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Professor Brahm Prakash Memorial Lecture

T

he Professor Brahm Prakash Memorial Lecture has been instituted by
the Bangalore Chapter of the Indian Institute of Metals as a tribute
to the eminent metallurgist and scientific administrator.
Professor Brahm Prakash was born on August 21, 1912 at Lahore
and he obtained his B.Sc. (Hons.) in 1932, M.Sc. in 1934 and Ph.D. in
Physical Chemistry in 1942 from Punjab University and Sc.D in Metallurgy
from the Massachusetts Institute of Technology, U.S.A. in 1949. After
returning to India, he served at the Indian Institute of Science,
Bangalore, from 1951 to 1957, at Bhabha Atomic Research Centre,
Bombay, from 1957 to 1972 and at the Vikram Sarabhai Space Centre,
Trivandrum, from 1972 to 1982. While the tasks at these institutions
called for different skills, they all posed challenges of a high order,
which he discharged with distinction and left a rich legacy of scientific
and administrative leadership.
At the Indian Institute of Science, Bangalore, Prof. Brahm Prakash
was the first Indian Head of the Department of Metallurgy. He laid the
foundations of an excellent centre for metallurgical education and
research in the country. Interesting investigations were carried out
on the beneﬁciation of lead-zinc ore from Zawar mines, briquetting
of beryl dust, separation of hafnium from zirconium by vapour phase
dechlorination and electro- and pyrometallurgical production of
zirconium.
At the Bhabha Atomic Research Centre, Dr. Prakash served as the
Director of Metallurgy Group. Under his leadership, Indian metallurgists
developed the know-how for the extraction and fabrication of a variety
of reactive, refractory and radioactive metals. Special mention must be
made in this connection of the establishment of the radio metallurgical
laboratory for handling of plutonium with provision for plutonium
development, large-scale production of zirconium sponge, metallic fuel
element fabrication at Trombay, and uranium oxide fuel development
at the Nuclear Fuel Complex at Hyderabad.
At Vikram Sarabhai Space Centre, Dr. Brahm Prakash welded
together a variety of task forces to set up a satellite centre. His
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guidance led to the development of Aryabhatta satellite and the launch
vehicle SLV-3. A remarkable number of skills were mastered by Indian
technologists in the areas of metallurgy, polymers, composite materials
and propellants, while making successful forays into space.
Mention must also be made of his fruitful association with Mishra
Dhatu Nigam at Hyderabad, where strategic alloys for high-temperature
applications were manufactured. Dr. Brahm Prakash ushered in an era
of advanced materials and processes in India with no fanfare. A man of
few words, he was known for the total dedication and commitment he
brought to every task he was involved in. A grateful nation honoured him
in many ways: Padma Shri (1961), Bhatnagar Memorial Award (1963),
Padma Bhushan (1968), Presidentship of the Indian Institute of Metals
(1972), Vasvik Research Award (1976), Bhatnagar Medal of the Indian
National Science Academy (1979) and the Bralco Medal of the Indian
Institute of Metals (1980). In carrying forward the work that he initiated
and the tradition he established, the Indian Institute of Metals and the
materials community pay him a richly deserved tribute.
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A Tribute to Prof. Brahm Prakash
Prof. Brahm Prakash, a multi-faceted inspiring personality, was
one of the most respected metallurgists of our country. His pioneering
contributions in the field of nuclear and space technology have turned
into very successful programmes currently, thus bringing our country a
well-deserved recognition in these scientiﬁc areas. He has the credit
of setting up of the fuel fabrication facilities for metallic uranium for
research reactor CIRUS at Trombay and uranium oxide fuel for the first
charge for the power reactor at Rajasthan. His guidance and leadership
in development of the technology of zirconium processing, summarised
as ‘from ore to core’, indeed has made us self-reliant in this area.
Prof. Brahm Prakash accepted and successfully met the challenge
of setting up Nuclear Fuel Complex (NFC) at Hyderabad, a unique
and perhaps the only facility in the world having the diverse fuel
fabrication facilities, from natural uranium oxide fuel for PHWR,
enriched uranium oxide for BWR and zirconium alloy core components
for these reactors.
At Vikram Sarabhai Space Centre, his mission-oriented approach
led to the fusion of a variety of task forces, culminating in the setting up
of a satellite centre. His guidance led to the development of Aryabhatta
satellite and the launch vehicle SLV-3.
The noteworthy contributions of Prof. Brahm Prakash in the
development of materials and fabrication technology for unclear
components will always be remembered by the country.
He kindled the inherent capabilities of young scientists and
engineers to high levels of achievement. It is an honour to have been
asked to deliver this year’s Prof. Brahm Prakash memorial Lecture.
I thank the organisers for giving me this opportunity.
I have chosen to speak today in this memorial lecture on “Role of
materials in safe and reliable operations of Nuclear Power Plants”.
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Role of Materials in Safe and Reliable
Operation of Nuclear Power Plants
Dr. S. K. Jain
Chairman & Managing Director, NPCIL & BHAVINI
President, World Association of Nuclear Operators (WANO)
1.0 Introduction
Nuclear reactors present unique challenges for structural materials
as they represent severe operating conditions. An understanding of
material behaviour and mechanisms of modification in their metallurgy
in radiation ﬁeld, including irradiation-induced corrosion cracking,
embrittlement and creep are critical for achieving higher efficiency
of designs and longer reactor lives. For safe and reliable operation of
a nuclear power plant, it is necessary that the equipment perform as
per design intent. The role of the structural materials in this regard
becomes more important. Review of unplanned outages, world over,
has indicated that many of these have been on account of equipment
failure resulting out of degradation in material properties during
service. Such failures, sometimes, could challenge the safety of the
plant and reliability, in addition to a significant revenue loss.
Nuclear power offers great promise in helping to reduce
greenhouse gas emissions and also supplementing the energy supply to
meet increased future demand. In view of its vast energy potential and
compelling merits, there has been a renewed global interest in nuclear
power. This arises from balancing the concerns for global climate change
with the need to provide sufficient electricity at an affordable cost
for a growing global population. This calls for developing an energy
strategy to satisfy a projected increase in global electricity demand,
by a factor of 2.5(Source: Nuclear Energy Outlook-NEA2008) in the year
2050, while reducing greenhouse gas emissions. Nuclear power stands to
play an important role in such a strategy by delivering large quantities
of electricity sustainably, with near-zero carbon-dioxide emissions.
Currently, world over, 436 nuclear power plants are in operation
with an installed capacity of 372 GWe, supplying 16% of electricity and
35 reactors under construction. Further, about 220 new nuclear plants
9

