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“Excellence is not a skill. It is an attitude”
                                                      -Ralph Marson
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“Persistence is the twin sister of excellence. 
One is a matter of quality; the other, a matter of time”

        -Anonymous
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IGCAR- A Mission Centre with Science based Technology

High Impact Breakthroughs 
January 2008 to March 2010
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In-pile performance of FBTR mixed carbide fuel was evaluated 
by non-destructive and destructive examinations. Techniques 
established inside the hot cells for fuel performance evaluation 
����	���� Z=����������� ��	
��� ����������� ������� ����
extraction and analysis system and remote metallography 
facilities. X-radiography and Neutron radiography techniques 
were employed to assess the condition of fuel pin internals 
and to estimate the axial swelling of fuel. Innovative 
methods were adopted during X-radiography of irradiated 
fuel pins to overcome the high gamma background. Fuel 
stack length, pellet to pellet gap and pellet to clad gap were 
measured from the radiographs. The maximum increase in 
fuel stack length is around 3.7  % after 155 GWd/t burn-up.   
Fission gas release measurements at various burn-ups have 
������
���
��
�
����������:�����������	����������������������
gas release even at high burn-up of 155 GWd/t. At burn-up 
levels beyond 100 GWd/t, isolation of the top and bottom 
plenum regions of the fuel pins was observed due to closure of 
�	��=��������"�������������
�
��� ������
���� ��� 
��������������
extraction system. A new double end fuel pin puncture chamber 
����	����+!������������������	�������������������:
��
��������

���������	�=	���	�������"�,��������
���������������������
extracted from the fuel pins after different burn-ups provided 
���	�����������
�������
������	�����������������������������
the fuel to the plenum, the increase in the internal pressure, 
Xe/ Kr ratio and helium release due to alpha decay of actinides. 
?�:��	����������������������
���
������+<<�,A�Q
��	�=�	��
fuel pins was 16  % and the corresponding internal pressure in 
the fuel pin was measured to be 2.1  MPa is shown in (Figure 2). It 
������������
��
�
���
�������
������������������������
����	��������
as a function of burn-up follows the trend in swelling behaviour.  
Swelling, fuel-clad gap evolution, microstructural restructuring, 
cracking pattern etc were evaluated through metallography of the 
fuel pin cross-sections. (Figure 3) shows the photomicrographs 
of fuel pin cross section at the centre and end of the fuel 
column at various stages of burn-up. Fuel-clad gap had closed 
completely along the entire length of fuel column in the case 
of 155 GWd/t burn-up. Fuel cracking pattern was also found 
to change from radial mode to circumferential after the closure 
of fuel-clad gap indicating Fuel Clad Mechanical Interaction 
(FCMI). Fabrication porosities present in the fuel was found to 
decrease with increasing burn-up indicating that the swelling 
of the fuel is being accommodated in the porosities. An outer 
rim devoid of sinter porosities was observed in the 155 GWd/t 
burnup fuel pin at the centre of the fuel column indicating that 
the fuel is undergoing hot pressing/creep deformation due to 
�	������������	�����������
���
"��������������
�������
����
during post irradiation examination indicated that the fuel is 
able to accommodate swelling in the available porosities relieving 
Fuel Clad Mechanical Interaction stress. Microstructural 
examination and microhardness measurements of the clad did 
not indicate any carburisation. 

EXECUTIVE SUMMARY

OUTLINE

Fig.1 : Double end fuel pin puncture chamber 

���������	
�����������������
������������������������
burnup

������������
��
������������������
��������������������
centre of the fuel column at different burn-
���

Performance Assessment  of Mixed Carbide Fuel 
of Fast Breeder Test Reactor at High Burn-up

Fast Breeder Test Reactor at Kalpakkam uses a unique, indigenously developed mixed plutonium-uranium 
carbide (U0.3Pu0.7)C as the driver fuel. This unique fuel has attained a record burn-up of 165 GWd/t without 
any failure. This has been possible due to the systematic performance assessment of the FBTR fuel at various 
stages of burn-up through Post Irradiation Examination (PIE). The examinations to assess the fuel performance 
����	������
���
��������	������������������
	�
�����������=���
	�
������
��������
����������������������
release measurements etc. The performance evaluation of the FBTR fuel and the extensive thermomechanical 
����������������������������
�������������
����������
����	�=	��������������
����������
������������	�=
up limit of 50 GWd/t. 
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Post irradiation examination (PIE) aims at generating and evaluating data that can provide valuable insight 
into the in-reactor behaviour of fuels and structural materials. Special shielded facilites such as hot cells 
are employed for examination of spent nuclear fuel elements which are highly radioactive. Hot cells at 
radiometallurgy laboratory (RML) have facilities for metallurgical examination of irradiated FBTR fuel. The 
hot cells at radiometallurgy laboratory are maintained under inert gas environment to enable examination of 
the highly pyrophoric carbide fuel. The cells are equipped with remote handling devices and equipments for 
carrying out non-destructive and destructive examinations. 

ADDITIONAL INFORMATION

Further inquiries:
Shri N. G. Muralidharan 

Metallurgy and Materials Group 
e-mail: ngm@igcar.gov.in

ACHIEVEMENTS

PUBLICATIONS

BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

With increasing fuel burn-up, fuel-clad gap reduces due to swelling of the fuel. The retention of solid and 
�����	������������	�
�� ��� 
��� �	�����
�:��������
�������������������� ��� 
	���:�
������������� �
����
on the cladding. A fuel which exhibits higher plastic deformation due to creep can accommodate the fuel 
�:�������������������
����
�������
�������"�����������������������������
����
�����������	
���
��������
gas, reduces the fuel-clad gap conductance and generates stress on the clad due to the build up of pressure. 
�������� ���� �����������	����
�� ������� ���	����� ��
�� ��� 
��� �����
��� ��� ������� ���� ���� 
��� ��
�����
pressure in the fuel pins. 

���� 
�����
	��������
�� �:��
���� ��� 
��� �	������� ������ 
�� 
�������
������� ���������������	�
��������
are corrosive in nature and can result in fuel clad chemical interaction. Carbide fuels are fabricated with 
hyperstoichiometry to prevent metallic phase formation due to reduction in the carbon to metal ratio with 
increasing burnup. Formation of metallic phase is detrimental due to the possibility of formation of low 
���
�����	
��
�������
������������
��������
��
����������������
�
	��
�"�7�������
������������������
��
�
in the fuel can lead to carburisation of the cladding by carbon transfer from the fuel to clad. Microstructural 
examination gives tell tale evidence of the various phenomenon occurring in the fuel. 

���
� ���
�� �	��� ����
���	���� ���	�	�� ���������
� ����������	
���K	:����� 
�����
	�"�/����
� ���
irradiation effects occur in the fuel and structural materials due to the aggressive environment. These include 
�����
�����������	�	��
�����������������	�
�������
��	
�����������������	�
��������
�������������������
the chemical state of the fuel, fuel restructuring, generation of internal pressure in the fuel pin due to release 
�����������������
�"��������������������������������
��������
����	��������������	��
������	����
���
�����
between the fuel and clad during reactor operation. Study of the various irradiation induced changes and 
their evaluation are crucial for ensuring safe operation of the reactor, for extending the fuel burnup and to 
exploit the full potential of the fuel for economic and reliable operation. 

The performance assessment of the FBTR fuel at different burnup levels has immensely contributed to 
comprehensive understanding of the fuel behaviour of the unique plutonium rich carbide fuel. The feedback 
from post irradiation examination on the irradiation behaviour facilitated the enhancement of linear power and 
burnup of the fuel to 400 W/cm and 165 GWd/t respectively, well beyond the conservative design estimates 
without any fuel failure. The role of post irradiation examination, analysis ofpost irradiation examination data 
and thermomechanical modelling has been crucial in achieving this remarkable milestone in our endeavour 
of fast reactor technology development. 

1. C.N. Venkiteswaran, A. Vijayaraghavan, V.L. Balakrishnan, N.G. Muralidharan, V.Venugopal, Jojo 
Joseph and K.V. Kasiviswanathan, “Fission gas release in FBTR fuel pins at various burn-ups”, 
Proceedings of the theme meeting on Recent advances in Post Irradiation Examination,  2008, p.110.

2. C.N. Venkiteswaran, V. Karthik, N.G. Muralidharan, V. Venugopal and K.V. Kasiviswanathan, 
“Metallographic examination of FBTR fuel at different burn-ups”, Proceedings of the theme meeting on 
Recent advances in Post Irradiation Examination,  2008, p. 91.

3. Baldev Raj, S.L.Mannan, K.V.Kasiviswanathan, M.D.Mathew, V.Karthik, C.N.Venkiteswaran,                                   
M.Sai Baba and P. Puthiyavinayagam, “High Burn-Up Issues in Fast Breeder Reactor Fuels and 
Structural Materials”, Journal of Metals, Materials and Processes, 18 (2006) 1.     

GENERAL EXPLANATION RELATED TO DESCRIPTION 
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EXECUTIVE SUMMARY
/��������������������������������������������
�����������������������
������������������������#	������
���
using room temperature ionic liquid (RTIL) as medium.  The process exploits some fascinating properties such 
as extracting ability and wide electrochemical window of the ionic liquid, tri-n-octylammonium nitrate, to 
develop a robust and industrially congenial procedure for platinoids recovery.

OUTLINE
Significant   quantities of  platinum  group metals 
(ruthenium, rhodium and palladium) are formed as by-
���	�
������	������������������	��������
���������+!"�
?��
� 
��� ������� $,?�� ��� ���=������
���� �:���
� 107Pd 
isotope, which has a half-life of 6.5  x 106 y. The intrinsic 
radioactivity of 107$������
��=���

����
��Jmax of 35 keV) 
is very weak and it can be tolerated for many industrial 
applications. It is expected that by the year 2030, the 
amount of noble metals produced by nuclear reactor 
operation all over the world will be comparable with 
the amounts of noble metals available in earth crust at 
that time. Therefore, the spent nuclear fuel is a valuable 
resource of man-made noble metals.

PUREX process is being adopted for the recovery of 
uranium and plutonium from spent nuclear fuel. The 
�����
�� �@��
��� ��
�� 
��� �:
��
���� ��� %����� ��� ����=
level liquid waste (HLLW), which contains more than 70% 
������������������
�����:��
�������
������������
�
������
nitrosyl complexes. Presently, there is no commercial 
������� ���������� ��� 
��� ������� ��� 
����� ������� ������
metals from this high-level liquid waste.

Room Temperature Ionic Liquids
Room temperature ionic liquids (RTILs) are organic 
salts, molten at temperatures lower than 373 K. They 
are generally composed of a bulky organic cation and an 
inorganic or organic anion. Room temperature ionic liquids 
have several attractive physical and chemical properties 
suitable for a wide variety of applications. Properties 
�	��� ��� ��� ���������
� ����	� ����	��� ���O���� �����
��
to dissolve organic and inorganic compounds, tunability 
etc. make room temperature ionic liquids popular for 
synthetic applications and the wide electrochemical 
window offers huge scope for electrochemical applications. 
Room temperature ionic liquids are considered as possible 
substitutes for conventional high temperature molten salt 
employed in pyrochemical reprocessing and for traditional 
molecular diluents employed in aqueous reprocessing for 
developing novel recovery procedures. 

The EX-EL process
A novel generic approach, extraction-electrodeposition  
(EX-EL) process, has been developed for quantitative 
recovery of palladium from simple and the most complex 
form of wastes such as high-level liquid waste (HLLW) 
arising from nuclear fuel reprocessing. The approach 
exploits the potentials of room temperature ionic liquid 
to act both as extractant and electrolytic medium and it 
involves extraction of palladium(II) from aqueous medium 
followed by electrodeposition directly from organic phase, 
which is unknown so far in a traditional solvent extraction 
process. The illustration is shown in (Figure 1) . The process 
exploits the remarkable properties such as the liquid ion 
exchange behavior and wide electrochemical window of 
RTIL, tri-n-octylmethylammonium nitrate (TOMAN), to 
develop a congenial procedure for quantitative recovery of 
palladium. 

Novel Method for Recovery of Noble Metals
using  Room Temperature Ionic Liquids 

��������������
�������������!�"����

	�#��� ��� $�����%�� �#�������� ��� ��������� ��� ����������������
�����������
���������������������
������&#�
��
up 32,300 MWd/Te)

Isotope Half-life
Relative abundance (wt.%) 

after
1 y cooling 30 y cooling

Ruthenium
99 Stable 2.4×10 -4 3.6×10-3

100 Stable     4.2 4.37
101 Stable    34.1 35.42
102 Stable   34.0 35.31
103 39.3d  3.6×10-3 ----

104 Stable  23.9 24.9 
105 4.4h  Trace Trace
106 371.6 d  3.8 8.5×10-11

Rhodium
102 2.9 y Trace -
102m 207 d Trace -
103 Stable 100 100
103m 56.1m 1.6×10-5 -
106 29.8 s 1.8×10-6 -

Palladium
104 Stable 16.9 15.8
105 Stable 29.3 27.4
106 Stable 21.3 26.4
107 6 . 5 × 1 0 6 y

(0.035Mev)
17.0 15.9

108 Stable 11.7 10.9
110 Stable 3.8 3.6
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More than 60% of palladium was extracted using 0.5 M TOMAN/CHCl3 in a single contact and complete 
�:
��
���� ���� ��������� ��� ���� ���
��
�"� ���� �:
��
��� �������	�� ���� #	��
�
�
������ �������� ���
electrodeposition using a stainless steel cathode. Nearly twenty hours were required for complete recovery 
of palladium from organic phase which was contacted with a solution of palladium nitrate in 4.0  M nitric 
����������������
����
��
��������	������������������������������������������������������
��
���
��
��7LLA"���������������������������������
�����
��������������	�
��������������������
	����	����
extraction of palladium from high-level liquid waste and also provides a large decontamination factor of ~1000 
during electrodeposition step. 

Most of the cations and anions have very small ionic radii of the order of 10-10��������������������	������
����
����

����
��������
�������������
��
���
��������
���������
���
��������
��"����������������������������
such cation-anion combinations melt at very high temperature. However, substitution of bulky polynuclear 
cations such as molecular organic cations in place of inorganic cations, strerically prevents the anion to 
��
���
��������
��"�/���������#	������
��������
	�������,�"�������������������
��������
������
��������
�
of the resulting compound is lowered. For example the melting point of NaCl is 800°C and the 1-butyl-3-
��
��������O���	���������� �����.�!� ��� �����>;�."�(
��� �:�������� ������ ���������9�� ������
��� 
��
� 
���
���
��������
����������	��
������
���	�=O��������������������
����������������"�&
��������O���
��
������

��������������	���������
���
������,�"�!���������
����
���
�������������������
�����
	���
������
����
point of the compound is lowered below ambient temperature and exists as liquid. These are known as room 
temperature ionic liquids (RTILs) and exhibit all the properties of liquid state. Thus, RTIL is nothing but ionic 
liquids that are molten at near ambient conditions. The boiling point of water (i.e. 100°C) is taken as the 
��:��	��
�����
	��������������������&L"

At present no method is available for the quantitative recovery of man made noble metals, palladium from high 
��������#	������
�"�������	�
��K�������	
������	��
	�����������
��
��
�
�����������#	��
�
�
��������������
by adopting novel EX-EL method developed in our laboratory. The technique is novel from hydrometallurgical 
point of view that the extracted metal is electrodeposited directly from loaded organic phase. 

The EX-EL method is a novel, simple and industrially adaptable method for the recovery of palladium (as well 
as other noble metals) from various aqueous streams using room temperature ionic liquid. The procedure 
involves the extraction of palladium from aqueous acidic medium (leach liquor or HLLW) by a solution of tri-
n-octylmethylammonium nitrate (TOMAN) in chloroform. In contrast to the conventional stripping procedure, 
electrolysis of loaded organic phase is carried out to recover the loaded palladium in metallic form. The 
unique property of RTIL (TOMAN) to act both as extractant and electrolyte medium has been exploited for the 
development of this new procedure. Quantitative recovery of palladium during electrodeposition is achieved 
during extraction as well as electrodeposition. The lean organic is recycled back to extraction stage. The 
�����
���
��������������
� ��� 
������������������
�����
�� 
��� ���
��������	��� ����������O��� 
���
generation of secondary waste, which is indeed desirable for the treatment of radioactive wastes such as 
HLLW.

ADDITIONAL INFORMATION 

BRIEF DESCRIPTION ABOUT THEORETICAL BACKGROUND

ACHIEVEMENT 

GENERAL INFORMATION ABOUT THE MAIN OBJECT OF EX-EL APPROACH

Further inquiries:
Dr. T.G. Srinivasan 

Chemistry Group 
e-mail: tgs@igcar.gov.in
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���������	
�����	��������
����	�������������������
���

EXECUTIVE SUMMARY
A���:������
�����������
�
�� 
��� 
	������ 
����������
������������
������������O���������K	��� 
��
�
consists of a colloidal suspension of magnetite nanoparticles of average diameter 6.7 nanometer. Controlling 

���������������
��������
�����������
����������������
���
����������	�
���
����.!����
�������K	�������
been enhanced up to 216%, using 4.5 vol.% of nanoparticles. Repeated magnetic cycling shows that the 

����������	�
���
������������
������������"�&
������������������
��
�
������������������
����
������
����	�
���
������	��
��
����������
�
�����
�������
�
��	���������
����������
�������
��"�(	��������������
promising applications in ‘smart’ cooling devices. 

OUTLINE

?����
��� ����K	��� ��� �� 	��#	�� ��
����� 
��
� ����
��
�� 
��� ��#	��� ���� �����
��� ����
���"� 6���K	����
are considered to be the future coolants for electronic 
devices and engines. Very recently it has been 
demonstrated that manipulation of nanoparticles with 
carbon nanotubes can result in enhanced TC. Several 
����K	���� ��
�� ��������� �.� ����� ����� 
�������
during the past several years.  The effective medium 
theory fails to explain the large enhancement of k 
�������K	�������� 
��� 
�����
	����������������%"�
Two hotly debated mechanisms, for heat transport 
��� � � ����K	���� ��� 
��� �������� ��
���� ���	����
convection  and local percolation behavior. 

We used a stable colloidal suspension of magnetite 
nanoparticles of average diameter 6.7nm, coated 
with oleic acid and dispersed in hexadecane. The 
��O�� ���
��	
���� ��� 
��� ������
������ ����	���
using dynamic light scattering (DLS) experiment is 
shown in inset (a) of Figure 1. The TEM image of the 
nanoparticles is shown in the inset (b) of  Figure 1 
shows the TC ratio (k/kf!� � � ��� 
��� ����K	��� �6�!� ���
a function of volume fraction of Fe3O4 nanoparticles, 
where k and kf����
����.�����6�������
��������K	���
respectively. No enhancement in TC is observed up 
to a volume fraction of 1.5% of Fe3O4 nanoparticle. 
At 2.6 vol.%, the increases in k/kf  was marginal.  
The highest value of k/kf observed was 1.23 at 7.1 
vol.% that corresponds to an enhancement in TC of 
9N�"� � � � ���� ��
�� �

��� ��
�� ?�:����� ������ ������
good agreement, especially at higher volume fractions.  
The observation of TC enhancement at low particle 
�������� ��9� ���"�!� ��� �������� ��� �����
��� ����� ����
����������
���
��	
�����!��������
��
�������
�������
the main cause of  TC enhancement within Maxwell’s 
limit. The enhancement above 1.76 vol.% could be due 
to  small clusters (dimers or trimers) formed in the  NF 
due to magnetic dipolar attractions.  It appears that 
the wetting of nanoparticles is enhanced due to the 
organic sheath, which in turn leads to a lower interfacial 

����������
����"��A������
��
�����K	������
������
small particles (~5nm) are also prone to settling when 
particles are uncoated. (Figure 2) shows the k/kf   of 

����6��������	��
��������������������
����������	�����
rise and decay, in 2.6 vol.% of Fe3O4 nanoparticles. 
It can be seen that the enhancement starts above 20 
,�	����,!"��	
�������������������
��������������
��
drastic enhancement in the TC.

��������	���	'�
�����&(*(f+���������4�������������������%���"������
fraction of Fe3O4�������
��������	�����6�����
�#������
of Fe3O4� ������
������� &�+� ��� ���� 	��� �"���� ���
������
������&#+��
�����7���������������

����� ��� 	��� 	'� 
����� &(*(f+� ��� ���� 4�� ��� �� ��������� �����������������������������������������������������
���
������������
��������������"���������������
2.6 vol.% of Fe3O4�������
������
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Further inquiries:
Dr. John Philip

Metallurgy and Materials Group
e-mail: philip@igcar.gov.in

���������������������
	������
����������
���������K	����������������
��������������������
��������

����K	��� �������=����
���������������
�����6J?'!���������=����
������������'��
�����?J?'!�������
�������"�����:�����������������	����
������������#	�����
��
����	��
��������
������������������������
programmed to obtain the desired level of thermal conductivity enhancement or cooling. The mechanism of 
���
�
�����
� ������������������������ ������������	���������K	���������
���
��	
�������
�������
���
�������������
������
�������
�������	���N"�A����
���������������
���������
������������������������K	�����
��
��������������
������
�����"�A����
�����������
	��������
��������������������	�
����������
�����
���
enhancement of thermal conductivity. 

Fig. 3 :� 	��� 	'� 
����� &(*(f) and 
���� �������"��� ���
a function applied 
"�������� ���� ���������������
������4��7������;�<�%���=�

                     of Fe3O4���������
��������

As nanoparticles starts to form chains, the convection velocity drops drastically due to the cube dependence 
�����
�������O�"���������� 
����������?�
���� ��������������
������ 
��������� ����
�� ��������"�/�� 
���
������
����������
�������������
�����������������
���������
���������������������
����
����������	�
���
��
������
� ��� �	�� 
�� 
�������������
�������������"� &�� ������K	���� ������ ������������������ ��� 
������
����	�
���� 
��	��� 
��������K	������� 
���������
����������������	���O�����
���� 
�������=�����������"�
���������������������
��������
��������	�
����
��
��������
������
��������
�������������
�������
���"�
Extremely large thermal conductivity can be expected from such parallel modes. Using the experimental data, 
the expected values of enhancement for the upper HS and parallel modes are 150 and 225% respectively. 
Strikingly, the observed enhancement of 216% is close to the predicted value for parallel mode conduction. 

 ACHIEVEMENT
A�� ����� ���������� �����
������� �����O����� ����K	���� ��
�� 
	������ 
������ ����
���"� A�� ������
�
��
that by controlling the linear aggregation length from nano to micron scales, the thermal conductivity of 

�������K	����������
	��������������
��������������	�"��	
�����
������������	���
��
�	��������
���
�����
�����������
���
����������	�
���
�������������"�(	������������������������������
��������
������
management.   

PUBLICATIONS
1. P.D.Shima, J.Philip and Baldev Raj, "Role of micro convection induced by Brownian motion of nanoparticles 

���
������������
����������	�
���
������
���������K	������/�������$�������L�

����)C���9**)!�9N+*+"
2. U"$�������$"4"�'��������������@���6���K	������
��
	������
����������
������/�������$�������L�

����

92,  (2008) 043108,
3. J.Philip, P.D. Shima, Baldev Raj,"Evidence for enhanced thermal conduction through percolating 

�
	�
	����������K	������6���
����������+)��9**;!�N*<D*>"
4. W�
��%������U"�$�������������������@��������������
�������.	�3�.	(�����K	�����?�
������.�����
��

and Physics, 109 (2008) 50. 

 ADDITIONAL INFORMATION ABOUT MAGNETIC NANOPARTICLES        

 BRIEF DESCRIPTION 

 GENERAL INFORMATION
The maximum enhancement of TC (128%;  k/kf= 2.23) is observed at a magnetic 
��������)C"<�,"�A�������������
��������
���������
����.����	����������������
���
������ �	
� ������ ���%� 
�� 
��� �������� ���	�� ����� 
��� �����
��� ����� ���
turned off.   Repeating the magnetic cycles several times, the TC is restored to its 
original value.  The above experiments repeated in a variety of NF samples with 
�#	��	�����������#	��	�������K	�������������������	�
�"�����	��N�������
the TC ratio (k/kf) and the corresponding enhancement with applied magnetic 
��������
���6����
��C"<�����������3O4"���������
������	��������
���������
���
of the mechanism of heat transport from a cylindrical device immersed in NF 
��
��	
�������
�������
�������"���������
�������%Q%f at three different magnetic 
cycles (rise and decay) shows that the enhancement is reversible, with a slight 
���
�����"��������:��	������������
�����9+>����
�����������������
��������
���+*+�,�	��"�&���������������
������������������
������������O���������K	����
������
��
���������
������������������
�������
������������
�������������
���
magnetic dipolar interaction energy dominates over the thermal energy. When 

������������
���
�������������������	������
����
�����
��������
�����
������
form chain like structure. Here, each magnetite particle is single domain super-
paramagnetic with a magnetic moment, m.Without any external magnetic 
������
��������
��������
�����
������

�����������
����������������
�����
�������
�
��
��������
����������������
�������
�������
��������
�����������
���
�����
�������������������"�



8

SCIENCE

Assessment of Multiple Recycling  of Fuel 
in Prototype Fast Breeder Reactor
EXECUTIVE SUMMARY
A thermal neutron reactor does not support multiple recycle of uranium-plutonium fuel due to the degradation 
���������� ���
��
� �����	
���	�� ��� @	�
� ���� �����"� &�� 
�������������� �	��� ����������������
�� ����	�
�=�������
has been recognised. The present study, using 239Pu equivalence approach, demonstrates the feasibility of 
achieving near constant input inventory of plutonium and near stable plutonium isotopic composition after 
�����������������
���$�����	��"�/�
�����	
��������������
���������
������������
�������
��������������
���
is below 1%.

 OUTLINE
An FBR fuel cycle involves recycling of the discharge 
fuel, after reprocessing and refabrication, in order 

�� �����
������ 	
���O�� 
��� 	��	�
� �	��� ������� ����

��� ��������������������
����"��	��� ��
���	�
�����
transmuted in the core as well as in the blankets. 
Fissile burning is prominent in the core and the rate 
��� ����� ��� 
��� �:
��
� ��� ����� ��� ������� ���
��
� ����
��

����	�������������
�"�����������������������
����������
	�	����������#	�
��
�����������
������
�����������
��
"�
���� 
�
��� ������� �������� ����	����� 
��
� ��� 
��� �:����
and radial blankets of an FBR would generally be more 

�������#	�
��
����%��	�����
��������������"��	
����
the fuel burnt during a cycle in the core is a small 
fraction of the fuel fed initially and a large portion of 
it is still unburnt at discharge. Thus extracting the 
unburnt part of the fuel in addition to the fuel bred in 
the core and in the blankets, is a major step in the FBR 
fuel cycle. After refabrication, suitably compensated for 
loss of fuel worth, could be re-fed to the reactor for 
its next cycle of operation. Such a fuel cycle is called 
as closed fuel cycle. Multiple recycle is not possible in 
thermal neutron reactors due to the deterioration of 
������� ���
��
� �����	
���	�� @	�
� ��
�� ���� �����"� ����
�����
��
	��������������������
��������
������������
��
of achieving near stable plutonium inventory and 
plutonium composition after a few recycles in an FBR.

The fuel recovered from the spent-fuel is different 
from the original fuel in composition and hence in 
its effectiveness. Such changes are brought about 
due to transmutation of the fuel nuclides during 
the irradiation period, and also due to radioactive 
decay. It is mandatory that the mass of the feed fuel 
in each subassembly (SA) and its reactivity worth 
are ensured to be the same at the beginning of each 
cycle, which necessitates accepting variation in the 
������� ��������
"���� ������
� ��� F239Pu equivalence” 
is employed to judge the quality of the recycled fuel as 
against the initial fuel. The 239Pu equivalence values 
used in the present work are given Table 1.

Therefore, given the initial feed composition, a 
study of fuel recycling involves (i) computation of 
the composition of the unburnt portion of the core 
fuel at the end of a cycle, (ii) computation of the 
�������
����������������������	�������
�������%�
��� 
(iii) computation of the fuel composition needed at the 
beginning of the next cycle, taking into account the 
recovery fraction and the decay due to delay times. Such 
a series of computations is repeated as many times as 
the desired number of cycles, to study the fuel evolution. 
Figure 1 shows one cycle of operations considered in 
the present study with a PFBR subassembly. 

Fig. 1 : Fuel Cycle for PFBR

��������>�������"���%����
?��%�
�'��������%��'?����

Nuclide 239Pu 240Pu 241Pu 242Pu 241Am
Equivalence 1.0 0.1 1.5 0.04 -0.24

Table 1: 239>��$�����%��?��A��%������
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GENERAL EXPLANATION RELATED TO THE DESCRIPTION
In the present work, periodic recycling of the fuel has been studied in the context of prototype fast breeder 
reactor (PFBR), for ten reprocessing cycles. The computer code ORIGEN2 is used to compute nuclide 
compositions for different times of irradiation or cooling. The core is irradiated for a burn-up of 69 GWd/t, 
����������������
����������
����
������������	�����������	
���	�����������������!��
����������������
of 130 MW/t. At 75% capacity factor this corresponds to seven hundred and twenty calendar days. A net out-
of-pile delay time of two hundred and fourty calendar days has also been considered (Figure 1). 

The inventories of plutonium isotopes per 1000 kg of total fuel, combined for core-1 and core-2, over the 10 
cycles are given in Figure  2. It is seen in Figure 2 that the replenished plutonium has almost the same amount 
of 239Pu as when the cycle begins. There is a marked buildup of 240Pu, which practically accounts for the 
increase in total plutonium inventory. The 239Pu equivalent of the total plutonium inventories in core-1 and 
core-2 respectively are maintained at about 164 kg and 219 kg per ton of the respective fuel.

However, the plutonium inventories increase from 207 kg per ton to 232 kg for core-1 and from 277 kg to 308 
kg per ton for core-2 during the ten cycles. The ratio between the 239Pu equivalence of the total plutonium 
to total plutonium inventory varies from 79.2% to 70.7% in core-1 and 79.2% to 71.2% in core-2. These 
variations show a tendency for saturation. Similar ratio for the plutonium produced in the radial blanket 
is 96% indicating its high worth. The fertile buildup is subsequently compensated for by a corresponding 
reduction in 238U. Small changes in 239Pu as well as in 241Pu do not show up in the graph, but are not 
ignorable, because of their high worths. The inventories of 238Pu and 241Am are too small to be visible in Figure 
2. The important point to note from Figure 2 is the saturation tendency of the inventory after a few cycles, 
indicating the possibility of recycling with little change in the fuel composition.

ADDITIONAL INFORMATION ABOUT EFFECT OF LONGER OUT-OF-PILE DELAY
The calculations were repeated with an out-of-pile delay time of four hundred and eighty calendar days. The 
observations are practically the same as above, except that the 241Am production in each cycle, is doubled. 
���	���
���������������
�����	�
�������������
���
�������
�
�����������
����
����	�����������
��������������
are not pronounced with respect to changes in the fuel composition.

BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

The 239Pu equivalence method:

If qi is the equivalence of an isotope i, Mi being its inventory, the 239Pu equivalent mass of this inventory is mi = Miqi. 
The elemental equivalents are obtained by summation. The inventory of a Pu isotope in the refabricated fuel 

is given by
                        

                            

ACHIEVEMENT
It is found that multiple recycling of the same fuel is possible for PFBR, keeping the isotopic content nearly 
constant. Concept of 239$	����
���
���#	������������������	��������������
�������
���������	
���	�����
����
inventory between cycles. It is found that plutonium composition change with the cycle become negligible (less 
than 1%) after a few cycles. The study has also shown that the 239Pu equivalent produced in the blanket is 
nearly 1.5 times the 239Pu equivalent needed as compensation to start the next cycle. This indicates the self-
�	������������$��������	�
������	�����������"��	
����
���
�������������
	�
���������������
��������
�����
after a few cycles shows the possibility of recycling with only marginal change in the fuel composition.

