99mTc-based formulations, for potential medical use, some of

which are now routinely supplied to different hospitals through BRIT. Currently he is involved

in the regular fabrication of 137Cs-brachytherapy sources, processing of 186/188Re, 166Ho and
90Y etc. for various applications. He has 7 publications in international and national journals

to his credit. He is a life member of NAARRI, IANCAS and INS.

Dr. Ashutosh Dash completed his M.Sc. in the year 1982 and joined the Isotope Group

of BARC in 1983 after graduating from the 26th batch (Chemistry) of Training School. He

has been engaged in the research and development of therapeutic sources and radiochemical

separation techniques since then. Dr. Dash obtained his PhD degree from the Mumbai

University in 1995 and is currently Head, Therapeutic and Reference Sources Section of

Radiopharmaceuticals Division, BARC. He was deputed to Korean Atomic Energy Research

Institute (KAERI) as a Visiting Scientist under the Scientist Exchange Programme during

2002-2003. He has served as Chief Scientific Investigator and Co-Investigator in various coordinated research

projects of International Atomic Energy Agency (IAEA) in the area of development of technology for the

production of therapeutic sources and radionuclidic generators for industrial and medical applications. He has

published over 35 papers in international journals and 60 papers in international and national symposia/conferences.
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Mr. K.P. Muthe is presently working in the field of thin film growth and characterization.

He has studied the growth behaviour of High Critical temperature superconductors using

Molecular Beam Epitaxy (MBE). The reference value of this work has fetched him a place

in Marquis Who’s Who of the world (1997) and Dictionary of International Biography

(1999). He has extensively used X-ray Photoelectron Spectroscopy to solve several materials

related problems like corrosion and to study mechanisms for detection of gases. His current

interests include: i)  Synthesis  of  alumina  based  radiation sensors  for  radiation  dosimetry

and ii) Detection of toxic gases.

Mr. P. Sreeramakrishnan is group leader of NDT & Sealed Source Applications group in

the Isotope Applications Division of BARC. After graduating in Physics from University of

Calicat, he joined BARC in 1974. Presently he is working on industrial applications of

sealed sources for troubleshooting and process optimization. He is actively involved in the

training and certification programme of radiography testing, level 1and level 2 personnel.

Dr. C.P. Kaushik, joined the Waste Management Division in 1985, after successful

completion from the 28th batch of BARC Training School. Presently he is shouldering the

responsibility of Superintendent (Labs, Training & Safety) at Waste Management Facility,

Trombay. He is engaged in development of matrices for treatment/conditioning of different

types of radioactive wastes and its implementation on plant scale for more than two

decades. He is also responsible for characterization of waste and waste forms. Other areas

of his research interest include: characterizations of buffer and backfill materials for use in

Near Surface Disposal Facilities and Geological Repositories, separation and recovery of valuables from radioactive

waste and material issues in the field of radioactive waste management. He has more than 100 publications to

his credit. He is a recipient of INS gold medal award in the year 2005 and Group Achievements Award in the

year 2006 for his contribution in the commissioning of WIP, Trombay.
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ABSTRACT

Electrochemical polymerization of indole and substituted indole (2-methyl indole, indole-

2-carboxyl ic,  indole-5-carboxyl ic acid and indole-6-carboxyl ic acid) have been studied in

acetonitrile, containing 0.1M tetraethylammonium tetrafluoroborate under potentiodynamic

condit ions at  plat inum electrode.  I t  has been observed that subst i tut ing methyl  and

carboxylic acid groups at position-2 in the heterocyclic ring of indole,  makes the oxidation

relat ive ly  di f f icult  as compared to the e lectrooxidat ion of unsubst i tuted indole.  I t  i s

understood that subst i tut ion at posit ion-2 with the methyl  or  carboxyl ic  group creates

steric hindrance in the electropolymerization taking place through 1,3 posit ions. Further,

relatively better electropolymerization of methyl substituted indole at position-2 compared

as to that of carboxyl ic  subst i tuted monomer at posit ion-2 is  attr ibuted to lower ster ic

hindrance of methyl  group than the carboxyl ic acid group due to the bulky nature of the

latter  group.  Subst i tut ion of carboxyl ic  ac id at  posit ion -5 or -6 in the benzene r ing of

indole on the otherhand, facil itates electropolymerization of substituted indole monomers.

