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Editor’s Desk

Dear Reader

Greetings

It is my pleasant privilege to forward the latest issue of IGC Newsletter (Volume 145, October 2025,
Issue 4). | thank my team for their timely inputs, cooperation, and support in bringing out this issue.

The Research Scholar Forum article of this issue “Understanding Creep-Fatigue Interaction
Performance of Grade 91 Steel Weld Joint at Elevated Temperature" is by Ms. P. Vaishali from MMG,
IGCAR.

The IGCAR Lectures Series articles on “Emergency Power Supply System of FBTR — Reliability Model”
by Smt. C.P. Deepa; “FBTR Level-1 PSA — Methodology & Results” by Dr. M. Ramakrishnan; “FBTR
Shutdown System and Reliability Model” by Shri Sthitapragyan Pattanayak; “Sodium Purification
System for Fast Breeder Reactor” by Shri M.G. Hemanath; “Ventilation Systems for Reprocessing
Plants by Shri N. Krishnan; “FBTR Level-1 PSA — FBTR Decay Heat Removal Systems and Reliability
Model” by Shri Shobhit Verma; “Microstructural Aspects of Materials Development for Nuclear Fuel
Cycle” by Dr. R. Mythili are included in this Newsletter.

In the back cover, We have White-Eyed Bazzard bird found in IGCAR campus.

The Editorial Committee would like to thank all the contributors. We look forward to receiving
constructive suggestions from readers towards improving the IGC Newsletter content.

We express our deepest gratitude to Director IGCAR for his keen interest and guidance.

With best wishes and regards

Shri J. Rajan
Chairman, Editorial Committee, IGC Newsletter and
Head, Scientific Information & Networking Division, IGCAR
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Shri C.G. Karhadkar
Distinguished Scientist & Director, IGCAR

Good morning to all
My dear colleagues, a very happy Independence Day to one and all.
On this 79" Independence Day, our hearts are filled with pride and gratitude for the countless souls whose courage won
us this freedom.
As the vibrant tricolor flies high in the sky, we honor their legacy, cherish the values they fought for, and stand united to
build a nation rooted in justice, equality, and progress.
Let this day inspire us to work tirelessly towards the Vikasit Bharat where every dream has a chance to flourish, and the
light of independence shines ever brighter for generations to come.
On this auspicious occasion, let us reflect on our remarkable journey and celebrate the milestones that mark our progress.
IGCAR has been consistently providing support to various milestone activities of PFBR.

. IFTM

e Lastyear during this period we were facing a problem of IFTM transfer pot not reaching the bottom. To determine
the root cause of the obstruction in the movement of the transfer pot, an Under Sodium Ultrasonic Scanner
was designed and deployed, to visualise the internals of the Primary Tilting Mechanism (PTM) of Inclined
Fuel Transfer Machine (IFTM) of PFBR. The investigations revealed that one of the two 31° tilting rails has got
dislocated.

e To circumvent this problem, direct fuel loading arrangement has been planned. | am happy to announce that
due to persistent efforts of all our colleagues at RDG, FRTG, Central Work Shop, Zonal Work Shop and Bhavini
Work Shop a completely new fuel handling system has been conceived, designed, fabricated and erected in last
six months. If everything goes well, we may resume fuelling operations at PFBR before the end of this month.

e Designing of the shielded flask will be started immediately after this for handling of the irradiated fuel.

e For retrieval of the displaced rail, for enabling direct fuel handling, a complete mock up facility was created
at Bhavini. | am happy to inform that two teams one from Bhavini and other from BARC have developed and
successfully tested their tools in this mock up facility for retrieval of displaced rail. Very shortly we are likely to
deploy one of the tools for removal of the displaced rail.

Il. DISHA-V2

« The NDE inspection module of the DISHA-V2 in-service inspection vehicle consisting of eight ultrasonic
-1- IGCAR Newsletter, October 2025
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transducers and one eddy current probe for inspecting the dissimilar weld between the main vessel and the
roof slab of PFBR, has been successfully deployed at PFBR after its high temperature testing and qualification
and about 20% of the work has been completed. Further work is in progress.

lll. FBTR and KAMINI

» The Fast Breeder Test Reactor (FBTR), the flagship reactor of the 2" stage of the Indian Nuclear Power Program,
has completed 33 irradiation campaigns at the target power of 40 MWt. In 2024, the reactor operated for about
90 Effective Full Power Days (EFPD) and has generated 15.515 million units (MU) of electrical energy.

e Currently, the 34" irradiation campaign at the rated target power of 40 MWth is in progress with Turbo Generator
connected to grid and as on July, 2025 the total electrical energy generated was 2.22 million units.

* As a step forward towards achieving net zero emission, feasibility study on “Green Hydrogen Production” by
a combined team of experts from BARC and IGCAR has been completed. Work towards integration of Copper
Chlorine Thermo-Chemical Cycle Based Hydrogen Production Facility at Fast Breeder Test Reactor has been
initiated and work is in progress.

* Production of Sr-89 with high specific activity at FBTR was successfully demonstrated. The product satisfied all
the Quality Control Parameters as per US, European & International Pharmacopeia. Animal distribution studies
have been successfully completed on the same recently.

* The U-233 fuelled Kalpakkam Mini Reactor (KAMINI) is continuing its successful operation for testing of various
neutron detectors, Neutron Activation Analysis (NAA), Neutron radiography of fresh & irradiated fuels and
shielding experiments.

IV. CORAL and DFRP

* As part of the Reprocessing Programme, the Compact Facility for Reprocessing Advanced Fuel (CORAL)
completed 66" reprocessing campaigns for FBTR spent fuel. CORAL was safely operated with required recovery,
decontamination factors and optimised Man-rem expenditure. The 67" reprocessing campaign of FBTR fuel has
been commenced during March, 2025 and is in progress. The main stream solution of 67" campaign of FBTR
fuel has been reprocessed successfully.

» Since hot commissioning of Demonstration Fast Reactor Fuel Reprocessing Plant (DFRP), during April 2024,
three successful campaigns for processing FBTR spent fuel were completed. 60 FBTR spent fuel pins with a
burnup of 155 GWd/ton were processed in the third campaign achieving its full design capacity. Recently,
the fourth campaign of limited hot run has also been completed.

NP-237

* The recovery of Neptunium-237 from the PUREX process stream has been successfully demonstrated. About
1800 mg of Np-237 has been separated from the uranium product stream. Neptunium-237 can be used to
produce Plutonium-238, which is a source material for Radioisotope Thermoelectric Generators (RTG).

Cm-244

e Curium (Cm)-244 has also been isolated from the PUREX process stream.

V. FBTR-II

e |am happy to inform that, In-Principal approval for a 100 MWth FBTR-II, has been obtained from AEC, along with
Metal Fuel Fabrication Facility, Post Irradiation Examination Facility and Pyro-Processing Facility for the metal fuel
at a project cost of 5000 Cr and project tenure of 10 years. Detailed DPR preparation is in progress. The major
objective of FBTR-II will be development and testingof metal fuel on one is to one scale for a 500/1000 MW Fast
reactor, the secondary objectives for this reactor are:
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* Production of green Hydrogen,

» Isotope production (both strategic and commercial),

* Material irradiation Studies

e Minor actinide burning studies,

» A conceptual physics design for the 100 MWt FBTR-II core has been completed. The design is based on driver
carbide fuel and test metal fuel.

e Approval has also been obtained for sodium IHX and Pump test facilities keeping in view the large-scale
expansion of fast reactor programme.

VI. STC

» Commissioning of a large experimental sodium test facility was carried out at Sodium Technology Complex on
24™ June, 2025. This facility, constructed using Austenitic Stainless Steel 316L[N], will be used as a test bed
for improving and optimizing the design concepts and to provide inputs for the design of future FBRs.

VIIl. H,S Sensors

» The indigenously developed Hydrogen sulphide sensors were tested in Heavy Water Plant, at Manuguru. The
performance of in-house developed sensor was found to be comparable with the imported sensor functioning
already in the plant.

VIIl. Pyro-Processing and Metal Fuel Development

» Towards development of Pyro-Processing, Fresh 2 kg U-Zr sodium bonded fuel pin was cut, sodium was
distilled out and loaded in the electro refiner. After electro refining about 1.6 kg of uranium was retrieved.

» Towards R&D related to metal fuel irradiation studies, Irradiation of different composition (Pu/U+Zr) of metallic
fuel pins is in progress at FBTR. The maximum burnup attained till date is 37.6 GWd/t for 23%Pu-19%EnU-6%Zr
fuel pin.

IX. General R&D

* A novel uniaxial and biaxial fatigue test systems have been developed, with the aim of generating location-
specific properties of reactor structural materials.

» Assessment of long-term operational behaviour of SS304HCu and Alloy 617M tubes after 30,000 hrs exposure
in the Fireside Corrosion Test Rig (FSCTR) at Dadri, NTPC, UP has been completed by consortium partners
IGCAR, BHEL and NTPC. The study is carried out to determine oxidation allowance to be included in design of
In-AUSC plants.