Further inquiries:
Dr. V. Gopalakrishnan

Reactor Engineering Group
e-mail: vgk@igcar.gov.in 

 PUBLICATIONS
G. Pandikumar, V. Gopalakrishnan and P. Mohanakrishnan, “Multiple Recycling of Fuel in Prototype Fast 
Breeder Reactor”, Pramana, 72 (2009) 819.

   with L indicating loss in the core, R the quantum 

recovered, and B the quantum produced in the blanket.
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Superhydrophobic and Superhydrophyllic Titanium Surface 
Prepared by a Novel Method
 EXECUTIVE SUMMARY
Surface whose contact angles exceed above 150°are known as superhydrophobic (SHB) surfaces. The present 
study, describes the procedures involving the preparation of SHB coatings on titanium surfaces by dip coating 
method using myristic acid as the SHB coating material and the preparation of superhydrophilic surfaces by 
�����������������
�������O���������
����"�/
����������?����������/�?!�����	�������
�����������
����

�������
��O��
������	����������
��
�����������
����	��������������	���	�����W�V''�4/'�+**����
��
�
���������
	���
"�������	�
����������
��
����
������
������
����������������O���
�
���	���	�����������
to the formation of superhydrophobic surfaces showing increased corrosion resistance and fouling resistance 
���������������O���������
����������
������
��������	��������������	�����"

 OUTLINE

Achieving superhydrophobicity on titanium surface 
has two prerequisites namely (i) nano surface 
roughness and (ii) a coating of hydrophobic material. 
The titanium surface was ultrasonically cleaned and 
���%���������
�������S�����K	���������C*SC�QL!���
�"�
/����O�
���������������	
�����������
���
�����:
	��
of 1M H2SO4 and 0.16M HF for 1h in 30V to increase 
the roughness of the surface. Then 0.5M myristic acid 
(CH3(CH2)12COOH, tetradecanoic acid)  in ethanol was 
coated by using a simple dip coating method with an 
immersion time of 10 days, afterwhich the samples were 
baked at 130°C. Superhydrophilic surface of titanium 
������
��������������O�
����	�����+?�73PO4+0.5Wt % 
7���������
���
�����9���
�<*5"���������������	������
���� �����
��O��� 	����� /
����� ����� ?���������
(AFM) and water contact angle measurements using 
KRUSS DAS 100 contact angle instrument. The 
stability of the superhydrophobic coating was studied 
using Solartron 1287 Electrochemical Interface based 
electrochemical Impedance Spectroscopy studies 
(EIS).The microbe-repellant property was evaluated 
by exposing the samples to seawater observing the 
�	������	�����������K	������������������"�

The AFM studies on the coatings formed at 
various myristic acid concentrations showed that 
concentrations of 0.5M led to uniform coating and 

�����
�������O�����
������
�����������
���������
���
����� �+**=9**��!"� &
� ��� ���������� ��� �����O�
���� 
��
generate a micro-rough surface and then by means 
��� �	���#	��
� �:�
���� ��� ����������� �������
compounds to form superhydrophobic surface. EIS 
results (Figure1) showed that Ti coated myristic 
acid has high Rp value and low capacitance value 
than polished Ti which infers the coatings on these 
�	������ ���� �
����� ���� 
���� ���� �� ���������
�
increase in the corrosion resistance of titanium. The 
SHB surfaces when exposed to seawater and observed 
	����� ��� ���K	��������� ���������� �������� 
����
ability to resist microbial attachment, exhibiting 
microbe-repelling property (Figures 2a and 2b). Figure 
9��� ������� 
��� ��������� ��������
�����
�� ��� 
���
superhydrophilic surfaces as shown by the increased 
bioadhesion on these surfaces. Superhydrophobic 
coatings are reported to lower the surface free energy 
��"�"�"!�������	����"�&��������
	������������������
���
���������������
������ �����"�"�"���
����� ������
�������
microbial adhesion. Similarly increasing the s.f.e. 
could lead to a reversal of the effect, which is exactly 
what we observed on the superhydrophilic surfaces 
which exhibited increased bioadhesion properties.

�������������
����"����� �"������� ���?� ��� ����
�
�?
����#��� �������"� ��
����� ���7���� �����
��

������
���������

�������� ���
�#���� ������"���� ��� ����
��� &�������+���
�������"� #+J���������� 
�������� ��� "��
�#����
������"���� ��� ����
�?
����#��� �������"�
��
������ �+� ����
�?
�������� ��
������ ���7����
���
�����#����"����#����?�������������������
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Fig. 3 :�&�+�K���
�
�������������
�?
����#�����
������
��� �������"�&���������7����������
�������7���
�

����������������
����+����&#+�7���
�
���������
��������
�?
����������
���������������"

Hydrophobic means ‘water repelling’ and hydrophilic means ‘water loving’. When a water drop is placed on 
the solid surface, it may form more dense region with collapsed hydrogen bonded network if the surface is 
superhydrophobic in nature which gives the Water Contact Angle (WCA) above 140-150° or it may form less 
dense region with open hydrogen bonded network when the surface is superhydrophilic whose water contact 
angle is usually below 20-50°. 

Titanium is well known for its excellent corrosion properties 
in various environments. In the nuclear industry titanium is 
used in the manufacturing of dissolver vessels in nitric acid 
environments, where there is a constant need to increase 
its corrosion resistance. In addition, titanium is also 
proposed as the condenser material for PFBR, owing to its 
excellent corrosion resistance and total immunity towards 
����������� ��K	������ �������"� �	
� 
�
���	�� ������ ���
unresolved problem of biofouling in such applications. 
Another application of titanium is in medical industry, where 
titanium surface is required to show increased bioactivity 
and biocompatibility when used as implant materials. In 
order to meet these challenges the present study focuses 
on manipulation of the surface wettability properties of 
titanium surfaces, by an innovative and simple approach 
which could make the surface either superhydrophobic or 
superhydrophilic. Surface energy and surface roughness are 
the two dominant factors for wettability which determines 
the water contact angle of the surface. When the surface 
energy is lowered, the hydrophobicity is enhanced. The 
lotus leaf is a famous example of a naturally occurring 
superhydrophobic surface, where water droplets falling onto 
them bead up and roll off. Recently, a lot of attention has 
been attributed to superhydrophobic coating on material 
surfaces. Surface whose contact angles exceed above 150° 
are known as superhydrophobic surfaces. The requisites 
for superhydrophobic surface include a combination of 
enhancing the surface roughness and lowering the surface 
free energy by incorporation of apolar groups on the metal 
surface. Figure 3 gives the spread of a typical water drop on 
the superhydrophobic surface (148°) and superhydrophilic 
(22°) surface respectively.

������
	�����������A./�¡+>;���������	���������
	�
	������
�������
��������������������������=��O���
wax protrusions which predominantly contains -CH2- groups on the surface. The water droplets falling onto 
lotus leaf bead up and roll off. These rolling droplets pick up small particles of dirt so that the lotus leaves are 
self-cleaning, which is called “lotus effect.” Self-cleaning glasses, clothes, for protection against corrosion of 
concrete constructions (e.g. bridges, marines, under water constructions etc), anti-snow sticking are some of 
the applications of superhydrophobic surface. This technology could be applied in to aircraft to ensure that 
they are able to de-ice. The superhydrophobic coatings could also reduce the buildup of moisture on turbines, 
wherein less maintenance would be required. The superhydrophobic titanium surfaces possessed the ability 
to repel microbial attachment property and hence can be used to combat microbial fouling.

ACHIEVEMENT
Using a relatively simple, economic and novel method, superhydrophobic and superhydrophilic titanium 
surfaces were prepared. The superhydrophobic surfaces exhibited increased corrosion resistance and fouling 
resistance. The superhydrophilic surfaces showed increased biocompatibility. The study showed that the 
surface wettability properties of titanium can be manipulated to suit its respective applications.

Further inquiries:
Dr. U.Kamachi Mudali

 Metallurgy and Materials Group
e-mail: kamachi@igcar.gov.in

ADDITIONAL INFORMATION ABOUT SUPERHYDROPHOBICITY AND 
SUPERHYDROPHILICITY 

BRIEF DESCRIPTION 

GENERAL INFORMATION
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A Study of Diffusion Behaviour of Silicon in D9 Steel
 EXECUTIVE SUMMARY

 OUTLINE

����� ��� Q����� �
������ ��� J�30� ��� QU� ������ ��� ����
     temperature range 320 – 660 K

���������X

�����������

The effectiveness of silicon in extending the transient regime of void swelling is well known but the understanding 
of the underlying mechanism is still lacking. While experimental evidences of increased diffusion of Fe, Cr, Ni 
on silicon additions has been observed, through the annals of literature, no study on the diffusion of silicon 
���
�
���	�����������
����������������"������
	����������������������
���������:�����	������������������������
in steels which hitherto has remained a conjecture.  

The effect of fast diffusing substitutional elements in 
suppressing void swelling is well known. It has been 
shown in 316 steels that addition of silicon leads 
to a reduction in void number density. In thermal 
environments silicon is thought to migrate by vacancy 
exchange mechanisms. There is also a parallel view in the 
radiation effect community that solute migration takes 
place by the formation of bound interstitial complexes. 
Therefore it appears that the solute complex effects and 
the vacancy diffusion mechanisms are not necessarily 
�	
	������:��	����"�/�������
��������������¢����K	�����
on the overall diffusivity of solvent components of 
the alloy has been provided by various researchers. 
However, these groups have not measured the diffusivity 
of silicon itself due to the lack of a suitable radioisotope 
of silicon. The presented study aims at exploring the 
themal diffusion behavior of silicon in D9 steels which 
has remained unresolved. There is considerable scope to 
extend this study to understand the radiation induced 
���
��	
������������������
�
���	�����������
����"

D9 alloy samples with 0.25% titanium obtained from 
Valinox are implanted with 500 keV Si30� 
�� �� K	�����
of 3×1016 silicon atoms  cm-2"��������
�������������'�30 
was carried out by the Resonance Nuclear Reaction 
Analysis (RNRA) using Si30���£!� ����������
�)C9�%�5"�
This involves implanting the sample with protons of 942 
keV and above and observing the gamma rays in the 
energy range 7–9 MeV. The presence of silicon at a depth 
where the proton energy reaches 942 keV results in the 
production of gamma rays whose intensity is propotional 
to the concentration of silicon and the strength of the 
��������"� ���� �	����� ��������� ���
���� ��������
�:������
� ���� �
������O��� ��� ����
	�
���� �� 
���%�
target gamma ray yield from a silicon wafer containing 
about 3% of Si30. Through the annals of literature 
researchers have used the Si30���£!�����������
�>9*�%�5�
����������
����� �������������
��������������������"��	
�
considering the small concentration of implanted silicon 
in the samples, we have chosen the 942 keV resonance. 
The 942 keV resonance with a width of 2.6 eV possesses a 
����=���
�������
���������
���������
����
���>9*�%�5��
��%�����
�����������������
�����������������������
����
�
to our application. The range and straggling of the room 
temperature implant as determined by the RNRA is in 
agreement with that computed from the TRIM program. 
The D9 alloy samples were isochronally annealed for 
thirty minutes at temperatures of 320, 390, 460, 530, 
600, 630 and 660 K. After every annealing step, the 
sample was quenched and RNRA was carried out to probe 
the diffusion of silicon atoms. The broadening of the 
����������
���
�����
	�������N9*�¥�>>*�W����������
in Figure 1. The diffusion constant is obtained from the 
��������������������
���/����	�����
���������������
behavior (Figure  2). An activation energy of 0.34 eV for 
silicon diffusion is obtained in this temperature regime.
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BRIEF DESCRIPTION

ADDITIONAL INFORMATION

AN INSIGHT INTO THE MECHANISM

Fig. 3 :� ������
�������������������
��������J�30 at 630K. The 
	$����
������������%�����?��"���������������7���
����������
�?���������������%�
��Z���������Z��
�"������?�
���
"���� �
����� ��� J�30 in D9 alloy annealed at 
[�\]�"�������7�����������(��������%�����?��
����

The interaction between point defects and solute atoms play a major role in the evolution of irradiation 
induced microstructure. These solute atoms additions may be deliberate or accidental additions during 
processing. Addition of certain minor alloying elements even with low concentrations has a direct impact 
on defect mobility. Hence a fundamental study of diffusion of the solute atoms would result in a better 
understanding of the mechanism and also would provide estimates of key parameters like activation energies 
for modeling behavior of the material under irradiation.

At temperatures of 600 K and above, an interesting 
behavior is observed as shown in Figure 1. It is 
found that there is a tendency for the FWHM of the 
����	����� ������� 
�� ����%� ���� �������� 
��
� ���

�����=������
��������"�/����� ��� ������ ������	��
3, there is a shift in the vertex of the diffusion 
������ 
������ 
��� ���%� ������� ����
���"� (	�
previous studies on the annealing behavior of D9 
alloy using positron annihilation spectroscopy show 
that the vacancies start migrating at temperatures 
above 500 K. Therefore it is conjectured that at 
temperatures above 600 K silicon atoms are diffusing 
by a vacancy mechanism. The movement of silicon 
atoms in a direction opposite to the direction of the 
vacancy migration has resulted in the shrinking 
��� 
��� ����	����� �����"� ��	�� ���� 
��� �
	���� �
� ���
evident that silicon diffuses by both interstitial and 
vacancy assisted diffusion mechanisms at different 
temperature regimes. A modeling of silicon diffusion 
behavior in pure metals or ternary alloys would 
throw light on the underlying mechanism behind 
the complex diffusion behavior of silicon in different 
temperature regimes. 

ACHIEVEMENT

PUBLICATIONS

Further inquiries:
Dr. K.G.M. Nair 

Materials Science Group
e-mail: kgmn@igcar.gov.in

The diffusion of silicon in D9 steels was studied by isotopic tracing of Si30 using Resonance Nuclear Reaction 
Analysis technique. Silicon appears to diffuse by different mechanisms in different temperature regimes. A 
modeling of silicon diffusion behavior in pure metals or ternary alloys would throw light on the underlying 
mechanism behind the complex diffusion behavior of silicon. 

The addition of fast diffusing impurity like silicon in steel for suppressing void swelling is well known. Two 
parallel views exist regarding the diffusion of silicon in steels; by interstitial complex formation the other by 
�������W�%������������
�"��������
����
	������
�����
��:������
��������
�������
��
�������������	�������
both interstitial and vacancy assisted diffusion mechanism in two different temperature regimes.

C. David, B.K. Panigrahi, G. Amarendra, S. Abhaya, S. Balaji, A.K. Balamurugan, K.G.M. Nair, B. Viswanathan, 
C.S. Sundar, Baldev Raj, Surface and Coatings Technology, 203 (2009) 2363.
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Phase Transformations in Ti-5%Ta-1.8%Nb Alloy and 
��
����	�
��	�����������������	���
EXECUTIVE SUMMARY

OUTLINE

�����������������������
�������
��������
��������
�����
	���������������=<���=+";�6���������	����
cooling has been studied based on the room temperature microstructure that evolved during the transformation. 
������������	��������������
�����
�������
������	������A������
�

��������������
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�����
��������
�
������
������
��
����6����������������������
�����O��"�/���
����¦Q������	�����������
the pseudo binary Ti-Ta-Nb system has also been derived using microstructural methods.

��=<���=+";�6�����¦§���������������������
����
���������
	�
	���
�������
����� ��� ������� �:���O���� ����	��� �	�� 
�� �
�� �:������
�
������������
����"����������
�����
	�������������
����������
undergoes a variety of phase transformations depending on the 
solute content and cooling rate. These transformations result 
in a myriad of microstructures, with characteristic morphology, 
microchemistry and structure. This has been systematically 
�
	����� ��� 
��� ������ �	�@��
��� 
�� ���
������ 
��
���
�� ��� ��
���� ¦§�� ������ �����"� &
� ���� �������� 
��
� #	�������� ���� ��
������������ ��	�
��� �������
����
�����	�
� �¦¨!���
�����"�"��
structure, which possessed a predominantly lath morphology. 
The martensitic transformation is attributed to the unstable 
����� 
�����
	�� �� ������ �	�� 
�� ���� ���	�
� ��� �� �
�����O����
������
�"�7����������
������
��
���
����������
���¦§��������
��������	�
������¦¨���
�����
��������������
����
�����
����"�
This change in morphology is attributed to the comparatively 
����� ���
�����
�� ��� �� ��
�� �������� ��� 
��� ���	
�� ���
��
� ��
��
decrease in temperature. Further increase in solute content of 
����������
����	�
�������
�����
	����	�
����������:
	�����
�
�����������
����
���¦¨¨!�������:�������©����������������
in Figure  1, due to a competition that prevailed between the two 
types of displacive transformations. Their unique morphology, 
structure and orientation relationship with the parent phase 
������ ��� �� �������
� ��� ����
����
���� ��� 
�������
����
���������"� /
� 
�����
	��� ����� 
���� DDNW�� �� ������ ���
retained due to the large suppression of the start temperatures 
for the two types of displacive transformations resulting from 
high solute enrichment.

/��
� ���� 
�����
	��� 
��� ���������
���� ����� ��� �� ������
was also sensitive to the cooling rate. A Widmanstatten 
transformation was always observed during slow cooling, while 
martensite formed at high cooling rates. The diffusional product 
������
��������
������������
	�
	����
����
���
��������������
¦������������"�7��������ª©�
�������
�����������������
�
��
������
�����������
�������������!�����¦§��������������	��
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�����������"�����
�������
����������
���������������
�����	�
��
����	�
������
	�
	�������������
consolidated into a phase transformation map in Figure 2.

?���������
�� ��� 
��� ���:��
���� ¦� ���� �Q¦¨� ������� �
�
room temperature was experimentally determined and their 
composition was converted into Nb equivalent. A pseudo binary 
diagram of this ternary system has been constructed and 
��� ������ ������	�� �N"�'��	����
�� ��� ��� ����6�� ��� 
���¦�������
�����������
�������������
�����
	��������
���	���¡+*CN�
K) until 1023K, beyond which a decrease was observed. This 
feature is also observed in the corresponding binary systems. 
'��	����
������������6�����
���¦����������
��	�	�������������
with decrease in temperature, with a maximum solubility of 28 
w% Nb or 35.3w% Ta equivalent at 773K. The volume fraction 
���¦����������������
���
�������
�������������������������
good agreement with the values obtained by quantitative image 
analysis methods. Further studies in this system with alloys of 
different composition and thermodynamic assessment are in 
place to establish the phase diagram. 

������� ^
����� ���� 	��� "��
��
���� ���7������
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the alloy from 1023K
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 ADDITIONAL INFORMATION

CONDITION  FOR  STABILITY OF ��PHASE

Since the alloy consists of both Ta and Nb 
������
����������
����������
���������������
can be expressed in terms of electron/atom 
ratio to arrive at the criterion for stability of 
�������"�&
������	���
��
�����Q���
���������
C"+����������ª¦¨�
�������
�������
�����
C"+� ���� C"9� ����	�� 
���� �ª¦¨¨Q©�� ������
������ �� ������ ��� �
������ ��� ��� ������
�
from Table 1.

Temperature (K) Phase e/a ratio
1143 _� 4.04
1133 ������ 7.5
1113 _���_� 4.04
1083 ����_� 4.07
1023 ��������� 4.08
973 ��������� 4.09
873 ��������� 4.11
823 ��������� 4.15
773 q 4.21

GENERAL EXPLANATION RELATED TO THE DESCRIPTION
����������������
������������������������
������� 
�
���	����������%�����
��������
��� ��K	���������
�������������
���������������
���	�������������6����������
��������������"�7��������	
������������
��
in performance can be obtained in the Ti-Ta-Nb alloy by tailoring the microstructure, through appropriate 
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������:��
����������"����������
only be achieved through the knowledge of the various phase transformation mechanisms and the conditions 
that lead to the desired microstructures. Information on the phase diagram of the technologically important 
Ti-Ta-Nb system is scarce in literature. Hence, an attempt has been made to determine the solvus lines based 
���
�����
���
�������6���#	������
����¦��������������	����������
	�
	�����
����"

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
Various microstructures that control the corrosion and mechanical properties in this alloy can be tailored as 
an outcome of different phase transformation mechanisms that operate in this alloy system. The instability 
���
��������
�����
	�����������	����
�������
�������
����Q���
�����
������	
����������
��������	�
�����
different displacive or diffusional transformations during cooling at different rates

 ACHIEVEMENT
4������
� ������ 
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���� ����������� ��� 
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�����=��=6�����
���
has been arrived at based on microstructural methods.
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Mass transport across heterogeneous materials at their interface during 
service leads to undesirable microstructural and microchemical changes 
resulting in material degradation, which is studied in two important 
class of materials and is illustrated as case studies.

Case study 1: Exposure of dissimilar joints of 9Cr-1Mo and 2¼Cr-1Mo 
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at the weld interface. The activity gradient driven carbon diffusion 
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with different microstructure and property, which is deleterious to the 
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method (FDM) based numerical technique, assuming single phase 
(without carbide precipitation), which resulted in an underestimation of 
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carried out using Dictra and Thermocalc software, wherein the effects 
of simultaneous dissolution and precipitation of carbides in the two 
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volume fraction of precipitates matched well with experimental results. 
The model was also extended to determine the role of interlayers such as 
Ni, Cu and Co which act as effective diffusion barriers and prevent the 
O��������
���"�/����
������������������@���
������������
�����
��
���
predicted thickness of Ni based interlayer which showed the complete 
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studied in a simulated environment of the secondary circuit of PFBR, 
at 798K for 16000h in the bi-metallic sodium loop. Exposure of SS to 
sodium at high temperature leads to mass transfer and different forms 
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the carbon activity difference between sodium and steel. Experimental 
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calibration chart generated using EPMA. The effective concentration 
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showed reasonable agreement with experimental results (Figure 2).  It 
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until 10000 h, beyond which the change was small.  The model was 
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years assuming that the carbon concentration had reached a dynamic 
equilibrium value of 0.5wt% at the surface and remained constant 
during further exposure to sodium. 

Diffusion in multiphase systems have been evaluated more accurately 
overcoming the drawbacks/assumptions in the FDM simulation such 
as low dynamic equilibrium value for carbon concentration, constant 
stoichiometry of carbides, constant concentration of substitutional 
alloying elements with precipitation, by carrying out the computations 
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very well with the experimental results.
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 EXECUTIVE SUMMARY
Mass transport across heterogeneous materials during service leads to undesirable microstructural and 
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and validation of the predictions by experimental methods has been highlighted using two case studies 
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GENERAL EXPLANATION FOR THE ZONE FORMATION
An activity gradient across the heterogeneous material interface results in the diffusion of carbon across the 
interface. When carbon diffuses to a system where its solubility is less, it precipitates in the form of carbides. 
In case study 1, diffusion of carbon is from low Cr to high Cr steel. In case study 2, it is from sodium to 
austenitic stainless steel. In both the structural materials, since Cr is the main substitutional alloying element 
carbon reacts with it to form Cr rich M23C6 type of carbides. As the temperature or time of high temperature 
exposure is increased, diffusion of carbon and precipitation of carbides proceeds leading to an increase in 
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in the activity difference between the two systems (2) depletion of Cr on the diffusing side and (3) low C level 
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particular temperature.

Further inquiries:
Smt. C. Sudha

Metallurgy and Materials Group 
e-mail: sudha@igcar.gov.in

ADDITIONAL INFORMATION ABOUT THE ORIGIN OF THE ZONES
When interfaces of dissimilar materials in contact with each other are exposed to high temperature, carbon 
will diffuse from a region of high activity to a region of low activity, even if the carbon concentration is 
the same on both sides of the interface.  This diffusion phenomenon is attributed to the strong interaction 
of carbon with other substitutional alloying elements for (e.g.) Cr. The following equation which 
relates the activity of carbon ac to concentration of Cr, CCr and interaction parameter between Cr and C                                                                                                                                                
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Cr = -72), 
an increase in Cr content means a decrease in carbon activity. This activity gradient between the high and low 
chromium sides acts as the driving force for the diffusion of carbon in both the case studies presented here.

�C
Cr:aC =CC(exp(CC�C

C�	Cr�C
Cr))

BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
Using numerical techniques based on Finite difference method, Dictra and Thermocalc, the carbon diffusion 
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useful to predict the long term behavior of the components in the service environment.

 ACHIEVEMENT
This work demonstrates that numerical techniques combined with limited validating experiments can be used 
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necessity to do long term laboratory experiments. 
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The core materials of fast reactors are subjected to 
����� ��	
���� K	����� �+*22 n/cm2/sec) coupled with 
high temperatures (400-600°C). Under such irradiation 
conditions and high temperatures, austenitic stainless 
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which induce dimensional changes and alter mechanical 
properties. These irradiation induced changes are a strong 
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or displacement per atom.

The void swelling of the cladding and duct are evaluated from 
immersion density measurements. The trends of swelling 
��5Q5!� ��
�� �����������
� ��� �
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indicate a faster rate of increase above sixty displacement 
per atom. Also the extent of swelling in cladding (~11.5%) is 
higher as compared to duct (~4%) due to the high operating 
temperatures of the cladding close to the peak swelling 
temperatures of SS316. These trends are consistent with 
dimensional increase in the duct and cladding.

The mechanical properties of irradiated cladding are 
determined by remote tensile tests in the hot cell facility 
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heating furnace. These tests have been carried out at various 
temperatures corresponding to reactor operating conditions 
(430-490°C); fuel handling conditions (~180°C) and ambient 
temperatures. Both strength and ductility of the cladding 
������������������
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������������
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displacement per atom in both high temperature and room 
temperature tests. The ductilities (uniform elongation) of 
the cladding were in the range of 2-3 %. The trends in the 
ultimate tensile strength (UTS) of the cladding as a function 
of dpa and irradiation temperature are shown in Figure 2. 

TEM studies of hexagonal duct showed extensive void 
formation beyond fourty displacement per atom in addition to 
precipitation and dislocation loops. The void density showed 
a progressive increase with displacement damage. The 
������
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enriched M6.�
�������²�������������������
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phase was also observed at eighty three displacement per 
atom. The precipitates were associated with the voids which 
can be understood considering the growth of precipitates 
being achieved by diffusion of solutes, which in turn brings 
a vacancy surplus along with it. The retention of cold worked 
structure in the duct was unambiguously seen after eighty 
three  displacement per atom irradiation which suggests 
that no recrystallisation  has taken place and irradiation 
hardening is more  prominent than the softening effects. 
The TEM micrographs of SS316 at various displacement 
per atom superimposed on the swelling curve is shown in 
Figure 3. The increase in defect density as observed from the 
dislocation substructure and increase in the void density 
������O�����
�����	������������
��������������������	�
of duct. 

Mechanical Property Evaluation and Microstructural
Characterisation of Highly Irradiated SS316
 EXECUTIVE SUMMARY
Type 316 Austenitic Stainless Steel (ASS 316) in 20% cold worked condition is used as the structural material 
for fuel cladding and duct in Fast Breeder Test Reactor (FBTR). Fast neutron irradiation in these structural 
materials results in dimensional changes and degradation of mechanical properties which is closely linked 
to the microstructural changes. The irradiation performance of ASS316 cladding and duct of FBTR has been 
systematically studied by evaluating the mechanical properties, void swelling and microstructural changes at 
various displacement damages up to a maximum of 83 dpa (displacement per atom). 
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ADDITIONAL INFORMATION

Further inquiries:
Shri N. G. Muralidharan

Metallurgy and Materials Group
e-mail:ngm@igcar.gov.in
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BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

The choice of the core structural materials for fast reactors has been mostly guided by their resistance 
to irradiation induced swelling, the related dimensional changes and deterioration of their mechanical 
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steels quickly reached their limits because of unacceptable void swelling, many improvements were made by 
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elements, changes in the chemical composition of major and minor elements etc. This led to the development 
of advanced core structural materials such as D9 and D9I for use up to 100-120 displacement per atom 
levels. Another class of steels namely the ferritic-martensitic steel and oxide dispersion strengthened (ODS) 
steels are being considered for exposures beyond one hundred and twenty displacement per atom in FBR core 
because of their very low rates of void swelling.
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dislocation loops, vacancy clusters, vacancy loops, voids, helium bubbles etc form as a function of temperature 
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creep and changes in mechanical properties. Voids form in austenitic stainless steels in the temperature 
range 400-550ºC under neutron irradiation resulting from the agglomeration of vacancies. Irradiation creep is 
caused due to the combined effects of external non-hydrostatic stresses and presence of both interstitial atoms 
and vacancies at very large supersaturation levels. Fast neutron irradiation strongly affects the mechanical 
properties of austenitic stainless steel alloys especially the ductility. There are three temperature regimes of 
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temperature regime where swelling is predominant and a high temperature regime where the mobility of 
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stainless steels also enhance resistance to embrittlement. 

Microstructural alterations are the result of atomic displacements due to collision of energetic neutrons with 
atomic nuclei. Two basic defects produced are vacancies and interstitials, with typical displacement rates of 
the order of 10-6dpa/s. The continuous production of point defects during neutron irradiation gives rise to 
radiation-induced segregation effects. Several microstructural features like grain boundaries, dislocations, 
twin boundaries, defects and precipitate – matrix interfaces act as sinks for point defects. They act as potential 
sites for segregation of solutes enhancing the local concentration of solutes. The formation of precipitates 
removes elements like nickel and silicon which are important for suppressing void swelling and onset of 
void swelling often coincides with the formation of nickel and silicon rich phases. The correlation between 
high swelling and ductility loss could be attributed to either the direct effect of voidage in promoting brittle 
fracture or to the indirect effect of radiation induced segregation due to presence of voids. Radiation induced 
segregation could lead to instability of austenitic matrix due to nickel segregation at void surfaces facilitating 
transformation to martensite which would induce embrittlement. 

The comprehensive understanding of the irradiation behaviour of 20% cold worked SS316 at high displacement 
damages up to 83 dpa  has facilitated in predicting the residual life of FBTR fuel and structural materials 
and has ensured safe operation in the reactor, during fuel handling, PIE and subsequent operations. These 
studies carried out as a part of post-irradiation examination has enabled achieving a burnup of 165 GWd/t 
in FBTR using plutonium rich carbide as the driver fuel without any failure. 

1. C.N.Venkiteswaran, V.Karthik, P.Parameswaran, N.G.Muralidharan, V.Ananda Raj, S.Saroja, V.Venugopal, 
M.Vijayalakshmi, K.V.Kasi Viswanathan and Baldev Raj, “Study of Microstructure and Property Changes 
in Irradiated SS316 Wrapper of Fast Breeder Test Reactor”, Journal of ASTM International, 6 (2009) 1.

2. V.Karthik, A. Vijayaraghavan, Shaji Kurien, N.G. Muralidharan, V.Venugopal, Jojo Joseph and 
K.V. Kasiviswanathan, “High Temperature Remote Tensile Testing of Irradiated Clad tubes of FBTR”, 
Proceedings of Recent Advances in Post Irradiation Examination – 2008.

GENERAL EXPLANATION RELATED TO DESCRIPTION
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Pre-analysis of Phenix End-of-life Neutronics Tests 
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 EXECUTIVE SUMMARY
The end-of-life (EOL) experiments in the Phenix reactor are being carried out to demonstrate the safety of 
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After these experiments, this reactor will be permanently shutdown by the end of this year. Some of these 
tests are open for international collaboration and are included as a collaborative research project (CRP) under 
IAEA. Based on CEA-IGCAR collaboration on fast reactor safety, IGCAR has participated in the pre-analysis 
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procedures. The code systems used were ERANOS 2.1(European) and FARCOB (IGCAR). This study enabled 
us an inter-comparison of IGCAR computer codes used for PFBR design with ERANOS system, which were 
used for the EFR design. A close agreement is seen for all the neutronics parameters for the Phenix reactor.
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Under CEA-IGCAR collaboration on fast reactor 
safety, IGCAR has participated in the pre-analysis of 
various neutronics tests. This collaboration started 
with the simulation of various neutronics tests 
using the European state-of-the-art neutronics code 
system called ERANOS 2.1 with the help of CEA, 
France. The next phase was the re-analysis of these 
calculations with IGCAR neutronics code system. The 
code system used at IGCAR is ABBN93-CONSYST-
EFCONSY-COHINT-FARCOB. This exercise was very 
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core (Figure 1) were: (i)Worth of fuel and fertile sub-
assemblies, (ii) Absorber rod worth, and (iii) Control 
rod withdrawal test.

The sub-assemblies for the worth measurements are 
loaded at SAC position. Four types of sub-assemblies 
����
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blanket assemblies. The burnup of SA corresponds to 
750 efpd. To study the SCP2 worth change due to fuel 
burnup, the worth of SCP2 is estimated when fresh 
and burnt fuel assemblies are loaded around it, by 
keeping all other 5 SCPs outside the core. For the 
control rod withdrawal test, the absorber rod SCP2 is 
withdrawn completely from the critical position and 
the change in power due to this effect is estimated. 
Neutronics calculations were done with 3-D diffusion 
theory.  The nuclear data library used in IGCAR 
code system is the well validated Russian adjusted 
set called ABBN-93.  In ERANOS, the adjusted cross 
section library ERALIB1 was used. The heterogeneity 
corrections were made to fuel and absorber rod cross-
sections.  

The total worth of all rods (6 SCP + SAC) from FARCOB 
is predicted within 2 % with respect to ERANOS 
values.  It predicts the worth of 6 SCPs within 0.5 
%. It is seen that ERANOS predicts 25 % change of 
absorber rod worth with fuel burnup, whereas it is 
about 32% with FARCOB. The maximum over power in 
the neighboring sub-assembly due to SCP2 movement 
is about 8 % with FARCOB (Figure 2), whereas it is 
about 10 % with ERANOS. There is a close agreement 
in the prediction of sub-assembly power (Figure 3) and 
absorber rod worth between FARCOB and ERANOS. 
The deviation of maximum sub-assembly peak power 
is about 1.3 % between these code systems. In general, 
all the neutronics parameters estimated were closely 
predicted by FARCOB and ERANOS systems.
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ADDITIONAL INFORMATION
The European Reactor ANalysis Optimised calculation System, version 2.1, ERANOS 2.1, consists of data 
libraries, codes and calculation procedures, developed within the European collaboration on fast reactors 
for more than 20 years. It contains all the functions required for the reference and the design calculations 
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Generation–IV type advanced fast reactors, Accelerator Driven Systems (ADS) and Gas Cooled Fast Reactors 
(GCFR). ERANOS is written with ALOS software, which uses the standard FORTRAN compilers and advanced 
programming features. It contains the nuclear data libraries in different energy groups (1968 groups for main 
nuclides, 33 group for fast spectrum applications, 175 groups for shield design and 172 groups for thermal 
reactor applications) based on JEF-2.2, JEFF-3.1 and ENDF/B-VI (rel.8).  It also contains an adjusted library 
based on JEF-2.2 called ERALIB1.The cell code ECCO is used for preparing the self-shielded cross sections. 
There are various modules based on diffusion/transport theory to perform 3-D calculations. The SN transport 
code BISTRO and its associated perturbation modules are used for preparing the homogenised control rod 
cross-sections by using the reactivity equivalence method.