Introduction

Electropolymerization of indole1-9 is of importance, as

it has found attractive applications as redox

capacitors10-11, modified electrodes12, in rechargeable

battery6 and chemical sensors13. Experimental

conditions especially on the choice of solvent to be

used during electropolymerization of indole, have been

reported by several authors and  the crucial point of

attention in this regard, is the content of water if

organic solvents are used for electropolymerization.

In the earlier studies on electropolymerization of

indole 6,7, it was suggested that the polymer formation

proceeds through 1-3 positions of indole, however,

polymerization through 2-3 positions is also reported3.

In view of this, it is still of interest to study

electropolymerization of indole, by blocking the

2-position in the heterocyclic ring of indole, that

eliminates the possibility of polymerization through

2-3 positions and  to study the effect of hydrophobicity
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and steric hindrance of 2-subtituent group on polymer

growth. The substituted indole monomers, 2-methyl

indole, indole-2-carboxylic acid, indole-5-carboxylic

acid and indole-6-carboxylic acid are chosen in  present

studies in order to make a comparative study on the

electropolymerization in acetonitrile. Additionally, the

comparison on the electrochemical performances of

hexafluorophosphate-doped polyindole and

tetrafluoroborate-doped polyindole on platinum

electrode surface, has also been carried out.

Experimental

Indole-2-carboxylic acid, 2-methy indole, indole-

5-carboxylic acid, indole-6-carboxylic acid and dry

acetonitrile (HPLC grade) were obtained from E.

Merck, Germany; indole and tetraethylammonium

tetrafluoroborate were obtained from Aldrich Chem.;

tetrabutylammonium perchlorate was made from

tetrabutylammonium bromide and HClO
4 
followed by

re-crystallization and drying of the electrolyte via

conventional process. A three-electrode single-

compartment electrochemical cell with a platinum

working electrode, a Ag/AgCl reference electrode and

a platinum gauze auxiliary electrode, as described

elsewhere6,7, were used in the present studies. Each

polymer-modified electrode was characterized by

recording CV of modified indole electrode in the

monomer- free solution made in same non-aqueous

solvent, containing similar concentrations of

supporting electrolytes, used during the

electropolymerization process of the polymer film

formation.