are planned across the world by 2030. India is one among a few countries
that have planned for a rapid increase in nuclear power capacity from
the current installed capacity of 4120 MWe to 20000 MWe by 2020 and
63000 MWe by 2032.
Indian nuclear power plants have
witnessed over 300 reactors-year of
accident-free safe operation with
high availability factors (above
80% during the last decade).
This has been possible due to
sound design of equipment
and systems, proper material
selection, exacting quality
assurance at all stages and
stringent water chemistry
control supported by extensive
in-service examinations using
the state of art NDT technologies.
While the design of equipment has had
played a vital role in corrosion control,
Tarapur Atomic Power Station
the reliable performance in the fi nal
3&4 (2x540 MWe PHWR)
run has been on account of control of
environment in which they operate.
Further, careful selection of structural materials, fabrication and
installation of equipment and optimisation of the chemical parameters
have helped in keeping low corrosion rates, leading to lower generation
of radioactive corrosion products. This has lead to low radiation field
buildup on equipment and piping surfaces of material. Some knowledge
of metals and metallurgy has played crucial role in deciphering
degradation and failure mechanism.
This paper highlights the structural materials selection criteria,
the degradation mechanisms and evolution of material used in Indian
nuclear reactors. The paper also highlights the water chemistry
aspects in achieving the satisfactory performance and life extension
especially of heat transfer equipment namely the steam generators
and condensers.
10

1.1 Overview of Indian Nuclear Power Programme
Based on its modest uranium and vast thorium resources, India
is pursuing an indigenous nuclear power programme comprising three
stages. The ﬁrst stage comprises pressurized heavy water reactors
(PHWRs) based on natural uranium fuel with heavy water as moderator
and coolant. The reprocessing of the spent fuel obtained from the first
stage provides fuel for the second stage. The second stage consisting of
fast breeder reactors (FBRs) is based on PU239-U238 fuel with Thorium232
as blanket. Whereas the third stage of thermal breeders is essentially
based on Thorium232 and U233 fuel obtained from the second stage.
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The country has successfully developed and matured the ﬁrst-stage
PHWR technology in the commercial domain while the second-stage
technology is developed and has been commercially launched. The first
Prototype Fast Breeder Reactor (PFBR) of 500MWe is at an advanced stage
of construction at Kalpakkam. The third stage has also been developed on
a pilot scale in the laboratory. In addition to the indigenous programme,
large-capacity Light Water Reactors (1000 MWe or larger capacity) have
been planned to be set up based on international cooperation, so as to
achieve faster nuclear capacity addition.
Nuclear Power Corporation of India Limited (NPCIL), a Govt. of
India public sector enterprise, is entrusted with the implementation
of the fi rst stage of the indigenous programme (PHWR) and the
11