* High-performance reinforced green concretes with fly ash and nanoparticles of CaC0, and TiO, were developed
for nuclear power plants in coastal environments, which inhibited the ingress of aggressive chlorides and
showed no significant corrosion degradation even after one year of exposure to seawater.

* Inthe field of quantum communication, IGCAR is developing an alternative to Quantum Key Distribution, called
the Quantum Secure Direct Communication.

e (dZnTe single crystal growth activity is being actively pursued for room temperature gamma spectrometry
application. Recently we have achieved an FWHM of 2.6% energy resolution for 667 keV Cs-137 peak.

» Thermal Energy Storage System has been developed at North Plant Site. It is a smart energy management
solution that shifts air-conditioning (AC) load from peak to off-peak hours. It stores thermal energy in the form
of latent heat using Phase Change Material (PCM), which freezes and melts to absorb or release thermal energy.

» Site Acceptance Testing of Wind Profiler involving performance of radar sub-systems, software, data products
and its validation using GPS Sonde experimental data was completed. Height coverage of data under different

weather conditions was evaluated and the system was made operational.
-3 - IGCAR Newsletter, October 2025
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* AFission Product Noble Gas (FPNG) monitor is installed in one of the predominant wind sectors of Kalpakkam
site and commissioned. This spectrometry-based monitor would provide real-time data on the presence of
radioactive gases and their concentrations in atmospheric environment.

» As part of Swachhata Hi Seva — 2024 celebrations, a tree plantation campaign was organised under the theme
‘Ek Pedh Maa Ke Naam’. Around 2500 ethnic, flowering and fruit bearing trees were planted within a period of
11 days during September to October, 2024 by the employees of IGCAR covering an area of around 60,000
Sqg. meters within DAE campus. The second phase of tree plantation was also organised as part of “World
Environment Day 2025” during June 2025 towards enhancing the green cover mapping within the campus.

* To align with our Nation’s key missions of Atmanirbhar Bharat and Viksit Bharat — 2047, the DAE Incubation
Centre of IGCAR functioning since October, 2020 has been registered as an Atal Incubation Centre with the
name “AlC-IGCAR-FAST Foundation” on October 08, 2024 and as a Section 8 Company under Companies Act,
2013.

* The “Anu Awareness Yatra — 2025” was organized by IGCAR, Kalpakkam, in collaboration with professional
bodies from January 20 to February 7, 2025. This year, the yatra commenced from Kalpakkam, Tamil Nadu,
and culminated at Kaiga, Karnataka, covering many educational institutions across 1,100 km. Nearly 10,000
students & 500 faculty members and teachers actively participated in the event.

» As part of the outreach activities, about 175 students have pursued their Post Graduate/Under Graduate project
work, 2800 students & faculties from various schools and colleges, 950 visitors from public & VIPs have visited
this Centre since last year.

Dear Colleagues, | have just highlighted only few of the achievements of our Centre, which were achieved only due to the
sustained efforts of our scientists and technologists. On this Independence Day, | acknowledge the invaluable contribution
of each and every individual who has been part of this remarkable team effort.

| would also like to take this opportunity to gratefully acknowledge all personnel providing auxiliary and support services
for their contributions towards the success of our programmes. This includes the Administrative, Accounts, Medical
Services, Engineering Services, CISF, Fire Safety Services, Transport Section, and many more, who are undoubtedly
one of the strengths of this organisation. Our thanks are also due to all the personnel of various service organisations
at our campus and townships which provide services to our employees. Special thanks are also due to the Unions and
Associations for their support and cooperation.

Thank you, Jai Hind
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Ms. P. Vaishali is currently pursuing her PhD under

Homi Bhabha National Institute at the Indira Gandhi Centre
for Atomic Research (IGCAR), Kalpakkam. Her doctoral
research is focused on creep-fatigue interaction in P91
steel weld joints, exploring the role of loading waveform
~ and microstructural zones in deformation and damage
mechanisms. She completed her M.Sc. in Materials Science
+ from Anna University, Chennai, and her B.Sc. in Physics
from Sri Sathya Sai Institute of Higher Learning, Anantapur.
She has three peer reviewed journal publications. She has received recognition
for her work, including a Best Paper Award from the Indian Institute of Welding.

Research

Scholar
Forum

Understanding Creep-Fatigue Interaction Performance of
Grade 91 Steel Weld Joint at Elevated Temperature

1. Introduction

P91 ferritic-martensitic steel is used
as a steam generator (SG) material in
India’s first fast reactor due to its excel-
lent thermal conductivity, weldability
and improved creep resistance com-
pared to other grades of Cr-Mo steels
[1]. Construction of large SGs involves
several Weld Joints (WJ) that also act
as weak links in the structure. Grade
91 (or P91plate material) being ther-
mally sensitive in nature, undergoes
several phase transformations during
the multi-pass welding process. Thus,
both the microstructures and the hard-
ness across the weld joint gets affected
in @ complex manner. The narrow band
of Heat Affected Zone (HAZ) is prone to
premature failures. The loading wave-
forms have important bearing on the
performance of materials. Also, it is
well known that creep alone or fatigue
alone may not be as damaging as the
simultaneous fatigue and creep load-
ings, which is typically known as Creep
Fatigue Interaction (CFI). Various pre-
mature failures worldwide in P91 WJ
have been reported [2], due to the soft
HAZ. However, only limited informa-
tion is available on understanding of
the weld failures due to CFl. This is due
to the challenges in characterising the
complex changes in the narrow gap of
a few millimetres of the HAZs and the
fine and composite microstructures.

Power transients and shutdowns/start-
ups between the steady operations of
nuclear power plant components can
give rise to situations like simultane-
ous CFI loading waveforms [3]. As fa-
tigue in thick section pipes is of thermal
origin, Low Cycle Fatigue (LCF) and
CFl under total strain control mode be-
come relevant studies from design and
reliability point of view. Hence the aim
of the study is to understand the ef-
fect of various combinations of creep
and fatigue loadings and identify the
microstructural parameters affecting
the life of a Grade 91 steel weld joint.

The schematic of weld joint (Fig. 1a) and
waveforms (Fig. 1b) are depicted. The
cyclic waveforms include pure fatigue
cycling and a cycling plus an additional
period of creep hold in either peak
tension or peak compression or both
(Fig. 1c). Thus, cyclic loading without
any hold application (or Continuous
Cycling (CC)), and various Creep-Fatigue
Interaction (CFl) waveforms such as ()
a 10 min of hold in either peak tension
(10TH) or (b) peak compression
(10CH) strain, or (c) @ 5 min of hold
in both tension and compression
peak strains (5TCH), or (d) a 30 min

Fatigue and
ereep-Tatigue
internction
loading

l

Generating

Ol shong vavh nnd Immmaheng  cpyy g mon FDS e
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Figure 1: (a) Schematic of a fatigue specimen containing double V joint in the
centre of the gauge section, dimensions of sample (b), typical waveforms of LCF
and CFl loadings (c), schematic of hardness maps on longitudinal section of failed
sample (d), microstructural characterization near the indentation (for reference)
(e), typical microstructure of N+T Grade 91 steel (f) and cyclic stress response
of the Grade 91 steel weld joint under the effects of various CFl waveforms (g)
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Element C Cr Mo Ni V Nb N P Cu Co Fe
Base metal | 0.11 9.3 0.99 0.14 0.25 0.1 0.068 | 0.008 | 0.020 Bal.
Weld metal 0.1 9 1.0 0.7 0.17 0.06 | 0.055 | 0.012 | 0.009 | <0.05| 0.016 Bal.

Table 1: Chemical Composition of P91 Base Metal and Weld Metal in wt.%

of hold in either tension peak strain
(30TH) or (e) a 30 min of hold in peak
compression (30CH) strains in every
cycle, were performed on P91 steel WJ.
As a single hardness line profile is
not helpful in visualizing the complex
changes in the weld joint, hardness
map over the longitudinal section of
sample, both before and after fatigue
tests are recommended (schematic
shown in Fig. 1d). To identify
microstructural changes and to relate
them with the changes in mechanical
properties, it is recommended to
perform location specific investigation,
considering indentation marks as the
reference points (Fig. 1e). The initial
microstructure used in normalized and
tempered condition (Fig. 1f) and cyclic
softening nature of the steel is vivid from
Fig. 1g. Microstructural investigation
includes precipitate analysis, relation
of precipitates and cavities, carbide-
subgrain interrelation, and dislocation
density at the five microstructural zones
of the weld joint and energy dispersive
X-ray analysis (EDS) mapping. The five
microstructural zones of P91 steel are
Weld Metal (WM), the unaffected Base
Metal (BM) and the Heat Affected Zone
(HAZ) comprising of Coarse Grains
(CG), Fine Grains (FG) and Inter Critical
(IC) regions, each having different
hardness. The waveform dependent
changes in cavity size and distribution,
and their relationship with failure
location, and various other parameters
that affect CFI life is discussed.
2. Experiment

The chemical composition of modified
9Cr-1Mo steel is detailed in Table 1
[4]. Normalization at 1323 K for one
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hour followed by air cooling, and
tempering at 1033 K for 45 minutes with
subsequent air cooling was performed.
Shielded Metal Arc Welding (SMAW)
(using 20 V and 100 A) was used to
weld the P91 steel plates. Due to the
large thickness of the plates, a multi-
pass welding technique was applied
to fill the double V groove and join the
edge-prepared base metal plates. The
temperature was maintained at 423
K throughout the welding process to
prevent hydrogen ingress. Radiographic
examination confirmed the soundness
of the as-welded joints. Fatigue samples
were extracted from the welded plates
and were subjected to Post-Weld Heat
Treatment (PWHT) at 1033 K for 3
hours followed by air cooling. LCF
and CFl experiments were performed
in an air environment under total strain-
controlled mode as per ASTM E606 and
E2714, respectively [5,6]. The LCF and
CFl experiments were performed using
triangular and trapezoidal waveforms
respectively. Total strain amplitude of
+0.6%, strain rate 3x10-3 s and
temperature of 873 Kwere keptconstants
for all the test conditions so that
the effect of loading waveform
alone on the deformation and
damage could be  evaluated.
Microstructural  investigation  was
conducted through  microhardness
mapping across the weld joint, Electron
BackScatter  Diffraction (EBSD)
(Subgrain  size and GNDdensity)
and Scanning Electron Microscopy
(SEM) imaging (carbide and cavitation
studies) with EDS for all the LCF and
CFl test conditions and in all five
microstructural zones of the WJ.

