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Abstract 
Fast Breeder Reactors (FBRs) are vital towards meeting secwity and sustainability of energy for the 

growing economy of India. The development of FBRs necessitates extensive research and development in domains 
of materials and manufactwing technologies in association with a wide spectrum of disciplines and their inter
twining to meet the challenging technology. The paper highlight the work and the approaches adopted for the 
successful deployment of materials, manufacturing and inspection technologies for the in-core and structural 
components of current and future Indian Fast Breeder Reactor Programme. 

Indigenous development of in-core materials viz. Titanium modified austenitic stainless steel (Alloy D9) 
and its variants, ferritic/martensitic oxide-dispersion strengthened (ODS) steels as well as structural materials viz. 
316L(N) stainless steel and modified 9Cr-1Mo have been achieved through synergistic interactions between lndira 
Gandhi Centre for Atomic Research (IGCAR), education and research institutes and industries. Robust 
manufacturing technology has been established for forming and joining of various components of 500 MWe 
Prototype Fast Breeder Reactor (PFBR) through 'science-based technology' approach. To achieve the strict quality 
standards of formed parts in terms of geometrical tolerances, residual stresses and microstructural defects, FEM
based modelling and experimental validation was carried out for estimation of spring-back dwing forming of 
multiple curvature thick plates. Optimization of grain boundary character distribution in Alloy D9 was carried out by 
adopting the grain boundary engineering approach to reduce radiation induced segregation. 

Extensive welding is involved in the fabrication of reactor vessels, piping, steam generators, fuel sub
assemblies etc. Activated Tungsten Inert Gas Welding process along with activated flux developed at IGCAR has 
been successfully used in fabrication of dummy fuel subassemblies (DFSA) required for testing. Plasma Transferred 
Arc Welding (PTAW) process was chosen for deposition of the nickel-base hardfacing of components requiring 
improvement in resistance to high temperature wear, especially galling, of mating surfaces in hot sodium alloy. 

A number of advanced non-destructive evaluation procedures were developed and implemented for 
inspecting various manufactured components, notable among them being the tube-to tube-sbeet welds in steam 
generators, the clad tube and the end-cap welds and the weld between the hexagonal wrapper and the foot of the fuel 
sub-assembly. 

Keywords: Fast Breeder Reactor; Alloy development; Manufacturing; Inspection technologies 

1. Introduction 

Fast Breeder Reactors (FBRs) are vital towards meeting security and sustainability of 
energy for the growing economy of India [1]. India has successfully operated Fast Breeder Test 
Reactor (FBTR) since October, 1985. Forty years of R&D, technology development of 
demanding equiprnents by manufacturing and testing of full size components and absorbing 390 
reactor-years of international experience of sodium cooled fast reactors has enabled us to embark 
on 500 MWe Prototype Fast Breeder Reactor (PFBR) with confidence and courage. The 
construction of PFBR is in advanced stage of completion. The main objective of the construction 
of PFBR is to demonstrate the techno-economic viability of sodium cooled fast reactors for the 
commercial deployment. In addition, it will provide a demonstration of comprehensive closed 
fuel cycle technologies such as fuel fabrication, reprocessing, waste management and waste 
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immobilisation. PFBR will also enable validation of first-of-a-kind design concepts and the 
experience garnered during operation and maintenance of mechanisms, components and sensors 
in the sodium environment and reactor operating temperatures (820K) will lead to standardisation 

for the adoption in the series of future reactors. It is planned to construct six more 500 MWe 

Commercial FBRs (CFBRs), starting in 2014, with improved economy and enhanced safety. 
Beyond this, 1000 MWe metallic-fuel based FBRs will be constructed in India starting in 2025. 

The development of sodium cooled fast reactors necessitates extensive research and development 
in domains of materials, manufacturing and inspection technologies in close association with 

almost all the disciplines of science and technology. 

The operating environment in sodium-cooled fast reactors demands radiation resistant in

core materials satisfying stringent requirements [2]. The in-core materials operating at a 
temperature of 673-973K in sodium environment experience high neutron flux levels (8xl01s 
n/cm2/sec). The neutron flux at the core centre with neutron above 0.1 MeV energy is 4.7xl01s 

n/cm2/sec. Hence, the in-core materials need to possess limited void swelling, desired creep 
resistance and acceptable resistance to fracture at end of life and during fuel handling at the back

end of the fuel cycle. Keeping these stringent property requirements of in-core material in view, a 
15Cr15Ni2.2Mo-Ti austenitic stainless steel (Alloy 09) has been chosen as the in-core material 
for cladding tube and hexagonal wrapper for PFBR [3]. However, for achieving higher fuel burn 

up in future CFBRs, improved materials for clad tubes are being developed, which include Alloy 
D91 with higher phosphorus and silicon contents, and ferritic/martensitic oxide-dispersion 
strengthened (ODS) steels. Plain 9Cr-1Mo steel for the wrapper and modified 9Cr-1Mo steel for 

the cladding are also being developed for FBRs with metallic fuels. 