Further inquiries:
Dr. K. Devan

Reactor Engineering Group
e-mail: devan@igcar.gov.in

 ACHIEVEMENTS

 PUBLICATIONS

BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
Neutronics calculations are performed in 3-D geometry with diffusion theory. The control rod and fuel cross 
sections are corrected for heterogeneity effects. In IGCAR neutronics code system, the code COHINT is used 
for preparing heterogeneous cross sections, whereas a procedure based on the reactivity equivalence method 
is used in ERANOS code system. 

The pre-analysis of Phenix end-of-life experiments is a international benchmark on inter-comparison of 
computer codes used for PFBR design in IGCAR and computer codes used for EFR design in European Union. 
There is a close agreement between the two sets of predictions. 

1. K. Devan, Laurent Buiron, Jean Tommasi,  Pierre Sciora and Frederic Varaine, Analysis of a 3600 MW(t) 
Mixed Carbide FBR with ERANOS 2.1 and IGCAR Code System, CEA-IGCAR Report (2008).

2. K. Devan, M. Alagan and P. Mohanakrishnan, Pre-Analysis of Phenix End of Life Neutronics Tests with 
ERANOS2.1 and FARCOB, Report REG/RPD/CPS/81 (2008).

The Phenix reactor has demonstrated its design objective of safe and reliable operation of sodium cooled fast 
���
��"�&
��������������
�����	������	����������+)DN������
���������	
��������������������
����������
2009. Before its permanent shutdown, several physics and engineering experiments were planned with the 
purpose of validating various data and design codes. These End Of Life (EOL) tests are being carried out with 
international collaboration and IGCAR is also a participant.

GENERAL DESCRIPTION:
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IGSHIELD: 
'����2	
����
�������	
�4��	����-Ray Shielding Code
 EXECUTIVE SUMMARY
IGSHIELD is an Interactive Gamma-ray Shielding code (stand-alone) developed in Visual Basic Version 6.0 
for windows operating system. The computational methodology is based on the point kernel technique. The 
new features of the code are: i) handling of multiple  source  shapes  with accompanying energy distributions,     
ii) incorporation of hexagonal cylinder as a shield body in the combinatorial geometry routine, iii) provision to 
declare hexagonal cylinder and truncated right circular cone as source bodies, iv) provision to declare point, 
line and plane as source bodies and v) arbitrary orientation of sources such as cylinder, hexagonal cylinder 
and truncated cone. The interactive gamma shielding code will cater the needs of a shield designer as well as 
serve as an excellent educational tool. 

 OUTLINE
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In a point kernel technique, large volume sources 
��� �������� ��
�� ���
��� ��������� �������
volumes, which are considered as point sources 
with appropriate source weight. The centroid co-
ordinates of such small sources are calculated and 
these positions are considered, as their locations. 
From each such source point, the optical path 
traversed in the source and shield media upto 
the detector location is estimated to calculate 
geometrical and material attenuations to get un-
collided dose rate. This is subsequently multiplied 
with the appropriate dose buildup factor (to account 
for scattered contribution) to get total dose rate. 
Finally, the dose rate for entire volume source is 
obtained by summing over all the sampled points. 
The layout of the main page is shown in Figure 1.
New Features of IGSHIELD code 
IGSHIELD is capable of handling multiple source 
shapes with accompanying gamma energy 
distributions (Figure 2). Fox example, a single input 
���� ��� ���	��� 
�� ����	��
�� ����� �
��� ��� �� 
�������
��	��� ������� �����	�
����� ����� 
���� ��� 
���
volume sources like a cylindrical source with 60Co 
activity and a slab source tank containing 137Cs 
��
���
�"�����	�������������������	�
���������
�����
sources using array facility. In a single run, the dose 
rate at the desired detector locations due to each 
source is computed and displayed.
The voxel calculational methodology for new source 
bodies such as hexagonal cylinder and truncated 
right circular cone has been incorporated. In 
shielding calculations, sometimes, the volume 
sources such as a pipeline carrying a radioactive 
solution may not be parallel to any of the axis 
and can be inclined depending upon engineering 
considerations. Since the IGSHIELD is capable of 
handling multiple source shapes, this feature is also 
incorporated.  The bodies have to be declared as per 
the input requirements for the geometry.  The source 
points calculated for a cylindrical source parallel to 
�������
����:�������
�
���������
�����
�����������
for the body. For the rotation of the sampling points, 
the standard 3D rotation methodology is adopted. 
The input module accepts only the correct data.  
If the data happens to be an object, the code 
instantaneously displays the 3D view of all the 
objects built so far. Thus, the interactive gamma 
shielding code caters to the needs of a shield designer 
and also serves as an excellent educational tool. 
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 ADDITIONAL INFORMATION

Further inquiries:
Dr. V. Meenakshisundaram,
Reactor Engineering Group

e-mail : vms@igcar.gov.in

 PUBLICATIONS

The information required for shield designers are included in graphical form along with the main code. Some 
���
���	���	����
������	�������+!�
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�����9!�����������	�
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intensity, 3) gamma ray and neutron dose conversion factors, 4) gamma and neutron sources, 5) thermal 
neutron activation calculation, 6) buildup factor curves, 7) derived air concentration for important radio 
�	��������;!��������������=���
���������������
���������
��)!��������������������+*!��O�����	���	�����
air and 11) electron dose rates.

K.V. Subbaiah and R. Sarangapani, "IGSHIELD: A New Interactive Point Kernel Gamma Ray Shielding Code", 
Annals of Nuclear Energy, 35 (2008) 2234.

The code is validated by 
comparing the results for the 
standard shielding problems with 
analytical equations and MCNP 
code. Several sample problems 
encountered in nuclear industry 
and other useful information 
required for shield designers and 
analysts are the other highlights 
of the code. The input for any kind 
of situations can be prepared 
�������	�����
��������
��
�K����
with appropriate prompts. Since 
entry of data is the important part 
of the input, its validity is checked 
immediately and the user is 
cautioned against incorrect data. 
The sample results of the code 
are given in Table 1.

Limitations of the code
The code can be applied to 
only those situations where the 
basic point kernel technique 
is applicable. The user has to 
select a medium for the buildup 
factor calculation based on the 
��	��� ������� �����	�
���� ����
knowledge regarding the selection 
of medium is essential. The code 
is capable of handling upto 1000 
O����� ����
	�
��� 	����� ������
bodies and 100 gamma energies 
in a single input. The accuracy 
of the code is governed mainly 
by the contribution of scattered 
dose component calculated using 
�����
������	���	���	�����
�"�

 GENERAL INFORMATION:

Table 1: '����������� ��� ��������� ��Z� ��� ������
� ��������� #?� ����?������ �A�������
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Pressure Induced Superconductivity 
in BaFe)As) Single Crystal
 EXECUTIVE SUMMARY
High pressure techniques have been employed to induce superconductivity in single and polycrystalline 
samples of BaFe2As2  - a recently discovered system which otherwise possesses a non-superconducting metallic 
spin density wave (SDW) ground state. The temperature-dependent electrical resistivity studies in 0–7GPa 
����	���������������	
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�����
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����������������	�=���	�����	������	�
���
����
��O�������
���
��
in the single-crystal sample. This happens at the expense SDW transition resulting in the highest value of 
the superconducting transition temperature (Tc) of 35.4 K reported so far. It is surmised that the pressure 
induced superconductivity in the BaFe2As2 system may be linked to a quantum critical point associated with 
the suppression of the SDW. 

 OUTLINE
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The recent discovery of superconductivity in the iron pnictides 
���� ���%��� �������� �������� ���� �����
���� ����	��
�� ������
has culminated in synthesis of several new superconductors. One 
distinguishing feature of these pnictide superconductors is the 
existence of spin density wave in the parent compounds, which gives 
way to superconductivity with electron or hole doping.  Apart from 
the ample future scope of enhancing the Tc, as indicated in several 
doping studies, the occurrence of superconductivity with magnetic 
Fe in these layered compounds has added further intrigue to the 
investigation of the role of magnetism in the occurrence of high 
temperature superconductivity, as in the cuprate superconductors. 
In the present study, high pressure technique has been successfully 
employed to induce superconductivity in BaFe2As2 system. 

Single crystals of BaFe2As2���
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established procedure in the literature.

In Figure 1 temperature and pressure dependent electrical resistivity 
³���$!����������������
����������2As2 in the 4–300K temperature and 
*¥D"9,$������	�����������������������
��"�����³���$!��	����
reveal a clear superconducting transition with vanishing resistivity 
at  ~1.4GPa pressure with Tc of 35.4K. It is to be remarked that 
in previous studies the pressure-induced superconductivity was 
seen above the critical pressure of 2.5GPa and the maximum Tc 
obtained was ~ 29K in the BaFe2As2 system. On the other hand, in 
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at ~ 1.5GPa. The SDW transition temperature T<TSDW (marked by 
downward arrows in Figure 1) decreases rapidly with increasing 
pressure from 135K at 0.8GPa to 105K at 1.4GPa, which is 
ultimately not discernible beyond this pressure.

Based on the two equations described in theoretical considerations 
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���³=��"=�3/2 plot of (Figure 2a). It is seen that the experimental 
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expression in entire temperature range (40–300K) above Tc for 
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����3/2- dependence of resistivity, it is inferred 
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increases systematically with pressure.  In T<T<TSDW  regime, at P 
¶*";,$��
��������
��4�����#"��9!���������������O�������³���$!�
is found to exhibit nearly T2-dependence indicating a Fermi-liquid 
(FL) behavior (Figure 2(c)). As the pressure further increases to 
+"C,$���³���$!!������������1.7-dependence indicating the onset of a 
non-Fermi–liquid (NFL) behavior (Figure 2(d)). When SDW vanishes 
�������9,$���³���$!���������
�������������3/2 dependence indicating 
the NFL behavior in all the temperature ranges above Tc as seen 
�����	��9��!"�'	��������	��������	
�������³���$!�����������
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quantum criticality as observed in several Ce-based heavy- fermion 
systems. 
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In order to gain physical insight on the resistivity behavior, 
the pressure dependence of the normal-state resistivity of 
BaFe2As2 above and below T<TSDW�����������������O��"�
&��
�������������±�SDW, Eq. 1 and for T< TSDW  Eq. 2 given 
����������������	����
����������
���³���$!���
�:

                                    �������	�m ------- (1)

                        
������2������������������� ---(2)

In Eq. [1] & [2], the constant A represents the contribution 
to the resistivity from electron - impurity scattering, while 
the term with B accounts for the anti-ferromagnetic spin 
K	�
	�
��������¶+"<��
����2 term accounts for the Fermi-
liquid contribution and the term containing D represents 
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spin waves.

The variation of T<TSDW����������
����
������
�������
���
single-crystal sample as a function of pressure is shown 
in Figure 3. T<TSDW  is seen to decrease drastically and 
��������������$�±+"C,$�"�(��
����
��������������������
non-monotonic variation with pressure, i.e., Tc increases 
abruptly to 32.8K at 0.8GPa, reaches to a maximum of 
35.4K at 1.4GPa and then decreases monotonically with 
further increase in pressure. It is worth mentioning that 
maximum of Tc lies at the border of T<TSDW  instability 
(cf. Figure 3(a) and (b)). This suggests that magnetic 
instability may be playing a crucial role in the occurrence 
of superconductivity. It is noted that while B increases 
with increasing pressure, Tc decreases beyond 1.4GPa. 
This non-monotonic variation in Tc may be due to 
�����
�
���� ��
����� �������� ��� ����� K	�
	�
���� ����
suggested by parameter B) and a decrease in DOS at the 
Fermi energy, EF, with pressure. Recent band structure 
calculations have shown the gradual reduction of DOS at 
EF under pressure up to 10% volume reduction in this 
system, which is consistent with our above assertion.  

Fig. 3:  Variation of TC, TSDW� ��� ��� ��
�"���
� ^��
������%��?��������������������
����
����
�����
��������
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 BRIEF DESCRIPTION
To conclude, pressure induced superconductivity is observed in poly and single crystalline samples around 
¡+"<� ,$�� ����	�"� A����� �	������	�
���� 
����
���� ������� ��������
�� ��� 
��� ������ � �	��� K������
�	������	�
���
�� ��
�� O��� ����
���
�� ��� �������� ��� 
��� ��

�� ������"� ���� �	������	�
���� 
����
����
temperature (TC) exhibits an initial increase followed by decrease at higher pressures, while T<TSDW  decrease 
rapidly and vanishes beyond 2 GPa pressure. Interestingly, superconductivity and magnetism coexist at 
moderate pressure of 1.4 GPa. The dominace of T3/2 term in r(T,P) data indicates the link between spin 
K	�
	�
���������	������	�
���
���������2As2. The non-monotonic variation of TC with pressure is suggestive 
of the competing effect of the increase of coupling strength and the decrease in DOS at EF.

 ACHIEVEMENTS
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temperature Tc of 35.4K obtained at 1.5 GPa pressure is the highest TC reported so far in this system. 

Further inquiries:
Dr. Awadhesh Mani

Materials Science Group
e-mail: mani@igcar.gov.in

 PUBLICATIONS
Awadhesh Mani, Nilotpal Ghosh, S. Paulraj, A. Bharathi and  C. S. Sundar, "Pressure-induced superconductivity 
in BaFe2As2 single crystal", Europhys. Lett. 87 (2009) 17001.

 GENERAL INFORMATION: THEORETICAL CONSIDERATIONS TOWARDS UNDERSTANDING 
OF THE PRESENT RESULT
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A new era of superconductivity research was ushered in following 
the discovery of superconductivity in FeAs containing compounds 
��
�� ����
�� ��� ������� �
	�
	���� ��O"�� L�(��/�� ���
�������
alternate layers of LnO and FeAs (Ln=Rare earth) and MFe2As2 
(M=alkaline earth), a double FeAs layered compound. Both 
compounds have a SDW ground state and superconductivity 
occurs by electron and hole doping respectively.  More recently 
superconductivity at 36 K was discovered in Sr2VO3FeAs, 
containing alternate layers of the Strontium vanadium oxide 
and FeAs layers. Here superconductivity occurs in the parent 
compound, without any intentional doping. A spurt of synthesis 
activities was seen across the world with the aim of increasing 
����������������:���O����
�<<�W������������'�(��/�"�W��������
at the Ba site in Ba1-xKxFe2As2 compound results in maximum 
Tc of ~38K at x=0.45. Enthused by the fact that isoelectronic 
substitution of P at As site induced superconductivity in the 
BaFe2As2 system, we ventured on Ru substitution at Fe site, which 
is yet another isoelectronic dopant. The synthesis was carried 
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pressure locking the volatile constituents in 50 Bar of Argon and 
subjecting it to heat treatment at 600°C to 800°C. Subsequently 
Ba was added to the stoichiometric mixtures of the arsenides in 
a glove box and subjected to a heat treatment at 950°C. Nearly 
single phase samples were obtained by this procedure. 

The Ru substitution at the Fe site is evident from a  systematic 
change in the a and c lattice parameters with increase in Ru.  
The variation in the temperature dependent resistivity with Ru 
substitution is shown in Figure1. It is evident that the SDW 
anomaly in the resistivity shifts to lower temperature with 
increase in Ru content andsuperconductivity occurs at 20.8 K 
in the sample with x=0.75. Similar large drop in resistivity is 
seen in the x=1.0 sample as shown in the inset. The normal state 
����
���
�� �
������� 
�� �� �1.5 power law, in the superconducting 
samples, a feature not apparent in the parent compound. To 
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measurements were carried out as a function of temperature, 
results in the sample corresponding to x=0.75 is shown in  Figure 
2. An associated diamagnetism with the drop in resistivity is clear 
����
�����	�"�&���
�������
���O����������������¾�.!����������
cooled (FC) magnetisatisation in another superconducting sample 
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sample with x=0.75, indicating clearly that superconductivity 
in the Ru doped samples occur due to the presence of electron 
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onset in the Ru containing samples, corresponding to fraction 
x=0.75 were measured in a magneto-resistance cryostat, housed 
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corresponding to a dHc2/dTC of 3 T/K, as shown in Figure 3. It 
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granularity effects and anisotropy in this system. 

 EXECUTIVE SUMMARY
Fe-As superconductors have caught the attention of condensed matter physicists during the last year, 
reminiscent of the fervour prevalent about two decades ago, aroused by the discovery of the cuprate 
superconductors. A la the cuprates, several families of FeAs based superconductors have been discovered but 
highest Tc has been so far been restricted to 55K. The search of newer compounds in the hope of enhancing Tc 
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by Ru substitution at the Fe site in the BaFe2As2 system. A systematic suppression of the Spin Density Wave 
(SDW) ground state ushers in the superconducting ground state with increase in Ru concentration in the 
BaFe2-xRuxAs2 system.  The maximum Tc and superconducting volume fraction occurs at x=0.75. Although 
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 OUTLINE

Discovery of Superconductivity in Ruthenium doped BaFe)As)
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Ability to synthesise phase pure compounds of Ba1-xKxFe2As2, which is both air sensitive and toxic points to 
the strength of the group in synthesis. Ensuring safe synthesis of the arsenides with the 50 bar set up has 
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of new superconductors.

To summarise we have obtained clear evidence for 
the occurrence of superconductivity in BaFe2As2 by 
an iso-electronic Ru substitution at the Fe site for the 
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���"� ���� �	��
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���� ��� �	� ��	�
�� ��� �� ������
large expansion of the lattice, which is very different 
from the behaviour of lattice constant changes seen 
for all substituents that induce superconductivity in 
this compound. Band structure calculations carried 
out in the LDA approximation provide clear evidence 
��� ��������O�
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�� �	�
substitution. The carrier type turns out be electrons 
���� ����	����
�� ��� 7���� ��=�������
� ������ 
���"�
This study has clearly demonstrated that lattice 
compression and chemical doping of carriers alone are 
not the only routes to give rise to superconductivity in 
the Ba122 system. 
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ADDITIONAL INFORMATION
In order to understand how Ru substitution affects the electronic structure of these compounds, we performed 
density functional calculations for BaFe2As2 and BaFe1.5Ru0.5As2 for an appropriate structure, with one of the 
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approximating the exchange interaction. The density of states in BaFe2As2 and BaFe1.5Ru0.5As2 are shown 
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Ru d levels at EF is also seen. The converged EF in BaFe2As2 is 0.60222 Ryd, while that in BaFe1.5Ru0.5As2 
is 0.64586 Ryd, clearly indicating an upward shift in EF and therefore electron doping with Ru substitution.  

 BRIEF DESCRIPTION
We have obtained clear evidence for the occurrence of superconductivity in BaFe2As2 by an iso-electronic 
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the lattice, which is very different from the behaviour of lattice constant changes seen for all substituents 
that induce superconductivity in this compound. Band structure calculations carried out in the LDA 
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demonstrated that lattice compression and chemical doping of carriers alone are not the only routes to give 
rise to superconductivity in the Ba122 system. 
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 EXECUTIVE SUMMARY

 OUTLINE

Studies on Mechanism of Sodium Fire Attack in Concrete 
by IR Spectroscopy 
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the chemical interaction effects. Measurements on limestone aggregate samples treated with fused NaOH 
provided direct evidence of the exact mechanism of the sodium attack on concrete. Inputs from these studies 
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limit/eliminate the interaction between sodium and concrete in 
case of accidental sodium spillage in a fast reactor. It therefore 
becomes necessary to qualify the limestone aggregate concrete 
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sodium spillage. Limestone concrete test blocks of composition 
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13%w of 53 grade ordinary Portland cement and 7%w of potable 
water were cast and exposed to hot liquid sodium,  simulating 
a hot sodium leak. It is well known that the key mechanism for 
the setting and hardening of cement involves hydration of the 
anhydrous silicate and aluminate phases present to form the 
corresponding hydrates. Hence, it becomes important to follow 
the hydration kinetics to understand the extent of setting/
������
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Infrared spectroscopy, a powerful tool to probe the state of 
hydration in addition to providing useful information of the 
�������
������������������������������	�������
�����
�
����
to obtain direct evidence of the thermochemical degradation in 
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from various depths were analysed using a DA8 Bomem make 
FTIR spectrophotometer. Spectrum (Figure 1.) of the reference 
unexposed sample revealed characteristic absorption features 
of the major constituent- limestone in the form of calcite. In 
particular the sharp feature at ~ 3643 cm-1 riding on the broad 
water background is known to arise due to the O-H stretching 
of Ca(OH)2  - the major hydration product of Portland cement. 
The broad feature centered around 3500 cm-1 corresponds to 
the absorption features of liquid water (Inset of Figure 2). It 
is clearly evident from Figure 2 that this feature due to water 
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the low frequency components is seen. In addition, the sodium 
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���¿3�����¿4 pristine modes. A 
new sharp feature appears at 1070 cm-1 for the sodium exposed 
sample- presumably the Raman mode of calcite. 
Line shape analysis was carried out in the spectral                                            
region 3000-3750 cm-1 for a detailed understanding of the 
changes associated with the absorption features of water. 
Figure 3 shows the variation of the stretching modes of water as 
a function of depth from the affected surface for the test block. 
&
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softening as compared to the reference peak frequencies for 
depths upto 30 mm from the sodium-concrete interface. Note 
that the reference values are plotted at a depth of 100 mm for 
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layer thickness of 50 mm is adequate to mitigate the deleterious 
effects due to sodium exposure.
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M. Premila, K. Sivasusubramanian, G. Amarendra and C.S. Sundar. "Thermochemical degradation of limestone 
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It is well known that water in concrete is 
held in the following ways:  Free water in 
the capillary pores, physically bound water 
in the gel pores and chemically bound 
water in the form of hydration products. 
On contact with hot sodium, bound water 
is released from inside the concrete in the 
form of free water. This would imply an 
increase in the extent of hydrogen bonding 
compared to bound water in concrete that is 
�������"���������������7=���������������
to a weakening of the O-H stretch modes 
resulting in the observed drastic softening 
of the water modes. The new feature at 
1070 cm-1� ���� ��� ����
����� ��� �� ������
��
����¿1 mode of calcite that gets activated 
after interactions with hot liquid sodium. 
The appearance of this Raman mode point 
to a lowering of symmetry in calcite caused 
due interaction with hot sodium signaling 
a structural transformation of calcite. 
Both these effects would have deleterious 
effects on concrete.

 BRIEF DESCRIPTION
Direct evidence of the thermochemical degradation of limestone aggregate concrete on exposure to sodium 
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of the limestone aggregates has also been observed as a consequence of sodium – concrete interactions, which 
would lower the strength of concrete. Measurements on limestone aggregate samples treated with fused NaOH 
provided direct evidence of the exact mechanism of the sodium attack on concrete. From these fundamental 
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ADDITIONAL INFORMATION: HOW DO WE UNDERSTAND THE ABOVE CHANGES?
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Correlation of Magnetism and Hardness 
in Nickel-base Coatings
 EXECUTIVE SUMMARY
Nickel-base Colmonoy 6 is the material chosen for hardfacing of austenitic stainless steel (SS) components 
used in Prototype Fast Breeder Reactor. Considerable difference in melting points between the stainless steel 
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austenitic stainless steel and the undiluted Ni-base hardfacing alloy deposit are non-magnetic, the deposit 
diluted by stainless steel becomes magnetic. In this study, magnetism at different dilution levels of the deposit 
is measured using Magnegage and Ferritescope and the results are correlated with the dilution of the deposit. 
As dilution also affects the hardness of the deposit, it was also possible to correlate the magnetic property of 
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a non-destructive method for estimating the hardness of the deposit on actual components not amenable for 
hardness measurements. 

 OUTLINE
Colmonoy alloys deposited by Gas Tungsten Arc Welding 
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highest, which decreases progressively in the subsequent 
layers. Although both Colmonoy and austenitic SS are non-
magnetic, it was observed that, the deposit of Colmonoy 
on austenitic SS is attracted by a magnet, indicating that 
dilution of the hardfacing alloy by the substrate makes it 
ferromagnetic. The susceptibility to magnetic attraction is 
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reduces in the successive layers with reduction of dilution.
In this study, separate deposits of Colmonoy-6 with 1 to 5 layers 
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GTAW process. To obtain undiluted deposit, Colmonoy-6 rod 
was melted on a water-cooled copper plate by GTAW process. 
Magnetic measurements were carried out using Ferritescope 
and Magnegage. Microstructural analysis was performed 
using optical and scanning electron microscopes followed by 
EDS analysis of the matrix. Vicker’s hardness measurements 
and XRD analysis was also carried out for each hardface layer 
and undiluted deposit.
The susceptibility to magnetic attraction of the Colmonoy-6 
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appreciably low in the second layer; while no magnetism is 
observed from the third and successive layers. Microstructural 
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of both boride and carbide precipitate vary widely in different 
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area fraction of the precipitates are small, which increases 
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and recovers substantially to 750 and ~ 800 VHN in the second 
and third layer, respectively, and variation in the hardface 
deposit is almost negligible from the third layer onwards.
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undiluted deposit (4.8 wt%, 83 wt%). However, composition of 
the third layer and the undiluted deposit are similar indicating 
negligible dilution in the third and subsequent layers (Table 
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present only in the 316LN SS substrate. The XRD results from 
undiluted Colmonoy-6 and different deposit layers identify 
the matrix as f.c.c. Ni phase alloyed with Fe, Cr and Si. The 
lattice parameter for the matrix phase, estimated from the 
patterns for each deposit layer, shows that there is a small 
�	
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�� ������� ��� 
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� ���� ������� ������
� ������
compared to that of the undiluted deposit. This variation in 
lattice parameter of the matrix with dilution correlated well 
with corresponding variation of magnetic property measured 
by Ferritescope (Figure 2).
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Element

Layer Deposit on stainless steel Deposit
on 

CopperFirst Second Third Fourth Fifth

Nickel 58.8 80.2 83.6 83.7 83.4 83.5

Iron 21.2 9.46 6.31 5.88   4.82 4.83

Chromium 16.2 6.35 5.67 6.43 6.63 8.01

Silicon 2.82 3.97 4.4 4.02 4.63 3.69

Molybdenum 0.99 - - - - -
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ADDITIONAL INFORMATION ABOUT ORIGIN OF MAGNETISM IN CERTAIN FE-NI ALLOY 
SYSTEM
The magnetism observed in the Ni base hardfacing alloy diluted by stainless steel is similar to magnetism 
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small atomic magnetic moment of ~ 0.5 μB.  However, alloying with Ni can result in an Increase in interatomic 
distance and if it exceeds 3.6 A, it leads to appearance of High Spin ferromagnetic state with atomic magnetic 
moment ~ 2.8 μB.
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Fe-Ni alloys like Invar, then there is yet another property of the deposit that may need to be investigated 
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in Ni-base hardfacing alloy needs to be studied for Ni-base hardfacing alloys which can further improve the 
understanding of this relatively high cracking susceptibility of Ni-base hardfacing alloys.

Further inquiries:
Dr. Gopa Chakraborty

Metallurgy and Materials Group
e-mail: gopa @igcar.gov.in

 ACHIEVEMENT

For transition metals, ferromagnetism originates from 
the d-orbitals containing unpaired electrons and a 
sharp decrease of atomic magnetic moment is evidenced 
as the atomic volume reduces below a certain critical 
value in Ni-Fe alloys, Fe atoms occupy some of the 
lattice sites resulting in a change in lattice parameters. 
(
���������
�������
����
����������������K	������
���
lattice parameters, and hence its magnetic properties. 
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and Fe atom, is known to alter the lattice parameters of 
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magnetism observed is also the highest in this layer. In 
any case, it is clear that change in the lattice parameters 
of the matrix phase caused by dilution has a major role 
for the observed magnetism. The correlation between 
lattice parameter and dilution-magnetic measurements 
of different layers (Figure 2) is self explanatory. There is 
almost one-to-one correspondence between variations 
of Ferritescope reading with lattice parameter with 
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of lattice parameter with dilution is not very high its 
correspondence with magnetic property of the deposit 
is striking. Figure 3 shows the correlation between 
hardness and Ferritescope reading. Almost a linear 
increase in hardness with decrease in Ferritescope 
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observed. Hence, this correlation can be used to predict 
the hardness of the deposit simply by measuring the 
magnetic property of the deposit by Ferritescope.
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One of the potential and immediate applications of the results presented here is the use of magnetic 
measurement as a non-destructive tool to estimate the surface hardness of the Ni-base hardfaced coatings on 
austenitic stainless steels. Due to reasonably good correlation that exists between Ferritescope reading and 
hardness, this reading can be used as an index of hardness. Ferritescope is an equipment already used widely 
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depending on the dilution of the deposit by substrate material and thickness of the deposit remaining on the 
component after machining. 

 GENERAL EXPLANATION RELATED TO THE DESCRIPTION
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Enhanced  Creep Resistance of P91 Steel by Boron Addition

 EXECUTIVE SUMMARY
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to creep and Type IV cracking. This has been explained based on the stability of the microstructure in P91B 
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welding retained and within the grain martensite lath boundaries are clearly seen. Thus the results clearly 
indicate the potential for developing new steels with controlled addition of boron with improved resistance to 
creep and Type IV cracking.

 OUTLINE
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emission from the fossil power plants requires them to 
be operated at higher temperature; but high Cr ferritic 
steels currently used in these plants cannot withstand 
temperatures beyond 600ºC. Further, their weldments are 
susceptible for Type IV cracking, which make the welds 
weaker than the base metal. During welding the steel close to 
the weld interface experiences temperatures well above the 
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in which microstructure is affected by the weld thermal cycle 
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temperature range where partial transformation of ferrite to 
�	�
���
��
�%���������������������&.7/¾"�/�
�����
������
heat treatment (PWHT) and during service precipitates grow 
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austenite grain boundaries (PAGB) reduces creep strength 
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main reason for premature failure of the weldment. This 
study aims to obtain stable microstructures in P91 steel, 
which is the candidate material for the steam generators 
of Prototype Fast Breeder Reactor (PFBR), mainly in the 
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out on ferritic steels containing W and Co have indicated 
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improvement in the Type IV cracking resistance of the steel. 

A special heat of P91 steel with controlled nitrogen and boron 
was melted by MIDHANI for this study. This steel is used 
in the normalised (1050°C/1h) and tempered (760°C/3h) 
condition (N&T). The transformation temperatures for this 
steel are found to be higher than those of the P91 steel, 
which is attributed to the slower transformation kinetics 
due to presence of boron in the steel.  Recovery process and 
coarsening of the precipitate that take place during high 
temperature exposure is also delayed. As a result under 
identical conditions of tempering or PWHT, P91B steel has 
higher dislocation density than P91 steel and hence higher 
strength. Microstructures of P91 and P91B steels after a 
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microstructure of these two steels are vastly different 
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latter shows reconstituted prior austenite grain with grain 
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P91 weld joint which is absent in P91B weld joint. Further, 
it can be noted that hardness difference between coarse 
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weldment than P91B weldment. 
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 ADDITIONAL INFORMATION

Further inquiries:
Dr. Chittaranjan Das

Metallurgy and Materials Group
e-mail: chitta@igcar.gov.in

 ACHIEVEMENTS

 PUBLICATIONS

Creep test conducted at 600°C and 120MPa stress on P91cross weld specimen has failed after 1000 h duration 
and under the same test condition creep test on P91B cross weld specimen is still continuing with the test 
duration already crossing three thousand hours. Further, it is also observed that the steady creep rate is 
much less in P91B steel than in P91 steel. These test results clearly support that the microstructural changes 
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to creep and Type IV cracking. 
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found in these two steels are explained based on the 
different morphologies of austenite formed in these steel 
during weld thermal cycle. In P91 steel, morphology of 
austenite formed is globular and austenite nucleation 
occur along the PAGB that existed in the base metal. 
In P91B steel, the morphology of the austenite 
formed is acicular and austenite nucleates within 
the prior austenite grains maintaining an orientation 
relationship between the tempered martensitic lath 
present inside the grains. This is the reason why the 
prior austenite boundaries present before welding in the 
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of the P91B steel. Special heat treatments conducted 
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temperature of simulations 875 and 900°C indicated 
globular austenite forms also in P91B steel if duration 
of thermal cycle is long (Figure 3). Thus role of boron 
in improving the Type IV crack resistance comes from 
its effect on the ferrite to austenite transformation 
behaviour.