Results and Discussion

In order to study the effect of the functional group in

heterocyclic ring and benzene ring of  indole  on

electropolymerization, we have recorded CVs of 0.2M

indole and its substituted monomers by scanning  Pt

working electrode potential at a scan rate of

100 mV S-1, in acetonitrile containing 0.1 M

tetraethylammonium tetrafluoroborate. The CV’s

recored for indole, indole-5-carboxylic acid and indole-

6-carboxylic acid are presented in Fig. 1, Fig. 2 and

Fig. 3, respectively.  In Fig. 4 responses obtained in

the first forward scan of corresponding to Fig. 1,

Fig. 2 and Fig. 3, indicating oxidation potential of each

monomer and depicting early stages of nucleation

during electropolmerization  of different monomers,

is presented.  It can be seen from Fig. 4 that oxidation

of indole onsets around 0.7 V and that of 2-methyl

indole and indole 2- carboxylic acid  at 1.1 V and

1.3 V, respectively. This suggests that substituting

methyl and carboxylic acid at position-2 in the

heterocyclic ring makes the electrooxidation

process relatively difficult and consequently

electropolymerization of the respective monomer

sluggish. It is understood that substitution of methyl

and carboxylic acid at position-2 creates steric hindrance

in the electropolymerization taking place through

1, 3 positions. This view point also gets support from

the observation, that the extent of steric hindrance is

higher for indole 2-carboxylic acid  as compared to

2-methyl indole because carboxylic group is relatively

bulky in comparison to methyl. In contrast to this,

oxidation of indole 5-carboxylic acid takes place at

relatively less positive potentials, 0.3 V and  0.85 V,

suggesting that electropolymerization becomes easier

and steric hindrance to polymerization through 2,3

positions is ruled out during the process of

electropolymerization. These observations also

demonstrate contribution of steric hindrance during

polymer chain propagation and stability of the radical

cation formed. Carboxylic acid is a relatively bulky

group in comparison to methyl group and its presence

at position -2 in the heterocyclic ring created higher

steric hindrance in the polymer chain propagation

during early stages of polymerization as compared to

the methyl group. 5- and 6-substituted indole

monomers follow entirely different rout as  the rate of

polymerization is faster as compared to that of indole

monomer and is triggered at two different oxidation

potential, the first one close to 0.3 V much lower as

compared to indole (0.7 V) and the second one at

0.9 V little high as compared to indole monomer.
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It is of  significance to study the effect of dopants

on the redox behaviour of polyindole-modified

electrode. Accordingly, we have recorded CVs

of tetrafluoroborate-doped polyindole and

hexafluorophosphate doped polyindole in

acetonitrile containing respective supporting

electrolytes, tetraethylammonium tetrafluoroborate

Fig. 1: CVs  of 0.2 M indole recorded by scanning

potential between –0.2 to 1.0 V vs Ag/AgCl  at
a scan of  100 mV s-1 in acetonitrile containing

0.1 M tetraethylammoniu tetrafluoroborate,

at  Pt  electrode

Fig. 2:  CVs of 0.2 M indole-5 carboxylic acid recorded

under the experimental shown in Fig. 1

Fig. 3:  CVs of 0.2 M indole-5 carboxylic acid recorded

under the experimental shown in Fig. 1

Fig. 4: CV responses taken from first CV scan recorded

during electropolymerization of indole and its

substituted monomers (0.2M) in acetonitrile containing
0.1 M tetraethylammonium tetrafluoroborate.

and tetrabutylammonium hexafluorophosphate.

Hexafluorophosphate-doped modified polyindole

electrode shows superior reversible redox behaviour

as compared to tetrafluoroborate-doped polyindole

and could be attributed to the enhanced polarity of

the former dopant.
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Conclusions

Studies on electrochemical polymerization of indole

and substituted indole (2-methyl indole, indole-

2-carboxylic, indole-5-carboxylic acid and indole-

6-carboxylic acid) in acetonitrile containing 0.1M

tetraethylammonium tetrafluoroborate under

potentiodyanamic conditions at platinum electrode,

described herein have shown, that substituting

methyl or carboxylic acid groups at position-2 in

the heterocyclic ring of indole makes

electropolymerization relatively difficult, whereas

substitution of carboxylic acid at position 5- or 6- in

the benzene ring of indole, promotes

electropolymerization as compared to that of

unsubstituted indole. The studies carried out support

that mechanism of electropolymerization proceeds

through 1, 3 positions of indole.
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ABSTRACT

This work reports the characterization of sintered Alumina ceramics, before and after shock

l o a d i n g ,  i n  a  G a s  G u n  f a c i l i t y  i n d i g e n o u s l y  d e v e l o p e d  a t  B A R C ,  M u m b a i .  T h e

Nanoindentation technique was uti l ized, to ref lect the decrease in hardness and Young’s

modulus of Alumina ceramics due to shock loading. Detailed Scanning Electron Microscopy

(SEM) and Field Emission Scanning Electron Microscopy (FESEM) was utilized, to understand

the nature and degree of fai lure propagation and the interrelat ion between such damage

evolut ion and the degradat ion in local  mechanical  propert ies,  in these br i t t le  ceramics.

This study demonstrated for the f irst t ime, that shear stress dominated fai lure, could play

a major role in damage evolut ion, in shock loaded alumina ceramics.