The elevated operating temperatures of PFBR demand the structural materials to have 
adequate creep and fatigue properties as well as good corrosion resistance. In addition to this, the 

structural materials used in sodium circuit side require compatibility with sodium whereas the 
material to be used in steam generator requires the compatibility with both sodium and water 
media. 316L(N) austenitic stainless steel (SS) has been chosen as the major structural material for 
reactor vessels and primary and secondary loops of PFBR whereas modified 9Cr-1Mo steel is the 
main structural material for steam generators. Other improved materials being developed for the 
CFBRs include nitrogen-enhanced 316LN SS for increasing the design life of reactor 
components, and type-IV cracking resistant boron-added modified 9Cr-1Mo steel for the steam 
generators. 

The entire range of manufacturing technologies for PFBR components has been 
successfully developed and implemented in collaboration with academic and research 
establishments and Indian Industries. In the case of reactor vessel, to achieve the strict quality 
standards of fonned parts in terms of geometrical tolerances, residual stresses and microstructural 

defects, FEM-based modelling and experimental validation was carried out for estimation of 

spring-back during forming of multiple curvature thick plates. This model enabled design of the 
tooling for manufacture of reactor vessels with desired dimensional accuracy. Optimisation of 

grain boundary character distribution in Alloy D9 used for cladding tubes and wrapper, was 
carried out by adopting the grain boundary engineering approach to reduce radiation induced 

segregation. 
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Extensive welding is involved in the fabrication of reactor vessels, ptpmg, steam 
generators, fuel sub-assemblies etc. Activated Tungsten Inert Gas Welding process along with 
activated flux developed at IGCAR has been successfully used in fabrication of dummy fuel 
subassemblies (DFSA) required for testing. To improve the resistance to high temperature wear, 
especially galling, hardfacing by weld deposition over surfaces of various components was 
necessary. Based on radiation dose rate and shielding considerations during maintenance, 
handling and decommissioning, nickel-base hardfacing alloy was chosen to replace the 
traditionally used cobalt-base Stellite alloys. 

A number of advanced non-destructive evaluation procedures were developed and 
implemented for inspecting various manufactured components, notable among them being the 
tube-to tube-sheet welds in steam generators, the clad tube and the end-cap welds, the weld 
between the hexagonal wrapper and the foot of the fuel sub-assemblies, etc. This paper highlights 
the work and the approaches adopted for the successful development of materials, manufacturing 
and inspection technologies for the in-core and structural components of current and future Indian 
Fast Breeder Reactor Programme. 

2.1 Alloy development 

Clad and wrapper materials for sodium cooled fast reactors (SFRs) have undergone 
continuous evolution over the years. The first generation materials belonged to austenitic stainless 
steels 304 and 316 grades. The next development of radiation resistant austenitic stainless steels 
involved increasing the nickel content and decreasing the chrotnium content in comparison to 
standard 304 SS and 316 SS along with addition of titanium. Simultaneously, solute elements like 
silicon, phosphorous, niobium, boron and carbon have been found to strongly influence the 
swelling behaviour. This realisation has led to the development of advanced core structural 
materials such as alloy D9 which is currently used in PFBR. The melting and processing 
variables for commercial productions of alloy D9 were optimized based on the experience with 
laboratory heats [3]. Commercial scale melting of three heats with Ti/C ratios of 4, 6 and 8 have 
been made at MIDHANI, Hyderabad, from virgin raw materials through VIM with ladle 
adjustment to achieve desired Ti/C ratio. This was followed by vacuum arc re-melting. Rounds of 
30 mm diameter were produced through hot forging and hot rolling. These rounds were reduced 
to 11 mm diameter by cold swaging. Tensile tests were carried out using 20% cold worked 
samples for this commercial scale melting. The value of yield stress of the commercially melted 
alloy D9 with Ti/C of 6, at various test temperatures is shown in Fig.1. The yield stress of the 
20% cold worked sample with Ti/C of 6 is well within the acceptable litnits of PFBR 
specifications (575-750 MPa at room temperature and 425-625 MPa at 723K). 