additionalities (LWRs) based on the international nuclear cooperation.
The other company of the Government, Bhartiya Nabhikiya Vidyut Nigam
(BHAVINI), is entrusted with the second-stage implementation of the
Fast Breeder Reactor (FBR) programme.
1.1.1 Present Status and Future Plans
India joined the club of commercial nuclear power producing
countries in the year 1969 with the start of operation of the twin-unit
Boiling Water Reactors at Tarapur. Subsequently, India developed and
implemented PHWR technology and commissioned 15 nuclear reactors.
These are under successful operation on par with international
benchmarks. In addition to this, 6 Nuclear Power Plants are at an
advanced stage of construction. With the completion of these plants
in a couple of years, the nuclear power installed capacity will rise to
7280 MWe. Figure-1 depicts the nuclear plants in operation and under
construction.

    
        
      
        

Figure-1 :Nuclear Power Plants in Operation and Construction in India
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In the near term, the goal is to raise the current installed nuclear
power capacity of 4120 MWe to 20000 MWe by 2020 and 63000 MWe by
2032 in the medium term.
To realise the near-term goal, 8 pressurized heavy water
reactors of 700 MWe, 4 fast breeder reactors of 500 MWe and 10 light
water reactors of 1000 MWe or larger capacity based on international
cooperation have been planned during the current ﬁve-year plan. In
the medium term, in about 22 years, out of 63,000 MWe envisaged
40,000 MWe or more capacity of the light water reactors, in technical
collaboration with other countries, is planned. These nuclear reactors
based on pressurized light water reactors of Russian, French and
American technology will introduce variety of materials and associated
experience in the country. This will generate opportunities to R&D
institutions for developing and Industries for manufacturing these
materials in our own country over a period. Now, I would like to touch
upon the factors considered in selection of material in a nuclear reactor,
the degradation mechanisms and their evolution in Indian nuclear
power reactors.
2.0 Materials selection requirements, Degradation mechanisms
and their Evolution in Indian Nuclear Power Plants
The materials used in the nuclear reactors core, conventional
systems namely feed water and secondary cycle equipment, steam
generators, condensers and service water systems equipment and
associated piping etc., are required to withstand operational and the
environmental stresses thus need to be robust. The designed life-time
of nuclear power reactors has been increased from 30 years to 60 years
(Plus) and efforts have been made to increase it further to 80 years.
This is being assured through a judicious selection of materials, their
upkeep & handling, design & fabrication, construction, commissioning
and operation of nuclear power plants. Well established condition
monitoring/health assessment,ageing management programmes and
implementing the corrective measures thereof based on extensive R&D
and operating experience has also helped in improved performance of
materials. The environment, which plays an important role in material
performance and life extension, is scrupulously maintained in nuclear
power stations.
13

2.1 Factors considered in selection of materials
Material requirements in nuclear power plants are quite unique.
Unlike the conventional power plants, the materials used in the reactor
core should be transparent to neutrons (stringent requirement in
PHWRs to minimize neutron absorption) and possessing high erosion
corrosion resistance, good heat transfer properties. In addition, ease
in weldability/fabrication along with other mechanical properties are
other considerations for candidate materials for nuclear duty. Typically,
the following factors are considered in material selection for nuclear
reactors duty.
Physical Properties

Mechanical Properties

Density

Yield strength

Melting Point

Tensile strength

Coefficient of Linear Expansion

Elongation of fracture
(Ductility)

Thermal Conductivity

Creep strength Fatigue life

Neutronic Characteristics

Creep–fatigue interaction

Low neutron-capture cross section (core)