-6 -

3. Results and Discussion

3.1 Initial 2D Microhardness Mapping
Insuffient information through single line
hardness measurementprompted to the
mapping of entire weld joint sample. All
the single hardness lineswere collated
to generate hardness maps that was
useful for the clear visualization of
failure locations and the location specific
changes in the WJ due to different
loading waveforms. It was found that
out of all the waveforms, the most
deleterious combination for strength
loss was due to the application of short
unsymmetrical CFl loadings (10CH
and 10TH) as against the symmetrical
loading of same hold period (CC and
5TCH), or even the much longer creep
hold periods of the unsymmetrical CFl
loading (30 min CH and 30 min TH).
The higher extent of deleterious effect
of the cyclic loading as against the
creep loading could be thus established.

3.2 Cavitation Studies
All these six CFl tested samples were

Cavity size ()
+ 0.08

320
300

o 1.06
O 204 280
O 3.02 A 260
O 4.00 ) 240
Cavity number ) 18 220
m s N 210
| 618 L' 180
i |_T z
Figure 2: A schematic bubble plot
depicting location-specific  cavity
size and distribution superimposed
on the 2D microhardness map
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30TH

Figure 3: Colour code categorization of carbides and subgrains coarsening behavioras depicted for various microstructural

zones and test conditions

imaged under the SEM at magnification
of 15000x. It was found that three
types of particles were responsible for
cavity formation and they were :(a)
ALO,, (b) NbC, and (c) Cr,C,. The
cavitation propensities of AlLQ,, NbC,
and Cr,,C, were about 100%, 70% and
20% respectively. A schematic bubble
plot depicting location specific cavity
size and distribution superimposed on
the 2D Vickers microhardness maps is
shown in Fig. 2. The failure location (one
side of the weld metal) and the cavitated
regions of the intact or unfailed region
(other side of the weld metal) almost
mirrored each other, thereby signifying
the important role played by second
phase particles in failure of components.

3.3 Carbide-Subgrain Interrelation

It is widely known that the hierarchical
boundaries of ferritic martensitic steels
are stabilized by the second phase
particles i.e. pinning of the subgrain
boundaries by M,,C, carbides and that
stability of the carbides would also
ascertain the stability of the subgrain.
It was found that the stability of the
pinning carbides present on various
hierarchical boundaries does not always
conform to the stability of the subgrain
to the same extent in all the constituting
microstructural zones of an actual P91
steel WJ when subjected to various
loading waveforms. Under CFI loading,
the interrelations between the stabilities
of M..C. carbides at the hierarchical

2376
boundaries and the subgrains were

dependent upon the microstructural
zone of the WJ in consideration,
symmetricity/asymmetricity  of  the
applied waveform and the extents of
creep/fatigue contributions in the CFI
waveform cycles. When short hold CFls
are instituted on an actual P91 steel WJ,
the hard zones of WM and CG do not
permit for the subgrain coarsening, but
the stability of the soft zones of BM, IC
and FG alone are at stake. A one-on-one
carbide and subgrain coarsening were
only seen under long CFl holds. These
interrelations are depicted in Fig. 3. The
legend of Fig. 3 is shown as Table 2.
3.4 Dislocation Density and Oxidation
Analysis

Dislocationdensity (geometrically
necessary dislocation, GND evaluated
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Figure 4: Plot representing relation between dislocation density (GND) and fatigue life for all test conditions (a), and EDS map
representation from a surface of a CFl tested sample depicting oxide filled cracks, along with the depiction of strain versus

life plot (b)
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S.No. Carbide Subgrain Comment Legend

Homogeneous coarsening of subgrains along :

L e 12 with carbide coarsening e ([l ey

9 Yes No Carblde_coarsens but does not cause subgrains Green (horizontal line)
coarsening
No change in carbide size but overall/preferential o

3 No Yes coarsening of subgrains Dark blue (vertical line)

4 No No Both carbides and subgrains do not change Yellow (star)
Carbide coarsens with profuse preferential |, . .

) Yes Yes coarsening of subgrains Light blue (diamond)
Refinement of carbide with homogenization/no | .

6 No No changs in subgrains Pink (checked)

Table 2: Legend of Fig. 3 Describing the Carbide Subgrain Interrelations
from EBSD measurement) were between the cavitation propensities of https://doi.org/https://doi.

evaluated for all the six tested samples.
The GNDs followed nearly the same
trend as CFI fatigue lifeand hence, it
was concluded that the GNDs were
related to the cyclic softening that
also affected fatigue life (Fig. 4a).
Apart from this, the proneness of the
Grade 91 steel to oxidation was also
vividly seen (Fig. 4b). This has an
important bearing on the life reduction
due to the extended time of creep hold
periods during CFl loading (Fig. 4b).
4. Conclusions

The above findings clearly indicated a
necessity to perform hardness mapping
to clearly visualize the complex changes
in the grade 91 steel weld joint. The
short hold CFI denoted greater fatigue
contribution and longer hold CFl
denoted greater creep contributions.
Shorter holds being more damaging

than longer hold CFIs in terms of
strength losses indicated the larger
deleterious effectsof cyclic loading over
creep. The importance and difference
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AI203, M23C6 and NbC were brought
out and that had important bearing on
the failure locations. The response of
the various microstructuralzones of
P91 steel weld joint were different and
that had different effect on the weld joint
performance under different loading
conditions. The life reduction under CFI
loading as compared to pure fatigue
was attributed to the reduction in initial
dislocation densities of the steel that
led to its cyclic softening, the second
phase particles aided in cavitationand
the surface oxidation aided the
crack initiation and  propagation.
The synergy between the various
metallurgical parameters enumerated
and the local stress/strain distribution
would decide the deformation,
damage and failure of the weld joint.

Reference

[1] Aoto K, Komine R, Ueno F et al.
(1994). Creep-Fatigue Evaluation of
Normalized and Tempered Modified
9Cr-1Mo. Nucl Eng Des 153:97—110.

0rg/10.1016/0029-5493(94)90024-8.
[2] Wang Y, Kannan R, Li L (2020).
Insight into Type IV Cracking in Grade
91 Steel Weldments. Mater Des
190:108570. https://doi.org/https://doi.
org/10.1016/j.matdes.2020.108570.
[3] Salifu S, Desai D, Kok S (2020).
Creep—Fatigue Interaction of P91
Steam Piping Subjected to Typical
Start-up and Shutdown Cycles. J Fail
Anal Prev 20:1055-1064. https://doi.
0rg/10.1007/s11668-020-00908-8.

[4]  Shankar V, Mariappan K,
Sandhya R, et al. (2014). Effect of
Application of Short and Long Holds
on Fatigue Life of Modified 9Cr-
1Mo Steel Weld Joint. Metall Mater
Trans A 45:1390-1400. https://doi.
0rg/10.1007/s11661-013-2108-x.
[5]E606/E606MASTM (2012). Standard
Test Method for Strain-Controlled
Fatigue Testing. In: ASTM Standards.
[6] E2714-13 ASTM (2021). Standard
Test Method for Creep-Fatigue Testing.
In: ASTM Standards.



Lecture Series

< —

Smt. C.P DEEPA
Reactor Facilities Group

Indira Gandhi Centre for Atomic Research, Kalpakkam

Tamil Nadu, India

Lecture
Series

Emergency Power Supply System of FBTR — Reliability Model

The emergency power supply system
provides power during failure of normal
power supply, Class IV. This is achieved
by two Diesel Generators (DGs)
connected to independent bus sections
(Fig. 1) through breakers. Rating of each
DG is 1000 KVA, 415V, 3 Ph. 50 Hz.
Both the DGs are located in service
building. Each DG is provided with
a 1000 L overhead day tank for fuel
supply. Additionally, two underground
fuel storage tanks (each 40 KL capacity)
are provided to meet the demand during

NOSI..I-’PLYIN'|INIDSUL’P|.Y IN
1008 2004
| |
T ] I |
[ BTsa-1004 | [ BTSB-1008 | [ BTSB-2004 | [ BTSB-2008 |

NO SUPPLY IN| [NOSUPPLY IN|
1004 2008

Figure 2: Fault Tree

connected to BTsb 200A. Similarly
auto breaker of DG2 can be connected
to BTsb 200B and its manual breaker
can be connected to BTsb 100B.