Cold worked alloy D9 has reached a record dose of 140 dpa without excessive 
deformation. In the light of recent international alloy development efforts, and in-reactor 
experience, a modified alloy D9 is being developed to realise still higher swelling resistance, by 
adding phosphorous in the range of 0.025 to 0.04 wt% and silicon in the range of 0. 7 to -0.9 wt% 
to the alloy D9 composition. The long-term solution for CFBR core structural materials is 
considered to be 9-12% Cr ferritic-martensitic (F-M) steels. These steels protnise excellent 
swelling resistance to doses even upto 200 dpa. However, the increase in ductile to brittle 
transition temperature (DBTT) due to irradiation is a cause of concern during fuel handling 
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operations. A significant increase in toughness can be realised by avoiding the formation of delta

ferrite and ensuring fully martensitic structure as well as by optimising the austenitizing 

temperature to refine the prior austenite grain size with strict control on embrittling tramp 

elements. These materials are promising for wrapper applications in CFBRs. The creep resistance 

of F-M steels decreases significantly above 823K and hence these steels are not suitable for clad 

applications. Oxide dispersion strengthening is a promising means of improving the creep 

resistance of F-M steels. This has led to the design of oxide dispersion strengthened (ODS) F-M 

alloy, with 0.3 to 0.4 % yttria (Y20 3) particles of 3-5 nm size. Based on a thorough literature 

survey describing international experience related to manufacturing of ODS alloy, the 

manufacturing route has been formulated (Fig.2). The ODS alloy clad tubes have been 

manufactured with the help of The International Advanced Research Centre for Powder 

Metallurgy and New Materials (ARCO and Nuclear Fuel Complex (NFC). The comprehensive 

evaluation of the produced tubes is currently under investigation. 
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Figure 1: Yield stress value of alloy D9 in 20% cold worked condition 

Figure 2: Process flow sheet for manufacturing ODS clad tube 
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2.2 Finite Element Method based Process Model for Springback Evaluation 

The fabrication of main vessel, safety vessel, inner vessel and transition pieces of PFBR 
involves pressing of petals and assembling and welding of these petals to form the final shape. 
These petals need to be fabricated with stringent dimensional tolerances in order to fabricate the 
vessels within the desired level of tolerance. Springback is a major factor controlling the 
dimensional accuracy of the petals for the fabrication of large vessels of PFBR. For near-net 
shape forming of petals, proper design of the dies and punches, mounting fixtures and press 
guides are crucial. FEM based process models for plate forming operation have been utilized in 
predicting the springback as well as to facilitate in designing dies for near-net-shape forming. 

Based on the simulations from the two-dimensional FEM modeling of the plate forming 
process, the optimum FEM formulation is identified sequentially using a dynamic explicit 
formulation with contact modeling for the pressing phase and a static implicit approach for 
springback calculation in the Lagrangian framework. Explicit FEM is a time marching type of 
solution in which the entire time scale is divided in smaller stable time increments dictated by 
physical properties of the material. Solutions are obtained for one time increment and added to 
the prior computed solution. Equilibrium of the element assembly is ensured at the end of the 
total time scale. In implicit FEM, which is an unconditionally stable solution scheme, equilibrium 
of the element assembly is established by iterating the solution within a time increment and thus 
equilibrium solution proceeds towards the end of the time scale. The plate forming process 
includes both membrane and bending effects in the work piece and hence a shell formulation was 
used to account for both these effects. The dynamic explicit FEM is a conditionally stable scheme 
with stable time increments of the order of 10·7 s for 316L(N) stainless steel and so use of reduced 
integration elements are economical without losing accuracy of solution. The results from the 
explicit analysis were imported into an implicit FEM code and a static analysis was performed to 
determine the spring back that occurs after release of the punch and the residual stress state in the 
plate after springback. The nonlinear geometry option was used to assess the springback, which is 
envisaged to be occasionally quite large. The displacement obtained at the end of the step is the 
springback and the stresses and strains give the residual stress-strain state in the material after 
springback. 