Previous studies on boron containing ferritic steels have shown improvement in creep and Type IV cracking 
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 GENERAL EXPLANATION RELATED TO THE DESCRIPTION

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
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gradient present across the weldment increases triaxiality in the weldment which, during creep deformation, 
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creep strength and improved resistance to Type IV cracking of the boron containing ferritic steels.
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Most fast reactors use ceramic (oxide) fuels, as there is vast 
experience in using them. However, there has been growing 
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over non-metal fuels. The metal fuels also have excellent 
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fertile densities and high thermal conductivities. The main 
interest in using metal fuels is to obtain higher breeding 
ratios and thus shorter fuel doubling times, which arises 
due to relatively harder spectrum as compared to that of 
ceramic fuels. It is of interest to study the safety of metal 
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that of oxide cores. Among the accident scenarios, loss of 
������
�K����
������
������������������
���
"�&
������	���
that the sodium void worth increases from 1.7 $ to 4.4 $ as 
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designs. We examine the safety aspects of the metal cores 
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analysis results of these two designs are compared with that 
of PFBR-oxide design. The coolant coast down is assumed 
to occur due to pump failure caused by power failure. The 
K����������
�������;���������
����	
���������
��������"
���� VL(�� 
������
� ��� �����O��� ��� 
��� ��=������������
phase.  The analysis is carried out using the code PREDIS 
which has been validated against the European LOFA 
benchmark problem and up to onset of sodium boiling in 
the BN800 benchmark exercise. PREDIS is a multi-channel 
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structure. The code uses the point kinetics model for the 
calculation of reactor power. PREDIS uses a variable time 
step for advancing the calculations with an upper limit of 
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temperatures in fuel, clad and coolant in all the meshes 
����������
��������������:����O����"

It is  found that the sodium voiding spreads rapidly in top 
axial blanket and to below middle of oxide core as shown 
in the bottom part  of Figure1 in about 70 s (light shading 
shows the voided region). Core melts and dis-assembles in 
less than 80 s. In contrast, even after 1400 s the voiding 
is restricted to top of core in the metal core as shown in 
the top of Figure 1. The behaviour of the two FBR-M cases 
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voiding initiation. The net result is that reactivity remains 
negative in metal core. Reactor power reaches power level 
corresponding to the capacity of safety grade decay heat 
removal systems in 900 s.  When credit is given for decay 
heat removal systems, further spreading of Na voiding is 
prevented and it is inferred that metal core reaches a safe 
subcritical state at elevated Na temperature. 
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 EXECUTIVE SUMMARY
The main interest in using metal fuels in FBR is to obtain higher breeding ratios compared to ceramic fuel. 
There is a concern on the safety of such a reactor un�����������K����	��
��������������
���������
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Studies show that due to lower temperatures and higher negative expansion feed backs, FBR-M behaviour in   
Unprotected Loss of Flow Accidents is benign even compared to oxide core.

 OUTLINE

Fig.1:� '�"��
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and PFBR

Table 1: J�""�
?� $������� ��� {��
������� !���� ���
���7�X�������

FBR-M 
(Zr-6 %) PFBR

Reactor power at 75 s (MWt) 231 1306
Net reactivity at 75 s ($) -0.26 0.29
Net voiding fraction at 75 s 0.0 0.42
Voiding initiation (s)  900 26
Core damage   Nil damaged

Reactor power at1800s (MWt) 17.7  -

Net reactivity at 1800 s   -0.52 -
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With the use of metal fuel, the 
plutonium breeding ratio (BR) increases 
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The breeding ratio reaches a 1.36 with 
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core, plutonium enrichments are less in 
FBR-M, but core plutonium inventory is 
nearly same.  
Important physical properties of fuel 
are also compared in the same Table. 
Even though fuel melting point is low 
in FBR-M, the conductivity is an order 
of magnitude higher than oxide and 
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addition, effective fuel density is higher 
in FBR-M.

BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
High conductivity of fuel reduces the operating fuel temperatures in FBR-M. Thus the residual heat transferred 
to coolant is low after initiation of ULOFA. As reactor also becomes sub-crtical due to negative reactivity 
feedbacks like fuel expansion, Coolant voiding is limited to top axial blanket and top of core. This void 
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 ACHIEVEMENT
It is seen from the study that despite high Na void reactivity effect in FBR-M, ULOF is benign relative to 
oxide core. This is due to the low operating temperatures and higher negative reactivity feed backs from fuel 
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also considered, it is inferred that FBR-M reaches a safe sub-critical state at elevated Na temperature even 
without operator action.

PUBLICATIONS
R.Harish, G.S.Srinivasan, A. Riyas and P.Mohanakrishnan, “A comparative Study of Unprotected Loss of Flow 
Accidents in 500  MWe FBR Metal Cores with PFBR Oxide Core”, Annals of Nuclear Energy 36 (2009) 1003.
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 ADDITIONAL INFORMATION ABOUT SAFETY PARAMETERS OF FBR-M
High breeding ratio of FBR-M results in a low burn up swing and the lower Doppler constant relative to 
oxide core reduces the positive reactivity to be inserted from startup to full power. It is reported that the high 
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be inserted by uncontrolled withdrawal of a control rod in the metal core is less than half of that of oxide core. 
As the larger positive coolant sodium void worth is a concern from the safety point of view, there have been 
proposals to reduce it. Reducing the core height or introducing a sodium plenum instead of the axial blankets 
are some of the proposals both of which reduce the achievable breeding ratio.

 GENERAL EXPLANATION RELATED TO THE DESCRIPTION

Parameter FBR-M (10%Zr) FBR-M (6%Zr) PFBR 
oxide

Breeding ratio 1.24 1.36 1.05

Core plutonium enrichment (%) 15.4/20.6 13.6/18.2 20.7/27.7

Plutonium inventory (t) 1.93 1.97 1.97


������������������������	-1) 18.5 × 10-6 19.7×10-6 11.2 × 10-6

Thermal conductivity (W/cm/C) 0.22 0.25 0.02

Melting point (C)                          
1142                                               1067 2750

Boiling point (C) 3932 3932 3387

Table : 1 Physical property of fuel
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Ferritic alloys strengthened by oxide dispersion strengthening particles are prime candidates for future fast 
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of oxide dispersion strengthening and non-ODS ferritic grains. Our simulations show that, before irradiation, 
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hardening, by comparison with particle-free grains. After irradiation however, this trend is reversed. Namely, 
the presence of particles acts against the detrimental effect of the irradiation-induced loops and hence, strain 
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dispersion strengthening grains exhibit better deformation characteristics than irradiated, particle-free grains.

Simulation of Plastic Deformation 
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 EXECUTIVE SUMMARY

 OUTLINE
Recently developed Oxide Dispersion Strengthened (ODS) steels exhibit 
improved post-irradiation ductility, in comparison with conventional, 
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and qualitatively explained in terms of dislocation based mechanisms. 
In this work, dislocation-based plastic deformation of oxide dispersion 
strengthening steels is investigated in more details, using 3D dislocation 
dynamics (DD) numerical simulations. Calculations are adapted to 
ferritic grains, accounting for the well-known edge-screw dislocation 
mobility anisotropy. Implemented cross-slip behavior is based on 
more recent investigation results, including atomistic molecular 
dynamics simulations. Introduction of strengthening particles and 
irradiation effects in dislocation dynamics simulations requires further 
experimental inputs. In this way, transmission electron microscopy 
investigations show that oxide dispersion strengthening particles are 
rigid internal interfaces, due to lattice spacing mismatch between 
particle and matrix. During irradiation, defect clusters in the form of 
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dislocation motion.
Adopted grain morphology is equi-axial, with grain diameter set to 1 μm 
(Figure 1). Grain interfaces are taken as strong obstacles to dislocation 
motion, as if for highly disordered grain boundaries. Oxide dispersion 
strengthening particles are introduced as a set of non-shear-able facets 
(Figure 2). During plastic deformation, mobile dislocations go round 
the particles, before unpinning. Critical stress corresponding to this 
mechanism is called the Orowan stress. Simulations representative 
of irradiated grains include a 1020 m2 density of 20 nanometer 
dislocation loops. Selected loop diameter and density correspond to 
high irradiation doses, performed at 400°C. Loops are immobile, due to 
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TEM analyses. Implementation of immobile loops in the simulations is 
described in Figure 2. Each loop is described as a single facet, acting 
as soft obstacles to mobile dislocations. Dislocation/loop interaction 
strength between depends on the character of incoming dislocation, as 
pointed out by independent dislocation dynamics and MD calculations 
(see also Figure 2 caption).
Then, dislocation dynamics simulations are performed in plastic strain 
rate controlled conditions, at room temperature. Deformation of both 
oxide dispersion strengthening and non-ODS grains are simulated 
before and after introduction of irradiation loops. The results are 
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using specially developed post-treatment tools. 
Analysis show that, in the absence of irradiation defect clusters, oxide 
dispersion strengthening particles reduces dislocation mean free path 
and hence, lead to both material hardening and increased strain 
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loops in the material reverses these trends. Namely, presence of particles 
acts against the detrimental effect of irradiation defect structure and 
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the presence of oxide dispersion strengthening particles.
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Irradiation induces the formation of defect clusters in the form of dislocation loops. Introduction of such 
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dislocation motion, which can be overcome by applying a critical shear stress. Nowadays, interaction between 
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simulations. These calculations provide critical loop strength, accounting for both dislocation core effects 
and long-range elastic effects. Resulting loop strength is introduced as explained in Figure 2, for the sake of 
diminishing the computational load of massive DD simulations (Figure 1).
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This study is a step forward for prediction of dislocation mobility in complex ferritic ODS alloys, before and 
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toughness characteristics of future nuclear materials. This work was done under the aegis of Indo-French 
collaboration “Agreement on basic research and modelling of physical phenomena”, as per the Implementing 
Agreement on “Investigation of irradiation-induced microstructure in ODS materials using JANNUS facilities 
and multi-scale modelling”.

Further inquiries:
Dr. C. Robertson

CEA, Saclay, France
& Shri K. Gururaj

Materials Science Group
e-mail: christian.ROBERTSON@cea.fr

 ADDITIONAL INFORMATION ABOUT INTRODUCTION OF IRRADIATION EFFECTS IN DD                                              
SIMULATIONS

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
Plastic deformation in metals is carried by linear, mobile crystallographic defects called dislocations. Dislocation 
dynamics simulations are used to model plastic deformation of metallic materials, by explicitly accounting for 
dislocation motion, multiplication and their mutual interactions. This simulation method links the space and 
time gaps between discrete and continuum description of metallic materials mechanics.

 GENERAL EXPLANATION RELATED TO THE DESCRIPTION
Our DD simulations use the following 
three modelling ingredients (Figure 
3). i- Dislocation lines are discrete, 
orthogonal edge and screw segments, 
treated as elastic inclusions moving 
in an elastic medium. Forces acting 
on each segment are calculated at 
ii-  discrete time intervals and take  
iii-discrete spatial positions. The 
bcc lattice spacing corresponds to 
ten inter-atomic distances, i.e. the 
shortest possible dislocation-dislocation 
annihilation distance.
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Infrared thermography or infrared imaging or thermal 
imaging is a non contact tool which maps the surface 
temperature of a body or an object and has a wide range 
of applications starting from condition monitoring in 
industries to medical imaging. Medical infrared thermal 
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detection of breast cancer and muscular performance 
of the human body. Thermal images have been used 
to quantify sensitive changes in skin temperature in 
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������������"�������K�������������������
by many methods including washout technique, Laser 
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Of these, infrared thermography has the advantages of 
being non-invasive, fast, reliable, non-contact, capable 
of producing multiple recordings at short time intervals 
and absolutely safe for patients and doctors. In these 
studies, only relative and not absolute temperatures are 
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��
on the skin, and in this sense, the IR sensing device has 
many advantages over conventional devices. 

Thermal  imaging  was carried out using Thermovision-550 
system. Region of the body which had aggravated pain/
puss discharge was chosen as the region of interest based 
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this area in a patient was compared with the counter part 
region of the same subject and same region of a healthy 
volunteer. A 28 years old male, with a history of pain in the 
left lower limb, which was getting aggravated on prolonged 
standing, was examined using thermal imaging. He had 
varicosity of the long saphenous system of the left lower 
limb and was suffering from complications of varicosity 
for the past one year. He was using crepe bandages. Local 
examination of the lower limbs showed dilated veins 
present in dorsal aspect of foot extending up to lower one-
third of the leg on the right lower limb. There were dilated 
tortuous veins in dorsum of the foot in the left lower 
limb.  

Another subject, a 31 year old male, who had a history of 
swelling for 5 years in both the lower limbs on prolonged 
standing, had recurrent ulceration over the left lateral 
malleolus associated with pain and discharge of puss. 
The patient underwent treatment and surgery, 4 years 
back for the same complaint. Local examination of the 
left lower limb showed tortuous dilated veins, recurrent 
heeling ulcer on the left lateral malleolus ulcers covered 
with slough and puss discharge. Figures 1&2 show the 
thermal images of the left and right leg of the affected 
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body temperature and diseases. We have used Infrared thermography to carry out non-invasive diagnosis 
of peripheral vascular diseases. Temperature gradients are observed in the affected regions of patients with 
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affected regions is about 0.7 to 10ºC above the normal regions, due to sluggish blood circulation. The results 
suggest that the thermal imaging technique is an effective technique for detecting small temperature changes 
in human body due to vascular disorders.

 OUTLINE

Infrared Thermal Imaging for Diagnosis of Vascular Disorders

Fig. 1 :��������
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The IR radiation covers wavelength that ranges from 0.75 to 1000 μm, among which the human body emissions 
that are traditionally measured for diagnostic purposes occupy a narrow band of wavelengths ranging from 8 
to 12 μm. This region is also referred as the long wave IR (LWIR) or body infrared rays. Another terminology 
that is widely used in medical IR imaging is thermal infrared (TIR) where the wavelength is beyond 1.4 μm. 
Within this region, the infrared emission is primarily heat or thermal radiation. The image generated by TIR 
imaging is referred as thermogram. The near infrared (NIR) region occupies wavelengths between 0.75 and 1.4 
μm. Although the NIR and mid-wave IR (MWIR) regions are not traditionally used in human body screening, 
the new generation detectors enable the use of multi spectral imaging in medicine, in which these regions 
are observed in different diagnostic cases. The fundamental equations that link the absolute temperature of 
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emissivity and T the absolute temperature. Emissivity depends on factors such as temperature, emission 
angle, and wavelength. It has been shown that the emissivity of skin (black, white, burnt, male and female) 
independent of the wavelength and its value is close to 0.98. Therefore human beings can be treated as 
true black body. For black body the total heat energy radiation is proportional to T4. In clinical diagnostics 
infrared imaging is used as a physiological test that measures the subtle physiological changes that might be 
caused by many conditions, e.g. contusions, fractures, burns, carcinomas, lymphomas, melanomas, prostate 
cancer, dermatological diseases, rheumatoid arthritis, diabetes mellitus and associated pathology, deep 
venous thrombosis (DVT), liver disease, bacterial infections, etc. These conditions are commonly associated 
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generate higher-temperature heat source. The heat emanating on to the surface from the heat source and the 
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Where k is conductivity, qm is volumetric metabolic rate of tissue, cbwb� ��� 
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Ta is the arterial temperature. 

 GENERAL EXPLANATION RELATED TO THE DESCRIPTION
From the thermal images, it can be clearly seen that a lower temperature is noted at the distal portion. This 
is probably due to slow-moving blood circulation in the toes, venous drainage being inadequate due to the 
varicosity. The temperature in these regions was on an average 0.7 to 10ºC above the normal regions. The 
abnormal temperature is due to varicose veins (Figure 1(a)). The human body creates heat through metabolic 
activity. The blood in the near-surface vein heats the surface more than normal veins and arteries. Clinically 
detected areas with varicosity show up as areas of increased warmth in thermal images. From the thermal 
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because most patients have varicosity located only on the medial side of the leg. The distal region near the 
toes of one subject is to be less in temperature due to the poor perfusion of blood and is attributed to stasis 
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a cool room for at least twenty minutes. A uniform temperature can be seen in the leg of the normal person.

 ACHIEVEMENT
Thermal imaging has been successfully used for medical diagnosis of vascular disorders. The temperature in 
the affected regions of patients with vascular disorders was low in the extremities due to obstructed arteries. 
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However, the areas showing higher temperature contrast noted are not obvious in the clinical examination, 
which needs further studies. This study demonstrates the usefulness of thermal imaging for medical 
diagnostics.

Further inquiries:
Dr. John Philip 

Metallurgy and Materials Group 
e-mail: philip@igcar.gov.in
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It is still a daunting task to improve the applicability 
of light-emitting Silicon micro/nano-structures for 
successful achievement of stimulated emission and 
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region is reported in nc-Si embedded in SiO2 matrix 
using pulsed laser pumping. Later a stimulated 
blue emission is reported at extremely high (100 
MW.cm-2) excitation density. Most recently, Raman 
laser is reported in Silicon on insulator waveguide 
using optical gain in silica matrix. Formation of direct 
band gap in nc-Si, as well as widening of it due to 
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However, mechanism of luminescence in the nc-Si 
system including that of the porous-Si, is not very 
well understood. According to the present perception, 
the observed luminescence is explained in terms of 
electron-hole (e-h) pair recombination with a role of Si-
SiOx interface states. Defect states, created during the 
growth of nc-Si by ion implantation in silica matrix, 
is also thought be responsible for the luminescence 
process. 

A typical XTEM image shows fairly uniform cluster 
with diameter ~5 nanometer (Figure 1) for the annealed 
sample grown in c-SiO2��
� ��K	��������+:+*17 cm-2. 
Electron diffraction pattern [inset in Figure 1] shows 
the ring pattern corresponding to (220), (311) and 
(400) planes of nc-Si.

Figure  2a   shows     the      power     dependent  
photoluminescence studies for the samples  
with peak energy ~1.67 eV. Inset in Figure   
2a shows a nonlinear log-log plots indicating super-
linear power dependence of photoluminescence 
intensity integrated over area. The estimated power 
dependence is 1.2. Even though the nc-Si sample is 
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thickness affecting the observed intensity. Hardly any 
spectral change (neither a shift in photoluminescence 
peak position nor spectral narrowing) is observed 
even up to the highest continuous wave excitation 
power density of 5.9 W.cm-2. The bright features of 
photoluminescence intensities corresponding to the 
highest incident power density are also shown in the inset 
of Figure 2a. The decay processes of photoluminscence 
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double-exponential function with time constants of 
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densities at peak energy ~1.67 eV. A pulse shortening 
is observed when measured at a higher power density of  
5 W.cm-2.

Integrating light with Silicon is one of the longstanding problems in the semiconductor technology. A higher 
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is reported for nanocrystalline (nc)-Si. Formation of direct bandgap in nc-Si, as well as widening of it due to 
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that of the porous-silicon, is not very well understood. An emission process comprised of an initial non-
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to the conduction band minima of nc-Si, followed by a slower process of radiative recombination in the direct 
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possible population inversion is suggested for the emission process with a competitive Auger recombination 
process. The results may be encouraging for practical application of Silicon as optical source.

Bright Red Emission from Silicon Nanoclusters

 EXECUTIVE SUMMARY

 OUTLINE
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Substance
nanocrystalline Si grown by 1MeV 
Si��implanted in oriented crystalline (c)-
SiO2

Fluences 1x1016 -1x1017 cm-2 at 1.7 MV tandetron
Annealing isothermally at 1373 K

Validation cross-sectional TEM for nanocluster 
imaging

Photolumiscence  
studies     

excitation of 375 nm line of He-Cd laser in 
double subtractive triple monochromator

Luminescence 
intensity

liquid N2��������!���"�#�������#��&��
coupled device

Time resolved PL 
measurements

375 nm pulsed diode laser with pulse 
width <70 ps with different power 
densities at 40  MHz

Table: Details of Experiment
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A super-linear power dependence of photoluminescence under continuous wave excitation is observed, 
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population inversion is suggested for the emission process with a competitive Auger recombination process. 
The results may be encouraging, one tiny step ahead, for practical application of Si laser. 

This work is also cited in ‘labtalk’ forum as the editor’s choice http://nanotechweb.org/cws/article/
lab/35583

In conclusion, a super-linear power dependence of the bright red emission ~1.67 eV for nc-Si accompanied 
with a pulse shortening is observed under a continuous wave excitation. However, the nonlinearity fails 
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competition between radiative and non-radiative relaxation processes in isolated luminescence centers. The 
proposed mechanism is supported with the energetic and different recombination time constants derived from 
experimental observations.

As a possible mechanism, excited carriers from the valence 
band of nc-Si are injected into the intermediate defect 
states, in the silica matrix related to the Si-O interface 
sates (Figure 3a). These states are produced during the 
sample preparation process. Absorption peaks ~ 1.74 - 
1.8 eV for the nc-Si sample embedded in amorphous and 
crystalline silica matrices strongly support the presence 
of such defect states (Figure 3b). This feature of the near-
infrared absorption band is caused by a Si=O interface. 
As predicted by theory and inferred from the experiment, 
these defect states are formed at the interface between 
the nc-Si and the SiO2 matrix. Optically excited carriers 
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315 ps) to the next lower energy state of the conduction 
band minima corresponding to nc-Si (CB-nc- Si). Finally, 
the carriers recombine with holes in VB-nc-Si either 
radiatively and/or non-radiatively (Figure 3a). In case of a 
broad defect band (as indicated in the absorption spectra                  
(Figure 3b)) each system will emit only in a narrow 
frequency regime, under the consideration that one or 
a few e-h pairs can recombine radiatively (14-22 ns at 
highest power density) in a simultaneous fashion within 
each individual system. As a consequence, the spectral 
line will be broadened due to the different neighborhood 
of each system and PL emission spectrum is not likely to 
change even with the increase in the excitation intensity. 
However, amount of defects created in the irradiation 
�������������K	�����	����
�������
����������"�����
observed spectral narrowing effect, as described earlier 
(Figure 2) can be well conceived in this model with an 
expected less degree of defects or defect states in the 
crystalline matrix than those in the amorphous matrix. 
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respect to the measured value of 10-4-10-5 % for c-Si. Recent advances in growth of nc-Si widen the emission 
range from a blue to a red wavelength region of visible light. The majority of efforts are in the form of nc-Si, 
along with other systems, e.g., erbium-doped Si-rich oxides, Si/SiO2 superlattices, Si/SiGe quantum cascade 
structures, surface-textured bulk Silicon, dislocation engineered strained Silicon.

 ADDITIONAL INFORMATION ABOUT NANOCRYSTALLINE SILICON
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 MECHANISM OF BRIGHT LUMINESCENCE

BRIEF DESCRIPTION

ACHIEVEMENT

PUBLICATIONS
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“Mechanism of bright red emission in silicon nanoclusters," Nanotechnology19 (2008) 39540.
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Indentation technique is extremely useful for understanding atomic movement providing insight to the 
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display devices. However, high dislocation density and related issues in GaN are one among few of the major 
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process addressing removal of stress and mechanical properties are of immense interest. We report atomistic 
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its importance in solar cell applications.
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by pre-grooving the buffer layer or by lateral epitaxial overgrowth 
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A remarkably low threading dislocation (TD) density ~107 cm-2 is 
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of biaxial and hydrostatic stresses due to dislocation related 
extended defects and point defects, are reported in epi-GaN. 
Alloying of GaN with In and Al to produce ternary nitride drives the 
synthesis of materials whose bandgap vary from one end of solar 
spectrum to another, of which InN is considered for prospective 
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play a very vital role during device fabrication.

An undoped  epi-layer of 6 μm thickness (0001) GaN/Al2O3 grown 
by MOCVD with threading dislocation <5x108 cm-2 along with 
intrinsic carrier concentration of ~3x1017 cm-3 is used in this 
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(1-102), and c-plane (0001)/ Al2O3 (sapphire) substrates using 
plasma assisted molecular beam epitaxy. These layers, grown on 
r-plane Al2O3 without and with substrate nitridation pretreatment, 
initiated growth of heteroepitaxial semi-polar s-plane (1-101)
InN|//(1-102)Al2O3 and non-polar a-plane (11-20)InN|//(1-102)
Al2O3�����
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Berkovich diamond indenter with tip diameter <100 nm was used 
for evaluation of mechanical properties. Excitation wavelength of 
632.8 nm is used for the micro-Raman spectroscopic studies in 
the back scattering geometry. 

Typical loading-unloading curves are shown (Figure 1) for 50 
nm load at a loading-unloading rate of 10 mN.s-1. In both cases, 
‘pop-in’ burst in the loading line (encircled in Figure 1) as well 
as at the apex is noticed. The mechanism responsible appears to 
be associated with the nucleation and movement of dislocation 
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process. 

The E2 (high) mode at 570 cm-1 (Figure 2a), outside the indented 
region resembles the reported value of epi-GaN. Raman area 
mapping (out set Figure 2a) using spectral part of 568-573 cm-1 
and 562-568 cm-1 shows red and green regions lying outside 
and inside, respectively. It clearly shows that the 567 cm-1 signal 
originates from the stress free region inside the indented mark 
and the 570 cm-1 peak originates from the stressed region. The 
phonons (Figure 2b) corresponding to the E2(high), TO modes 
at 531 and 559 cm-1, belonging to A1 and E1 symmetries, are 
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defects in GaN propagate in the planar direction. The value of 
strain rate exponent, m (Figure 3a) and activation volume, VA 
(Figure 3b) are calculated as ~ 0.26 and 0.3b3, respectively. The 
experimental value of VA ~0.7b3 considering Ga and N vacancies, 
is also comparable. The release of stress takes place by dislocation 
climb due to high hydrostatic stress present in the plastic volume. 
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process by limiting the dislocation motion.
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process. The release of stress takes place by climb of dislocation due to high hydrostatic stress present in the 
plastic volume. A planar defect migration mechanism is evolved. A pivotal role of vacancy migration is pointed 
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InN sample grown on c-plane Al2O3 substrate shows largest hardness 
values of 8 GPa , which is followed by semi-polar InN ~ 5.5 GPa and a 
lower value ~4 GPa are recorded for non-polar InN. These results can 
be understood based on Peierls force (FPeierls) required to initiate the 
dislocations in a particular crystalline direction. FPeierls decreases with 
increasing distance between atomic planes (d). Since the distance between 
planes increases with planar density, slip of the dislocation (related to 
Burgers vector ‘b’) is preferred on closely packed planes. So, the FPeierls 
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be used for studying crystalline orientation dependent elastic and plastic 
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In the calculations of FPeierls (Figure 4) the maximum penetration depth 
per unit load for different samples is considered as l in this calculation. 
Inset in Figure 4 shows the variations of FPeierls for different ' values 
���������	������������������
��������	��
���"�&�����������������
�:��
(c-plane oriented InN) the ratio of the lattice spacing are used for the 
InN-Al2O3 system. However, lattice spacing of slip plane alone is used for 
heteroepitaxial cases. An increasingly large FPeierls is observed in a-type, 
s-type and c-type slip systems with a large Burgers vector. Thus for the 
�=������&�6��������������Peierls is required to initiate plastic deformation 
and hence the hardness is maximum in this case, followed by s-plane 
and a-plane samples. The hardness value for c-plane oriented sample is 
close to the calculated value of ~8 GPa. 
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vector and the line direction 
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 ADDITIONAL INFORMATION ABOUT NITRIDE SEMICONDUCTORS
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inert and have excellent thermal conductivity. Thus, these materials are useful for high power and high 
temperature electronics. Wide band gap nitride semiconductors are promising materials for room temperature 
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 CRYSTALLOGRAPHIC ORIENTATION INFLUENCING MECHANICAL PROPERTIES

 BRIEF DESCRIPTION
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nanoindentation and Raman scattering studies. The present study implies important clues for reducing 
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with crystal orientation of InN with far reach implications of predicting mechanical properties for thin 
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http://research.ncku.edu.tw/re/reck/e/20081107/home.html.
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The Laue camera along with low temperature crystal 
cooler is a unique facility for the study of single crystals 
as a function of temperature to track phase transition 
and lattice parameter variation. The symmetry changes 
associated with phase transformations can be easily 
studied from the two dimensional Laue patterns. Using 
the Laue camera and the low temperature CRYOJET cooler 
(Oxford Instruments, UK), Laue patterns of single crystals 
can be obtained from room temperature to 90K in steps 
of 1K, using a jet of cool nitrogen gas to produce the low 
temperature, along with a shroud of room temperature 
nitrogen gas sprayed on the single crystal, to prevent ice 
formation on the sample. A cryocan, housing the heater 
and transfer tube is used to pump the cold nitrogen gas.  
The sample to be cooled is placed on a goniometer located 
within 5mm from the tip of the cryojet. The temperature 
at the sample position has been independently calibrated 
using a Cr/Al thermocouple and the temperature stability 
��	���
�������
����·�+W"�����L�	����

���������������
using an Imaging plate as area detector as it drastically 
reduces the data acquisition time and also permits 
convenient pattern analysis and interpretation. 

Low temperature Laue patterns were obtained on a single 
crystal of BaFe2As2�� ������ ���
����O��� ��� 
�
�������
structure (Space Group: I4 / mmm from room temperature 
to 90K. Laue pattern, recorded at room temperature 
clearly exhibits a four fold symmetry, corresponding to 
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300, 120, 100 and 95 K are shown in Figure 1.  In the 
temperature range 300 to 140 K, Laue patterns did not 
show any change in their symmetry pattern, indicating no 
structural transformation in this temperature range. The 
patterns recorded from 120K to 90 K, however did show 
perceptible changes in the transmitted patterns indicting 
a possible structural transformation over and above the 
lattice contraction. 
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undertaken. To overcome the problem of recording 
diffraction patterns from substrate, Laue pattern of the 
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addition to normal incidence mode. Figure 2 (top plane) 
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patterns at the normal incidence. Bottom plane shows 
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“Orient Express” programme. Using this programme, 
Laue diffraction pattern of the substrate was simulated 
to match the substrate pattern. After suitably subtracting 
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been set up in XS and CGS, CMPD, MSG. Laue patterns can be obtained right from 300 K down to 90 K 
using the Laue camera and liquid nitrogen cryojet cooler. Laue patterns can be obtained both in transmitted 
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Laue pattern. The imaging plate scanner has been indigenously designed, developed and the data acquisition 
software also has been developed in-house. This IP based low temperature Laue diffraction facility is unique 
in India.
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using Laue Camera
 EXECUTIVE SUMMARY

 OUTLINE
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crystal as a function of temperature. Physical properties of the crystal are dependent on the crystallographic 
orientation thus determining the crystal orientation by and far determine the use of the particular crystal for 
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imaging plate scanner, used to read the imaging plate and the necessary data acquisition software for this 
has been developed in house and its worthiness has been proved. Using this low temperature Laue patterns 
for BaFe2As2 has been recorded up till 90K. 

The imaging plate (IP) reader has been designed and developed indigenously. The imaging plate scanner is 
designed to scan an imaging plate of active area 250 X 200 millimeter. In the IP scanner we have used a 
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100μm and is positioned on the imaging plate using a mirror inclined at 45º to the laser. When the laser light 
falls on the imaging plate photo stimulated luminescence (PSL) emission occurs, the emitted light is collected 
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PSL intensity is converted in to digital data and image is constructed using the data. In the conventional Laue 
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imaging plate. The exposed imaging plate is scanned by an imaging plate reader and gives the image in the 
digital form. Hence analysis of the diffraction pattern becomes easy.           

The Laue camera has two circular cassettes in which the 
imaging plate is loaded for recording the Laue pattern. The 
crystal is placed in between the cassettes and the X-ray beam 
is made to focus on the crystal passing through the centre of 
the cassettes with the help of a collimater (Figure 3). An X-ray 
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purpose. The imaging plate used is a photosensitive device, 
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in the imaging plate and are trapped in the immediate vicinity 
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The latent image is stable until read with a laser. On irradiating 
with an laser the trapped electron hole pair recombine and emit 
blue light of Eu2+., The generation of electron hole pair involves 
excitation of electron from valence band to conduction band and 
since the band gap of BaFBr:Eu2+ is of the order of 8 eV no 
thermal generation of defect pair is possible at room temperature. 
Therefore the imaging plate can be exposed to X-ray over long 
time period without acquiring thermal background. Imaging 
plate has more advantages than conventional X-ray detectors, 
they are ultra high sensitive, have wider dynamic range, superior 
linearity, higher spatial resolution, permit digital data conversion 
and are reusable.    
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assessing the crystal quality. In this method, a beam of white radiation, the continuous spectrum from an 
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of parallel planes with different d/n, where d is the interplanar distance and n an integer.