Introduction

Alumina is the most well established, commercially

utilized ceramic, for armour applications. The preferred

experimental technique to determine properties of

materials under shock-loading conditions, is that of

plate impact. Here a flat and parallel plate of known

shock response is impacted onto an equally flat and

parallel plate of the material of interest. The mechanical

response can be determined by a number of methods,

including rear surface velocity measurements such

as VISAR (velocity interferometry system for any

reflector), or stress gauges, mounted in various

orientations to the loading axis. The mechanical

properties that can be extracted include the dynamic

yield strength—the Hugoniot Elastic Limit (HEL),

the dynamic tensile spall strength due to interactions

between release waves from the rear of the

flyer and target plates, and shear strength.

Several researchers have investigated the

T h i s  p a p e r  r e c e i v e d  t h e  P o s t e r  A w a r d  2 0 0 8  a t  t h e   5 3 r d  D A E  S o l i d  S t a t e
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behaviour of alumina ceramics under plate and / or

rod impact conditions; however, there has not been a

significant effort so far, to compare the

nanomechanical properties of shocked and unshocked

alumina ceramics.  This is precisely the aim of the

present report. One of the established experimental

techniques, for evaluation of mechanical properties

at the ultra-structural low dimension of the sample,

is nanoindentation. Here the mechanical disturbance

made by the external probe, can be made to span

length scales comparable to or even less than the

microstructural length scale of the sample.

In recent times, the nanoindentation technique has

proved to be a powerful means of characterizing  near-

surface mechanical properties, such as Young’s

modulus (E), hardness (H) etc. of materials. This

technique relies on high-resolution instruments that

continuously monitor the loads, P, and displacements,

h, of an indenter, usually a Berkovich type, as it is

pushed into and withdrawn from a material. Important

information obtained from the resultant P–h curve,

are the peak load, P
max

, the maximum penetration

depth, h
max

, final penetration depth, h
f
, and the

contact stiffness, S. The nanoindentation load–

displacement curve, is usually described by a power

law function of the form
m

fhhP )( −= α  where, α
and m are empirically determined fitting parameters.

Based on the observation that predicted m values are

1 for plat punch, 1.5 for paraboloid of revolution and

2 for conical indenter [1] whereas the experimentally

determined m-values vary from 1.25 to 1.51 and have

an average value of 1.40 [2], it was decided to check

out first, how α and m would vary with the

nanoindentation load, for the un-shocked alumina

samples.

Materials and Methods

99.99% pure alumina powder (Morimura Bros. Inc.,

Tokyo, Japan) was pressureless-sintered at 13100C, to

a density of 97.5% of theoretical (4.02 gm/cc) and

an average grain size of 10.1 ± 0.23 μm. Both as

prepared and shocked samples were characterized by

conventional XRD, SEM and Image Analysis

techniques. Micromechanical characterization of

polished samples was done, using a nanoindentation

machine in a load range between 0.4 and 1000 μN,

with force and depth sensing resolutions of 0.2 μN

and 0.1μm. All the shock experiments were conducted

at the Gas Gun facility available at BARC, Mumbai.

Details of the standard experimental facilities are

reported elsewhere [3] and will be only briefly

described here. Two types of shock experiments were

conducted. In the first type of experiment, the alumina

sample was shock loaded to peak pressure for complete

destruction. This experiment though, provided a data

point on the Hugoniot but due to complete destruction

of the sample, no post shock analysis was possible.

For this experiment, alumina disk of diameter 25 mm

and thickness 2.5 mm was fitted in a matching hole,

made on a Perspex disc of diameter 60 mm and

thickness 5 mm. The sample was placed in the central

hole of this disc in such a way that one surface of the

sample was flushed with one surface of the Perspex

disc. This surface was used as the impact surface.

Two shock arrival sensors were used to measure the

shock arrival at the impact surface and the back surface

of the sample. For this purpose the two sensors were

placed in such a way, that the sensing end of one of

the sensors was flushed with the impact surface,

however, the same of the other sensor was resting on

the back surface of the sample. The second type of

experiments were recovery experiments in which, the

samples after unloading from peak shock pressures

were recovered for post shock analysis. In two separate

shock recovery experiments similar alumina

disks as mentioned above were shocked to impact

pressures, of 6.5 and 12 GPa, respectively and

subsequently collected through a dedicated catcher

arrangement [3].