Auto startup and bus transfer logic
of both the DGs are independent but
functioning of the logic circuit is similar.
In case of power failure, under voltage
relays (U/V relays) of 6.6 KV bus as
well as U/V relays of the emergency bus

Figure 1: Emergency Bus Scheme

normal power supply failure for at least
7 days. One DG is sufficient to take the
essential loads during a power failure.
There are two emergency buses BTsb
100 and BTsb 200, each having two
sections A and B with a bus coupler.
Each bus section receives normal
power supply from 6.6 KV bus through
load center transformer. Auto breaker
of DG1 can be connected to BTsb
100A and its manual breaker can be

Figure 3: DG Control Panel
- 9 -

will actuate. Actuation of 6.6 KV U/V
relay will start both the DGs whereas
actuation of U/V relays of emergency
bus will start the corresponding DG
only. Within 8 seconds, the DGs will
build up 90% of its nominal voltage
and frequency. If the normal power
supply does not resume within 3.5
seconds a trip command will trip
both the incomer breakers from
transformers and auto breaker of the

Figure 4: Diesel Engine and lternator
DGs and the bus couplers will close.

Support systems include Service/Fire
water system for DG cooling, Class |
220 V DC, for functioning of breakers
and 48 V DC power supplies for the
control panel of DG. The system
success criteria is that any one of
the DG is sufficient to take all the
loads connected to emergency buses
during normal power supply failure.

Class Ill power supply system boundary
extends from the incomer circuit
breakers for the emergency buses
to the emergency bus, DGs. The

boundary has been shown in Fig. 1.
IGCAR Newsletter, October 2025



)

CL3-DGA-R-DG02 DG2 FAIL TO RUN

1 8.80E-03 3.84E-01
CL3-DGA-R-DGO1 DG1 FAIL TO RUN

DGs FAIL TO RUN CCF [DG2 FAIL TO

2 | CL3-DGA-R-CCF-2 RUN DG1 FAIL TO RUN] 6.45E-03 2.81E-01
CL3-DGA-R-DGO02 DG2 FAIL TO RUN

3 3.65E-03 1.59E-01
CL3-DGA-U-DGO1 DG1 UNDER MAINTENANCE
CL3-DGA-R-DGO1 DG1 FAIL TO RUN

4 2.83E-03 1.23E-01
CL3-DGA-U-DG02 DG2 UNDER MAINTENANCE
CL3-DGA-R-DG02 DG2 FAIL TO RUN

5 4.20E-04 1.83€-02
CL3-DGA-S-DGT DG1 FAIL TO START
CL3-DGA-S-DG2 DG2 FAIL TO START

6 2.85E-04 1.24E-02
CL3-DGA-R-DGO1 DG1 FAIL TO RUN

DG FAIL TO START CCF [DG2 FAIL TO

7 | CL3-DGA-S-CCF-2 START DG1 FAIL TO START] 2.06E-04 8.99E-03
CL3-DGA-S-DGH DG1 FAIL TO START

8 1.35€-04 5.88E-03
CL3-DGA-S-DGO2 DG2 UNDER MAINTENANCE
CL3-DGA-S-DG2 DG2 FAIL TO START

9 1.18E-04 5.16E-03
CL3-DGA-U-DGO1 DG1 UNDER MAINTENANCE

Table 1: Minimal Cutsets

Fail to start Fail to run Fail to start Fail to run
91-92 2/104 0/8 0/104 0/8
94-95 0/64 0/14 0/64 1/14
95-96 0/73 1/21 3/73 1/21
06-07 1/53 1/5 0/53 1/5
08-09 2/56 0/4 0/54 0/4
10-11 2/55 0/7 1/55 0/7
11-12 0/59 0/5 1/58 1/5
12-13 0/55 0/8 1/55 0/7
14-15 0/55 1/6 0/57 0/7
21-22 0/55 0/3 0/54 0/3
Total 7/1756 3/206 6/1758 4/204

Table 2: Startup Failure and Run Failure Data

The top event is the unavailability
of Class Il power supply from both
the buses (Fig. 2). The fault tree is
developed using immediate cause
approach. DG1&2 cannot be put
under maintenance simultaneously.
Therefore, the events DG1/DG2 under
maintenance have been modelled
as mutually exclusive events. FBTR
data (Table 2) for DG startup failure,
run failure and maintenance has

IGCAR Newsletter, October 2025

been used for fault tree analysis. For
others generic data has been used.
Results and Analysis

The unavailability of Class-lll Power
Supply system (without considering
class IV supply) is 2.27E-02. The
unavailability of Class-Ill power supply
system (including Class IV power
supply) is 5.04E-06. The list of minimal cut
sets are given in Table 1. The most significant
contributors to the top event is 2 order

-10-
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MCS with a probability of 8.8E-03
which can be further reduced by adding
additional source to the Emergency bus
section.

Conclusion

The results are comparable with
the unavailability values obtained
during earlier study. The reliability of
DGs (0.98/0.977), for DGI and DGl
respectively, has also improved when
compared to earlier values.
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FBTR Level-1 PSA — Methodology & Results

Fast Breeder Test Reactor (FBTR), is
a 40 MWt sodium cooled loop type
reactor located at Kalpakkam, Tamil
Nadu. FBTR is in operation since 1985
with different core configurations.
FBTR uses mixed carbide fuel (PuC/
UC). The 40 MWt core consists of 69
Mark-1+1(IFZ)  fuel subassemblies
(70% PuC+30% UC) each comprising
of 61 fuel pins. FBTR continues to
accomplish its main objectives of
gaining experience in operation of
sodium cooled fast reactors and serving
as a fast flux test bed for testing fuel
and structural materials for future fast
reactors. In addition, it demonstrates
generation of electrical power and
imparts training to O&M personnel
for the future fast reactors. Level-1
Probabilistic Safety Assessment (PSA)
has been performed for FBTR. The
scope of the analysis covers modelling
of internal events at full power operation
of the reactor with core as the source
of radioactivity. Various elements of
Level-1 PSA such as initiating event
analysis, system analysis, development
of accident sequence models, common
cause failure analysis, human reliability
analysis and uncertainty analysis are
addressed. This study considers 68
Initiating Events (IEs) grouped into 39
event groups. The front line systems
considered are shutdown system (LOR
and SCRAM modes) for reactivity control
and shutdown, decay heat removal
system through normal heat transport
path, pre-heating and emergency

cooling system and biological shield
cooling system for decay heat removal.
In addition to the front line systems,
different support systems such as
electrical power supply system (Class-
Ill/Class-Il/Class-I), compressed air
system and service water system
are also considered in the analysis.
For system modelling fault tree with
immediate cause approach is used. The
gvent progression given the occurrence
of an initiating event is modelled
through event trees. Small event tree
large fault tree approach is used in
this analysis. The system modelling
and event sequence modelling has
been performed using the PSA
software ISOGRAPH WORKBENCH
ver-10.2. One example event tree is
shown in Fig. 1. The human reliability
analysis has been performed for
various safety critical human actions.
Alpha and beta factor common cause
failure models are used to model
common cause failure of redundant
safety equipment. Input data for this
analysis is based on FBTR operating
experience and generic sources like
IAEA TECH DOCs. Uncertainty in the

LOF-SEC-1

Fabure i

Figure 1: Event Tree - TR-CR: Continuous
Withdrawal of One Control Rod
- 11 -

Figure 2: Contribution of Different IE
Groups to Core Damage Frequency

input data are propagated through the
logic models in uncertainty analysis.
The primary sources of information
for this PSA are design reports, plant
safety analysis reports and technical
specifications. The results of the study
comprises of statement of core damage
frequency, identification of important
accident sequences, list of importance
measures for all basic components and
uncertainty bounds on the estimated
core damage frequency. The estimated
energetic core damage frequency is
~2.0E-05/y and non-energetic core
damage frequency is ~9.28E-05/y.
The total core damage frequency
(both energetic & non-energetic) is
~1.13E-04/y. The 5% lower bound total
core damage frequency is estimated
to be 8.26E-06/y and the 95% upper
bound value is 2.49E-04/y. As observed
in Fig. 2, the initiating event groups
LOF-SEC-2 (Loss of both secondary
sodium loops) and TR-RT-1 (Reactivity
Transients) contribute significantly to
the estimated core damage frequency
of FBTR.
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FBTR Shutdown System and Reliability Model