 ADDITIONAL INFORMATION

 GENERAL DESCRIPTION OF LAUE CAMERA AND IMAGING PLATE
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 IMAGING PLATE SCANNER

 ACHIEVEMENT
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by X-ray diffraction (XRD) in a (STOE) diffractometer. Raman 
scattering measurement was carried out using a Spex 
14018 double monochromator equipped with a Ar+ laser and 
photomultiplier tube (Hamamatsu R943-02). Near-resonant 
Raman scattering measurements were performed using 325 
nm line of He-Cd laser as the excitation and analysed using a 
double-subtractive triple-monochromator (Jovin-Yvon T64000), 
equipped with liquid nitrogen cooled CCD detector for spectra 
�������"�����Z�4���

�������	��+!������=���
����O�����������
������ ��
�� 
��� �	
O�
�� �
	�
	�"� ���� ���%� ����������
�	����
���
���������
���������
	�"��������������
�������O���
calculated, using the Debye-Scherrer formula, were ~ 7.7 nm.               
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using 514.5, 488 and 457.9 nm lines of a Ar+ laser and 325 
nm line of He-Cd laser. The spectra exhibit E2 and E1-LO modes 
at 438 and 582 cm-1 respectively. When excited under near-
resonant condition (325 nm), E1-LO mode exhibits overtone 
spectra (inset Figure 2) up to 4-LO modes. The enhancement 
due to resonance can be explained based on a third-order 
perturbation calculation for the intensity for Raman scattering. 
When the incident photon energy varies across an electronic 
transition, vanishing of energy denominators are expected to 
result in in- and out-resonances. Resonance Raman scattering 
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current interest. 
Figure 3 shows the intensity ratio I(E2)/I(E1-LO) as a function 
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insight about the e-p interaction. The intensity ratio represents 
the ratio of the matrix elements corresponding to the scattering 
mechanisms, i.e. 

                                   H     = DP2                                   

                                   Hep   DP1+FI                                                             
where H   and Hep   are the matrix elements for the e-p interaction 
for E2 and E1-LO phonons respectively. DP and FI represent the 
deformation potential and the Frohlich mechanisms of the e-p 
interaction respectively. The subscripts 1 and 2 on DP imply  
E1-LO and E2 phonons respectively. 

It is  seen from Figure 3 that the ratio decreases  rapidly as a  
function of incident photon energy. The reported  data for other 
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sake  of comparison. Note that the ratio increases as particle 
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phonon   interaction  is enhanced  via Frohlich  interaction  as 
excitation  energy   approaches the resonance.  Furthermore, 
a  comparison  of the ratio of E2 and E1-LO intensities with 
that of bulk suggests that the electron-phonon interaction for 
E1-LO phonon decreases more rapidly than E2 phonon with a 
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Electron-phonon (e-p) interaction is the key parameter in determining the transport properties for device 
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phonons of different symmetries. In order to obtain the electron-phonon interaction in the nanocrystals, 
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Intensities of E1-LO and E2 modes exhibit large changes as the excitation energy varied from 2.41 to 3.815 eV, 
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deformation potential close to the resonance. Relative strengths of these two mechanisms is estimated for the 
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S. Sahoo, V. Sivasubramanian, S. Dhara and A. K. Arora, “Excitation energy dependence of electron-phonon 
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oxide nanocrystals as a function of excitation photon energy. The dependence of the e-p interactions on the 
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Frohlich interaction as excitation energy approaches the resonance value. The electron-phonon interactions 
for phonons of both the symmetries, i.e. E2 and E1=L(�� ��	�����
��������������
�������O�"�7���������
comparison of the ratio of E2 and E1-LO intensities with that of bulk suggests that the electron-phonon 
interaction for E1-LO phonon decreases more rapidly than E2����������
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the areas such as photo-detectors, blue and ultraviolet lasers, optoelectronic devices, and radiation hard 
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of an optoelectronic device. The electron-phonon (e-p) interaction is also responsible for the appearances of 
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have E1 and A1 symmetries; however, A1 mode exhibits negligible intensity. In view of this often the ratio of 

�����
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�����
�����
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�������
���J1-LO phonon to that of the fundamental is considered as a quantity 
that is proportional to the magnitude of the e-p interaction. This intensity ratio is found to be smaller in 
nanoparticles as compared to the bulk. However, the intensity of the Raman scattering from the LO phonons 
stems from the contributions from two processes: Frohlich interaction and the deformation potential. On 
the other hand, the Raman intensity of the non-polar phonon such as that of E2 symmetry arises only from 
the deformation potential. Thus a study of the relative intensities of the E1-LO and E2 phonons gives an 
opportunity to evaluate the relative strengths of the two processes. Furthermore, how the e-p interaction gets 
����������������
	�
	����������������
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per primitive cell. The band-gap of a nanocrystal is blue-shifted as compared to the bulk value of 3.35 eV. 
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by group theory are A1 + 2E2 + E1"�&��
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��������/1 and E1 modes split into longitudinal 
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with the longitudinal optic phonons.
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¾�����	�� 
	���
�
�� ¾A2O8 is a cubic compound (Figure 1) 
������
��������� 
������������������
��%���� ����� ���%���¾(6 
octahedra and WO4 tetrahedra, with the latter having one non-
bridging W-O bond. This system exhibits negative thermal 
expansion (NTE) isotropically over the temperature range 4 to 1000 
K.  Large transverse vibration of the oxygen atom in the middle 
���
���A=(=¾����%������������#	�����������������
�
��������
the polyhedra, is the primary origin of NTE due to unconstrained 
feature of the structure. This polyhedral structure undergoes PIA.  
/��¾(6 is less rigid than more ionic WO4, we have carried out 
181Hf/ Ta based Perturbed Angular Correlation (PAC) spectroscopy, 
����������
�����#	���
��������������
	�
	���
�¾(6 . 

Using PAC Electric Field Gradient (EFG) tensors at the site(s) of 
occupancy of probe atoms are deduced. Principal component of 
J�,�
����� �������
������
��
���#	��	����� ��#	������¿Q) and 
�������������
������
��¾=(����������
�"�/�����
�������
��
(ratio of relative change of other two components of EFG and the 
principal component) is sensitive to orientation distortion if any 
�������
��� ��
�� ¾(6. PAC measurements were carried out on 
¾A2O8 quenched from a pressure of 5 GPa, using BaF2 based 
three detector, twin fast-slow coincidence spectrometer setup at 
MSD, at room temperature subsequent to each step of  isochronal 
����������� ��
�� �� �
��� 
���� ��� N*� ���� ��� ����	�� ������O���
sample. CCR is used for low temperature measurements. 

Time dependent anisotropy spectra R(t) and their Fourier transform 
$�©!���
�������
�9<*�W�������
��������������������������
���������
of Figure 2. Analysis of the spectra shows that there are four 
���
���
�¾���
����:�������������
���
�#	��	����������
����	���
as quadrupole frequency, asymmetry parameters. The fraction 
which is predominant at 250 K is interpreted to be due to probe 
�
�������	��������	���¾(6.  Earlier studies have shown that 
the fraction of probe atoms associated with regular octahedra 
decreases at the cost of other fractions at increasing temperatures, 
highlighting the role of contracted and distorted octahedra for NTE.  

�4$/.� ����
�� ���� 
���� ��	��� 
�������� ��� ������O���
sample are shown in Figure 2. The spectra is non-vanishing though 
dampened implying the degree of non-uniqueness in the local 
structures of the octahedra due to distribution in bond lengths 
and bond angles. The short range ordering can thus be explained 
in terms of random network of structural units. The spectra could 
����

�����
����:���������
���������������
��
���
��������;**�
K.  A high value of asymmetry parameter 0.4-0.7 of each of these 
���
����� ������ ��� ����������� ���
�
���� ��� 
����� ���
���
� ¾(6 
octahedra as occupied by the probe atoms. Variation of quadrupole 
frequencies with isochronal annealing temperature is shown in 
���	��N"�&
���������
��
�������;D<�W�����
�����¿Q6 which exhibit 
a small change, all other quadrupole frequencies remain constant.  
'	���#	��
�
�������������
�;D<�W�¿Q1���������¿Q2  exhibit an increase 
�������¿Q3��¿Q4������¿Q5���������"���������;D<�W�
������	�������¿Q1, 
¿Q2��¿Q3������¿Q4  tend towards those of the untreated crystalline 
sample thus marking the onset temperature of the amorphous to 
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�����������	��������O���¾A2O8. 
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Complete restoration of quadrupole parameters 
to those of untreated crystalline sample is seen 
subsequent to annealing at 975 K (Figure 2 and 
3) commensurate with the bulk amorphous 
to crystalline transition as deduced by XRD 
measurements. Invariance of quadrupole 
frequencies below 800 K  points to the fact that 
the terminal oxygen of WO4 has got bonded 
��
�� 
��� �
��� 
�
������ �������� 
�� ��O��� ���
�����	�
��������¾(6 up to 800 K as rotational 
and/or translational motion of polyhedra are 
coupled.  An overall increase in the dampening of 
the spectra and its Fourier transform subsequent 
to annealing at 775 K implies the tendency for 
���:�
���� ��� 
��� ��O��� �����	�
����� �
� 
����
temperature. 
There are no additional low frequency 
components appearing in the pressure 
������O��� ������� 
��
� ��� ��
� �����
� ���
equilibrium measurements carried out in 
���
������� ¾A2O8 at different temperatures. 
This observation indicates that there may not be 
���������������
����������
�����	�������¾"��
Restoration of quadrupole parameters as that of 
the untreated crystalline sample for annealing 
beyond 950 K imply that there might not be any 
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Unusual property of contraction of volume on heating (Negative thermal expansion) is seen in some oxides, 
�����
������
��
����������������������
������������	�������������������
�����
	������"��	
�¾�����	��
tungstate exhibits isotropic negative thermal expansion over a large temperature interval 4 to 1000 K.  This 
�
�����������	
�	����
�����������
����
�������:�����������¾A2O8 by studying the variation of quadrupole 
�����
����������
����
�¾���
������¾(6 using Perturbed Angular Correlation (PAC) spectroscopy.
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��������¾(6 were seen to be stable up to 
800 K which is understood to be due to bonding of terminal oxygen of WO4 with other tetrahedra. 
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	��� ��� ¾A2O8 shows the existence of highly distorted octahedra in the pressure 
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����"�&������������#	��	����������
������
���������O�����������������������
��
�
���
structures  of these  distorted octahedra remain stable up to 800 K. This is understood to be caused by the 
locking of polyhedra due to bonding of terminal oxygen of WO4 with other tetrahedra. The present study also 
�	����
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��
�
����������
������������������
����������
�����	�������¾��
�����������	��������O���
sample. The onset of amorphous to crystalline transition occurs around 870 K while the restoration of 
quadrupole parameters to those of the untreated sample is observed subsequent to annealing at 975 K. 
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���������
	�
	�����	����QO��������	�
��������
system is of interest for the development of 
functionally graded thermal barrier coating having 
high wear and oxidation resistance. In this article we 
demonstrate the combined effect of alumina addition 
and its nanoscale layer thickness on the stability 
��� 
�
������� O������� ����� 
�� ���� 
�����
	���
necessary for high temperature applications. 
/�	����QO��������	�
����������� ���
�����������
pulsed laser deposition (PLD) (parameters listed 
in Table 1). Alternate nanostructured layers of 
Al2O3�����¾(2 were deposited on Si (100) single-
crystal substrates at room temperature. One 
such sample was in situ heat-treated in a high-
temperature X-ray diffractometer up to 1473 K 
under argon at a pressure of 2x10-5 mbar. HRTEM 
studies were carried out on cross-sectional TEM 
(XTEM) specimens of the as-deposited and heat 
treated multilayer samples in a JEOL 2000 EX II (T) 
transmission electron microscope operated at 200 
kV.
The present studies show that the as-deposited 
�	�
������� ��� ����=�������� ��� 	������ 
���%�����
���� ����� ���
������� ��
�� K�
� ��
������� ��
�����
the two phases (Figure 1(a)). X-ray diffraction 
�
	����� ������
��� 
��
� 
��� ¾(2 layers were 
monoclinic while no peaks corresponding to Al2O3 
were detected. Selected area electron diffraction 
(SAD) patterns recorded from the multilayers 
�������� 
��� �������� ��� �� ��:
	�� ��� �����
amount of monoclinic phase and a small amount 
of tetragonal phase in the Al2O3 layers, while the 
Al2O3 layers were seen to be amorphous. Figure 1(b) 
shows a phase-contrast lattice image from a region 
of the XTEM sample of as-deposited multilayers. 
Both tetragonal and amorphous regions have been 
����
����� ��� 
��� ���
���� ��%�� ������� ��������
lattice contrast, while the lighter regions on either 
side are amorphous alumina layers. On annealing 

����	�
�������
�+CDN�W���
����������
��
�
���¾(2 
layer is no longer continuous and there are regions 
where it is amorphised (Figure 2). A majority of 
the diffraction rings in the SAD patterns could be 
����:���	��#	���� 
�� 
�
�������¾(2 while a small 
fraction was monoclinic. Distinction between 
��	���������O������������������������
����������
�����
���O��������������������"�$����'���
��
from regions marked on the lattice image are shown 
alongside in Figure 2. Indexing such power spectra 
�����������������
����
���������������������������
3 – 5 nm.
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critical thickness. However, at high-temperatures inter-mixing occurs that results in an amorphous phase. 
Conventional techniques are inadequate to detect such changes at the nanometer scale; high-resolution TEM 
techniques have been successful in detecting and characterising these phase transformations. Present work 
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Laser KrF Excimer
Wavelength 248 nm

Energy 300 mJ/pulse
Pulse rate 10 Hz

Targets ZrO2, Al2O3

Substrate Si (100)
Temperature 500 ºC

pO2 3 x 10 -5 mbar
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¾(2 is a technologically important material with applications ranging from thermal barrier or wear resistant 
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considerable residual stress leading to damage of the coating. Hence it is necessary to stabilise the tetragonal 
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to room temperature.
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sintering to form pellets of ~25 mm diameter and ~3 mm thickness. Cleaned Si (100) substrates of dimension 
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a sample holder using silver paste. PLD experiments were performed with a KrF excimer laser under the 
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��������
������������+"�?	�
�������������
�������¾(2 and Al2O3 layers of thickness 15 nm and 5 nm 
respectively were deposited. Totally, eighty layers were deposited. PLD exhibits several advantages for the 
processing of Al2O3Q�¾(2�
��������"�
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  BRIEF DESCRIPTION

¾(2 is a technologically important material with applications ranging from thermal barrier or wear resistant 
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considerable residual stress leading to damage of the coating. Hence it is necessary to stabilise the tetragonal 
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to room temperature.
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Scattering and diffraction of light in magnetic suspensions, 
emulsions and mixtures of magnetic and nonmagnetic 
scatterers have been  a topic of interest  both theoretically 
and experimentally.  Though there have been a few studies 
������
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�����±±*,   scattering in  the limit a<<*�a  is the scatter 
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area, probably due to the practical limitations in tailoring 
stable and monodispersed suspensions.  Similarly, the 
exact mechanism responsible for the intense scattering 
or extinction of light in magnetic scatterers remains 
unclear and controversial.  This was the main motivation 
to undertake the study. We investigate the effect of 
�������������
�����������
�����

�������
���
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magnetically disordered medium, where the suspended 
��
�������O�����* (Mie regime).  

We used a stable colloidal suspension of magnetite 
(Fe3O4) nanoparticles of average diameter 6.7nm, coated 
with oleic acid and dispersed in kerosene. The organic 
layer thickness around the particles is about 1.5nm. 
The suspensions used in our experiments had excellent 
long term stability with no agglomerations even after 
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measure both the forward and backward scattered light 
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fractions. The diffraction pattern at different magnetic 
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was the ratio of the transmitted intensity through 
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concentrations, the transmitted light intensity remains 
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��� ����� �7�1, shown by 
the dotted arrow) and above which the intensity starts 
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called   (Hc2, shown by the solid arrow), the transmitted 
light intensity   becomes a minimum.  Above Hc2, the 
transmitted light intensity increases slowly.   
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�����������7C1 and 
Hc2 with volume fraction of the nanoparticles.  Both Hc1 
and Hc2 follow power law decay with volume fraction 
(HCÌÍ-x) where the exponents are 0.423 and 0.283 
respectively. The scaling analysis also predicts such 
power law dependence where exponents can vary between 
0.25 and 0.75 for structural transitions under magnetic 
����"�/�������
�� ����������������
�
������ 
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the transmitted intensity curve (between Hc1 and Hc2) 
increases. At higher particle concentrations above 0.0176 
vol., the transmitted light intensity increases slightly 
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becomes extinct where the Hc2 follows a power law decay with volume fraction of nanoparticles indicating 
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Extinction of Light in a Disordered Medium
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is the occurrence of  dipole resonances within the scatters and the subsequent building up of standing waves 
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light controlling devices. 

What is the origin of the ring like patterns formed above the HC1? The scattered wave from a long cylinder 
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of the ring clearly establishes the formation of such rod like structures along the direction of propagation 
of the light wave above Hc2�� ������ ��� 
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the average chain length and the chain number increases. The Rayleigh-Gans scattering intensity for such 
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sharper indicating the formation of smooth surfaced columns as evident from the hexagonal symmetry.
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Scattering of light from disordered and turbid media can lead several fascinating phenomena.  On increasing 
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coherent enhancement of light in the backward direction, which has been experimentally observed in several 
systems such as dense latex microspheres, highly concentrated aqueous suspension of polystyrene particles,  
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of speckle patterns generated by diffusive transport of laser light through turbid granular samples under a 
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further research.  Also, optical limiting nature of colloidal suspension of particles under non-linear scattering 
due to photoinduced refractive index matching  and magneto-optical correlation length in turbid media  have 
been probed.  Christiansen showed that a dispersion of powder in a liquid can act as an optical band pass 
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by changing the current passing through its coil using a DC programmable power supply. The direction of 
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laser (Spectra-physics) of wavelength 632.8 nanometer with an output power 1  mW is used as a light source. 
The light intensity is measured by using a photomultiplier tube(PMT). The output of the photomultiplier 
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connected to a 12 bit analog to digital converter (ADC) that is interfaced with a computer.    
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Aqueous dispersions of thermo-responsive PNIPAM 
nanogels exhibit rich phase behaviour upon varying the 
temperature, T. However a systematic investigation on 
the phase behavior of these nanogel dispersions is not 
carried out. Towards understanding this phenomenon we 
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(DLS) and the phase transitions are probed using static light 
scattering (SLS) technique. We have prepared four samples, 
(Figure 1. labeled S1, S2, S3 and S4) varying in particle 
concentration, np. SLS and DLS measurements were 
carried using a dynamic light scattering set-up (Malvern –
UK, 4700 model) consisting of a goniometer and multi tau 
photon correlator and a mixed ion laser (Ar+ Kr) operating 
at 514.5nm wavelength. 
Volume Phase Transition
'������'+���
�����¶�C"N>�Á�+*11 cm-3 (Figure 1) is used to 
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nanogel particles is found to be 273nm. Figure 2 shows the 
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At 32.4ºC the nanogel particles are found to suddenly 
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This transition is found to be reversible upon lowering the 
temperature.
Fluid-Fluid Transition
Static light scattering measurements are carried out on 
�������'9���
�����¶�C"N>�Á�+*12 cm-3 (Figure 1). This sample 
even after repeated annealing did not exhibit iridescence. 
The time averaged scattered intensity Is(q) measured as a 
function of scattered wave vector, q showed a peak (Figure 
3) indicating short-range spatial correlations among the 
particles in sample S2. The absence of iridescence and the 
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with T in PNIPAM gel dispersions we investigated the effect 
of T in sample S2.  It can be seen from Figure 3 that peak 
height decreases without a shift in peak position as T is 
increased. Further the peak disappears beyond 32ºC. This 
implies a gas-like disorder in sample S2 at this temperature. 
The liquid-like to gas-like transition in sample S2, is 
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of T (inset in Figure 3). Interestingly, we observed only a 
change in slope but not a sudden jump at around 31.5ºC. 
This suggests that across the transition there is no variation 
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across this transition suggests that interparticle interaction 
is repulsive. 

The phase behavior of poly-N-isopropylacrylamide (PNIPAM) nanoparticles of 273 nanometer dispersed in 
aqueous medium is investigated as a function of temperature using static/dynamic light scattering techniques. 
We observed a series of phase transitions in PNIPAM nanogel dispersions of varying particle concentration as 
a function of temperature. A very dilute dispersion of these nanogel particles exhibited a sudden collapse in 
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�N*"<oC. The system of 
PNIPAM nanogel is unique in that, across all these transitions the particle number density remains the same, 
whereas the volume fraction changes.
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particle number density. PNIPAM nanogel crystals are found to melt into a liquid-like order at 26.2°C. We also 
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high volume fraction compared to that of hard sphere system. 

Monodisperse nanoparticles serve as superatoms and exhibit structural ordering analogous to that observed in 
atomic/molecular systems. A stable dispersion of nanoparticles can thus serve as an ideal model system to study 
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these transitions there is no change in particle number density. Though the phase behavior of PNIPAM nanogel 
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appears is much higher. These observations suggest that below VPT the interparticle interaction are soft-sphere 
repulsive in nature and is responsible for the observed phase behavior.

At low temperatures (below VPT) the PNIPAM particles are highly water swollen. Hence the dielectric constant of the 
particle is almost same as that of water. This results in van der Waals attraction between microgel particles being 
negligible at low temperatures.  So one expects PNIPAM particles to behave as hard-spheres for diameter, d up to 
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the interparticle interaction between PNIPAM particles is soft-sphere repulsive below VPT and is responsible for the 
phase transitions observed in samples S2 and S3.

Iridescence due to Bragg diffraction of visible light and also a Bragg 
spot (inset of Fig. 4) for the laser light was observed in sample S3 
��
�� ��� ¶� ;"D+� Á� +*13 cm-3 (Figure 1). SLS measurements on 
'C� �������� �� �������������%� �
� #� ¶� 9";C�Á+*5 cm-1. These 
observations suggest that sample S3 has crystalline order. 
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by monitoring the Bragg peak intensity Imax as function of 
temperature (Figure 4). The Bragg peak intensity disappeared 
at 26.2ºC. Beyond this temperature the sample is not iridescent 
and Is(q) measured as function q showed a broad peak implying 

��� ��#	��=��%�� ���� ��� 
��� ������"� ��	�� ��� ����
����� 9>"9Ä.�
to be the melting temperature of PNIPAM nanogel crystals.  
Moreover the peak position remained the same across the meting 
transition, which suggests no change in np across this transition. 
Upon increasing the temperature beyond the melting point of 
PNIPAM nanogel crystals, the peak intensity decreases and 
showed a change in slope (Figure 4) at 30.5ºC. Beyond 30.5ºC, 
the structural ordering in the suspension is foutnd to be gas-
like similar to that observed in sample S2.  Thus the change in 
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transition, as there is no change in particle concentration.
'������'C���
�����¶�+*"+9�Á��+*13 cm-3 (Figure 1) had a bluish hue 
and does not exhibit iridescence under white light illumination. 
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down. SLS measurements on S4 at 22ºC showed a broad peak at 
#�¶�N"+C�Á��+*5 cm-1"��	
���
������������������������
��=�����
correlation function, f(q,t)  as a function of time, t is observed to 
be non-decaying (Figure 5). These observations suggest that the 
structural ordering in S4 is glass-like.  

CRYSTALLINE ORDER, MELTING TRANSITION AND GLASS-LIKE DISORDER

 INTERPARTICLE INTERACTIONS
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As a collaborative project with the Reactor Safety Division 
(RSD) of BARC and Jadavpur University, Kolkatta, we 
in Innovative Instrumentation Section worked towards 
the development of a simple technique for measurement 
of void fraction in steam – water mixed system using 
our laboratory made pulsating sensor. The major aim of 
this project is to evolve a simple and reliable technique 
for real time monitoring of void fraction in Pressurised 
Water Reactors which is presently considered as one 
of the important requirements in the context of reactor 
safety. 

A large number of experimental campaigns at room 
temperature were conducted in our laboratory at 
IGCAR, Kalpakkam by designing appropriate pulsating 
conductance sensors with associated instrumentation. 
In these experiments a vertical type conductance probe 
with a pair of stainless steel electrodes was mounted 
in a specially designed Perspex vessel containing 
distilled water in it. Arrangement was made to create 
air bubbles in the water by passing Ar gas from a 
cylinder through a sintered glass disc placed in the 
bottom of the vessel. Steady value of conductance in 
water medium and gradual decrease of conductance in 
the mixed heterogeneous phase (water and gas mixture) 
was observed. Quick response of conductance while 
voids were created by passing argon through water was 
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observed that conductance of the medium decreased 
further. In order to meet the requirement for reactor 
application at high temperature and high pressure a 
special type probe fabricated by reactor safety division 
as per our design was also tested in our laboratory 
which showed similar performance. The experimental 
setup is shown in Figure 1.

Further simulation experiments on void fraction in 
steam – water system pertaining to reactor condition 
were conducted in the ‘Simulated Facility’(SF) of 
Mechanical Engineering Dept., Jadavpur University, 
Kolkata. A schematic diagram of the steam – water 
two phase simulation facility at Jadavpur University is 
shown in Figure 2. The simulated facility consists of a 
storage tank, heat exchanger, buffer chamber, the test 
section housed with the probe and sump. A series of 
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the entire system.

A unique approach for real time monitoring of void fraction in a binary phase steam-water system using a 
simple conductometric technique has been developed. A pulsating  conductance sensor was designed and a 
few laboratory measurement campaigns for response of voids in water with variable air fraction in the form 
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steam-water simulation facility at Jadavpur University, Kolkatta. Encouraging results obtained from this 
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A Novel Approach for Measurement of Void Fraction in 
Primary Coolant System of Pressurised Water Reactor
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This conductance principle was deployed to capture the liquid level oscillations in the ¼ simulation facility 
for PFBR.
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of conductance which is purely governed by the nature of liquid and the geometry of the electrodes. In this 
single phase liquid medium if some air or gas is introduced to create bubbles or voids near the electrodes 
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in conduction. With increase in void in the aqueous solution the conductance decreases further. When the 
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as 100% void and when the electrodes are fully placed in liquid phase without containing any void it shows 
maximum conductance value. These two extreme values can be used to calibrate the probe for quick response 
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performing conductance meter in IGCAR.

Experimental runs conducted in the SF are broadly 
divided into two parts (i) Cold run (at room temperature, 
90 bar pressure) (ii) Hot run (at 2500ºC, 90 bar pressure). 
In both cases experiments were conducted in (i) limited 
blowdown condition i.e. allowing a part of water from 
buffer chamber passing through the test section for blow 
down by opening the outlet valve (ii) total blowdown 
condition i.e. allowing all water passing through the 
test section for blow down suddenly by opening inlet 
and outlet valves. The real time shift in conductance in 
each run was recorded in personal computer. The screen 
capture view of two blowdown experiments during a hot 
run are shown in Figure 3. In both cases, the steady value 
of conductance in homogeneous water medium before 
the onset of void and sudden decrease in conductance 
to attain another steady value in heterogeneous phase 
where voids were created, were measured by the probe 
with excellent precision. Figure  3 shows a graphical view 
of data collected from two limited blowdown and two 
total blowdown experiments. It shows rapid response of 
probe towards shift in conductance and high precision in 
measurement. In this measurement campaign our primary 
attention was focused to examine the probe for its quick 
response and reliability in such type of work. Only the 
conductance shifts due to the presence of voids are shown 
in all experiments. In order to present the data in terms 
of void fraction for engineering application the measured 
conductance can be converted in terms of void fraction 
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thus generated can be loaded in our system software to 
get direct display of void fraction. 

Further inquiries:
Dr. P. Sahoo 

Electronics and Instrumentation Group
 e-mail: sahoop@igcar.gov.in
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Diffusional and Displacive Phase Transformations
in 9Cr based Reduced Activation Ferritic Martensitic Steel
 EXECUTIVE SUMMARY
The knowledge of phase transformation characteristics of Reduced Activation Ferritic - Martensitic (RAFM) 
steels is of paramount interest in developing these steels for fusion reactors. The design of low or reduced 
activation steels aims at replacing the highly radioactive transition elements like Nb, Mo, Cu, Ni, Al, N etc., 
with their less active counterparts like Ta, W, Mn etc. In order to understand the phase stability in this 
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(fcc) phase is investigated using calorimetry and metallography techniques. It is found that the transformation 
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depending on actual thermal history.

 OUTLINE
A study of phase stability and phase transformation characteristics, 
as a function of temperature, composition and processing variables 
is important for the design of nuclear reactor materials, wherein 
the performance of a material are tested against one of the most 
challenging operating conditions. A fusion reactor material should 
have adequate thermal, chemical and mechanical stability under 
normal operating conditions which include high temperature, 
moderate stress levels and high level of neutron irradiation, in 
addition to possessing good thermal conductivity, minimum thermal 
expansion, and minimal induced activation. The 9Cr-based ferritic 
steel with controlled composition, especially residual elements 
such as P, B, Sb, Sn etc. besides chromium contain W, Ta, V, C 
with minimal nitrogen. This article highlights the studies related 
to basic thermodynamic and kinetics of phase transformations 
encountered in reduced activation 9Cr ferritic -martensitic (RAFM) 
steel.
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investigated using the Differential Scanning Calorimetry (DSC) and 
Isothermal Drop Calorimetry. In the former technique, a sample of 
known mass with homogeneous starting microstructure is heated 
in an inert atmosphere to temperatures above 1823 K at various 
controlled heating rates. Various on-heating phase transitions are 
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discontinuities in the enthalpy – temperature data, corresponding 
to the onset of various phase changes on heating as shown in 
Figure 2.  This latent heat of phase transformation is an important 
thermodynamic quantity in modelling the phase stability of RAFM 
steels.
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austenite phase formation. It is found that faster the rate the longer 
it takes to complete the austenite formation reaction. In other 
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higher temperatures by using faster heating rates. This has bearing 
on the industrial solution treatment step that is usually carried out 
above 1273 K for this steel. The adoption of slower heating rates 
on the other hand facilitates the dissolution of carbides as the alloy 
spends more time in the dissolution temperature domain.
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decomposition mode. While very slow cooling aided in maintaining 
full thermodynamic equilibrium as it allowed enough time for the 
diffusion of substitutional solutes and C atoms to occur, faster 
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thermodynamic states. Thus, for cooling rates above 3-5 K/ min. 
for this steel, a threshold known as the critical cooling rate, hard 
martensite is obtained. This suggests that RAFM steel is air – 
hardenable. The hardenability monitored by measuring hardness 
variation with cooling rate (Figure 3) clearly suggests the role of 
cooling rate in processing of the RAFM steel.
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Fig. 4:������
���
����
�����$X���������������
���������������
"������������"��
����������
����������������7������"��
��"�
����������
����
�

 GENERAL EXPLANATION
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condition. It consists of a microstructure of tempered martensite 
with carbides of two kinds: one of the type M23C6 with M = Fe, Cr, 
W and C= Carbon. the other carbide is of MX type with M= Ta, 
V and C = C, N. Of these two principal carbides, the dissolution 
of M23C6�������� ����O����
� 
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��/�3, the 
austenite completion temperature. The dissolution rate is decided 
by the effective time provided for this purpose. On the other 
hand, the MX carbide is very stable to dissolution and requires 
temperature higher than 1373 K to completely dissolve. Thus, the 
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by the carbide dissolution kinetics. Adopting a higher temperature 
��� ��������O�
���� �	��� ��� +N9N� W� ��
��	��� �������� ������
��
carbide dissolution, provided enough time is ensured, also may 
lead to grain growth. The selection of heat treatment conditions is 
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corresponding hardness variation.

 ADDITIONAL INFORMATION ABOUT THE STEEL
Ferritic- martensitic steels of the 9Cr variety are replacing the presently used austenitic steels for core 
components in fast reactors due to their excellent resistance to neutron irradiation induced void swelling. This 
property together with their adequate creep resistance until 773K and resistance to helium embrittlement 
makes them attractive materials for the test blanket module for fusion reactors. The resistance to induced 
radioactivity is achieved by elimination of elements like Cu, Co, N and replacement of Mo by W and Nb by Ta, 
which impart similar properties to the steel, which has resulted in the Reduced Activation Ferritic Martensitic 
steel. Although the 9Cr steels have inherently a lower tendency for embrittlement as compared to higher Cr 
ferritics, a strict control on chemistry with respect to trace elements such as P, Sn, Sb, Bi is maintained by 
use of pure raw materials and improved melting methods.
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considerable insight into factors that affect the practical stability of metallic alloys under typical service 
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There are many synergistically acting factors that govern the ultimate useful life span of a nuclear reactor 
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alloy design is therefore facilitated.
 ACHIEVEMENT
An indigenous material development programme for the test blanket module of fusion reactor has been taken 
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been carried out in an indigenously produced 9Cr RAFM steel. This study has clearly revealed the various 
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the transformation temperatures. This data serves as an useful input to optimise the thermomechanical and 
heat treatment conditions for this steel during fabrication.

Further inquiries:
Shri S. Raju 

Metallurgy and Materials Group
e-mail: sraju@igcar.gov.in
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Synthesis of Nano-crystalline Al)(3 and Yttria Stabilized 
Zirconia Coatings by Flame and Laser Pyrolysis
 EXECUTIVE SUMMARY
Flame and Laser Pyrolysis are two important techniques for the synthesis of large surface area nano-structured 
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on to the substrate to form a coating. Flame and Laser Pyrolysis facilities were indigeneously designed and 
developed for synthesis of large surface area ceramic coatings for tribological and high temperature corrosion 
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using the facility and effect of substrate temperature, precursor composition and concentration on coating 
structure, morphology and adhesion were studied.