The experimental programme was carefully planned with thirteen sets of dies to cover all 
possible combinations of the ratio of the radius to the thickness (Rit) and the ratio of the 
deflection to the projected length (y/L) in a plane that are envisaged in the vessels of PFBR. The 
profiles of the pressed plates were measured using ZEISS Universal Measuring Machine. Figure 
3 shows the centreline sectional profiles from both experimental and FEM results superimposed 
on the desired (punch) surface profile. From the figure, it is evident that the FEM simulations of 
the plate forming trials compare well with the experiments, the differences between the simulated 
and the experimental profiles of the plates being within 6-10%. The percentage springback at 
various sections of the formed plate with punch radius of curvature (ROC) of 500 mm and 1000 
mm along transverse directions are shown in Fig. 4. The percentage springback, was defined as 
the ratio of the change in ROC at plate section to the corresponding ROC on the punch, expressed 
as percentage. The punch had radii of curvature of 500 mm and 1000 mm along transverse 
directions. In figure 4, the curves with triangular and rectangular legends represent sectional 
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springback values corresponding to punch radii of curvature of 500 mm and 1000 mm 
respectively. The X axis of the graph represents the location of a plate section along either X or Y 
axis. From the Fig. 4, it is evident that the ROC and hence springback increases towards the 

central sections of the plate. Near the edges of the plate, the two curvatures influence each other 
and so constraints for opening up of the plate are more and hence springback is less. This 

constraint effect reduces towards the centre of the plate and hence springback increases. 
Moreover, for a work hardening material like the type AISI 316L(N) stainless steel, springback 
increases with increase in the total strain, which, can be deduced from the true stress-strain curve 

of the material. The total strain increases towards the plate centre due to maximum contribution 
from both the transverse radii of curvature and so springback also increases towards the centre of 
the plate. The increase in plastic strain towards the central sections of the plate was also 

corroborated by FEM results. The differential distribution of strains that occurs during plate 
forming leads to differential springback in the plate and this in turn leads to a product shape 
different from the die and punch shapes. So the springback correction on the dies and punches 
needs to be incorporated to obtain the desired product shape. This experimentally validated FEM 
based process model has been found to be an asset to predict the final shape of the product for a 
given die, punch and plate configuration and subsequently use this information to correct the die 
and punch shapes for springback to manufacture the sectors of large vessels to the desired 

accuracy. 
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Figure 3: Plate profiles along transverse centerlines of the plate (ROC: Radius of Curvature) 

2.3 Grain Boundary Engineering in Alloy D9 

Radiation-induced segregation (RIS) is an important consequence of irradiation at elevated 

temperatures where point defects are mobile [4]. RIS is a non-equilibrium process that happens 
due to the unequal participation of solutes in the vacancy and interstitial defect fluxes [5]. The 

grain boundary misorientation significantly influences RIS. It has been established in austenitic 
stainless steels under 5 MeV proton irradiation at elevated temperature that the RIS is 
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insignificant at a small angle tilt boundary or low l: coincidence site lattice (CSL) boundary but 
not so at a random grain boundary [6]. 
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Figure 4: Variation in springback across a fonned plate 

Grain boundary engineering in alloy D9 was realized through a one step thermo-mechanical 
treatment [7], in an attempt to reduce RIS. The experimental methodology adopted in this 
investigation was based on the strain-annealing approach in which small amount of strain (5-
15%) was imparted on solution annealed (SA) sample. The cold deformed samples were 
subsequently annealed at various temperatures (ll73-l273K) for different time periods (0.5-2h). 
It has been observed that annealing following 5% deformation results only in a moderate increase 
in proportion of 1:3 boundaries and its variants. The grain boundary character distribution 
(GBCD) data in terms of l:3n boundaries in samples annealed in the temperature range ll73-
l273K with 15% pre-strain is shown in Fig.5. It could be observed that a very high fraction of 
l:3n boundaries have been achieved after annealing at l273K with 15% pre-strain (Fig.5(a) and 
Fig. 5(b)). The increase in 1:3 boundaries could be attributed to the formation of new l:3 
boundaries by geometrical interaction between pre-existing l:3s (i.e. multiple twinning) and/or 
formation of new twins during annealing following deformation. According to the CSL rule, 
interaction between two 1:3 boundaries may form a 1:9 boundary according to the relationship 1:3 
+ l:3 = 1:9 [8]. When a 1:9 boundary generated in this way encounters another 1:3 boundary, it 
results in either a new 1:3 boundary based on the relationship 1:3 + 1:9 = 1:3, or a 1:27 boundary 
following the relationship 1:3 + 1:9 = 1:27. However, from the statistics of the 1:3, 1:9 and 1:27 
(Fig. 5(a) and Fig. 5(b)), it could be inferred that 1:3 + 1:9 = 1:3 occurs more frequently than 1:3 + 
1:9 = 1:27 [9]. These regenerated 1:3, 1:9 and 1:27 boundaries take part in the reconfiguration of 
the existing grain boundary network that eventually breaks down the random high angle 
boundaries (HABs) connectivity (Fig.6(a)). The ratio of 1:3 to (1:9 + 1:27) in these conditions is 
shown in Fig. 5(b). A lower 1:3 to (1:9 + 1:27) ratio in the samples annealed at 1273K (Fig. 5(b)) 
signifies that a significant disruption of random HABs connectivity has happened (Fig. 6b). 
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Apart from the GBCO, the degree of cold work which influences dislocation density is an 
important parameter determining the void swelling behaviour and RIS of austenitic stainless 
steels. A 20% cold work (CW) has been found to be optimum in terms of void swelling and phase 
stability in alloy 09. Cold working up to -10% in the GBE alloy D9 has not found to alter the 

misorientation of the l:3 boundaries much since majority of the 1:3 boundary ( -90%) are within 
2° from their ideal misorientation1