One of the major objectives of Level-1
Probabilistic ~ Safety ~ Assessment
(PSA) is to estimate the Core Damage
Frequency (CDF). An initiating event
imposes a demand on the shutdown
system. A successful actuation of the
shutdown system, followed by effective
operation of the decay heat removal
system, ensures safe shutdown of
the reactor. Failure in either may result
to core damage. To analyze this, a
shutdown system reliability model
was developed using the Isograph
Reliability Workbench, employing the
Fault Tree Analysis. The shutdown
system comprising sensors, associated
electronics, logic systems, actuators,
and control rods was modelled and
interconnected within the fault tree
using logic gates (OR gates, AND gates)
and voting logic. The failure rate of the
top gate (shutdown system failure)
was calculated using the failure rates
of the basic events and their logical
interconnections.  Component  data
including for sensors and control rods
were gathered from various sources
such as the Fast Reactor Database, IAEA
TECDOCs and FBTR operational data.
FBTR has single shutdown system
(SDS) with two shutdown modes
namely LOR (Lowering of control
Rods at a steady speed of 1 mm/sec)
and SCRAM (Fast shutdown), through
CRDMs. Each mode of shutdown is
capable of shutting down the reactor
into sub-critical state and maintaining
it. SCRAM parameter consists of inputs
IGCAR Newsletter, October 2025

Neutronie Instrumentation
/Temperature /Flow Sensor
/ Relay Contacts

Signal

Processing Circuit

SCRAM
ety Logi

Sensor =

tection Svstem Actuation System (CRDMs)
SCRAM ;
= Switch EM Coil

Safety Logic

Drive Mechanism
and Control Rods

Figure 1: Simple Block Diagram of Shutdown System

from Neutronic and Thermal safety
parameters. LOR parameter consists of
inputs from thermal safety parameters,
flow instrumentations and other various
process parameters such as SG leak
and non-availability of steam by pass
system etc. Shut down system of FBTR
consists of Actuation System (Control
Rod Drive Mechanism), Reactor
Protection System, Neutronic & Thermal
Safety Instrumentations System. A
simplified block diagram of FBTR
shutdown system is shown in Fig. 1.
The demand on the Shutdown System is
said to be successful if at least two out
of the six control rods are inserted into
the core when respective LOR/SCRAM
parameters crosses their thresholds.
The system boundary includes the
Sensors, Instrumentation, Safety Logic,
Electromagnet and Control Rods. There

are six control rods in shutdown system
of FBTR. They are grouped into a single
CCF group. Three separate fault trees
are developed for shut down system.
The unavailability of shutdown system
as obtained from Isograph work bench
using fault tree analysis are as follows,

i) LOR (for global fault events): 3.38E-03
iy SCRAM (for globalfaultevents): 1.31E-05
iii) SCRAM (for local fault events): 1.91E-04

An example of a fault tree for
the “Actuation System of LOR —
Mechanism A Failure”, which is a part
of the LOR fault tree, is presented in Fig. 2.
To identify dominant risk contributors,
Fussell-Vesely importance measures
were calculated, and the minimal
cut sets were tabulated. Example
of the importance ranking for LOR
components are shown in Fig. 3.
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Figure 2: Fault Tree for Actuation System of
LOR for Mechanism A Failure
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Figure 3: Component Importance
Measure for LOR Fault Tree
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Sodium Purification System for Fast Breeder Reactor

Sodium has exceptional heat transfer
properties and low neutron absorption
cross-section, which makes it an ideal
coolant for Fast Breeder Reactors
(FBRs). However, its purity of sodium
needs to be strictly maintained which can
impact both safety and plant availability.
Nuclear grade sodium quantities
required for Prototype Fast Breeder
Reactor (PFBR) and Fast Breeder Test
Reactor (FBTR) are 1,750 tons and
150 tons respectively. To support
future FBRs, the Heavy Water Board,
Vadodara, has laid foundation for a plant
to produce 600 tons of nuclear grade
sodium annually, ensuring self-reliance.

In commercial grade sodium, certain
impurities like calcium and carbon may
enter into sodium during manufacturing
process. These impurities are removed

by hot aging and cold aging process at
the manufacturers site. In nuclear grade
sodium, oxygen and hydrogen are the
most common impurities. They mainly
originate from air/moisture ingress into
sodium system or water leaks in Steam
Generator (SG). High levels of oxygen
in sodium can accelerate corrosion
of the stainless steel components.
Hydrogen accumulating in the form
of sodium hydride in secondary
sodium can increase the background
hydrogen level and can affect minimum
detection time in case of small steam
or water leaks into sodium through
SG tubes. Presence of carbon in
sodium can cause carburization of
structural materials, degrading their
mechanical properties and influencing
the reactor longevity. The corrosion
products from the reactor structural

materials also find their way into the
primary sodium, posing challenges for
monitoring and eventual removal of
components like IHX, primary sodium
pump etc. Additionally, in the event
of fuel pin failure, radioactive fission
products can contaminate the primary
sodium and its associated components.

A sodium purification system is used
to monitor the oxygen and hydrogen
impurities present in sodium and also
to remove these impurities from liquid
sodium. The temperature dependent
soluble impurities like oxygen and
hydrogen are removed by using a
device called Cold Trap. A sodium
sampler is a special device used to
take small samples of liquid sodium
periodically from a reactor or purification
circuit to check its impurity level.

Ex-Vessel Purification

,"\__" v

In-Vessel Purification

Figure 1: Primary Sodium Purification System (Ex-Vessel vs In-Vessel)

_13-
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Figure 2: Hydrogen Management System for Regeneration of Secondary Cold Trap

Primary sodium flows through the
reactor core, absorbs the fission heat
and transfers it to secondary sodium
through Intermediate Heat Exchanger
(IHX). In primary sodium of PFBR, Ex-
Vessel purification philosophy was
adopted based on FBTR experience.
In future FBRs, in-vessel concept
purification ~ components  known
as Integrated Cold Trap (ICT) and
Integrated Plugging Indicator (IPI) are
supported from roof slab and immersed
inside the hot pool of reactor (Fig. 1).
Keeping the reactor dimensions same
and implementing In-vessel concept
gives economic advantage and also
enhances safety features by avoiding
transportation of radioactive primary
sodium from the reactor vessel.

Secondary sodium transfers heat from
IHX to SG which avoids direct contact
between radioactive primary sodium
and stem water circuit. Secondary
sodium cold trap is mainly designed to

IGCAR Newsletter, October 2025

remove hydrogen coming into sodium
through SG tubes by diffusion and also
to handle water/steam leak from SG
tubes. Secondary cold trap needs to
be regenerated once in five years. The
hydrogen released from cold trap during
regeneration will be converted into water
by using Hydrogen Management System
(HMS) (Fig. 2). For FBR 1&2, modular
secondary cold traps with three distinct
wire mesh regions have been developed
to improve the purification performance
and reduce the regeneration frequency
which enhances plant availability.

Presence of oxygen in sodium can lead
to corrosion of stainless steel structures
under reactor operating conditions,
mainly  manganese  oxide.  This
corrosion product can circulate along
with sodium through the primary reactor
core and become radioactive (Mn half
life 312 days). It is having tendency to
deposit on the surfaces of components
like IHX, primary sodium pump etc

-14-

which requires frequent maintenance.
Manganese trap has been developed
and it is under testing in FBTR. These
experimental results will be useful
for designing metallic traps for FBRs.
If a fuel pin fails, radioactive fission
product cesium (Cs'™ half life 30 years)
can enter into sodium. Reticulated
Vitreous Cabon (RVC) is used as a getter
material to remove cesium from liquid
sodium. In core special subassembly
with RVC is planned for FBTR for
studying its performance. Cabon Nano
Tubes (CNT) developed by BARC will
be explored for cesium removal for
future FBRs. CNT sponges with 70
—80% porosity may be effective for
removal of Cs137 from liquid sodium.

In summary, carefully managed
sodium purification systems, in-core
trap and advanced getter materials
are vital for ensuring the safe and
reliable operation of current and
future Fast Breeder Reactors in India.
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Ventilation Systems for Reprocessing Plants

Ventilation system in a reprocessing
plant ensures that flow of air is always
from areas of lower contamination
potential to areas of higher
contamination potential. This is achieved
by adopting zoning concept and by
maintaining areas of higher activity at
a more negative pressure with respect
to its preceding area. Offgas system
is one of the main safety systems in
a reprocessing plant. The function
of the system is to create vacuum
in the process tanks and to exhaust
the vapours generated from tanks
after suitable treatment and filtration.

The offgas systems are classified
as DOG, EOG, VOG, CBOG and
GBOG. Different exhaust systems
are segregated according to their
contamination potential. The
commissioning and readiness of all
offgas systems and the balancing

Figure 1: Offgas Fans Layout

of ventilation system are among the
mandatory requirements before hot
runs. Each Offgas system (Fig. 1) is
studied thoroughly at site to ensure that
the ducting systems are fully connected
to the respective Tanks/Equipments
and the corrections required in the
HEPA filter room (Fig. 2) and other
areas are identified and rectified.

Figure 2: HEPA Filter Room Layout

Troubleshooting of the system is done
by identifying leaks at various points
so that desired vacuum is achieved
in the tanks and equipments. The
functionality of individual system
equipments viz, Scrubbers, Chiller
condensers and reheaters (Fig. 3) are
verified. In situ Aerosol Filter testing
is carried out for Deep bed filters and
HEPA filters and found to be satisfactory
and meeting the requirements.