There is considerable interest in nanostructured 
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their potential applications in areas such as tribology, 
thermal barrier coatings, solid oxide fuel cells and 
sensors. A variety of synthesis techniques are available 
for their synthesis. However, simple, cost effective open 
atmosphere, techniques for large surface area coatings are 
very rare and have not attained commercial status. In this 
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the fuel and coaxially injected into the annular burner 
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substrate surface decomposition reaction. Desired surface 
coverage is achieved by executing ultra-precise computer 
controlled movement of the substrate mounted on board 
the raster stage. Desired thickness is achieved by carrying 
out deposition in multiple passes. Laser pyrolysis is a 
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with a laser. Here the precursor aerosols are fed into a 
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coaxially coupled. Photo-thermal decomposition of the 
precursor by the laser beam at the substrate results in 
the formation of nano-crystalline coatings. Large surface 
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stage. The primary requirement for laser pyrolysis is that 
the emission line of the laser overlaps with an absorption 
line of one or more precursors. If this requirement is not 
met one has to use additional photocatalysts which will 
absorb laser energy and transmit to the precursor by 
shocks. The strength of the technique is that the process 
can be controlled through systematic parameters such 
as beam cross section, absorber concentration and laser 
power.
Nano-structured Al2O3� ���
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range 500 to 1000°C and also by laser pyrolysis. The 
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coating adhesion was determined using a scratch tester. 
���� ����	
���� ��� �
	�
	�� ���� ������	�� 
�� £� 
�� Ñ� 
���������
Ò=�/�2O3 with temperature in the range 500 to 1000°C is 
shown in Figure 1. The Al2O3 coatings were amorphous at 
���� ������������������
���P'¾����
�������������	����
structure. The critical load for coating failure obtained 
from the scratch test is ~12N. Figure 2 shows the acoustic 
emission signal during scratch. The failure mode was 
continuous ductile perforation. The FESEM picture of the 
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 COMPARISON BETWEEN FLAME AND LASER PYROLYSIS
&��K���������������K����
�����O�����������K����������
�������������������
�����
	����������������
���
����	��������
�������
�����"�'�����
���K�����
�����
�����������������
�����
	��������
��������
	�����
microstructure tailoring and coating patterning are not feasible. In addition the requirement of an oxygen 
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is severely limited in this case. In contrast laser pyrolysis is a precise coating synthesis technique because 
the laser parameters like laser power, beam cross section and beam path can be precisely controlled. Since 
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degree of spatial control over particle nucleation and growth and therefore ability to tailor the microstructure. 
Substrate surface oxidation is not an issue since the process can be carried out under any ambient.    

 BRIEF DESCRIPTION
Nanostructured Al2O3������
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with temperature in the range 500 to 1000ºC were observed. Laser pyrolysis gave amorphous alumina at all 
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was determined using a scratch tester.

 ACHIEVEMENT
Open atmosphere large surface area coating facilities were designed and developed indigenously. Using the 
facilities nanostructured Al2O3������
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Further inquiries:                  
 Dr. Tom Mathews

Materials Science Group 
e-mail: tom@igcar.gov.in

 ADDITIONAL INFORMATION
Flame and laser pyrolysis are open atmospheric coating techniques suitable for large surface area coatings. 
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vapors on reaching the substrate undergo reactive decomposition. Hence metal organics are generally chosen. 
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In laser pyrolysis precursors like metal organics and nitrates were found to give adherent coatings. This is 
because in laser pyrolysis the chemical process involved is photo-thermal reaction. The coatings obtained in 
laser pyrolysis by using nitrates were rough compared to those obtained by using metal organics.
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hitherto unknown. The unique Laser Heated Diamond Anvil Cell (LHDAC) facility, established at Materials 
Science Group at IGCAR offers excellent opportunities in this pursuit. This facility, only one of its kind in 
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direct conversion of pyrolitic graphite to diamond-like carbon is reported. Secondly, high pressure synthesis 
of novel phase of Ruthenium Carbide is reported. This has been accomplished at a very low pressure of               
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in the laboratory.

Synthesis of Novel Compounds 
by Laser Heated Diamond Anvil Cell Technique 

 EXECUTIVE SUMMARY

 OUTLINE
Interest in synthesis of carbides, stems from the broader 
motivation in looking out for materials harder than diamond. 
It is observed that as we move along the 4d transition metal 
series, the bulk modulus Bo of the elements increases up to 
Ruthenium and thereafter it decreases. It is also observed 
that Bo of carbides and nitrides of transition metal is further 
enhanced compared to 4d metal. This enhancement in the 
bulk modulus of transition metal Carbides is attributed 
to the increase in the covalent nature of the bonding 
between the p and d orbital of C and transition metal. 
Most of these carbides are formed in rock salt structure 
with few notable exceptions like WC which has hexagonal 
�
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in hexagonal phase isomorphous with WC, with very high 
micro-hardness. However, it is suggested that synthesis of 
RuC should be carried out under pressure to prevent its 
dissociation. It would be interesting to study the structure 
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carried out laser heating of graphite alone. This is because 
in the synthesis experiments it is the graphite which 
couples with the laser rather than the transition metal.

Direct conversion of pyrolitic graphite to diamond-like 
carbon
The cell is taken to P~16.5 GPa and T~2000 K. Laser beam 
was rastered on the sample and the sample was thoroughly 
laser heated. The sample was retrieved from DAC for 
characterisation. The diamond Raman peak at 1331         
cm-1, was clearly riding on a typical DLC background as 
shown in Figure 1. The transition pressure observed here 
of  16.5 GPa is much lower than what is seen in shock 
experiments i.e 19.6 GPa. 

Synthesis of novel transition metal carbide Ru-C
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heated to a temperature of ~ 2000K. High Pressure X- Ray 
Diffraction (HPXRD) patterns of the sample before and 
after laser heating are shown in the Figure 2. X-ray pattern 
before laser heating contains intense Bragg peaks of 
Ruthenium and Ar. Disappearance/ reduction in intensity 
of Ru peaks associated with appearance of two new X-ray 
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carried out with NaCl as pressure transmitting medium. 
The cell was taken to further high pressures to study 
stability of the new phase formed and is also shown in  
Figure 2.
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In the process we observe direct conversion of pyrolytic graphite to diamond at a low pressure of 16.5 GPa. 
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emerging importance of laser heating technique coupled to diamond anvil cell high pressure experiments.

The interest in Boron compounds is due to their unusual 
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in Boron. Theoretical electronic structure calculations 
predict BSb to be an indirect band gap semiconductor 
similar to BP and BAs. B and Sb in 3:1 atom ratio is taken, 
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loaded in DAC. Sample assembly done is similar to the one 
done in RuC experiment. The cell is taken to P ~ 3GPa and 
T~ 1900K. Coupling of the   laser to the sample was good 
and lot of convection currents were seen. Micro-Raman 
was carried out on the retrieved sample which shows a 
prominent peak at 151cm-1, is shown in Figure  3. The 
same micro Raman feature is seen on all regions of the 
sample, implying that the compound has been formed in 
single phase and uniformly across the sample.

The observed HPXRD pattern at 6.5 GPa after laser heating is compared with the earlier reported synthesis of 
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for WC type RuC is not observed in our experiment.
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experiments as the volume fraction of the new phase formed is very small as compared to starting material. 
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in analogous compounds is used as guide to start the iterative search process. In general transition metal 
carbides adopt cubic structure. Least square analysis carried out with the possible cubic lattices yields very 
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High pressure synthesis of Re2C is reported recently in hexagonal phase. Least square analysis carried out with 
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also to explore formation and phase stability as a function of pressure.

Why ultra high pressures and temperatures ? 
Under extreme conditions of pressure and temperature, nature of bonding and electronic structure undergo 
changes leading to drastic increase in their chemical reactivities. This paves way for synthesis of novel phases 
which otherwise are not permitted by thermodynamics at ambient. Several novel and superhard materials 
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 ACHIEVEMENT

PUBLICATIONS

Further inquiries:
Dr. P. Ch. Sahu

Materials Science Group
e-mail:pcsahu@igcar.gov.in

  BRIEF DESCRIPTION

 ADDITIONAL INFORMATION

 GENERAL DESCRIPTION
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Determination of Effective Activation Energy for Vacancy 
Migration in D9 Steel using Positron Annihilation Spectroscopy

EXECUTIVE SUMMARY 

OUTLINE

Migration and clustering of vacancies at elevated temperatures essentially determines the void-swelling 
behavior of structural materials used in fast reactors.  Towards investigating the vacancy migration 
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spectroscopy.  D9 samples have been irradiated with 3 MeV protons followed by isochronal annealing at various 
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S-parameter, around 500 K indicates the migration and annealing of vacancy defects. Isothermal annealing 
studies have also been carried out at the temperature wherein vacancies distinctly migrate. Assuming a singly          
activated process for defect annealing, the effective activation energy for vacancy migration is deduced to be 
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Solution annealed and 20% cold worked D9 were irradiated at room 
temperature with 3 MeV protons at doses of 1 × 1015, 1 × 1016,              5 
× 1016 and 1 × 1017 protons/cm2 with a beam diameter of 10 mm. 
Isochronal annealing was performed in steps of 50 K    ranging from 
323 to 1323 K for a period of 30 minutes each. Temperature range for 
isothermal studies was so chosen wherein the sample recovers from 
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hours in a vacuum of 1 × 10-6 mbar. Positron lifetime measurements 
were performed at room temperature on identical set of samples, in 
standard sample-source sandwich geometry. A fast-fast coincidence 
system coupled with a pair of BaF2 detectors having a time resolution 
of 260 ps was used. To complement the lifetime results, Doppler 
broadening measurements were also carried out using a HPGe 
detector having 1.3 keV energy resolution. From these measurements, 
a defect-sensitive line shape S-parameter was deduced to monitor the 
annealing stages at different temperatures.

Figure 1 shows the variation of positron lifetime as a function of 
annealing temperature for cold worked (CW) and proton irradiated D9 
�������"�����������
�������O"����!�����
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lifetime during 300 K to 800 K, corresponding to vacancy migration 
and annealing (ii) a broad maximum in lifetime around 1100 K, 
corresponding to the nucleation and growth of TiC precipitates, are 
observed. Complementary Doppler S-parameter has also exhibited 
similar annealing stages. There is only a small increase in lifetime values 
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to CW sample, suggesting that proton irradiation induces only marginal 
increase in vacancy defect concentration as compared to the cold 
worked state. Further, for proton irradiated solution annealed sample, 
the second stage was not observed which is attributed to absence of 
TiC precipitation due to annealing of dislocations. Irradiation dose 
dependence of lifetime and S-parameter values has also been obtained. 
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isothermal positron lifetime studies were carried out at selected 
temperatures for various time durations on proton irradiated D9 
steel.  

Figure 2 shows the variation of positron lifetime corresponding to 
isothermal annealing at different time durations at 633 K (where 
maximum lifetime reduction is seen in comparison to initial state).  
Assuming that the vacancy migration is a single-activated process, 
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duration at different temperatures to produce the same                     change 
in positron lifetime. This plot is shown in Figure 3, from which,  the 
activation energy for vacancy migration is deduced to be 1.13 + 0.08 
eV.   In general, a value around 1.0 eV has been reported for various 
stainless steels.   The present value deduced for D9 steel is consistent 
with this general trend.  To conclude, using positron annihilation 
spectroscopy we have been able to deduce the effective activation 
energy for vacancy migration in D9 steel.
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Fig. 3 :  Determination of activation 
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One of the important parameters determining the void-swelling behavior of D9 steel is the effective activation 
energy for vacancy migration. From the present isochronal and isothermal positron annihilation experimental 
studies, this value has been deduced to be 1.13 + 0.08 eV .

ACHIEVEMENT

Further inquiries:
Dr. G. Amarendra 

Materials Science Group
e-mail: amar@igcar.gov.in
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Fundamental understanding of the migration, clustering and annealing behavior of vacancy defects in D9 
steel is essential, since D9 is the core component material in PFBR. The critical parameter for void-swelling 
behavior is the effective activation energy for vacancy migration, which is not reported for alloy D9 in literature. 
There are only two prominent experimental methods namely resistivity and positron annihilation to determine 
this. Hence, detailed positron annihilation spectroscopy studies.                               

GENERAL DESCRIPTION

D9 steel subjected to cold working and proton irradiation has been studied using positron lifetime and Doppler 
S-parameter studies. Isochronal annealing studies have established two annealing stages corresponding to 
vacancy migration and annealing as well as the nucleation and growth of TiC precipitates. Based on these, 
isothermal studies have been carried out at selected annealing temperatures. From these studies, the effective 
activation energy for vacancy migration has been deduced to be  1.13 + 0.08 eV.

BRIEF DESCRIPTION 
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Mechanical Behavior from Small Volumes of Material 
Recent Advances in Experimental and Modeling studies
EXECUTIVE SUMMARY
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of an array of techniques to extract the mechanical properties such as tensile, fracture and creep from relatively 
small volumes of the material. The ab-initio research work at IGCAR in this area include development of high 
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mechanical properties derived from conventional test methods. The techniques such as shear punch and 
ball-indentation have been exploited for evaluating the properties of irradiated SS316, weld joints, aged and 
creep exposed Mod 9Cr-1Mo steel.

OUTLINE
The development of small specimen testing technology at IGCAR, 
India, has been an integral part of material irradiation programme of 
various candidate alloys chosen for fast reactor core structures and 
post-irradiation characterisation of their mechanical properties. The 
techniques that have been extensively studied are shear punch, small 
punch and ball-indentation tests. 
The shear punch (ShP) test involving blanking or shearing of disc 
specimen (approx 8 millimeter diameter and 0.5 millimeter thick) with 
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load-displacement plot. By suitably modifying the experimental setup, 
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the tensile-shear correlations for yield and maximum strength were 
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The ball-indentation (BI) technique based on repeated loading-
unloading cycles of indentation on a material using a spherical indenter 
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plot with the experimental data. A better overlap of the loading curves 
was obtained only after including the indenter holder in the model 
which simulated closely the experimental conditions. The evaluation 
of stress-strain values from the indentation load-depth data rely on 
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by the amount of pile-up or sink-in of material around the indentation 
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The small punch (SP) test involving the bulging of a disc specimen using 
a spherical punch produces a load-displacement curve different from 
that of shear punch test. The small punch test has been modeled using 
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specimen, friction betweent specimen-ball and specimen-die interfaces 
on the load-displacement curve have been examined. The extent of 
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was dependent on the range of the stress-strain data as input to the 
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estimating the constitutive stress-strain curve from the small punch 
load-displacement curve. Combining shear punch technique with 
electron microscopy and swelling measurements, the irradiation 
behaviour of SS316 duct of FBTR has been systematically studied using 
small specimens. The ball-indentation technique has been applied in a 
novel way to investigate the progression of the creep damage in mod 9Cr-
1Mo. By terminating the uniaxial creep tests at various predetermined 
strains and performing spherical indentation tests on the unstressed 
head and stressed gage portions, the extent of softening of the steel 
due to thermal and creep exposures was determined (Figure 3). 
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 ADDITIONAL INFORMATION
The use of small specimens for mechanical testing actually originated in nuclear industry caused by space 
limitations in nuclear reactors for irradiation material testing with the added advantage of reduced radiation 
dose from smaller volumes during post-irradiation testing. As a spin off, the small specimen testing also 
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and in alloy development etc. The concept of small specimens for evaluating mechanical properties is also 
gaining popularity for residual life/structural integrity assessment of ageing power plant components due to 
advantages of sampling small volume of material non-destructively directly from the operating component 
without affecting its structural integrity.
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approximately 0.5 millimeter thickness (like disk bend tests, shear punch / small punch tests) (c) Techniques 
based on ball-indentation (BI) testing.  

The punch and ball-indentation tests do not have equivalent conventional  counterparts and require extensive 
validation and benchmarking before being effectively put to use. The methodology adopted at IGCAR is to 
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heat treated conditions of widely ranging microstructures and mechanical properties prepared from the alloy 
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corresponding conventional test properties. Unlike a tensile test, the conversion of the load-displacement 
response to stress-strain data is not directly possible due to the complex stress states and inhomogeneous 
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and boundary conditions becomes necessary for analysing the experimental load-displacement response and 
to obtain the stress-strain properties. From the numerical simulation, the stress states and strain distribution 
in the specimen during deformation can be well understood.

GENERAL EXPLANATION RELATED TO THE DESCRIPTION

ACHIEVEMENTS

 PUBLICATIONS

The various small specimen test techniques have been effectively put to use for quantifying the properties of 
irradiated materials, weld-joints and service aged materials. Integrating the experiments with FEM simulations 
has been valuable for understanding the deformation behaviour of smaller specimens and for extracting 
practically useful information. The established test facilities and the insights gained from FEM will serve 
as a foundation for ongoing and planned experimental irradiation programs on advanced FBR structural 
materials. The expertise will also be useful for predicting the in-service integrity of actual plant structures.
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BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
Shear Punch testing is basically a blanking operation and the principal mode of deformation is shear occurring 
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and the uniaxial tensile is linear in nature. 

The Small Punch test or the buldge test involves cupping of a disk specimen with a spherical punch. The 
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fracture toughness properties. The small punch test is also useful for transition temperature determination 
similar to the Charpy Impact test.  

Indentation tests using spherical indenters are unique because the geometry of indentation changes with 
increasing penetration, corresponding to unique stress-strain value for a particular depth. As a result, 
spherical indentation under triaxial compression loading is a unique method for determining the complete 
stress-strain curve of metals. Compared with the conventional hardness tests, this technique offers both 
strength and ductility parameters from analysis of the measured indentation load-depth curve. 

Further inquiries: 
Shri V.Karthik

Metallurgy and Materials Group
e-mail: karthik@igcar.gov.in
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Fig.  1:    Comparison of calculated and 
experimental data on uranium reduction 
in a 20-stage electrolytic mixer settler 
(details given elsewhere]. Aqueous feed 
is at 14th stage and the concentrations 
are: U: 67.4 g/L and HNO3: 4.35 M. The 
organic scrub is 30% TBP in NPH. The 
strip solution concentrations are: HNO3: 
0.26 M and N2H5: 0.35 M. The respective 
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strip

Development of a Computer Code for Analysis 
of Partitioning Cycle of PUREX Process

A computer code PUSEP (Plutonium Uranium Solvent Extraction Program) has been developed for the 
analysis of partitioning cycle of PUREX process involving in-situ electrochemical reduction of uranium and 
plutonium. The development of model equations involves countercurrent multi-component extraction coupled 
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to mass transfer equilibrium. Computer code provides transient behaviour of mixer-settler contactor from the 
start-up conditions to the steady-state conditions. The code has been validated using experimental data on  
in-situ uranium reduction in electrolytic mixer-settler and the data available in literature. The calculated 
results are consistent with the experimental results.

In the PUREX process of nuclear fuel reprocessing uranium and 
plutonium are co-extracted from aqueous nitrate solution into 
organic (TBP) phase as U(VI) and Pu(IV) nitrates to achieve separation 
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and plutonium from each other and also purify them separately 
for the end use. Stripping of plutonium from metal rich organic 
phase is accomplished by selectively reducing the plutonium to 
poorly extractable trivalent species [Pu (III)] by means of a reducing 
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nitrate) or by in-situ electrochemical reduction. The extent to which 
separation of plutonium from uranium is achieved depends upon 
the effectiveness of the reduction reaction. Externally generated 
uranous [U(IV)] is generally used as reducing agent for U/Pu 
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load as large excess uranous (more than 6-10 times of stochiometry) 
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A computer program (PUSEP) has been developed to model the 
various steps in the electrochemical separation. The basis of model 
equations development involves countercurrent multi-component 
extraction with coupled chemical and electrochemical redox 
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restricted to mass transfer equilibrium. It is assumed that complete 
mixing is assumed in mixer compartment of mixer-settler unit and 
mass transfer due to extraction occurs only in mixer compartment 
and the components are always at equilibrium between the phases. 
&
� ��� ����� ���	���� 
��
� �
���� ��������� 
����� ��� �	������
���
long so that diffusional resistances can be ignored. The rate of 
electrochemical reactions as well as the chemical reductions is 
accounted in the equations. The developed code generates transient 
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it provides important information about the variation of solute 
concentration with time in the contactor bank which cannot 
be obtained otherwise from steady-state solutions. Transient 
calculations can also provide the information about unsafe 
accumulation of solute if any. Simulation of almost all the published 
experimental results concerning to electrolytic partitioning of 
Pu/U were carried out in order to test the validity of the model 
equations and associated computer program. Two typical examples 
to compare the experimental and literature data are described in 
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This deviations in the low Pu concentration are probably due to 
slow strip rate of Pu-HDBP complex as well as uncertainty in the 
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Another experiment (carried out at IGCAR) with uranium reduction 
�����9*��
������:����

�����
��+C��:
��
�����
���������>���	��
�
������ ���� ����� �������"� V���	�� ��� ���� �����	�
� 
�� ��	���
����
���
������� ���� 
��� ������
�
���� ������ �����
���� ��� � ����
��������������	��9!"�

 OUTLINE

 EXECUTIVE SUMMARY

Fig. 2:    Comparison of experimental and 
���������� �
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1B contactor. Experimental data 
[KFK-2082] is based on 20% TBP in 
n-dodecane. The organic feed stream is 
at 10th stage and the concentrations are: 
U: 49.6 g/L and Pu: 2.33 g/L. The organic 
scrub is 20% TBP in n-dodecane. The 
strip solution concentrations are: HNO3: 
0.4M and N2H5: 0.26M. The respective 
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the tedious stage-by-stage equilibrium calculations involving multi solutes. It is a valuable tool for simulating 
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down costly and hazardous (from the nuclear safety point of view) experimental runs required. Some of the 
important computer codes developed in the past for simulating PUREX solvent extraction systems are SEPHIS 
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ADDITIONAL INFORMATION ABOUT SX CODES: WHAT IS THE OBJECTIVE OF SOLVENT 
EXTRACTION CODES?

Electrochemical In-situ Reduction Process 
The plutonium is chemically and electrochemically reduced to lower valence state and is back-extracted into 
the aqueous phase. Within an electro-reduction mixer-settler Pu(IV) reduction results from the following three 
reactions:
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iii . Reduction of Pu(IV) by hydrazine.
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Hydrazine reduces Pu(IV) much more slowly than does U(IV). It is common to add hydrazine as a holding 
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dissolution step.

Electro-reduction Extractors
Pulsed column and mixer-settlers are used for electrochemical separation of uranium and plutonium. But 
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section of the mixer-settler bank is equipped with the electrodes in each settler without diaphragms. The 
cathode is made of titanium and the anode made of platinum or platinized Ti and Ta. Due to selective placing 
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compartment.

BASIS OF MATHEMATICAL MODEL
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development of model equations involves countercurrent multi-component extraction coupled with chemical 
and electrochemical reactions. It is assumed that complete mixing is assumed in mixer compartment of 
mixer-settler unit and mass transfer due to extraction occurs only in mixer compartment and the components 
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It provides transient behavior of mixer-settler contactor from the start-up conditions to the steady-state 
conditions. The unique feature of the developed code is that it is applicable to all stages of PUREX process 
�:
��
������
�������������
�
������������"�&
����������	�������
������	��
��������
�������	������.(�/L�
facility.

 GENERAL EXPLANATION RELATED TO THE DESCRIPTION

PUBLICATIONS

Further inquiries:
Shri  N.K. Pandey 

Reprocessing Group 
e-mail: nkpandey@igcar.gov.in
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integrity of the hexcan sheath is important as any 
failure of this during service may result in separation 
of fuel pins from the subassembly interfering with fuel 
subassembly unloading operation and/or failure of 
fuel pins leading to contamination of the coolant with 
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nondestructive quality control of hexcan sheath is 
essential. This demands nondestructive evaluation 
(NDE) techniques employed to be sensitive to detect 
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(D) in hexcan sheath face and corners.
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The developed methodology is quite fast and requires 
only one (/two) longitudinal line scans using four (/
two) transducers for detection of any longitudinal 
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of the hexcan sheath. The developed methodology 
substantially reduces the total amount of scanning time 
required as compared to the conventional angle beam 
inspection with similar defect detection sensitivity. 
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sizing would be carried out using conventional angle 
beam inspection using a point focused ultrasonic 
immersion transducer. 

A new methodology and corresponding software were 
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images. Such a collated B-scan provides image of the 
whole tube by integrating various B-scans (line scans) 
acquired at regular intervals. The collated B-scan 
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signal corresponding to water/specimen interface in 
also marked in the B-scan. It can also be observed 
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wave in the specimen. If the defect is nearer to the point 
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Development of Ultrasonic Guided Wave Based Methodology 
for Inspection of Hexcan Sheath of Fuel Subassemblies of PFBR

An ultrasonic guided wave based methodology has been developed for rapid inspection of the hexcan sheath.
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hexcan sheath.

 EXECUTIVE SUMMARY

 OUTLINE
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Fig.   2: '������� ^������ �"���� ��� |Q� ������������ � ��������
(generated byprocessing four longitudinal B-scans 
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Fig.  3 :� &�+� ^������ ��
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    for generating a collated scan is also shown
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BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
Ultrasonic surface wave is found to contain its energy within a depth of about one wavelength and is able 
to travel along the surface of a component for a long distance with low attenuation. When the inspected 
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of incidence of ultrasonic wave in the component.
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various sizes in hexcan sheath successfully.

Development of ultrasonic guided wave based methodology for inspection of hexcan sheath of fuel subassemblies 
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various layouts of national and international reactors including certain 
advanced water reactors are studied thoroughly to arrive at the concept.  
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������� ����� ��� ����	�M� �:!� L���
���� ��� '��
������ ������ 
�� ��� 3�

�����������M��:�!�L���
������������
�����
����������
�������������
outside RCB to minimize use of water inside RCB and (xii) Sharing 
��� � ��
���� ������
���� ��%�� ���� �������� ��������� ������
���� ��� ��������
�
���������� �����
�����
���� ������
��� ������
����� ������
��� 
������ ���
examination facility and sea water intake and outfall between twin units 
from economic considerations.  

���������
�������������������	����
�����������
��	������	
����������
�������
�����	��9!"�����������
����
	�����S�������������������A���
.��� ����
����� �	�������� ���
������� ��
�� ��������� ������� 
��� 
	�����
buildings oriented in a manner that there is no concern of missile 
�����
�������������������
�����
�����	������������
�����
���
����.���
����	��N!���������
����
��	��
�����������������
������ ���%����
���
decontamination building with RCBs through which the radioactive 
��������
�� ��� ��	��
� ��� �����
�����
���� ���� ����
��������
��������� ��� �	
�� ��������� ����� ������� 
�� $���� ��� ���������
movement and entry to various buildings. Normal personnel entry is 
through CB entrance and then to various buildings using peripheral 
�����"�6&.���������$�������DD*<��#"�"�����+C*+D��#"�"��������&�
3�&&"�&
������
���
���
��
�
������������������������	�
�������9*������
��������
��
�����
�������	
��������$���"

Optimum Plant Layout for Twin Units of Future Sodium  cooled 
Fast Reactors
 EXECUTIVE SUMMARY
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various layouts of national and international reactors including certain advanced water reactors are studied 
thoroughly to arrive at the concept.

 OUTLINE

Fig . 1: �"��
�����#��������������
            interface functions

Fig.  2:� ��Q�%��7��������"�"������� ��?����
for twin units

Fig.  3: Concept of common fuel buildings
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Fig. 5: Computer simulation of coupled civil and mechanical                                                                                                                                       
 systems
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Achievement of Testable Stress Design 
for Programmable Logic Devices
 EXECUTIVE SUMMARY
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approach.

Temperature is the preferred primary stress parameter for 
electronic devices. It is due to the fact that for every 10oC 
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functions pose problems during diagnosis of a failure as it 
will be impossible to determine the cause of failure (whether it 
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Fig.1 : FPGA’s stress design

 OUTLINE

Tool

Comb 
Modules.

'�#"�?��	��� Total RAM I/O

Out of 
1184

%
Out of 
1230

%
Out of 
2414

%
Out of 
2560 
bits

%
Out 
of 

176
%

Synthe-
sizer

1691 143       1109   1109 2800 116 2048 80 172 97

Place 
and 
Route

856 72 1109 90 1965 81 2048 80 172 97

Fig. 2 : The Checker logic’s state machine inside 
             One path logic

Table 1: Results of stress design



77

ENGINEERING

Further inquiries:
Dr. P. Swaminathan

Electronics and Instrumentation Group
e-mail: swamy@igcar.gov.in

 PUBLICATIONS
L"�'�������5"�W���%�
������'"�&������'�����������F.���
	�
����'��
��
����������%�.��	�
�����'
����
���
��$,/�G����$�������������+Nth�&JJJ�5L'&���������������
�'������	����9**)!"

The SBC generation and the associated experimental results imply that generation of SBCs that meet all the 
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same building blocks can also be utilized to test any programmable logic devices in future for similar test.
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many undetectable single-stuck faults. 
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Major Issues Related to Plant Life of SFRs
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and steam generator (SG) tubes control the design life. 
The various failure modes in hot pool components are
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Thermal Ratchetting
The sodium free levels vary slowly following changes in hot 
and cold pool temperatures. The level variations cause large 
temperature and stress variations. The affected components 
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Critical  Analysis of Prototype Fast Breeder Reactor Designs 
for Sixty year Plant Life
 EXECUTIVE SUMMARY
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 OUTLINE

Fig. 1: Failure modes in hot pool of a FBR

Fig. 2: Thermal striping zones and temperature 
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Further inquires:
Shri Kulbir Singh 
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e-mail: kulbir@igcar.gov.in

ACHIEVEMENTS

 PUBLICATIONS

Creep fatigue damage:The creep-fatigue damage is 
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GENERAL EXPLANATION RELATED TO DESCRIPTION

Fig. 3 : Bilinear curve to determine effective damage
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Table 1:   Creep fatigue damage of ot pool components 
   for 60 y life

Component Load  
cycle/annum

Hold time/ 
cycle (h)

Creep 
Damage 

(Dc)

Fatigue 
Damage 

(Df)
Deff

Main Vessel 4 SGDHR 24 0.030 0.0105 0.054

Inner Vessel 19 Scrams 350 0.075 0.0225 0.128

Control Plug 19 Scrams 350 0.540 0.0075 0.558

IHX 22 Shutdowns 305 0.675 0.0045 0.686

SG 22 Shutdowns 305 0.450 0.0450 0.555
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Simulation of Safe Operational Regimes 
of Primary Sodium Pump for Prototype Fast Breeder Reactor
 EXECUTIVE SUMMARY
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Fig. 1:  Schematic of primary pump 

Fig. 2: Orbit of CG of shaft at HSB location  

Fig. 3: Pump shaft resonance
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Fig. 4 : Stability chart for primary sodium pump

Fig. 5 : Orbit plot of PSP at HSB
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used for the investigation of future reactor pumps.
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Dynamic Stability Analysis 
Developed for predicting the dynamic behaviour and 
stability of the pump shaft with HSB. The investigations 
on  the forward and backward whirling instability has 
been investigated and found that  PSP can enter into 
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Pump Seizure Analysis under SSE           
The seismic analysis of primary pump has been carried out 
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Transient forces on the primary pipe spherical header 
and roof slab have been extracted for the subsequent 
check on structural integrity. The maximum force on 
the pump spherical header at the nominal speed and 
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performance of PSP during seismic events is found to be 
satisfactory. 
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Simulation of Fast Transient Fluid Structure Interaction in 
Prototype Fast Breeder Reactor for Safety Analysis
 EXECUTIVE SUMMARY
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The scenario depicting the consequences of CDA is illustrated in 
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particularly with the presence of above core structures. 

Precise numerical simulation of the core bubble expansion amidst 
the structures immersed in the sodium pool is not successful even 
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The two phases are assumed to be immiscible and each phase keeps its own behavior law (equation of state) 
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Fig. 4: Core bubble behaviour as depicted by the analyses
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Design of an Array Receiver for defect Detection by Finite 
Element Modeling of Remote Field Eddy Current Technique
 EXECUTIVE SUMMARY
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of the receiver coils has been compared and the model has been validated for a few cases.

 OUTLINE
����
�� ����� ����� �	��
� 
�����#	�� ���� �����
chosen for in-service inspection (ISI) of  steam 
�����
�� 
	���� ��� � $���"� ���� ����
�� ����� �����
current technique is a potential technique to detect 
uniform wall thinning due to corrosion in steam  
generator tubes. This low-frequency eddy current 
technique uses separate exciter and receiver coils 
and detects internal and external corrosion wall 
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���
�����
�����������������
�������������
	�����
��	
�
�����
��
���#	����������++**��+N**��7O��+<**��+D**�
����+)**�7O����������
��
�
�����
��	����#	�����
���+<**�7O�������
�����������������
������
�������
������	��
����������C<��������
�"��������
���O���
parameters has been used for predicting the remote 
�����������	��
������
	����������������������	��

����+"<��������
�������
��
��	���������>*������
9*��K�
���

��������"��������
�������������	��
�
signals for these defects have been predicted for two 
�������
�
����������������������������O"������������
�:���� 
���� ��� ������ ��� ���	��� 9"� ���� ���
�� �����
eddy current peak phase difference relative to the 
������������
��	���������>*����7�����9*����7�
using axial and radial coils are given in Table I. It 
is clear from Table that the detection sensitivity of 
radial coil is better than the axial coil. The enhanced 
detection sensitivity of radial coil is due to larger 
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Fig. 1:�'
��������������%��7�����+�
�����
����%�
���������#+�
axial receiver coil in SG tube having a through hole 
of 1.5 mm diameter

Defect type
Phase difference, degrees

Axial Array Radial Array

Through hole 10 136
60% FBH 1.7 43
20% FBH 0.25 7

Table I: Peak phase values of RFEC signals for axial and ra-
dial type array receiver coils

Fig. 2:  Validation of model predicted amplitude for a 1.5 mm                                                                           
diameter through hole in SG tube at 1500 Hz
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BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
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accuracy and computational time. The optimized mesh consists of 
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the computational time and resources. A high performance cluster 
computational facility was used for solving the global matrix.
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generated to model the RFEC 
phenomenon
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array receiver coil is ideal for detection of localized defects as compared to axial array receiver coil. When 
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This two-peak behavior is promising for reliable detection of pin-hole type defects and other leak paths in the 
tubes.