In the first type of experiment, from the measured

shock arrival times at the two surfaces and the

measured thickness, the shock velocity (U
s
) in sample

could be determined. The impactor plate used in the

experiment was of SS304, whose shock Hugoniot was

already known. The velocity of the impacting plate

(V
p
) just before the impact was measured, using  (Up)

electrical pins connected to the input of a pulse

forming network. From the measured U
s
 (in the
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sample),V
p
 and known Hugoniot of SS304, the particle

velocity and shock pressure in the sample could be

derived, by using the impedance match method. In

second type of experiments, the samples could reach

peak pressures through a number of revervations.

Results and Discussion

In the first type of experiment, the measured impact

velocity and shock velocity in the sample, were

0.48 km/s and 7.03 km/s, respectively. The Up

determined from these measurements and known

Hugoniot of SS304 was 0.28 km/s. The shock pressure

(P) in the sample evaluated by substituting the initial

density of 3.89 g/cc, measured Us and Up in second

jump condition was 7.6 GPa. The compression ratio

(V/V
0
) was evaluated as 0.96. These values of P, Us,

Up and V/V
0
 agree well with published Hugoniot

data .

The samples recovered from recovery experiments were

analyzed through nanoindentation, XRD and SEM

techniques. The XRD data of both unshocked and

shocked sintered alumina was taken and the main

intense peak was compared with standard data of α-

alumina (JCPDS-43-1484). It was found that the major

peaks of sintered alumina disc, matched with the

standard peaks of α -Alumina, but a little shift of peaks

of the shocked sample occurred, with respect to those

of the unshocked alumina, possibly suggesting the

presence of a strained lattice. The nanoindentation

data of the unshocked alumina, showed a small

indentation size effect at depths, less than 300 nm

(eg. the hardness decreased at the rate of 0.03 GPa/

nm) but at higher depths the hardness was nearly

constant at about 20 GPa. Attempt was made to

analyze this data in terms of the famous Nix and Gao

model [4].

Interestingly, both h
f
 and h

max
 showed an empirical

power law dependence of the type h – β Pn on load

where β and n are empirical fitting parameters.

However, β, n were very different e.g. ~ (18 and

0.56) for h
f
 and (1.58 and 0.80) for h

max
. The reason

for variation of hardness with depth could be

rationalized in terms of the load dependencies of the

elastic (W
E
/W

T
) and plastic (W

P
/W

T
) components of

the energy spent in the indentation process. While at

lower loads, most of the energy spent in indentation

involved elastic deformation energy, the scenario

changed at higher load of indentation, where most

of the energy spent in indentation process involved

the irreversible deformation or the plastic component.

Preliminary nanoindentation experiments on alumina,

deformed at shock levels of 6.5 and 12 GPa, showed

a trend of drastically decreased hardness, especially

at higher loads e.g. 1000 μN. We could not compare

our results with published data because no data was

available on nanoindentation hardness of shock loaded

alumina ceramics. Also, the evaluation results of α
and m parameters showed interesting behaviour with

respect to variation in nanoindentation load. The

typical brittle failure pattern observed in the fracture

surface of the as-received alumina, was in sharp

contrast to the localized plastic deformation zones

observed in the fracture surface of the shocked

alumina, where a large number of microcracks along

with a macrocrack were present. Both intergranular

and transgranular fractures had occurred during the

shock-induced failure process. An attempt is made

here to develop a plausible picture of mechanisms

involved in the shock failure process.

Summary and Conclusion

In our work, SEM and FESEM evidence provides for

the first time, a plausible picture of shear dominated

failure that affects the damage evolution and

consequent failure, propagation process, in shock

loaded alumina ceramics, which shows drastic r

eduction in mechanical properties as evaluated by the

nanoindentation technique.
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