• To achieve higher retained strain (similar to 20% CW) in the 
microstructure, a four-step iterative thermo-mechanical treatment has been adopted for alloy 09. 
In each processing cycle, rolling with a thickness reduction of 10% was carried out at ambient 
temperature, and the subsequent annealing was performed at 1273 K for a shorter annealing time 

(-30 min) [11]. This has resulted in very high fraction (-63%) of 1:3 boundaries with substantial 
retained strain as revealed by kernel average misorientation (KAM)2 map (Fig. 6(c)). The K.AM 
map can be used to evaluate localized plastic strain in materials [12]. The higher K.AM values in 
the grains correspond to higher local misorientations (i.e. higher retained strain and dislocations) 

and vice versa. Such a GBE microstructure with further -10% CW is likely to reduce RIS and 
void swelling in alloy 09 [6]. The detailed electron microscopy and irradiation study is under 
progress. 
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Figure 5: Frequency distributions of (a) I3 boundaries [average grain size (with and without 

twins) in each condition is also indicated]; (b) .1JJ and I27 boundaries [(I31.1JJ+I27) is also 

shown to assess random boundary connectivity] in 15% deformed and annealed samples 

1 The allowable deviation for I:3 boundaries as per Brandon's crilerion [10] is 8.6°. 
2 The color-scale-coded KAM map is plotted on the basis of first-neighbor kernel parameler with a maximum 

misorientation angle of so. For a given data point, it calculate the average misorientation between the data point and 

all of its neighbors (exclude misorientations greater than some prescribed value- so in this case). 
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Figure 6: (a) annealed at 1273K for 1 hour with 15% pre-strain (Colour code: 13- red; L9-
blue; E27- green; I1 -yellow; other low I CSL- purple, random HABs- black), (b) grain 
boundary map showing only the random HABs; (c) Kernel average misorientation (KAM) map of 
GBE alloy D9 after 4111 iteration 

2.4 Hardfacing of the reactor components 

The liquid sodium, coolant used in fast breeder reactors with controlled oxygen (<3 ppm), has 
a tendency to remove the oxide film on the component surfaces and expose virgin metal. Many of 
these components would be in contact with each other or would have relative motion during 
operation. and their exposure at high operating temperatures (typically 823K) coupled with high 
contact stresses could result in self-welding of the clean metallic mating surfaces. In addition, the 
relative movement of mating surfaces could lead to galling, a form of high-temperature wear, in 
which material transfer occurs from one mating surface to another due to repeated self-welding 
and breaking at contact points of mating surfaces. Further, susceptibility to self-welding increases 
with temperature for AISI 316 stainless steel [13). Hardfacing of the mating surfaces has been 
widely used in components of liquid-sodium cooled FBRs to avoid self-welding and galling [14]. 
Many challenges have been undertaken at IGCAR to evolve a robust hardfacing strategy for the 
component~ of PFBR. At first, based on radiation dose rate and shielding considerations during 
maintenance, handling and decommissioning, Ni-base Colmonoy was chosen to replace the 
traditionally used Co-base Stellite alloy for hardfacing [15]. Next challenge to adequately qualify 
and characterise this Ni-base alloy, having poorer weldability and high-temperature stability than 
the Co-base alloy, was also addressed in a comprehensive manner. The choice of appropriate 
deposition process is a must for success. Metallurgical studies revealed that the hardness and 
microstructure of the gas tungsten arc welding (GT A W) deposit of the Ni-base hardfacing alloy is 
significantly affected by dilution from the base metal with the width of the softer dilution zone 
(of up to 2 mm) often exceeding the final desired hardface deposit thickness. Also, certain 
components like grid plate sleeves of about 80 mm ID, that required hardfacing deep inside the 
inner surface of the sleeve were not amenable for hardfacing by conventional processes like 
GT A W process unless major design concessions were permitted. Hence, the more versatile 
plasma transferred arc welding (PT A W) process was chosen so that the width of the dilution zone 
could be controlled to as low as 0.2 mm (Fig. 7), by optimising the deposition parameters. An 
indigenous fabricator (Mls Omplas, Chennai), who carried out the hardfacing of components for 
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the 500 MWe FBR Project, designed and developed a suitable miniature PTA torch (Fig. 8) for 

hardfacing the inner surface of grid plate sleeves. 