Detailed analysis of the model predicted amplitude and phase of the induced voltage calculated for a 
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given in Table I. It is clear from Table that the detection sensitivity of radial coil is better than the axial coil. 
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wall due to the presence of localized defects.

ADDITIONAL INFORMATION
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Mono-Articulated Links Manipulator
for Remote In-Service Inspection
 EXECUTIVE SUMMARY
Reprocessing of spent fuel is a crucial stage in Indian Nuclear Energy Programme since it facilitates recovery 
�����������	��"��������������������
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Reliable performance and safe operation of fuel reprocessing plants is essential for sustained throughputs. 
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of critical plant components is necessary in order to ensure that service-induced defects and abnormalities 
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necessitating remote tools and gadgets. Remote visual inspection of process tanks below the radioactive 
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is the inspection of the space below the containment box where 
tanks and vessels containing highly active process solution are 
located. Inaccessibility and hostile environment had necessitated 
remote intervention by deploying a remote gadget for inspection. 
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for inspecting the space below the containment box including the 
process tanks and successfully demonstrated in the plant. Visual 
examination is the NDE technique adapted for the inspection of 
the process tanks located below the radioactive containment box 
���
���.(�/L����������������
"�

The stainless steel containment box is shielded by lead bricks all 
around the box and the process tanks and vessels with highly active 
process solution are kept below the containment box. The gap 
between the containment box and the lead brick wall is nominally 
100 mm and decreases wherever the window protrudes from the 
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the containment box and piping work between the lead cell and 
containment box.

A  thorough tube opening of mini master slave manipulator for 
deploying the inspection device which will pass through the gap 
between the lead wall and the containment box has been designed. 
This manipulator will be able to manipulate the camera below 
the containment box. The narrow gap between the lead cell and 
containment box precluded the possibility of deploying a single 
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multi-link manipulator consisting of a series of small links having 
a length of 60 mm has been conceived with the end-effector having 
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device has been selected as the end-effector for carrying out the 
inspection. The pan and tilt motions facilitate the camera to achieve 
maximum coverage of the space below the containment box during 
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in the same plane making it steady during the actuation of the 
pan and tilt motions. The bottom-most part of the links carried the 
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the visual inspection of equipment and tanks below containment 
box. The device has been fabricated and tested for its basic 
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from different ports are being planned.

Fig. 1: >�����
����� ��� ���� 'XQ� ����������������������������������������������������
��� ���� $�"���� �%���� ��
� ���� �J�� ���
the space below containment box in 
CORAL

Fig. 2 : Snapshots of few equipment and 
vessels below the containment box 
obtained during the inspection 
campaign  from the video 
streamline
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Further inquiries:
Shri K.V. Kasiviswanathan

?�
���	�������?�
������,�	�
e-mail: kasi@igcar.gov.in

 ACHIEVEMENTS

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
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takes place in a radioactive containment box 
made of stainless steel and the consequent 
process solutions are stored in tanks located 
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by lead bricks or RCC walls. The space below the 
containment box where the process tanks are 
located is highly inaccessible and hostile. The 
process tanks contain highly radioactive and 
corrosive dissolver solution and other process 
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highly radioactive liquid into the space below 
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lead cell with the containment box is shown in 
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As part of the program for comprehensive in-service inspection of critical components of the reprocessing 
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techniques to assess its healthiness and integrity. Visual examination is the NDE technique envisaged using 
a camera and remote device. 

A challenging task has been successfully completed for remote visual inspection of process tanks and other 
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for the in-service inspection and its validation using a mock-up facility and successful implementation in 
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feedback gained from the experience of this campaign will be put to use while designing such systems for the 
demonstration as well as plant-level reprocessing facilities. Such an experience is also useful in providing 
various plant features and equipment layouts at the design inception stage for future reprocessing plants.

 GENERAL EXPLANATION RELATED TO DESCRIPTION 

Fig. 3 :���'XQ�������������'|$X!���������7���������������"����
box and the region below the box with the Remote 
�����������Q�%���

 ADDITIONAL INFORMATION
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developed to undertake inspection in such inaccessible locations. Snake-like robots are serial manipulators 
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path and manipulate the end-effectors dexterously. 
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Grain Boundary Engineering in Ferritic Steels
 EXECUTIVE SUMMARY
J���
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material for core components in fast reactors. High energy boundaries are more susceptible to segregation of 
impurities and precipitation of brittle phases. Grain boundary engineering is a possible method to increase 
the amount of low energy boundaries and thereby mitigate the grain boundary embrittlement problem. 
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energy boundaries in reducing the propensity for initiation of intergranular crack. A two-step normalisation 
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to-brittle transition temperature.
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against irradiation and good high temperature mechanical 
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steels exhibit Ductile-to-Brittle transition phenomena at 
low temperature. Temper/irradiation embrittlement can 
also cause increase in DBTT and/or lowering of upper shelf 
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of ferritic steels as fast reactor core component materials.
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precipitation phenomena and less susceptible to intergranular 
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Boundary Engineering’ approach aims to increase the fraction 
������������Q¢�������¢���	����������).=+?�����
����
�������
thermomechanical treatment.
An assemblage of grains containing both ‘random’ and ‘special’ 
boundaries and the intergranular crack connectivity along 
susceptible (random) boundaries was modeled in a simulated 
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primarily dictated by crack initiation stages and there exists 
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bound to fracture. The statistical probability of interconnected 
random boundaries exceeding this ‘critical crack length’ is an 
index indicating the susceptibility to intergranular fracture. 
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and crack resistant boundaries and crack network along 
susceptible boundaries from top. Reduction in grain size leads 
to lower failure probability for a given fraction of susceptible 
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the probability of intergranular failure is seen to reduce from 
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Several types of thermomechanical treatments were carried 
out and grain boundary character distribution was evaluated 
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Fig. 1 : Calculation of probability for initiation of 
             intergranular crack in a hexagonal
             grain lattice

Fig. 2: Q����������#
�������
�����
"���������U'
�����
������������������subjected  to  different  heat  treatments
           to alter grain size

TM Treatement Low 
Angle % CSL %

Hea 
treament Deformation%  4.0 35.4

N & T                                  

5   8.0 19.1
10  5.9 25.2
15 4.9 38.9
20 5.6 27.5

Annealing

5 7.2 25.7
10 3.8 38.9
15 5.0 39.7

20       5.5 42.9  

Table 1: Grain boundary characteristics after
               thermo mechanical treatment
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Grain boundaries play an important role in determining the properties of metallic materials. They hinder 
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brittle transition temperature in steels. Periodic arrangement of atoms is disturbed at the grain boundary 
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and secondary phase precipitation.

GENERAL INFORMATION ABOUT EVALUATION OF 
GRAIN BOUNDARY NATURE USING EBSD
Grain boundary is an interface separating two grains having the 
same crystal structure (for single-phase material) but different 
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turn undergo diffraction by the crystalline phase at the surface 
(~100 nanometer) to produce pseudo-Kikuchi diffraction 
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(legend key) that is aligned with the specimen surface. Grain 
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a low angle boundary exhibits a small change in orientation 
and a small disturbance in periodic arrangement of atoms. In 
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Fig.3: Evaluation of crystal orientation and   
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The propagation of a crack requires connectivity of the ‘random’/crack-susceptible boundaries or in other 
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Further inquiries:
Shri T. Karthikeyan
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e-mail: tkarthi@igcar.gov.in

ADDITIONAL INFORMATION ON GRAIN BOUNDARIES IN POLYCRYSTALLINE MATERIALS

 BRIEF DESCRIPTION ON MODELING OF INTERGRANULAR CRACK CONNECTIVITY
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Innovative Computational Fluid Dynamic Studies 
for Argon Macro bubble  formation in  Sodium 
near Pump Shaft
 EXECUTIVE SUMMARY
Primary sodium pump (PSP) shaft is partially immersed in sodium and partially exposed to argon gas. Due 
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possible with the associated risk of gas entrainment. This has been investigated in detail by Computational 
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 OUTLINE
Radioactive primary sodium is circulated through the core by two 
primary sodium pumps operating in parallel. The nominal speed of 
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The bottom end of the shaft is supported by a hydrostatic bearing. 
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bearing enters the pump vessel. The interaction of vortex and the 
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and wetting behavior is accounted in the model. Vortex interaction 
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Simulation results show that vortex depth is mainly governed by average 
tangential velocities in the bulk and internals reduce the average bulk 
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tangential velocities near the vicinity of the shaft are unaffected by 
internals. Comparing the axial velocity at the vortex tip against the 
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Fig. 1: Pump shaft partially immersed 
sodium
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function contours demonstrating 
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entrainment is assessed. 

Further inquiries:
Dr. K. Velusamy
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e-mail: kvelu@igcar.gov.in
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risk based on the predicted vortex tip velocity and gas rise velocity are innovative applications of computational 
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sodium due to the rotation of pump shafts.

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
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EXECUTIVE SUMMARY
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variations. Wavelet transform based signal processing has been developed for noise reduction and enhancement 
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Continuous wavelet transform (CWT) method has been 
applied for reduction of noise from disturbing variables 
for detection of defects in bend regions.

Systematic studies based on the signal to noise ratio 
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grooves have been detected unambiguously.
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defect and the other when the receiver coil moves past 
the defect. This aspect can be conveniently used to design 
a template for cross-correlation and also to choose a 
mother wavelet for signal enhancement enabling reliable 
detection of defects in the presence of disturbing noise.
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��%���Q���Q�����
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��� ���
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region

S. No. Wavelet Type Maximum  
SNR, dB

Optimal 
Scale

1 Gaus2 6.50 7
2 Mexh 6.48 5
3 Bior2.8 7.23 19
4 DB5 6.70 15

Table I: Performance of different wavelets for detection of 
20% WT grooves in SG tube

Wavelet Transform Based Processing of Eddy Current Signals 
from Bend Regions of Steam Generator Tubes

Fig. 3:   Wavelet transform processed RFEC signals of 
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Fig. 2: As-received RFEC signals from bend region of   
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BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

ACHIEVEMENT
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signals.

 Further inquiries:
Dr. B.P.C. Rao 
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e-mail: bpcrao@igcar.gov.in

Wavelet transform is a signal processing technique that allows a signal of interest to be examined in both 
time and frequency domains simultaneously. The continuous wavelet transform of a time domain signal x(t) 
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 EXECUTIVE SUMMARY
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temperature of sodium for given excitation frequency. A new method to compensate the variation of probe 
output due to temperature was implemented and effect of temperature on output of level probe is reduced to 
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by choosing optimum operating frequency. The 
optimum operating frequency is the frequency for 
which the effect of temperature on secondary output 
is minimum. The effect of temperature on secondary 
output is eliminated by connecting suitable external 
shunt resistor across the terminals of the secondary 
winding. By this new method the  error in accuracy 
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probe (with optimum frequency of excitation) at 
different temperatures without application of new 
temperature compensation method.
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A new method for temperature compensation by 
adding a resistor across the secondary coil was tried 
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The value of external resistance was calculated 
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circuit experimental data. This value of resistance 
was connected across probe secondary. The 
experiment was repeated and secondary output of 
the probe was recorded at different temperatures 
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output after adding a resistor for temperature 
compensation. It can be seen that that the effect of 
temperature in secondary output is eliminated.

New  Method of Temperature Compensation
for Mutual  Inductance type Continuous Level Probes 
in Sodium Systems of Prototype Fast Breeder Reactor

Fig. 1: Secondary output without temperature compensation

Fig. 2:  Secondary output with temperature compensation           
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Effect of sodium temperature on the level probe secondary output: As the temperature of sodium is 
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that the secondary voltage of the probe is a function of sodium level as well as temperature.

BRIEF DESCRIPTION OF THEORETICAL BACKGROUND OF NEW METHOD OF 
TEMPERATURE COMPENSATION
In this method of compensation a suitable external 
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The increase in the induced secondary voltage due 
to temperature rise is compensated by the voltage 
drop in internal resistance of the coil since the 
secondary coil is now closed by external resistance. 
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loop current and E is the terminal voltage  which 
is a function of sodium level and is independent of 
temperature.

The external resistance required for temperature 
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Further inquiries:
Smt. P. Anitha
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 e-mail: panitha@igcar.gov.in

 ADDITIONAL INFORMATION
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Assessment of Dynamic Instability 
in Once Through Steam Generator
 EXECUTIVE SUMMARY
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susceptible to instability due to the close coupling between the thermal and hydraulic processes. Sustained 
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steam generator and to study the effect of various operating parameters on the stability of steam generator 
and also for validating the analytical code developed.
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construction and structural layout etc. It is a counter 
current shell and tube type heat exchanger in which 
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pressure superheated steam. Instability experiment 
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were monitored continuously to detect the onset of 
instability phenomenon.
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the instability phenomenon. It is also observed that 
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pressure showed oscillation similar to that observed 
in the temperature and DPT outputs. A similar trend 
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during instability.
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����	����
�����������
��������
"����	��N�������

��� 
	��� ����	
� ��� ',��=',� ��
�� ���
	���
���

	���"� &�� 
��� K��� �������
����� ��� 
��� 
	��� �������
�
�
����� ��� 
��� ������� ���	��� K���� 
���� K	�
	�
����
��� 
��� ������� K��QK��� ������ ��	��� ��� 	
���O���
for on-line stability measurements. The result of 
the experiment has indicated the feasibility of an 
instrumentation scheme for on-line measurement of 
dynamic instability in once through Steam Generator 
in an operating plant.

Fig. 1: Temperature Fluctuation during Stable 
Condition

Fig. 2:  Temperature Fluctuation during Unstable Condition

Fig. 3:�������
�"�������#������J}	��J}                                                                                                                                 
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 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

SG is one of the most critical components of a fast reactor plant that determines plant availability. It is 
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this mismatch can lead to sustained oscillations. Dynamic instability manifests itself in the form of self 
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study the dynamic instability phenomenon and to establish the stable and unstable operating regimes of SG.                                                                                                
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instability important for the design of steam generators is the propagation of density waves. This type of low 
��#	��������
�����
�����������
�������
��
	������������=��������������
��������
�����������������K��=�����
feedback instability. Dynamic instability (density wave oscillation) occurs because of the phase mismatch 
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feasibility of an instrumentation scheme for on-line measurement of dynamic instability in an operating plant. 
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 GENERAL EXPLANATION RELATED TO DESCRIPTION 

 ADDITIONAL INFORMATION ABOUT FLOW INSTABILITIES
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been experimentally studied by many investigators and a coarse correlation has been found indicating that 
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reported that the period of density wave oscillation could be even ½ or even a small fraction of the transit time.
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Establishing Thermal Striping Limits for Sodium Fast Reactors
 EXECUTIVE SUMMARY
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Fig . 1: Thermal striping locations  in  FBR

Fig.  2:�'�Q��
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Locations in PFBR                                                                                       

While sodium has several distinct advantages from the point of 
����� ��� ����
��� 
���� ��� ��
���� ��
����� �
	�
	��� ����������
���	���� �������������
�� 
��� �	�
���
��� �
�������� �
������ ���������
used structural materials in view of its excellent compatibility 
with sodium and high strength at elevated temperatures. The high 
thermal fatigue damage caused by a special phenomenon called 
‘thermal striping’ is one among them. Thermal striping is a complex 
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of frequency of oscillations under thermal striping is reported as 
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mechanics specialists have been critically investigating thermal 
striping phenomenon both experimentally and theoretically. 
Investigations focus both on thermal hydraulics and structural 
mechanics aspects.
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Fig.  3:   Effect of temperature attenuation on  
striping limits 
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 ACHIEVEMENTS

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

These limits are found to be consistent with 
the broad limits extrapolated from the failure 
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Ab initio Computational Fluid Dynamic Simulations of Flow 
and Temperature Distributions in 217 Pin Fuel Subassembly
 EXECUTIVE SUMMARY
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The mesh requirement for a complete simulation of entire pin bundle is 
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energy equation to determine the temperature distribution of sodium in 
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the heat generation rate.
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top axial blanket region to 60 K. The value of non-dimensional peak clad 
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TNa-Bulk is the bulk sodium temperature at that level and TAvg-Clad the 
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pin bundle considering pin-to-pin variations in the power generation. 
A customized mesh generator has been developed for generating 
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of the experimental data.

Fig. 3: Sodium temperature distribution 
            at the top of  active zone in central
            fuel subassembly (o'+

Fig.  2: Cross sectional axial velocity 
            distribution in a cross    section
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 ADDITIONAL INFORMATION

Further inquiries:
Dr. K. Velusamy

6	�����3�'���
��J����������,�	�
e- mail: kvelu@igcar.gov.in

 ACHIEVEMENTS
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 GENERAL DESCRIPTION
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Comprehensive Fluid Hydraulic Analysis 
of Reactor Vault Temperatures under Loss of Cooling
EXECUTIVE SUMMARY
Structural integrity of reactor vault is important to be ensured under all normal operating and event conditions 
of the plant as this being a very important structure supporting the main vessel and safety vessel of the 
reactor. An extreme scenario of loss of reactor vault cooling happening during a station blackout event has 
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arrangement for the safety vessel support region has been worked out through detailed computational 
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without diluting the design requirements.

OUTLINE
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The RV consists of the inner wall and the outer wall which are 
separated by expanded polystyrene insulation. The inner wall 
supports the safety vessel while the outer wall supports the main 
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The thermal hydraulic analysis has been carried out in two parts: 
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the latter.  

Two extreme scenarios of loss of vault cooling have been considered. 
They are: (i) controlled shut down of the reactor within a short time 
after the occurrence of the event and (ii) station blackout extending 
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SVSE region during station blackout has also been been analysed 
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Fig.3: Temperature distribution around 
safety vessel support embedment

GENERAL EXPLANATION ON ANALYSIS OF SVSE TO DEVICE A SPECIAL COOLING 
ARRANGEMENT
The re-routing of original proposed layout of cooling pipes 
necessitated the provision for a separate cooling circuit for the 
SVSE location maintain its temperature within permissible levels 
under all operating conditions of the reactor. A three dimensional 
thermal hydraulic analysis of reactor vault has been carried out to 
arrive at an acceptable layout for the circuit with the consideration 
of other geometrical and construction constraints. Temperature of 
distribution of RV predicted in the support location under normal 
operation conditions of the reactor with only one loop of the cooling 
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 ADDITIONAL INFORMATION ABOUT EFFECT OF  LONGER OUT-OF-PILE DELAY
The original arrangement of cooling pipes proposed for reactor vault is a square pipe layout with miter bends 
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performed to arrive at an additional cooling loop for the support location giving due consideration to all the 
layout constraints. Because of the limitation in the number of headers that can be accommodated in the 
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 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
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various surfaces of structures through the transparent nitrogen gas and natural convection of nitrogen gas in 
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innovative experimental procedure combined with theoretical calculations.

 ACHIEVEMENT
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been provided to the site to ease construction by re-routing the cooling coils respecting space limitations. 
It is also demonstrated that the concrete temperature limits are respected even under a station blackout 
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contact resistance data between concrete and pipe has been obtained through an innovative approach of 
combining experimental and theoretical studies.

Further inquiries:
Dr. K. Velusamy
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e-mail: kvelu@igcar.gov.in
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Modelling of Inter-Wrapper Flow in Core Thermal Hydraulics 
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 EXECUTIVE SUMMARY
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heat (decay heat) even after reactor shutdown. An important 
task in the successful thermal hydraulic design of a reactor 
is the demonstration of safe and reliable Decay Heat Removal 
(DHR) even under the worst possible conditions like complete 
����� ����	�"� &�� $����� ���
� �����
��� ��� 
��� �	��� ����
blanket subassemblies (SA) of the core is removed by forced 
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to remove decay heat. The highly reliable DHR system is 
designed such that even under an unlikely event of complete 
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all the temperatures within design safety limits.
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convection currents are set up inside and outside of the SA 
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former is supported by the buoyancy forces generated by the 
heat transfer from primary sodium to secondary sodium in 
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to the complex thermal hydraulic interaction amongst the 
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through the core and has large potential to reduce SA peak 
temperatures during onset of natural convection.
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method to circumvent it is to use porous body model for the 
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relatively coarser mesh can be used with appropriate surface 
permeability and volumetric porosity. The pressure drop 
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in the momentum equations and the heat transfer from the 
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as a function of Reynolds number has been predicted and 
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Fig. 3:  Variation of Nusselt number as a function 
             of Re  Correlations proposed for heat  
             transfer   Nu = 13.23 Re-0.065    200<Re<2000
  Nu = 3.217 Re0.134������\\\�$���\�\\\
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 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
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and the outlet.
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Further inquiries:
Shri U. Partha Sarathy
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e-mail: ups@igcar.gov.in
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Indigeneously evolved Source Subassembly Design 
for Fast Reactors
 EXECUTIVE SUMMARY
Neutron detectors are housed in control plug to monitor the reactor. In order to monitor the reactor during 
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count rate is required at the detector location. This warrants use of neutron source subassembly (SA). Neutron 
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requirements. It employs a standard hexcan with 61 pins of Antimony oxide (Gamma emitter) for a length of 
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 OUTLINE

Fig .1: Count Rate Vs Shutdown Period

Fig.  2:  Source Subassembly

The location and number of source Sb9(N=����£=��!�
������	���'/�
is very important as they would displace some fuel/blanket SA in 
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power and hence an optimum position is arrived at. Three source 
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cycles for decay and cooling. The number of source SA required is 
arrived at from the requirement of minimum shutdown count rate 
���N������
�
�����
��
������
������
��
������
��������	
����"�����
variation of count rate vs shutdown period for different number 
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The source SA consists of 61 pins of Sb9(N surrounded by a 
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in the pin starts exactly at the active core bottom level and extends 
up to the middle of the core. Since the heat generation in source SA 
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incorporated to increase heat generation in source SA which is 
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source SA are identical to that of blanket SA. The design features 
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SA. The constraints being:
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� �><<�.!� ��� '�9(N as well as thermal 
conductivity. This restricts the pin diameter to be small since 
the centerline temperature of Sb9(N� �
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hotspot conditions shall not exceed its melting point; (b) Restricted 
source length between the bottom and middle levels of the active 
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from active core bottom to avoid the direct contribution of source 
neutrons to detector; (c) The beryllium surrounding Sb9(N should 
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source SA should be such that the temperature difference between 
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thermal striping considerations and low melting point of Sb9(N. 
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within the standard SA geometry meeting the temperature limits 
is challenging and the design incorporates appropriate engineering 
solutions to meet the above challenges.
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  ADDITIONAL INFORMATION ABOUT  EXTERNAL NEUTRON SOURCE 

Further inquiries:
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 ACHIEVEMENTS

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
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neutron source is a must. It is to be noted that the source volume requirement and the heat generation is very 
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strength is zero initially. The source subassembly gets activated insitu in the reactor. This is to avoid handling 
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after the initial cycle (cycle-I). The added advantage of having external neutron source is that it helps in 
reduction of counting times and hence provides faster approach to criticality.   

Source Pin Assembly
Cast form of Sb9(N is selected since it gives high density 
and thermal conductivity as compared to powder/
sintered form. To have defect free casting of Sb9(N������
���
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welded with end plugs on both ends. Ten numbers of 
such capsules are stacked one over another in an outer 
clad tube (pin) of outer surface 6.6  millimeter and inner 
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with another set of end plugs. Sodium is selected as the 
conducting medium between the capsules and the clad 
to respect the melting point of Sb9(N. The source pins 
are arranged in triangular pitch forming a hexagonal 
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temperature limits. 

Beryllium block assembly
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leak tight container. Beryllium block assembly consists 
of beryllium block covered by outer and inner hexagonal 
sheaths welded with end plates at top and bottom. The 
swelling and 
����=����������� ��������� ����	�� N!�
of beryllium block assembly were carried out and the 
dimensions are arrived at. 
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Beryllium Block

The reactor physics studies decide the number of source subassembly required and the location of source 
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subassembly and it is observed that there is no concern on this aspect. The thermo-mechanical analysis of 
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hence the thermal stress pattern in it which indicates that there is no concern over the integrity of Be block.
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evolved incorporating suitable features addressing the design challenges and satisfying the design criteria. 
The thermal striping probability due to low heat generation by source material is overcome by addition of fuel 
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 GENERAL EXPLANATION RELATED TO DESCRIPTION 
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Irradiation performance testing of fast reactor fuel cladding and 
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capsules. Irradiation capsule is a long tubular fabricated component 
in which the specimens are kept for irradiation. The irradiation 
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A new irradiation capsule has been designed and fabricated to 
irradiate structural material specimens at a temperature higher 

����
��
����
�������	��������
�K���������
������
�"����������	���
���� ����� ���������� ��� �����
���� ��� ��=����	����� ����	�����

����������������������
����������������������
�C**=><*�.�
�����
�
the temperature range of interest of fast reactor core components. 
Pressurised capsules are made of cladding tubes and sealed with 
inert gas such as argon at high pressure to develop biaxial stress 
conditions in the tube wall during their exposure. Tensile/swelling 
specimens are required to determine the change in the mechanical 
properties/volume due to radiation exposure. 

There are several subcapsules coaxially located in the gas-gap 
irradiation capsule where the specimens are kept in static sodium 
inside the sub capsules with gas-gap between subcapsules and 
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and argon gas mixture of a distinct composition. The specimen 
temperature will depend on the neutron and gamma heating 
rate at the location of irradiation. The width of the gas-gap and 
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temperature of irradiation in the specimens. The annular spaces 
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irradiation. The specimen temperatures can be chosen by varying 
the gas width and/or gas composition. 
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glove box and an innovative sealing method was developed to seal 
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were machined in such a way that they are located coaxially within 
irradiation capsule one over the other and have a separate uniform 
gas insulation layer around each of the subcapsules. X-radiography 
examination was carried out on the mock up irradiation capsule to 
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data on fuel cladding and wrapper materials of interest at higher 
irradiation temperatures.

Development of Novel Gas-Gap Type Irradiation Capsule for 
Irradiation of Specimens at Temperatures higher than bulk 
Sodium for Fast Breeder Test Reactor
 EXECUTIVE SUMMARY
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materials undergo severe changes in mechanical and physical properties. Irradiation capsules are useful to 
irradiate specimens of the structural materials under desired experimental conditions in a test reactor for 
subsequent post-irradiation examination of the exposed specimens in the radioactive hot cells. A gas-gap 
irradiation capsule has been designed and developed to irradiate structural material specimens at a higher 
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fast reactor core structural components.

 OUTLINE

Fig.1(a): Sketch of non instrumented gas                 
gap capsule

        (b):     Photograph of  mock-up 
               gas-gapcapsule fabricated         
           

                                                   

(a) (b)
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 ADDITIONAL INFORMATION

Further inquiries:
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e-mail: murugan@igcar.gov.in

 ACHIEVEMENTS

 PUBLICATIONS

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

Irradiation temperature is an important parameter that affects the mechanism of defect formation under 
irradiation and the macroscopic effect of radiation on materials. The defects introduced by irradiation can vary 
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temperature embrittlement and increase in ductile brittle transition temperature occur in ferritic steels.  At 
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equilibrium concentration and they coalesce to form voids and get stabilized by helium formed by irradiation. 
This leads to increase in volume known as ‘void swelling’ in austenitic stainless steel in this temperature 
range.

Any material specimen under irradiation will generate 
heat due to attenuation of neutron and gamma rays on 
it. This will lead to rise in temperature of the specimen 
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may still be higher. Gas-gap capsule will be useful in 
achieving the desired higher irradiation temperature 
in the specimens. The thermal conductivities of 
helium and argon differ approximately by eight times 
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temperature is achieved in the specimens. The design 
of gas-gap capsule requires the data on sodium coolant 
temperature and neutron and gamma heating rates both 
along length of irradiation capsule. The width of the gas-
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then be decided based on the desired higher irradiation 
temperature. Gas-chromatography equipment was used 
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and the gas mixture in the gas-gap in a leak tight way 
posed challenges and methods have been developed 
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The gap-width and the gas composition have been arrived at by considering both the above variations and the 
intended temperature of specimens in the subcapsule.  Heat transfer due to conduction and radiation has 
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sodium with temperature have also been taken into account. An iterative procedure has been used. 
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 GENERAL EXPLANATION RELATED TO DESCRIPTION 
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Core Temperature Monitoring – 
3 Dimensional Computational Fluid Dynamics Studies
 EXECUTIVE SUMMARY
Core monitoring thermocouples (TC) continuously check the adequacy of subassembly (SA) cooling. They are 
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 OUTLINE

Fig. 1:��J���"� ��7� ��� ��"��
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distributions below CCP in a vertical 
plane through control SA
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subassembly outlet temperature is monitored using four fast 
acting bare TC held by central canal plug. Core monitoring 
thermocouples have several important safety functions. At the 
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The CCP which is a solid plate is located at a distance of        
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pool. The thermowells holding the TC are supported on CCP 
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The above system leads to a series of changes in the direction 
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dominating. These directional changes in velocity of hot sodium 
emanating from various SA are non uniform and depend on the 
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rod drive mechanism shrouds and neutron detectors. Clear 
understanding of all these effects on temperature dilution is 
very essential to validate the trip threshold.  
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the core cover plate have been predicted for fresh and 
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SA and absorber rod shrouds have been physically modeled 
and the following inferences  have been drawn (a) The cold 
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monitoring TC meets all the thermal hydraulic requirements.
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 ADDITIONAL INFORMATION: MODELS APPLIED

Further inquiries: 
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e-mail : rammaity@igcar.gov.in
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The main/safety vessels and other structures are unique 
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different from conventional industries. These vessels are large 
diameters thin shell structures and are to be placed in narrow 
gaps. Erection of components and construction of reactor 
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and constructional methodologies are planned in advance. 
Narrow gaps and limited space call for tight tolerances in 
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demands new attachments and equipment.
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retain their shape within tolerable deformation. It is planned 
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to reduce the risk of damage to the components. Special 
attachments and handling spiders are designed to handle the 
vessels. The vessels are handled without attaching stiffening 
spiders.
Erection methodologies for main vessel and safety vessel have 
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core catcher (CC) is lowered in the safety vessel. During this 
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The main vessel will be lifted through four ropes attached 
to these lugs. Ropes will be connected to a spider at the top 
and subsequently to the crane hook. Then the spider will be 
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main vessel will be kept hanging.
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stiffeners. The main vessel will then be lifted through the 
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through the sleeves present in outer reactor vault. The load 
of the main vessel will then be transferred to the rods and 
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on the outer reactor vault. The main vessel along with the 
internals will be lifted further to bring in position to the roof 
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spider of the main vessel will again be brought back on the top 
of outer reactor vault. The spider will be placed on twenty four 
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four ropes attached to the lugs of the core support structure. 
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Innovative  Design  of Structures for handling of 
Over Dimensioned Components of 
Prototype Fast Breeder Reactor 
 EXECUTIVE SUMMARY
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of these components are different from conventional components requiring specialized erection techniques. 
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for erection. A comprehensive structural analysis of the components has been carried out considering all the 
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is planned and mockups are performed wherever required.