Impact strength and fracture

High neutron-capture cross section
(in case of control rods)

toughness

Additional Factors
Ability to withstand stress, corrosive environment and temperature
over a lifetime of 60+ years
Previous experience, if any and various codes guidelines.
Availability, Affordability and ease of fabrication
2.2 Materials Degradation during Service
The structural materials employed in nuclear reactors degrade in
their properties under radiation and corrosive environments whereas
the degradation of material properties in conventional systems is
essentially due to erosion-corrosion phenomenon. In nuclear industry,
14

early identification of the failures and associated mechanisms are
warranted essentially to address the root cause(s) promptly to
ensure safety. Therefore, the understanding of degradation /failure
mechanisms provide useful inputs in developing and implementing
appropriate corrective measures.
During service, more often, the degradation of structural
materials initiates from the surface and the conditions at the surface
of the materials, which are often entirely different from that of the
bulk of the material as well as that of the environment. Hence, the
materials for use in nuclear environments are specified in terms of
not only the chemical composition but with respect to microstructure,
distribution and structure of grain boundaries, anisotropy, effects of
cold work, heat treatment, residual stresses, etc. More importantly, the
surface condition, including roughness, chemical state and cleanliness,
are also specified.
2.2.1 Effect of Radiation
The materials employed in nuclear reactors experience an intense
radiation exposure of neutrons, alpha & beta particles and gamma
rays etc. Ionizing and electronic excitation, for example, produced by
beta particles and gamma rays results in loss of mechanical properties
leading to pre-mature failure of materials. In addition, the ﬂuids (heavy
water/water) used for cooling/ heat transfer duty in the reactor systems
undergo radiolysis under radiation, a process in which free radicals and
oxidizing species namely H*, OH*, and molecules H2, H2O2, O2 produced
from the recombination of these free radicals, etc. The free radicals
and oxidizing species generated, except hydrogen (H2), are highly active
chemically and promote general as well as specific corrosion resulting in
thinning, pitting whereas hydrogen is picked up by zircalloy-2 leading to
hydriding. These processes increase the susceptibility of the materials
to failure under operational stress.
The materials used in conventional system (out of reactor core)
experience varying temperature, pressure and chemical environment.
Under such severe conditions, the vital equipment employed, steam
generators, condensers, heat exchangers and service systems equipment
etc. for heat transfer duty becomes more vulnerable to failure.
15

2.3

Material Degradation and Evolution in Indian PHWRs

2.3.1

PHWR Coolant Channels

The coolant channel assembly of
Pressurized Heavy Water Reactor
(PHWRs) mainly consists of Pressure
Tubes (PTs), Calandria Tubes
(CTs), Garter Spring Spacers
(GS) and End-Fittings (EFs).
The pressure tube is rolled
at both its ends to the end
fittings, PT, CT and GS are
made of zirconium alloys
and EF is made of stainless
steel grade-403. PT is located
concentrically inside the CT
with the help of GS appropriately
spaced along the length. The heavy
water moderator
Coolant channels
surrounds the CT.
An annulus
ﬁlled with air (in earlier PHWRsRAPS/MAPS)/ CO 2 gas (NAPS
onward PHWRs), thermally
insulates the hot PT from cold
CT. High temperature ( ~300oC)
and pressure (~10 MPa) heavy
water coolant circulates
through pressure tube to
transport the heat generated
by the natural uranium fuel
which is housed in zircalloy – 4
sheathed fuel bundles and located
within PT, to the steam generator
through
carbon steel feeders, headers and
Front view -reactor face
showing Feeders connected associated interconnected piping.
to cooolant tubes
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Pressure tubes are the most critical component in PHWRs which
are continuously exposed to intense radiation, high temperature,
pressure and corrosive environment. In such a hostile environment,
the degradation of PTs, a prime concern in PHWRs, had been noticed.
In-depth R&D provided large inputs for implementing appropriate
technological solutions in addressing this concern. The degradation
mechanisms of zircalloy, in a pressurized heavy water reactor, are
brieﬂy enumerated below
2.3.1.1 Effect of Irradiation
The radiation exposure of the
material including zirconium alloys
u se d in PT le a ds t o a t omic
displacement and consequent
generation of point defects
which results in change in
microstructure, physical
and mechanical properties.
The material hardening
and reduction in ductility
& dimensional changes
essentially axial elongation,
diametrical expansion and wall
thinning occurs. This necessitates
regular In-Service Inspections (ISI) of
PTs through advance techniques namely BARC
Reactor Coolant Inspection System (BARCIS).
Non-intrusive Vibration Diagostic Technique
(NIVDT). These techniques have been developed
at BARC/DAE and implemented successfully in
Indian PHWRs .