100~~--~-+--~~--~~~ 

~ 0 2 4 8 

Dilllance frotn the fuaion line {lnln) 

Figure 7: Hardness prufiles for Colmonoy 
deposits try GTAW and PTAW 
weldinll orocesses 

Figure 8: Hardfacing of grid plate sleeve 
(ID -80 mm) using indigenously 
desi!lned PTA W torch 

2.5 Hardfacing of Bottom Plate of Grid Plate Assembly 

Grid plate of PFBR is a massive structure consisting of two plates (top and bottom of -6.5 m 

in diameter). Grid plate houses a large number of sleeves in which foot of the sub assemblies rest. 

The grid plate assembly in turn rests on core support structure that also acts as boundary between 

cold and hot sodium in the reactor. Both the grid plate assembly and the core support structure are 

made of AISI 316L(N) stainless steel and immersed in flowing sodium and remain in contact 

throughout the reactor life (60 years). Hence, there should not be any self welding between these 

two components at their contact location. Hardfacing is carried out on two annular grooves 

machined on the bottom plate of the grid plate. These grooves are located towards the periphery 

of the grid plate and hence, diameters of these groves are close to that of the grid plate itself and 

total length (circumference) of single hardfaced deposit was close to 21 m. 

During technology development of the grid plate, extensive cracking of the deposit is 

observed when deposition was carried out as per the procedure finalized initially based on trails 

carried out on 80 mm thick 1000 mm diameter plate. Subsequently, a detailed review of the 

design of the groove, welding process, procedure, heat treatment etc. was taken up in which 

designers, materials engineers, hardfacing agency and manufacturer of the grid plate participated. 

The groove width was reduced from 45 to 20 mm and the groove angle increased from 30° to 

60°. This enabled us to carry out hardfacing in single layer and single pass of deposition. Preheat 

temperature for deposition was increased from 773K to 923K and the furnace for preheating and 

stress relieving heat treatment was modified to ensure that the temperature variation across the 

component during heating or cooling is reduced considerably. It was also decided to carry out 

hardfacing continuously using four PT A W machines positioned on a circular track which was 

concentric to the bottom plate. Machine controls were suitably modified to have smooth 

deposition between starting and ending locations of the deposit, which is found to be more prone 

to cracking than the other locations of the deposit. The process has been successfully employed 
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for the bottom plate of the grid plate assembles of PFBR. After bottom plate reached preheat 
temperature, the entire operation of hardfacing of the two grooves of -6.5 m dia. each took only a 
few hours. Figure 9 shows the grid plate mounted on the furnace bed with hardfacing operation in 
progress. Neither cracks, nor de-bonding nor surface porosities were observed on the deposits. 

Figure 9: Grid plate mounted on the furnace 
with hardfacing in progress 

Figure 10: (a) Shallow penetration in 
conventional TIG welding; (b) deeper 
nenetration in A-TIG weldinsr 

2.6 Activated Tungsten Inert Gas (A·TIG) Welding 

In 1960, the Paton Electric Welding Institute Ukraine, [16] developed an effective 
improvement to the TIG welding process, designated as active tungsten inert gas welding (A
TIG). Before welding, a thin layer of an inorganic powder, known as activating flux, is coated on 
the surface to be welded. This results in increase in the depth of penetration by a factor of 1.5 to 3 
when compared to single pass manual TIG welding. The advantages offered by this process 
include a) ensuring good penetration in welding of thin sections welding of materials like 
austenitic stainless steels which are known for poor depth of penetration, b) avoiding edge 
preparation for thickness up to 10 mm, c) reduction in both time and cost for edge preparation 
and d) avoiding the use of filler wire. At IGCAR, A-TIG welding process with a new flux has 
been successfully developed for joining both 304 and 316 grades of austenitic stainless steels 
[17]. The innovation in flux formulation has resulted in improvement in creep rupture properties 
and toughness [18]. The Figure 10 compares the weld penetration in normal GTAW process and 
A-TIG process. 