The integrated commissioning of

_15-

Figure 3: Layout of Scrubbers, Chiller
Condenser and Reheater

containment box Offgas system along
with cell space has been carried out
and the pressure gradients achieved.
Double skin system in Reconversion
labs (Fig. 4) are tested and the desired
face velocities achieved. Ventilation
balancing of different areas are carried
out by arresting all leakages and the
required vacuum and air changes
in all cells and areas are achieved.
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Figure 4: Reconversion Lab Glove
Boxes

IGCAR Newsletter, October 2025



Lecture Series

Shri SHOBHIT VERMA
Reactor Facility Group

Indira Gandhi Centre for Atomic Research, Kalpakkam

Tamil Nadu, India

Lecture
Series

FBTR Level-1 PSA — FBTR Decay Heat Removal Systems and

The Fast Breeder Test Reactor
(FBTR) (Fig. 1), situated at the Indira
Gandhi Centre for Atomic Research
(IGCAR), Kalpakkam, is a pioneering
sodium-cooled, loop-type fast reactor
developed as part of India’s strategic
program to achieve self-reliance in
nuclear technology. The reactor serves
as a vital test bed for irradiation of
advanced fuels and structural materials,
supporting research and development
for the Indian Fast Reactor Program with
a current design power of 40 MWt and
a compact core configuration (69MK-I
& 1 IFZ-100 subassemblies). A critical
safety feature of the FBTR is its Decay
Heat Removal Systems (DHRS), which
are designed to ensure effective removal
of residual heat from the reactor core
following shutdown or in the event of a

Reliability Model

loss of normal heat removal capability.
After reactor shutdown, significant
decay heat is continuously produced
due to the radioactive decay of fission
products. The estimated decay heat of
FBTR is approx. 5% (Fig. 2) of rated
power immediately. It will subsequently
reduce very rapidly to become 1.05%
after 1 h and 0.4% after 24 h. The
DHRS are engineered to dissipate this
heat efficiently, maintaining the core
temperature within safe limits under
all normal and postulated accident
scenarios. Incorporating redundancy
and diversity, and capable of operating
in both forced and natural circulation
modes, the DHRS ensures continued
heat removal even in the absence
of external power thereby upholding
the integrity and safety of the reactor

LKinsee — ;

Figure 2: FBTR Decay Heat Curve

core and associated  systems.

Level-1 Probabilistic Safety Assessment
(PSA) has been performed for FBTR.
As part of this study logic models
(fault tree) of decay heat removal
systems were developed and estimated
unavailability values were estimated.
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Figure 1: FBTR Schematic Flow Sheet
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S. no. System Unavailability Mission time (h)
1. Decay heat removal through main heat transport path 2.51E-05 24
2. Pre heating and emergency cooling 8.15E-03 24
3. Flooding system 5.52E-03 NA
4, Biological shield cooling system 2.36E-05 24

FBTR systems involved in decay heat
removal are i) main heat transport path
consisting of primary sodium circuit,
secondary sodium circuit and steam
generators and ii) Pre-Heating and
Emergency Cooling System (PHEC) and
jii) Biological Shield Cooling System.
Decay Heat Removal Provisions during

Design Basis Events in FBTR (i)
Leak outside block-pile limit: Decay
heat is removed via PHEC circuit by
circulating nitrogen in the annular gap.
(ii) Leak inside block-pile limit: 64 m3
sodium at 150 °C from flooding tanks
is injected into the reactor vessel;
BSC heat exchanger removes up to
350 kWt using chilled water. (iii) Loss

unavailable): Decay heat is removed
by natural convection through SG trap
doors; total heat loss is 984 kWt at
375 °C, extrapolated to 2 MWt at 520 °C.

The system modelling and event
sequence  modelling has  been
performed using the PSA software
ISOGRAPH WORKBENCH ver-10.2.
One example fault tree top event is
shown in Fig. 3. The human reliability
analysis has been performed for
various safety critical human actions.
Beta factor common cause failure
models are used to model common
cause failure of redundant safety
equipment. Input data for this analysis

and generic sources like IAEA TECH
DOCs. Immediate cause approach was
used for the fault tree. Unavailability of
the top event was estimated as per the
Boolean representation of fault tree.
Dominant contributors are identified
on a system-wise basis using the
Fussell-Vesely  (FV) importance
measure diagram. This approach
enables the identification of critical
components whose failure would
significantly impact system reliability.
By analyzing the FV importance
factors, targeted reliability enhancement
measures can be implemented for
those components, thereby improving
the overall reliability of the Decay

of flow (all primary & secondary pumps  is based on FBTR operating experience Heat Removal ~ (DHR)  systems.
DHR
DHR Unavailable |
unavailable through NC |
i )
FBTR-DHR-FAIL [ FQTR-D!—R-@]
Q=2.51¢-5 o -[]
DrR-forced | [DFR - rataral]  [Unavailability of| [Unavailability of
circulation circulation Primary Secondary
failure failure Sodium System | Sodium System
A A NS — __}\ —
FBTR-DHR-FC| [FBTR-DHR-NC| | FBTR-PSS | | FBTR-SSS
Q=9.45e-5 Q=0.0033 7 X —Fx
L N P A \

Figure 3: Top Events of DHR Unavailable
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Microstructural Aspects of Materials Development for

Performance of structural materials
dictates the in-service life of reactor
components, which needs continuous
monitoring. Microstructural analysis
serves as finger print that can be
correlated to the changes in the
processing or environmental conditions
and also provide a vital input to the
development of new materials for
various components with enhanced
performance and integrity in harsh
reactor environments. In this report, the
role of microstructural characterizationin
establishing the processing conditions,
performance evaluation, new alloy
development of some nuclear structural
materials at PMD/MMG is highlighted.

Grid plate, a permanent core support
structure for fuel sub-assemblies is
exposed to prolonged low dose neutron
irradiation damage resulting in loss of
ductility and is one of limiting factors
for the service life of FBTR, which has
been in operation for over 35 years.
Post lIrradiation Examination of the
archival AISI 316 grid plate showed an
accumulated dose of 2.2 dpa, which
can be extended up to 6.3 dpa with a
designed ductility limit of 10%, through
additional shielding thereby extending
the service life of FBTR. Neutronic
and post irradiation studies indicated
that Tungsten Carbide (WC) can be
employed for lower axial shielding
instead of stainless-steel rods without
IGCAR Newsletter, October 2025

Nuclear Fuel Cycle

Figure 1: (a) Photograph of 40 mm dia high density WC disc fabricated by SPS
and 13.1 mm dia pellets drawn by EDM cutting, (b) fine grained microstructure of

the WC pellets

major changes in the fuel sub-assembly
of FBTR. Being a high temperature
refractory material, it is difficult to
sinter WG, without sintering aids like
Co or Ni, which are generally used with
conventional sintering techniques like
hot sintering. However, due to neutronic
considerations, in house efforts were
made to synthesize binderless high
density WC discs of 40 mm diameter
and 10 mm height through a novel
method of Spark Plasma Sintering
(SPS) at IGCAR, from which pellets
of diameter 13.1 mm and ~9 mm
height were further extracted through
EDM cutting as shown in Fig. 1(a).
Through a systematic investigation
of the sintering kinetics at different
process parameters, defect density
analysis using  Synchrotron  XRD
line profile and EBSD analyses, the
optimum temperature, pressure and
sintering time were identified to be

-18-

1700 °C, 35 MPa and 5 min respectively
to achieve high densification, fine
grained microstructure with random
texture (Fig. 1(b)). Currently more
than 7000 WC pellets have been
fabricated for use in FBTR, and in
all  the forthcoming campaigns,
WC pellets will be incorporated
in the lower axial shielding pins.

Austenitic stainless steels are currently
employed for the clad and wrapper
for Na cooled FBRs. Microstructural
analysis of neutron irradiated SS316
clad and wrapper in FBTR has been
taken up, as part of PIE of 105 GWd/t
burnup Fuel Sub-Assembly operated
at LHR of 400 W/cm, which showed
various radiation induced defects like
voids, dislocation loops, stacking fault
tetrahedra and precipitation. ~ With
addition of yttria nano-particles, 9-18%
Cr Ferritic-Martensitic (FM) ODS steels
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have been shown to exhibit better

irradiation resistance beyond 150 dpa
as well as higher creep strength above
650 °C, than austenitic stainless steels.
However, 9CrF/M ODS steel shows
higher dissolution rates in boiling nitric
acid during aqueous reprocessing,
while 18Cr ODS ferritic steel exhibits
better corrosion resistance. However,
due to the absence of austenite to
martensitic  transformation, texture
control for the fabrication of clad tube
poses difficulties. Hence development
of 13-14Cr ODS F/M steel cladding
with addition of Ni after careful
optimisation ~ with  thermodynamic
calculations has been presently
initiated at MMG in collaboration
with ARCI, MIDHANI and NFC to
establish the processing flowchart,
mechanical properties followed by
irradiation and reprocessing studies.