 OUTLINE

Fig . 1: Erection sequence of reactor assembly
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Further inquires:
Shri Bhuwan Chandra Sati 
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e- mail: sati@igcar.gov.in
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Analysis for Safety Vessel 
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connected with stiffeners. The lugs for lifting safety vessel are designed 
such that the load of the safety vessel gets transferred with both top and 
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the lifting lugs are connected to spider with vertical ropes. The analysis 
has demonstrated that six lugs are adequate for lifting safety vessel. 
The stresses on different parts are limited within elastic limit (yield 
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no requirement of putting spider at that location during erection. The 
lifting spider is made of twelve radial beams which are interconnected 
by tangential beams. The spider is also analysed for the erection loads 
and the design is optimized based on rigidity and ease of manufacturing.
Analysis for Main Vessel 
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to have axial attachment on main vessel for handling to avoid any risk of 
circumferential defection. While main vessel is hanging during erection 
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are attached to it. Two shells are attached to the gussets to have torsion 
rigidity. The shells are connected with a base plate which will be used 
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inwards at the top causing compressive hoop stress. To reduce hoop 
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with stitch weld. A thin plate with stitch weld is attached at bottom of 
stiffener to reduce local stresses. The height of the stiffeners and shells 
are optimized based on site condition and stresses in different parts of 
the attachment are determined. The attachment is analysed and the 
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is also checked for buckling risk.
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square beams. A circular channel made by two plates connected by a 
web plate is attached to the above cross beams through which twenty 
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placing the main vessel inside the safety vessel and for lifting the main 
vessel with internals to be welded to roof slab. The spider is analysed for 
all the loads during the above conditions and the stresses are limited 
within elastic limits.
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and innovative ideas have been implemented to arrive at an optimum and robust handling systems for thin 
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tests and detailed safety reviews. The robustness of the design and erection procedures has been validated by 
successful erection of safety vessel.
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 GENERAL EXPLANATION RELATED TO DESCRIPTION 

Fig. 2:  Stress analysis of safety vessel 
erection spider and successful 
erection of safety vessel

Fig. 3:  Stress analysis of main vessel 
erection spider and attachmenttion 
spider and successful erection of 
safety vessel
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Innovative Design and Development of Steam Generator
for Future Fast Breeder Reactors
 EXECUTIVE SUMMARY
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transfers heat from secondary sodium circuit to steam-water system to produce High pressure and high 
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 OUTLINE

Fig. 1: Steam generator

Fig.  2:   Variation of tube length as a                                                                                                                                                
             function of total heat  transfer 

                 area

Fig. 3:       Variation of tube joint failure  rate as a 
function of tube length
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bend for the tubes at cold end to accommodate the differential thermal 
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safety and economy. The tube dimensions are arrived after accounting 
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unit plant is to reduce the overall cost of spares.
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number of modules. The SG is supported through a conical support 
at its Centre of  Gravity and guide supports are provided at either of 
the tube-sheet ends acting as seismic movement arrestors. Also as 
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reduction in height of the outer shell.

A comprehensive technology development exercise is already underway 
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Further inquiries:
Shri V.Balasubramaniyan

Reactor Engineering Group
e-mail: bala@igcar.gov.in

 ACHIEVEMENTS

 ADDITIONAL INFORMATION

 PUBLICATIONS
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sodium exits through the bottom outlet plenum to the outlet 
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to the down coming sodium. Superheated steam exits the 
steam generator through the nozzle at top dished end. A tri-
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with Alloy eight hundred intermediate pipe spool is provided 
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Detailed technology development programme preceded the 
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sensitise the Indian industries with respect to complexities in 
manufacture of steam generator and also develop indigenous 
manufacturing capability. Fig. 5 : PFBR  Steam generator  under manufacture
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result in similar savings in manufacturing and accessories costs. This will contribute to the economy of 
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and contribute to improved safety.
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their number is reduced with the reduction in number 
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a conical support at its CG and guide supports are 
provided at either of the tube-sheet ends acting as 
seismic movement arrestors. Also as compared to 
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to corresponding reduction in height of the outer shell.

A comprehensive technology development exercise is 
already underway to address all the technical issues 
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indigenous manufacturing capability well ahead of start 
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transportation and erection on account of increase in 
tube length of SG are resolvable.

1. �	�����O����
�����
�����
	��������.����'
����,����
��S�.���QNN+N*Q46Q+**9Q�=/��9**)��&�
�����
report)

2. �	��������
���%���������	��
�������.����',S�.���QNN+N*Q46Q+**NQ�=/��9**)��&�
��������
!
3. (�
��	�� �	���� ��� ���	���� ��� 
���� 	��
� ������
� S� .���QNN+N*Q46Q+**<Q�=/�� 9**)� �&�
�����

report)
4. $������ ������� ���� ��
� ����� ����
���� �
	����� ��� .���� ',� S� .���QNN+N*Q46Q+**CQ�=/�� 9**)�

(Internal report)

 GENERAL EXPLANATION RELATED TO DESCRIPTION 

Fig. 4:  Variation of cost  as a function of number 
             of  modules
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Methodology for the Development of Reliable Software 
for Real Time Computer Systems of Prototype Fast Breeder 
Reactor
 EXECUTIVE SUMMARY
Real Time Computer (RTC) systems are extensively used in Instrumentation and Control of Safety Class 1 
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should have highest level of quality. Quality of the software product can be assured by applying appropriate 
and systematic techniques throughout the software life cycle. Hence software development methodology for 
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OUTLINE

Fig .1: Waterfall model
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send the data to process computer of Distributed Digital Control 
System (DDCS) for storage and display purposes. Each RTC system 
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Waterfall model represents the sequence of activities needed to 
develop a new piece of software product as a linear series of steps 
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an intermediate deliverable is produced that feeds into the next 
stage. Typical representation of the waterfall model is shown 
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software development process are listed below. AERB safety guide 
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Computer Aided Software Engineering (CASE) tools were also 
extensively used.
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System Architectural Design (SAD): SAD documents were prepared 
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Software Design Description (SDD):  SDD documents were 
prepared as per IEEE standard 1016. These documents follow 
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chart were prepared using Software through Pictures/Structured 
Environment (Stp/SE) tool. SDD documents were stored in 
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Software module implementation / Coding: Software was developed 
���.�����	����	��������%����.�����������������>;W��������"�
.�$����������	������������������6$.&L������
��
�����������"�
4��������� ����� ���� ����%��� ��� ?�
�� &��	�
���� '��
����
���������
��/������
�����?&'�/!�.¢������������	�����L4�/�
���"��
'��
���� ���
���S� L�
��
� �����
�� �����
� ��� 
��� ���
���� ���
�:�������	�������
����
��
���"�L4�/�
��������	����
�������
��
���
������
�����������
����#	���
�������
����%������
��������
���
testability and analyzability.
5�����
����3�5�����
�����5�3�5!S�'��
�������	���
�����������
����������
����
�����535������

�����
������������������
����
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resulted in error-free and unambiguous inputs for the next phase 
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Further inquiries:
'���6"?	����

Electronics and Instrumentation Group
e-mail: murali@igcar.gov.in

 ACHIEVEMENTS

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

Software metrics are used to identify 
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are static measurements (i.e. obtained without 
executing the program). They provide indications 
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maintainability and its reliability. Some of the metrics 
and their importance with respect to the quality factors 
of the software are described below :
Cyclomatic Complexity Metric (v(G)): (McCabe 
number)
Cyclomatic Complexity (v(G)) is a measure of the 
complexity of a module’s decision structure. It is the 
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Software engineering is the practice of using selected process techniques to improve the quality of a software 
development effort.  This is based on the assumption that a methodical approach to software development 
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practice software engineering is called its software development methodology or system development life cycle.
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 GENERAL EXPLANATION RELATED TO DESCRIPTION 

 ADDITIONAL INFORMATION
What is Real Time Computer System?
A real time computer system is a computer system in which the correctness of the system behavior not only 
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The real time computer system is a special-purpose computer system designed to perform a dedicated function. 
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interchangeably to refer the same.

Halstead metrics:
Halstead metrics is based on the fact that the complexity of a program is related to the number of operators 
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axis with all axis having a common virtual interpretation. The achieved value of the metric is plotted on its 
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design / coding so as to bring the value of the metrics within the boundaries.
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Gas Flow Measurements through Concrete
 EXECUTIVE SUMMARY
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also depends on the presence and nature of cracks. Hence permeability is an indirect but the most important 
measure of worthiness of concrete vis-à-vis its properties. An experimental setup was designed and installed at 
Radiological Safety Divison (RSD) and permeability of reactor grade concrete was studied from the standpoint 
of transport of radioactive gaseous species.

 OUTLINE
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be calculated using Darcy’s law.
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a difference in square of input and output pressure. 
Eqn.1 can be represented for this case as given below.

                     (2)

where K is permeability of the concrete (m9!��Ç� ¶� K���
rate (mNs-1!�� $o� ¶� �	
��
� ����	�� �$�����!�� $i = input 
����	���$�����!��L�¶�����
���������	����!��/�¶������
section area (m9!� ���� ²� ¶� 4������� �������
�� ��� ��� �
�
room temperature (Pa.s).

�����:������
�����
=	��������
������
���?'���������
�������������>*�:�>*�:�>*�������O"����	�������������
����
�������������
������
���������
������%����9*��������
��
��� ��
����� ����	�� +!"� ���� ½$� ����	�� 
�����

���
of ‘Rosemount’ make were used to measure pressure 
���
��������*=<**����"�(������
��������������
���
between source and collection chamber to measure 

��� ���������� ��� ����	��� ������ ���
��� ��� 	���� 
��
continuously monitor the pressure of the collection 
������"�/���
��������� ������	�� ��	��������

��� 
��

�����	�������������
������������������*�¥�9�%�Q��9 
���� ����
���	�
����*"9<�%�Q��9 to measure pressures 
������<**����"�/�W=
����
������	��������	���
���
temperature inside the collection chamber. The output 
of the two pressure transmitters and thermocouple were 
������
�����7$�/�����
¢���%����
����������������������
the logged data at the end of each experiment. During 

����:������
��
�����	������������������	�O���
��
desired level using a pump and the change in pressure 
at the collection chamber was monitored continuously. 
V����� 
��� ����	�=���	��� ���
���� ���� 
���� 
�%����
K����
���������	��
�������	��9!"�������������
���K���
�
�����	�������#	�
�����9!��
������������
�����	�����
���
�����
�������������	��
��� ����	��N!"� ���������	��
���
permeability values were in the range of reported ones. 
��� 
������������������ 
�������������������
�����	��
����������;";)J=+>��9�����+"+;J=+<�9 for nitrogen. 

Fig. 1 : Experimental set-up

Fig. 3 : Variation in permeability with respect to Pi
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 ACHIEVEMENTS  
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and upto a maximum of few days;  present experimental setup provides another active method to determine 
the same. The main advantage of using this technique is that permeability can be calculated within a short 
duration (two hours) and experiment can be repeated many times without affecting the condition of concrete 
�����������
�������������������������
��
��������#	��������������������������
��
"��	
�����	�
�������
�:������
���
�����������������������
���	�������	�����K�����
��"�

 PUBLICATIONS
/"�4������%������W"."/@�����"�4�����%������'"������	���������"�'��
��������,���K�������	����
������������������������������������������������������������������������������������������������������������

��	���9**��������
�������
��	�����������
�����	��������
�������
���S�&,.Q',Q�'4Q�''Q)9>*CQ
J$QN**9Q�J5�=�/�N**9Q/�
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Reactor Engineering Group
e-mail: vms@igcar.gov.in
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gets released to the Reactor Containment Building (RCB). The released radioactivity exists in all physical 
�����������	�������
����������
��	��
�!�������
�����
��	
����������
������
�����
������
��	����������	��"�
Thus whole reactor containment building becomes a volume source and gives external exposure to the plant 
personnel and public. During this event both the supply and the exhaust for the reactor containment building 
is stopped for isolating the reactor containment building so as to  prevent the release of radioactivity to 
the environment via stack. The raise in reactor containment building temperature due to core disruptive 
accident raises the reactor containment building pressure. Since reactor containment building is a concrete 
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containment building with increased pressure. The results obtained in the present experimental study can 
very well be extended to determine the inherent leak rate of reactor containment building during a design 
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that would be received by the occupational workers as well as the public in such a scenario can be estimated.
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 EXECUTIVE SUMMARY
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heat treatment without involving mechanical treatment so that a very high resistance to sensitization is 
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for durations of thirty minutes to two hours the Effective Grain Boundary Energy (EGBE) is altered to such 
an extent that chromium carbide precipitation and concomitant chromium depletion are delayed resulting in 
an increase in the sensitization resistance.

 OUTLINE
Conventional austenitic stainless steels have a low 
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which involves welding or stress relieving heat 
treatments or long period of service exposure cause 
sensitization in these steels leading to intergranular 
corrosion/ intergranular stress corrosion cracking 
in corrosive environment. Control of sensitization 
by lowering of Carbon content or addition of carbon 
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higher cost on the material. The low carbon variety 
also has a lower mechanical strength. This has been 
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but it again involves a higher cost. The solution 
annealing of sensitized components followed by fast 
cooling introduces harmful residual stresses which 
leads to intergranular stress corrosion cracking in 
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the initial microstructure of the austenitic stainless 
steel through a special heat treatment as invented 
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product to a higher temperature in the range of 
++**=+9<*�.�������	�
�������
��
�����	
���
��
���
hours followed by fast cooling. The process results 
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very high resistance to sensitization is achieved. By 
adopting this process a low sensitization resistant 
material can be converted to a very high resistant 
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heat treatment is applicable to the three different 
varieties of austenitic stainless steels which are 
commonly used in industries. The achievement of 
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treatment can be generalized for different varieties of 
austenitic stainless steels also.
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 ADDITIONAL INFORMATION
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min was two hundred hours for steel A 
and two thousand hours for steel B). When the effective grain boundary energy was altered by various heat 
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 GENERAL EXPLANATION RELATED TO THE DESCRIPTION
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as follows:

                               EGBE =                                                           ----------------------(1)                                                                         
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evaluated by electron back scattered diffraction studies in terms of:
Û�,�����O�� 
Û�.��������
���
����

�����.'L!����
�������
����æ+=æ9)!� 
Û����
�������������������	�����������
����æ+!�
Û�4����
��������������æ+� 
Û����
�������æN� 
Û�4����
��������������æN� 
Û����
�������������
�
������	������ 
Û����������	�����������
���
�� 
The special heat treatment reported in this investigation resulted in favorable effective grain boundary 
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 ACHIEVEMENT
This process does not involve any thermo-mechanical treatment on the wrought or fabricated products. The 
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for a duration of thirty minutes to two hours followed by fast cooling can be adopted after its conventional 
mill – annealing treatment so that high resistance to sensitization is obtained in the material.
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Cryogenic Gas Loading in Mao-Bell Type Diamond Anvil Cell
 EXECUTIVE SUMMARY
Diamond anvil cells (DACs) are used for investigating materials under high pressure (~ few megabar) and 
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a simple system has been developed.  It is done in a two-step process in which the piston-cylinder assembly 
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by using laser heated diamond anvil cell facility.

 OUTLINE
Diamond anvil cells (DACs) are used for investigating materials under 
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of the DAC to provide a hydrostatic and inert atmosphere around 
the sample at such extreme conditions. The cryogenic technique of 
loading gases in a DAC requires either the entire DAC or part of it 
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to their large size and thermal mass. In this article we present our 
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piston-cylinder assembly is locked in a two step process and then 
transferred in to the pressure cell holder for further pressurization. 

Description and Operation:
The apparatus consists of a cylindrical chamber with a lid and a two-
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and dimensional stability. The entire apparatus is kept inside a small 
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nitrogen is poured inside the thermocole box and argon gas is let 
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placed for pressure calibration. The piston is then locked to its bottom 
copper plate. The cylinder is then carefully inserted along with the top 
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between the two anvils. The entire piston-cylinder assembly along 
with the copper plates is anchored at the bottom of the copper vessel 
by two dowel pins. The main vessel is then purged with argon gas 
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are loosened so that the two anvils come in contact with  trapping 
liquid argon inside the sample chamber. The auxiliary locking screws 
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assembly. The piston-cylinder assembly along with the locking plates 
is then taken out and defrosted. Two locking screws (with Belleville 
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the piston-cylinder assembly is clamped together with the locking 
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are released and the piston-cylinder assembly is inserted in to the 
pressure cell holder for further increasing the pressure to carry out  
High pressure - High Temperature (HP-HT) experiments. 

Fig.1: The copper vessel containing the      
piston cylinder and the locking 
device in a thermocole container

Fig. 3: Piston-cylinder assembly with the 
            locking mechanism showing the 
            second stage of two step locking

Fig. 2: Piston-cylinder assembly with the 
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�����

  stage                                                                             
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The performance of the system has been checked by carrying 
out  a few dummy runs with ruby chips loaded in the sample 
chamber. The success rate of trapping the argon liquid in 
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diffraction pattern of argon trapped inside the sample chamber 
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graphite into diamond in the inert argon pressure transmitting 
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�������������.(9 laser beam onto the sample. The recovered 
sample was characterized by micro-Raman. Clear indication 
of the direct conversion of pyrolitic graphite into diamond 
and diamond like carbon could be seen. This test experiment 
clearly established the utility and successful performance of 
cryogenically loaded argon as pressure transmitting medium by 
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as RuC and BSb were synthesized successfully under HP-HT 
conditions using Ar as the pressure transmitting medium.
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HP-HT conditions.
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Further inquiries:
Dr. P.Ch. Sahu
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e-mail: pcsahu@igcar.gov.in
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plot is at ambient

 GENERAL INFORMATION

 ADDITIONAL INFORMATION ABOUT DIAMOND ANVIL CELL (DAC)
Diamond Anvil Cells (DACs) are being extensively used for investigating materials under HP- HT conditions. 
Synthesis of novel and super hard materials under extreme pressure and temperature are also carried out 
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into hydrostatic pressure on the sample by using appropriate pressure transmitting media eg; methanol- 
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gases as pressure transmitting medium satisfy these conditions to provide purely hydrostatic environment 
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other method is to use a gas compressor to densify the gases at room temperature(High Pressure Gas-loading 
Technique) before loading in the high pressure chamber. Although both methods have their own advantages 
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on to a piston and the other on to a cylinder of the DAC and is aligned in such a way that when the piston-
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piston is moved against the cylinder using an appropriate arrangement.
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Ferroboron as an alternatie In-Core Shield Material 
in Fast Breeder Reactors

 EXECUTIVE SUMMARY
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neutrons leaking from the blankets is hard with negligible thermal component and has anisotropic angular 
distribution.  Boron carbide and stainless steel have been the main choice shield materials for  fast reactors.  
A study of the use of  ferroboron as a new alternative shield material was made choosing the reference case as 
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equally well and hence a prospective material for use in fast reactors.  An experimental study conducted on 
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 OUTLINE

Fig. 1:     PFBR Core and Shield Plan.  There are 
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leaking neutrons from core and blankets have energies peaking 
around 10-100 keV.  The calculations span an energy range of 
*"*9<��5�
��+C�?�5������

��	�
����
��	�������
���� ��
��
����� ������
������������� 
���%����"�/���������#	������$����
��������
����+9**���������	�������������'/!������
��	���
���
�	������� �	����	���������� ����	��� ������
�+;+"������	
��
shield beyond fuel storage locations consist of six SS rings of 
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radiological safety criteria but also limits on radiation damage 
to components and structures. Intermediate Heat Exchangers 
(IHXs) are immersed in the reactor vessel itself and serve the 
purpose of heat transfer to a secondary coolant loop. Sodium 
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Na-K and He have been considered.  The advantage of Na is its 
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sodium passing through intermediate heat exchangers become 
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cause unacceptably large dose in the steam generator Building.  
Thus fast reactors are characterized by large in-vessel shields 
which is also one of the parameters determining the reactor 
vessel size.

Stainless steel and BCC have been the main choice shield 
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absorber material boron is spread throughout shields albeit with 
lower atom densities rather than concentrating in the last rows 
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cheaper than BCC. Two dimensional transport calculations were 
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group cross sections. The secondary sodium activity computed 
in the ferroboron case is lower than that of the reference case.  
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in intermediate heat exchanger region in the core mid plane. But 
this is only a small fraction of the peak sodium capture rate. 
In the position in intermediate heat exchanger region showing 
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case is less than that of the reference case. The reason is that top 
parts of shield subassemblies in between core subassemblies and 
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boron atom densities. The calculations also show that by 
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and neutron detection requirements. Its effectiveness is due to 
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ferroboron powder has shown that  boron is in the form of  iron borides. Preliminary hot-sodium experiment 
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progress.

ADDITIONAL INFORMATION ABOUT  EXPERIMENTS BEING PERFORMED ON      
FERROBORON

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

 ACHIEVEMENT
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Further inquiries:
Shri D. Sunil Kumar

Reactor Engineering Group
e-mail:sunil@igcar.gov.in
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ordinates approximation used is S; and order of anisotropy used for cross sections is PN"�����	�%�����������
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geometry extends up to top shield in the top direction and under vessel detector block in the bottom direction.  
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Boron carbide and stainless steel have so far been the main choice materials for shields in fast reactors.  
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capable of satisfying the radiological safety criteria equally well.  Use of this material results in substantial 
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 GENERAL EXPLANATION RELATED TO THE DESCRIPTION
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ferroboron assemblies. The use of ferro-boron brings down the cost  of shield substantially.
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of these uncertainty values has been demonstrated by plant dynamic studies. Suitability of eddy current 
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Calibration of Eddy Current Flow Meter 
for Core Flow Measurement
 EXECUTIVE SUMMARY

 OUTLINE
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view of easy assembly without calling for any additional structure 
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carried out for various speeds of the pump and it was found that 
the pressure at the tapping location bears a constant ratio to the 
total head developed by the pump and this ratio is very close to 
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pump. The acutal pump head is higher than the head drop 
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calibrated against the reactor thermal balance at steam water 
circuit. Thermal power across steam generator is computed. By 
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plant dynamic studies have been carried out for various 
enveloping design basis events and the acceptable inaccuracy is 
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demonstrating the acceptability of calibration procedure.

Fig.1:   Location of ECFM in primary
           sodium pump indicated as A
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Fig.2:  Pressure distribution  across PSP 
and Pressureat ECFM tapping is 
close total head developed by PSP
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 GENERAL EXPLANATION RELATED TO THE DESCRIPTION
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probe is inserted in the inner guide tube. This probe is replaceable. In each primary sodium pump two such 
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Further inquiries: 
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Reactor Engineering Group
e-mail : madhu@igcar.gov.in 

 BRIEF DESCRIPTION OF THEORETICAL BACKGROUND

 ADDITIONAL INFORMATION ABOUT EDDY CURRENT FLOW METER
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Secondary coils are wound symmetrically on either side of the primary coil on the same core. Primary coil 
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upstream secondary coil is less than downstream secondary coil. The difference between two secondary coil 
voltages is proportional to the sodium velocity.
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X-ray Radiography Analysis of Irradiated Boron Carbide 
Control Rods of Fast Breeder Test Reactor
 EXECUTIVE SUMMARY
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carried out to evaluate the condition of the boron carbide pellets encapsulated in a stainless steel cylinder.  
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and nine are cracked radially at the center. Pellets six to nine show multiple branched cracks. The bottom 
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 OUTLINE
Six Boron Carbide control rods  are in use 
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shut down of the reactor. The control rod drive 
mechanisms are constantly monitored and on-
line measurements of frictional force and rod 
drop time are being monitored. Two control rods 
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was trimmed by diamond wheel cutting.  The 
radiation dose level is reduced considerably 
and the measured value was 1R/hr at 1 meter 
distance.  A temporary radiographic inspection 
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area. The irradiated boron carbide control rod 
is inserted from the hot cell into this aluminum 
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bricks on all sides.  A 110mm wide aperture is 
provided in the lead brick below the aluminum 
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drive is accommodated into this aperture for 
high speed positioning and retrieval of X-ray 
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centre of each pellet). The cracked location in the 
pellets is indicated by arrows.  It is observed that 
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are cracked radially at the centre of each pellets.  
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are formed in the axial direction.  Branched 
cracks are also observed in various pellets.  The 
damages to the pellets of the control rod would 
have originated from the structural changes in 
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due to recoiled atoms and the incident neutron 
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due to a combined effect of mechanical and 
radial thermal stresses.   

Fig. 1 : Photograph of the X-ray machine and shielding block                                                                                                                                            
positioned in the lower isolation area for radiography of 
the irradiated control rod

Fig. 2:�Q�����6�� 
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���?� �"���� ��� ���� ������� 
������ ���
boroncarbide control rod. Arrows indicate radial cracks
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ADDITIONAL INFORMATION

Further inquiries:
Dr. John Philip

?�
���	�������?�
������,�	�
e-mail: philip@igcar.gov.in

ACHIEVEMENTS

 PUBLICATIONS
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Radiography investigations have been successfully carried out on irradiated boron carbide control rods of 
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GENERAL EXPLANATION RELATED TO DESCRIPTION
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Development of Polyetheretherketone (PEEK) Coating 
on the Rotors in the Motors of Centrifugal Extractors 
 EXECUTIVE SUMMARY
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polyetheretherketone (PEEK) coating was chosen.It is a high performance engineering thermoplastic 
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which simulates the operating conditions of the reprocessing plant.  After the run the rotor was removed from 
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assess the performance degradation due to increased gap between rotor and stator. The performance of the 
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 OUTLINE

Centrifugal extractors (CE) are extensively used in the 
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are driven by electrical motors. The rotors and stators of the 
motors are made from stampings of silicon steel. These rotors 
and stators are continuously exposed to radiation and vapour 
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engineering thermoplastic which has a radiation resistance of 
10) rads and it is resistant to a wide range of chemicals at 
elevated temperatures in harsh environments. 
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Initially coating of PEEK was developed on one rotor. dispersion  
a water was coated on the rotor by spraying. It was then dried 
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hardness and electrical resistivity. The coating thickness 
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surface resistivity was measured to be 1011 to 10+9 ohms/sq. 
The performance of the coating was evaluated by running the 
rotor in the extractor with operating conditions.
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the dimensions of the rotor. To test the performance of the 
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and the extractor was run with nitric acid which simulates the 
operating conditions of the plant.  After the run the rotor was 
removed from the centrifugal extractors and the condition of 
coating was examined. There was no change in the thickness of 
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and surface resistivity values did not alter after exposure to 
acid vapour. As there was no peeling or swelling of the coated 
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the rotor has enabled to give adequate protection to the motor 
of centrifugal extractors against corrosion. 
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performance degradation due to increased gap between rotor 
and stator. Performance of the motor also depends on the air 
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it was found that the current drawn at the operating conditions 
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Fig. 2 : Torque-current characteristics of motor 
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Fig. 3 :Elongation at break as a function of radiation                                                            
dose

ADDITIONAL INFORMATION ABOUT POLYETHERETHERKETONE

Further inquiries:
'��������:�L������
Reprocessing Group

e-mail : felix@igcar.gov.in

 ACHIEVEMENTS

Polyetheretherketone (PEEK) is a crystalline thermoplastic which makes it a chemically resistant product. 
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prone to corrosion due to the attack by nitric acid vapour. 

BRIEF DESCRIPTION OF THEORETICAL BACKGROUND
PEEK consists of aromatic rings in the backbone. This aromaticity is responsible for the chemical and radiation 
resistance of the polymer. When a polymer is irradiated lot of highly energetic free radicals are generated. In 
the presence of oxygen these radicals are responsible for chain scission in the polymer leading to degradation 
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stable to radiation.  

The linear aromatic polyether ketone family consists of 
several variations on the theme of repeated monomers 
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ketone B (now simply known as PEEK) and is claimed 
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The structure of PEEK is shown below:
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consists of aromatic rings. This is responsible for high 
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performance engineering thermoplastic. Its radiation 
resistance was measured and it was found that up 
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value at 10) rads. So PEEK can be used up to 10) rads 
without any degradation in its properties.

 GENERAL EXPLANATION RELATED TO THE DESCRIPTION
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Reprocessing of  High Burn-up Mixed Carbide Fuel: 
Closure of Fast Reactor Fuel Cycle
EXECUTIVE SUMMARY

 OUTLINE

Fig.1: CORAL Facility 

Fig. 2: _-tight Master slave extended reach manipulator 
            with remotely removable tong 

(a)

(c)

(b)
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ACHIEVEMENTS

Fig. 3: Solvent wash set up in a glove 
    box undergoing testing

GENERAL DESCRIPTION

PUBLICATIONS
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Fig.1:    Extraction of CMPO from 10 mL vessel (LDV-
RG) as a function of pressure. CMPO initial 
amount:  600 mg. Sc-CO2 ��7� 
����� ��"!*
"��ª�>���\\��\\�#�
����	��;\oC.  
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extraction of uranyl nitrate over thorium 
nitrate. Experimental: Sc-CO2�� ��<"!*"��ª�
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��	��;\oC; Ligand: D2EHIBA. 
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PERFORMANCE OF BUBBLE DETECTOR BASED CRITICALITY MONITOR
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ADDITIONAL INFORMATION
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COMPARISON OF ECG AND MCG
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Fig.  4.    ECG of a subject with a left bundle branch block. 
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Fig. 5.     MCG of the same subject showing the 
notched and wide QRS complex far 
more clearly than the ECG
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 HIGH FIELD SQUID MAGNETOMETER
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Fig. 1: Comparison of the Rate of Destruction of 
Organics
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ADDITIONAL INFORMATION ABOUT MEDIATED ELECTROCHEMICAL OXIDATION -  
WHAT IS MEDIATED ELECTROCHEMICAL OXIDATION? 

MEO PROCESS - PRINCIPLE 

ACHIEVEMENT 

PLUTONIUM RECOVERY FROM RADIOACTIVE SPENT SOLVENT  

Further inquiries:
'����"�'��������

������������,�	�
�=����S�����É����"���"��

[Pu]                          : 769 ppm 
`���������������������������j�{|}~��]	i/L
`���������������������������j���
�
`����������������������������j��}���]	i/L
DBP                          : 1.8 gpl 
[H+]                           : 0.022 M 
TBP in NPH             : 9.9% 
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Fig .1: DDCS Architecture

Fig. 2: Displays
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 IMPLEMENTATION OF GUI USING QT
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ADDITIONAL INFORMATION ABOUT QT TOOLKIT AND OPENGL
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Thermal Power  5.5 MW
Sodium Flow 104.8 m3/h
Water Flow 8820 kg/h

Sodium Temperature 525/355°C

Steam/Water temperature 493/234°C

Steam Pressure 172 bar
Total Length 23 m
Heat transfer area 23.5 m2

Tube Size 17.2 mm OD ,2.3 mm Thick
Tube Pitch 32 mm,triangular
No. of Tubes 19
Shell ID 164 mm, 10 mm thick
Water side DP 12.46 bar
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Innovative Differential Pressure Sensor 
for Prototype Fast Breeder Reactor
 EXECUTIVE SUMMARY
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Fig. 1:        Schematic diagram of differential pressure 
monitoring device
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Fig. 2:               Calibration plots of the two Differential Pressure sensors 
(A) and (B) 
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Calibration and the Performance of 
differential pressure Sensor
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Fig. 2:  Parameters during sodium removal of 
USUSS (a) System temperature (b) C02 
bubbler water temperature (c) System 
RH (d) H2 conc. by Nucon sensor (e) H2 
conc. by PEMHS
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 ADDITIONAL INFORMATION ABOUT VARIOUS SODIUM REMOVAL PROCESSES
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Weldability Studies of Austenitic Stainless Steels  
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ADDITIONAL INFORMATION 
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Fig. 2 : Flow injection peaks recorded during three
            consecutive injections of 5μL of 0.5M
            HNO�����������������QK������

��
����

Fig.  3 : Flow injection peaks of KCl as simulated 
            for total impurities associated with HNO�
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 GENERAL EXPLANATION RELATED TO THE DESCRIPTION

 ADDITIONAL INFORMATION
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Fig.1:  Schematic diagram of Potentiometric titration setup 
with principle of measurement

Fig. 2: Screen capture of a typical online titration plot
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Fig.1: Reference design of cold trap

Fig. 2: Model cold trap for testing
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Fig .1: Displacement characteristics of DSR

Fig.  2: Variation of free fall time & braking time of DSR
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 ADDITIONAL INFORMATION ABOUT PFBR SHUT DOWN SYSTEMS
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Upper part                                 

Fig. 3: Diverse safety rod 
drive mechanism   

Lower part                        
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Fig. 2: Schematic of Eddy Current  Position Sensor

Fig.  3: Sensitivity plot of ECPS

 
Sensitivity = ������������@�������&����#���\��������"������@�������&����#�@����\�����������������������������������������������������

Pick up Voltage without DSR

Fig. 1:  ECPS set up
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Single Fiber Grid with Improved Spatial Resolution 
in Distributed Fiber Sensor
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Fig. 3: Measuring Principle
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 ADDITIONAL INFORMATION ABOUT GRID PLATE
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Fig. 5 : PFBR Grid Plate being unloaded at Site
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 GENERAL DESCRIPTION OF PFBR GRID PLATE AND INNOVATIVE WELDED GRID PLATE
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Production of Enriched Elemental Boron 
for PFBR Control Rod Applications
 EXECUTIVE SUMMARY
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Fig .  2 (a ) :Elec t rod
e p o s i t e d                                                                                     
e l e m e n t a l 
boron

Fig. 1: Boron Electrowinning Assembly

Fig. 2(b):KBF; obtained from 
  BF�O(C2H5)2

Fig. 2 (c): SEM micrograph of the boron powder
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Fig. 3: Mild steel cruciform cathode with the
            elemental boron deposit
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 GENERAL EXPLANATION RELATED TO DESCRIPTION 
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Fig.1 : Evaluation of Electro Chemical Hydrogen Meter details

Fig. 2 : SIP & ECHM Fig.3: Evaluation of Electro 
Chemical Hydrogen 
Meter response during 
small leak

Fig.3: Evaluation of Electro Chemical Hydroge Meter during 
SG valve in
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Fig.5:  Evaluation of Electro Chemical Hydroge 
Meter during Hydrogen injection

Fig. 6 :  Evaluation of Electro Chemical Hydroge 
Meter calibration  
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