The A-TIG process along with activated flux developed at IGCAR has been successfully used 
in fabrication of fuel subassemblies (FSA) required for testing [19]. Figure 11 shows the 
hexagonal sheath of FSA being welded using A-TIG process. The wall thickness of the sheath is 
3 mm and the procedure considered earlier involved edge preparation, filler addition and two pass 
welding. All this could be avoided and welding could be completed with more speed (70% more 
than manual metal arc welding). Subsequently, this process is used for fabrication of many other 
components too. Figure 12 shows the welding of a shell structure of 304L austenitic stainless 
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steel of 3 mm thickness meant for water storage tank. A maximum thickness of 6 mm stainless 
steel has been welded so far employing A-TIG process along with activated flux developed at 
IGCAR. 

I I '• 
.. . 

Figure 11: A-TIG welding of hexagonal 
sheath of fuel subassemhlies 

2.7 Non-Destructive Evaluation 

} . ·',4' . .. ~~ . 

Figure 12: A-TIG welding of cylindrical 
shell for a water storage tank 

The structural integrity of reactor core and other safety components including fuel 
assemblies, reactor vessels, steam generators etc. need to be ensured through stringent quality 
evaluation and periodic in-service inspections. Advanced ultrasonic and eddy current based NDE 
procedures have been developed for inspection of structural and core components of the reactor 
and steam generator components, as part of fabrication quality assessment. 

Cladding tube housing nuclear fuel is a critical component demanding stringent quality as 
it is a first robust barrier to radioactivity release. The relative capabilities of ultrasonic and eddy 
current techniques for detection of these defects are shown in Table I which clearly brings out the 
necessity for use of both the techniques in a complementary way. In the case of ultrasonic testing, 
standard test procedures are followed. In the case of eddy current testing, in order to detect and 
evaluate depth of defects in the cladding tubes, an on-line testing procedure that uses artificial 
neural network has been developed. This innovative technique uses eddy current data from two 
test frequencies and quantifies defect size on-line. This on-line procedure has been successfully 
applied to detect defects in the indigenously produced Fast Breeder Test Reactor (FBTR) 
cladding tubes, some of which have acceptable periodic wall thickness variations of about 2% of 
wall thickness. 

Table/: Defect types detectable using eddy current and ultrasonic method 

Detection and Characterisation Eddy current method Ultrasonic method 
ID defects Possible Possible 
OD defects Possible Difficult 

Isolated large inclusions Difficult Possible 
Grouped fine inclusions Possible Difficult 
Circumferential defects Difficult Possible 

Variations in cold work and texture Difficult Possible 
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Due to the complex geometry of hexcan weld of the PFBR fuel subassembly, radiography 
testing of the weld cannot provide required sensitivity during the fabrication stage. Hence, a new 
ultrasonic methodology has been developed for testing of the hexcan weld (Fig. 13). The 
developed methodology involves testing the weld from the thinner plate side using 1 MHz 
Rayleigh wave, which penetrates the complete thickness (3 mm) of the weld (approx. one 
wavelength). This methodology is quite fast and can be used for detection of both axial and 
circumferential defects. 

The importance of high integrity welds in steam generators is due to risks arising out of 
sodium-water reaction in the event of breaching the integrity of steam and water boundary. Tube 
to tube-sheet weld joints are the regions where the possibility for a leakage path is highest. The 
main defects in the weld joints are porosities, concavities or convexities. It is expected that the 
radiography technique should be able to detect single porosities of size at least of the order of 50 
IJm. In the entire weld, the total pore count must be such that the sum of diameters of all the pores 
visible is less than 2.54 mm. This leads to the necessity of high sensitivity defect detection in 
these welded joints. In this regard, rod-anode based micro-focal radiography · (Fig. 14(a)) 
technique and appropriate digital image processing methodology has been developed and 
standardized [20]. More than 100 trial weld joints were radiographed to establish the procedure 
for quality assurance. Results on the trial welds of these tubes have shown that it is possible to 
resolve a 32 micron diameter steel wire placed on the inside of the tube (Fig. 14(b)). This 
corresponds to a sensitivity of 1.3%-1.6% of the wall thickness of the tube. Radiographs taken 
during the developmental stage of the welding have given feedback to arrive at correct weld 
parameters for acceptable weld joints. This procedure has been successfully employed for the 
steam generators for PFBR. 

~-- I 
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Figure 13: Ultrasonic surface wave based methodology for non-destructive inspection of hexcan 
welds of PFBR subassemblies (a) hexcan weld (b) a schematic of the mock up weld, and (c) a 
mock up weld with reference defects (top) and the co"esponding ultrasonic images of the defects 
(bottom) 

One of the imperfections that could occur due to improper internal shield gas flow and 
weld parameters is weld concavity and convexity. Depending on the geometry of the weld, the 
presence of such convexity and concavity can result in concentration of stresses in and around the 
region. In the case of the tube to tube sheet weld joints of the steam generators of the PFBR, it is 
specified that the maximum permissible value for the convexity and concavity is 0.2 mm (both 
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for internal and external concavity and convexity). It is easy to determine the external convexity 

and concavity due to availability of access for replica based measurements. In the case of internal 

concavity and convexity, the technique of replica using dental compounds is quite difficult. 