To understand the effect of Zr
segregation and interaction with T91
(modified 9Cr-1Mo) clad, proposed for
metallic fuelled FBRs, model alloys of
9Cr-1Mo steel with addition of Zr up to
2 wt.% were synthesized and subjected
to various heat treatments. Austenitized
steels with Zr content <0.25 wt.%
possessed predominantly a martensitic
structure, while further increase
in Zr concentration led to a ferritic
microstructure. Coarse ZrC and Fe,.Zr

2376
was observed in both austenitised and

tempered steels, with =0.25% Zr and
>1% Zr respectively, while tempering
led to precipitation of M23C6 in steels
with <0.25% Zr. Prolonged aging up
to 2400 h at 525 and 650 °C led to an
increase in size and volume fraction
of the secondary phases. In addition,
Fe,Mo Laves phase was observed after
aging, more prevalently at 650 °C, but
its volume fraction decreased with
increase in Zr concentration of the steel.
These studies have shown the stability
of Fe,,Zr, confirmed by an atomic level
structure of Fe,Zr in steels (Fig. 2) with
>1% Zr, which was found to have a
significant influence on the mechanical
properties evaluated through
instrumented indentation technique,
suggesting that if the diffusion of Zr into
acladexceeds 0.25% it would lead to the
formation of ZrC and Fe,,Zr, and would
result in degradation of mechanical

properties of the F/M steel clad.

Plasma Nitriding (PN) is considered as
a viable alternate hardfacing technology
to enhance the wear and fatigue
resistance of large reactor components.
Plasma nitriding results in high
surface hardness, with little distortion
of finished components, since the
process is carried out at relatively low
temperatures. Based on key in-house
experiments, the process capability to
nitride some fast reactor components
like casing ring of secondary sodium
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Figure 2: (a) Microstructure of 2 wt.% Zr added P9 steel showing formation of
coarse ZrC and Fe,,Zr, phases, (b) atomic level structural confirmation of Fe,.Zr,

through HRSTEM analysis
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pump, dash pot piston rod, control
rod foot assembly has been fully
established. The formation of CrN and
Cr,N phases to a controlled case depth
of ~80 um with a high hardness of
~800VHN has been demonstrated.
The long-term stability of the plasma
nitrided layer has also been established
through static liquid sodium exposure
of the casing ring at 550 °C for about
5000 h along with a small reduction in
hardness, suggesting the suitability of
plasma nitriding for reactor components
with  improved wear resistance.

In Na cooled fast reactors, SS316LN is
the primary structural material including
the piping for secondary Na circuit. Any
accidental leak in these circuits can
lead to sodium fire due to interaction
of liquid sodium at high temperature
with atmosphere, which can induce
significant changes inthe microstructure
and formation of a variety of reaction
products near the steel surface.
Simulated experiments were conducted
at FRTG and metallurgical analysis
carried out to assess the material
degradation. Intergranular attack up
to a depth of about 80 um with the
formation of ferrite accompanied by
leaching of Ni was observed due to
the rapid exothermic reaction resulting
in the formation of Na,0, which in turn
was found to lead to the formation
of a variety of reaction products like
Fe,0,, NiO, Na doped (Fe,Ni)-rich AB,0,
spinel within a short time of exposure
in contrast to long term Na corrosion.
The mechanism of such an accelerated
material degradation under sodium
pool fire is under further investigation.

Aqueous reprocessing of fast reactor
fuels require dissolution of spent fuel
in hot, concentrated nitric acid. Since
corrosion resistance is the deciding
factor for the choice of the structural
materials in this environment, Ti/
Zr alloys are more suitable for such
applications with corrosion rates <5
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(a) Tt

Figure 3: (a) Three phase corrosion behaviour of Ti-5%Ta-1.8%Nb alloy in boiling 11.5 M HNO, after different heat treatments
and (b) microstructure of solution treated and aged alloy, that exhibits the lowest corrosion rate

mpy than austenitic stainless steels
with high corrosion rates of 15-100
mpy. Ti-5%Ta-1.8%Nb alloy being
a developmental alloy very limited
information was available in literature
w.rt the physical metallurgy and
property data base. Based on detailed
microstructural characterization, Ti-
5%Ta-1.8%Nb alloy was identified to
belong to near a.+ class of Ti alloys
with a ~10% of retained B phase at

room temperature. Transformation
temperatures and  microstructural
variations  with  thermo-mechanical

treatments and their influence on
corrosion behaviour were also evaluated
through 3 phase corrosion testing in
11.5 M boiling nitric acid to simulate the
reprocessing conditions. Addition of Ta,

IGCAR Newsletter, October 2025

Nb enhanced the corrosion resistance
of Ti with liquid phase showing the
lowest corrosion rate, while the vapor
and condensate phase corrosion was
higher due to the absence of self-
inhibitor effect of dissolved Ti ions
under flowing conditions. The optimum
microstructure for superior corrosion
resistance in all 3 phases of nitric
acid with a low corrosion rate of <1
mpy was identified to be consisting of
equiaxed o grains with a distribution of
low amount of fine particles through a
solution treatment at high temperature
in the a+p phase field followed by
aging/over-aging (Fig. 3). The room
temperature tensile properties have
also been shown to be adequate for the
intended application. The weldability
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characteristics of this alloy have also
been established and weldments of
Grade-2 Ti with Ti-5%Ta-1.8%Nb
alloy filler wire showed a corrosion
rate of <2 mpy, based on which alloy
production has been scaled up to an
industrial level for its usage as filler wire
in all Ti weldments of DFRP and FRFCF.

The above studies clearly show
the significance and reliability of
microstructuralanalysisfordevelopment
of new materials or processes and their
performance evaluation to ensure the
safety, efficiency, and sustainability
of components used in FBRs and
associated reprocessing plants
required for the advancement of nuclear
technologies.
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Celebration of World Environment Day 2025 at IGCAR

June 05", 2025

World Environment Day, celebrated annually on June 5" is a global platform for raising awareness and
encouraging action for the protection of the environment. In line with this year’s theme focusing on
sustainable living and Ending Plastic Pollution, the Safety, Quality and Resource Management Group
(SQRMG) of IGCAR organized tree plantation activities to mark the occasion within the DAE Campus.
As a key highlight of the celebration, an IGCAR Colloquium was conducted, featuring an invited talk
by Prof. R. Arun Prasath, Department of Green Energy Technology, Pondicherry University. The talk,
titled “Green Energy and Waste/Plastic Management Technologies to Combat Climate Change and
Pollution”, focused on the pressing need for sustainable energy solutions and effective waste management
practices. He elaborated on various technological advancements in renewable energy, the circular
economy, and the environmental implications of plastic usage. His insights offered a scientific perspective
on how institutions and individuals can contribute to mitigating climate change and reducing poIIutlon.

Following the colloquium, a tree @ S iiEN
plantation program was organized e
as a symbolic and practical
step towards environmental [
conservation. The plantation
activity was held within the DAE &
Campus, covering a dedicated &=
area of approximately 4000
square meters. A total of 500
saplings, comprising a mix of
native perennial plants, were
planted to enhance the campus
greenery, improve air quality,
and contribute to biodiversity [
enrichment. The event witnessed [
active participation from all
employees of SQRMG, IGCAR, @
who collectively engaged in |*
the plantation activity. This
program showcased IGCAR’s
continued efforts in promoting
environmental awareness
and  sustainable  practices.
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Tree plantation on the occasmn of World EnwronmentDay 2025 and actlve part|0|pat|on by the employees

Reported by: Dr. C. Venkata Srinivas & Colleagues, EAD
\_ %
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Workshop on Advanced Scanning TEM based Techniques and EPMA
July 09-10™, 2025

An International Workshop on Advanced Scanning
TEM-based Techniques and EPMA was conducted
during 09-10" July, 2025 in IGCAR, Kalpakkam. The
inaugural program was addressed by the Shri C.G.
Karhadkar, Director, IGCAR; Dr. R. Divakar, Director,
MMG, IGCAR; Dr. R. Tewari, Director, MG, BARC;
Dr. Anish Kumar, AD-MCG, IGCAR and Dr. Arup
Dasgupta, Head-PMD, IGCAR. Renowned electron
microscopists delivered lectures covering Advanced

Scanning TEM based techniques including magnetic 2

domain imaging using Lorentz TEM and LMSTEM-
differential  phase contrast imaging; Orientation
Imaging Microscopy using Precession Electron
Diffraction (PED-OIM). The workshop also included
invited talks from several eminent speakers from
India covering the principles and practices on TEM
and Electron Probe Micro Analysis (EPMA) along with
their application to advanced materials development
and characterization. Practical live demonstrations on
aberration corrected TEM and EPMA facilities were
held during the workshop. The workshop was attended
by more than 100 participants from IGCAR and
from across India. Participants included, scientists,
faculties, a doctor and a number of Ph.D. students.