Procedures for measurement of internal concavity and convexity by replication using silicon 

rubber compound and special hardware and also by video-imagescopy have been developed at the 

authors' laboratory. 

Figure 14: Integrity Assessment of ITS Weld Joints in Steam Generators of PFBR (a) rod anode 

based micro-focal radiography set-up and (b) Radiography image of a typical ITS weld joints 

showing penetrameter wires and porosity 

2.7.1 Replica Technique 

The hardware for the replica technique essentially consists of manual injection device, 

mixing guns, injection head, spring loaded CRS plugs and recovery cork screw head. The 

consumable is a silicon rubber compound of the type RTV-FA 877 with a pot life of 2 months 

and a curing time of 4 hours. Horizontal injection technique was adopted. For concavity 

measurement, notches and grooves of two different depths (0.35 mm and 0.25 mm) were made 

internally by electro discharge machining in a standard tube of OD 31.2 mm and ID 27.8 mm. 

1be profile of the groove was then replicated using silicon rubber compound. The dimensions of 

the groove were then measured from the replica using a profile projector having a measurement 

accuracy of ±5 microns. It was observed that an overall accuracy of ±20 microns could be 

obtained for concavity and convexity measurements. This procedure has been subsequently 

adopted for examination of a number of joints for steam generators of PFBR. A typical siliconone 

compound replica of the weld is given in Fig.l5. 

Figure 15: Typical siliconone compound replica of tube to tube-sheet weld joint 
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2.7.2 Videoimagescopy 

The videoimagescope is an advanced version of the flexible fiberscope in which a CCD 
chip is used for imaging. The use of videoimagescopy for profiling of the ITS weld joints is 
described below: 

The Olympus videoimagescope model IVC-6 used for this application has a diameter of 6 
mm and working length of 7 m with a field of view of 60 degree convertible by tip. In the present 
experimental campaign, the 80 degree forward viewing and side viewing tips were used. The 
light source used was IL V -2 with a 300 W xenon lamp. Using the 3-D graphic measurement 
system, it is possible to measure the length, width etc. on the images very accurately. Before the 
actual work was undertaken, the feasibility of using videoimage scope for quantitative weld 
profiling and also the accuracy of the method were established. A tube identical in dimensions 
(OD and ID but of shorter length) to the actual tube was selected. Internal convexity was 
simulated by placing steel wires of known diameter (0.4 mm and 0.2 mm) both longitudinally and 
circumferentially at a distance equivalent to the distance of weld from the face of the tube sheet. 
Comparison of the diameters estimated using videoimagescope with the actual diameters 
measured using a micrometer indicated an accuracy of the order of ±20 microns. For concavity 
measurement, notches and grooves of two different depths (0.35 mm and 0.25 mm) made 
internally by electro discharge machining in a standard tube of OD 31.2 mm and ID 27.8 mm, 
were made on calibration standards. The methodology based on Video image has been adopted 
for concavity and convexity measurement of a number of joints of the re-heater. Images of good 
weld, weld with convexity and weld with concavity are shown in Figs. 16(a), (b) and (c), 

Figure 16: (a) Videoimage of a good weld; (b) convexity detected in weld Joint (the convexity is 
0.437 mm); (c) typical weld concavity in one of the re-heater joints (the concavity is 0.44 mm) 

3. Concluding remarks 

A few illustrative exemplary approaches followed for the successful deployment of 
materials, manufacturing and inspection technologies for the current and future Indian Fast 
Breeder Reactor Programme have been described. Research, development and deployment of 
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materials, manufacturing and inspection technologies has been enabled by robust design, 
extensive and innovative modelling, characterisation, testing and evaluation of materials, 
improvements in manufacturing processes; and validation of technologies by demonstration with 
real-life structures and components. The extensive collaborations among academic, research and 
industrial organisations with 'science-based technology' approach are the guiding principle for 
the successful development of materials and manufacturing technologies for the Indian Fast 
Breeder Reactor Programme. 

Acknowledgments: Authors are thankful to a large number of colleagues in Metallurgy and 
Materials Group and collaborators from academic, research and industrial organization for their 
contributions. 
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