Reported by: Dr. Arup Dasgupta, Physical Metallurgy Division
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orkshop on "Advances in Environmental and Radiological Monitoring,
Radiation Dosimetry and Emergency Preparedness (AEMRDS 2025)"

August 25-26™, 2025

A 2-day workshop on "Advances in Environmental and Radiological Monitoring, Radiation Dosimetry and
Emergency Preparedness (AEMRDS 2025)" was conducted by SQRMG, Indira Gandhi Centre for Atomic
Research in association with the Indian Association for Radiation Protection during 25-26 August 2025 at IGCAR,
Kalpakkam. The workshop was attended by about 75 Scientists and Engineers from BARC, IGCAR, AERB,
NPCIL, Bhavini, KARP, PRL, faculty and research scholars from Sri Ramachandra Institute of Higher Education
and Research (SRIHER), Andhra University, SRM University, GITAM University and Satyabama University.

The workshop was inaugurated by Shri Dinesh
Kumar Shukla, Chairman, AERB. The newly
commissioned C-Band Doppler Weather
Radar and Mid-Tropospheric Wind Profiler
facilities were inaugurated by the Chief Guest
Dr. D.K.Shukla during the workshop. The
workshop comprised 4-technical sessions
and detailed interactions. The presentations
covered various aspects. On the first day
25 Aug'25, the talks covered Perspectives
of Health, Safety and Environment at IGCAR and BARC, High-Throughput In Vivo and In Vitro Approaches
for Emergency Radiation Monitoring System Development, Latest developments in Nuclear and Radiological
Emergency management at DAE, application of LNT model in occupational exposure and radiation therapy,
physical and biological techniques of external exposure assessment, radiation dose measurements using
luminescence techniqures from natural minerals, Internal dosimetry techniques and computer models for rapid
dose assessment, effects of ionizing radiation in biota from high back ground radiation in Kerala, diagnostic
radiation biology and low dose effects of ionizing radiation in Drosophilla. The talks on the second day 26 Aug’25
covered application of photonic crystals in pollution sensing and radiation detection, radionuclide transfer
factor studies for public dose estimation, environmental radioactivity measurements in Tamil Nadu, regulatory
perspectives of environmental assessment, .

environmental assessment at NPP sites
and within Kalpakkam site, environmental
aspects of radon and thoron, radioactivity
measurements in marine  organisms,
perspectives of emergency preparedness,
lessons learnt from Chernobyl nuclear
accident, radiation monitoring network :

at Kalpakkam, source term estimation, Delegates of the AEMRDS-2025 workshop

chemical emergency preparedness at HWB sites, and radiological emergency response systems during
last two decades at Kalpakkam. The research gaps, for future course of action towards promoting
their application for effective environmental surveillance, dosimetry and response are also discussed.
Overall, the need of advanced methodologies for environmental assessment, dosimetry techniques for
routine monitoring and emergency scenarios and realistic assessment of the radiological risk during
accidents for recommendation of optimum protective actions was acknowledged by all the experts.

Reported by: Dr. C. Venkata Srinivas & Colleagues, EAD
J
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14™ National Conference on Recent Advances in Information
Technology (READIT-2025)

September 24-25", 2025

Scientific Information Networking Division, IGCAR in association with Madras Library Association — Kalpakkam Chapter
(MALA-KC) organized the 14" Biennial National Conference on Recent Advances in Information Technology (READIT)
during September 24-25, 2025 at Sarabhai Auditorium, IGCAR, Kalpakkam, with the theme ‘Envisaging the Libraries
of the Coming Decades’.

The conference was organized as two days event with participation from various academic, R&D and DAE Institutions.
About hundred delegates from the academic
and public domain, Information Technology
Professionals and Research scholars attended
the conference.

In the inaugural function, Dr. Vidya Sundararajan,
Associate Director of SQRMG delivered the
welcome address. Shri E. Soundararajan,
organising secretary READIT and Head DRTS,
SIND, IGCAR presented about the READIT
conference. The function was presided over
by Shri C.G. Karhadkar, Distinguished Scientist & Director, IGCAR. In his presidential address, Shri C.G. Karhadkar
highlighted the importance of the libraries in the digital era. A book on the Genesis of READIT was released by the director.
Inaugural address was given by Prof. (Dr.) Sudha Seshayyan, Director, Sastra University & Former Vice Chancellor, Dr.
MGR Medical University where she mentioned challenges before the librarians in the Artificial Intelligence world and
presented about the importance of oral tradition
in preserving the knowledge.

Shri J. Rajan, Convener READIT and Head,
SIND proposed the vote of thanks. The
conference included invited talks by domain
experts in Information Science & Technology
and oral presentations by Research Scholars &
Professionals. The sub-themes of the conference
included Digital Infrastructure and Accessibility
of Information, Libraries as cultural hubs and
preservation of heritage, Al and the Role of Advanced technologies, Libraries as learning spaces, Personalized User
Services through Adaptive Technologies and Government policies and global collaboration to enhance access to
information resources.

Special technical session was organised for the contributed presentations by Research Scholars and Delegates which
included oral and poster presentations. The conference facilitated good interactions among young researchers, students,
professionals and well-known speakers in the area of future technologies for libraries.

There was a panel discussion moderated by Prof. M. Sai Baba of NIAS Bengaluru and Former Director, RMG, IGCAR.
Dr. Anup Kumar Das, Jawaharlal University, New Delhi, Dr. V. Gopakumar, Digital University, Kerala, Shri J. Rajan, Head,
SIND, and Dr. M. Vijayakumar, Pondicherry University, participated in the panel discussion on ‘Role of Libraries in the
Coming Decades’. The conference concluded with the valedictory function. Shri J. Rajan delivered welcome address,
Shri E. Soundararajan presented the conference summary. The valedictory address was given by Prof. M. Sai Baba. He
has also presented the best paper awards of READIT 2025. Shri K. VijayaKumar, Head, LISS, SIND, IGCAR proposed
the vote of thanks.

S Reported by: Shri E. Soundararajan, SIND, SQRMG
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33" Prof. Brahm Prakash Memorial Materials Quiz Programme

(BPMMQ-2025)
September 12-13", 2025

The 33" Prof. Brahm Prakash Memorial Materials Quiz (BPMMQ) was conducted at Indira Gandhi Centre
for Atomic Research, Kalpakkam during September 12-13" 2025 for school students of class Xl and
XIl. A total of 45 teams from across the country participated in this programme, along with nearly 35
escorting teachers and professionals. All participants visited the Fast Breeder Test Reactor (FBTR)
and Madras Atomic Power Station (MAPS) as part of the ‘Metal Camp’ programme during this event.

The participants were also addressed by Dr. S.V.S. Narayana Murty, Chairman & Managing Director,
MIDHANI, Hyderabad, who delivered the Prof. Brahm Prakash Memorial Lecture on “Current Achievements
and Challenges for Indian Metallurgists Towards Atmanirbharta in Strategic Materials”. In this lecture,
he enthused students with various stories of
technological excellence, and materials-based
advances in India, especially in the strategic sectors.
He exhorted the students to work with national spirit
and contribute towards making the nation self-
reliant, as laid out in the Viksit Bharat-2047 mission.

The quiz commenced with drawal of lots for the §
preliminary rounds, which were held in six parallel |
sessions. The winner and runner-up of each session
contested in semifinal round held in two parallel
sessions. In the Grand Finale of BPMMQ-2025, six
teams, representing Trichy (2 teams), Varanasi,
Bhubaneswar, Durgapur and Mumbai engaged in a
spirited competition. The questions in the Grand Finale ranged from societal applications of nuclear industry
to advancements in Indian materials manufacturing/production, quantum materials, lightweight materials, etc.

The winners of BPMMQ-2025 with the chief guest

Reported by: Dr. V. Karthik, HMTD & PIED, MMG

C Awards, Honours and Recognitions )

Dr. M. Vasudevan, AD, MDTG name appeared in the top 2% world ranking of scientists in career and year wise rankings
published on 19" September 2025 by Stanford University and Elsevier publications. His name is listed in the rankings
since 2020 every year.

Shri V. Vinod, Scientific Officer-H, Head, Experimental Thermal Hydraulics Division, Fast Reactor Technology Group,
IGCAR is elected as Fellow of National Academy of Engineering (FN.A.E.) with effect from 01-11-2025 by Indian
National Academy of Engineering.

Dr. C. Sudha, SO/G, PMD/MCG/MMG was awarded the Fellow of EMSI Award for the Year 2024 in the Materials Science
category.

Ms S. Sofia, CSTD/MCG/MMMG (Amazonians Quality Circle of MMG) participated in the Quality Circle Annual Meet
(QCAM 2025) organized by IGCAR Kalpakkam on 3rd September 2025 and received the Gold Certificate of Merit for the
QC case study presentation.

Ms V. Athulya, SRF, CSTD/MCG/MMMG was awarded the Best Paper Award for the poster presentation in ICECORR
2025 during 20" to 22" August 2025 at Le Méridien Kochi, Kerala, India organized by ASNT India Section, AWS and
AMPP Chennai Chapter.
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Bio-diversity @ DAE Campus, Kalpakkam

{ White-Eyed Buzzard

White-eyed buzzard is a small bird of prey and is smaller than a house
crow. It has short, round wings. Bill is short & powerful with a sharp curve and
has powerful toes to hunt or kill its prey. Males have pale blue-grey upper-
parts with dark grey wings, fine and pale brownish orange bars on underparts,
unbarred white thighs and light barred central tail feathers.
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