Pressure Tube
(coolant channel)
In-Service Inspection
in progress at one of
Indian PHWR

2.3.1.2 Hydrogen induced damages
Zircalloy-2, an alloy of zirconium, was used in PTs of some of Indian
PHWRs (upto KAPS-1) and Canadian PHWRs of earlier generation. This
alloy contained a small amount of nickel(~0.05%) which promotes higher
17

hydrogen absorption in pressure tubes (PTs) made of zircalloy-2. The
rate of hydrogen absorption increases with the increase in temperature
differential across PTs.
Hydrogen in atomic and molecular form is generated by radiolysis
of heavy water coolant. The free radicals generated in radiolysis
comprises of H* (D*), OH*(OD*) which on recombination produce
molecules of H2O2, O2 and H2. Hydrogen is absorbed by zirconium alloy,
(zircalloy-2) of PT and forms zirconium hydride, which is brittle at
lower temperature. The presence of hydride in PTs above threshold
concentration results in reduced stress bearing capability of Zircalloy
especially at lower temperature, below 150 oC as the solubility of
zirconium hydride is low at lower temperature. Build up of zirconium
hydride above the threshold concentration in PTs in a Canadian PHWR
had resulted in sudden failure of PTs thus challenging the safety.
The hydrogen induced degradation essentially formation of
hydride, limit the life of PTs and hence these required replacement
after about 10 full-power-years (FPY) of operation. A computer code
HYCON-95 is developed at BARC to predict the hydrogen pick up in
zircalloy-2 pressure tubes. This code has been used extensively for
life management of all the Indian PHWRs. Based on HYCON results, it
was decided to carry out en-masse coolant channels replacement in
EMCCR campaigns, with zirconium 2.5% niobium, an improved alloy of
zirconium. This alloy posses better mechanical properties and higher
resistance to radiation induced deformations in addition to very low
pickup of hydrogen. The use of this alloy, thus eliminated hydriding
induced degradation in PTs in PHWRs.
2.3.2 Primary side Flow Assisted Corrosion (FAC)
Primary Heat Transport (PHT) system comprise of reactor, feeders,
headers, circulating pumps, steam generators, heat exchangers,
associated piping, valves and auxiliaries. The ﬂuid used is heavy
water which carries heat generated, through fission of uranium, to
steam generators primary side. In addition, it also performs several
safety functions during all phases of reactor operation, therefore PHT
is an important nuclear system in PHWRs. It operates at an average
temperatures of 293oC (220MWe)/304oC (540MWe) at the outlet ends of
18

the channels in PHWRs. The PHT pipelines are made of carbon steel and
have a contoured geometry. These pipelines carry the hot heavy water
from the channel outlets to a common header and from there to the SGs.
Similar pipelines also carry heavy water from the cold leg of SGs to the
channel inlets after heat transfer. This heavy water is relatively cool
and at an average temperature of 249oC (220MWe)/260oC (540MWe).
Typically the surfaces of these carbon steel pipelines are covered with a
magnetite (Fe3O4) film which is formed in a pre commissioning operation
(called as hot conditioning). This film also continues to grow during the
reactor operation period under alkaline water chemistry (pH 10-10.5)
and dissolved oxygen less than < 10ppb.
The solubility of magnetite (Fe3O4) in water at pH more than
9.8 increases with the increase in temperature from 150 oC to 300oC.
Therefore, at locations of high velocities in the PHT feeder pipelines
(due to its contoured geometry) and where temperature is high ~300oC
at the outlet PHT feeders, higher thickness loss results due to FAC.
After extensive R&D across the world, it is concluded that
0.2%w/w chromium addition in carbon steel and maintaining pH in a
range 10.2-10.5 of hot coolant (heavy water)
effectively prevent FAC.

A close view of
Feeders in a PHWR

The newly constructed PHWRs
in India have used improved carbon
steel for feeders and maintaining
chemistry especially pH in
the range 10.2-10.4 which is
expected to prevent FAC in
these reactors. At the earlier
PHWRs, RAPS, MAPS, NAPS
and KAPS #1, En masse Feeder
Replacement (EMFR) campaigns
have been completed successfully.
The feeders have been replaced with
improved carbon steel material. This has resulted
in extending the life of the Feeders.
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2.3.3 Steam Generator Tube Materials
and Degradation Mechanisms
2.3.3.1 Earlier generation nuclear
power plants in India (RAPS & MAPS)
and nuclear power reactor in many
other countries employed steam
generators having Monel-400 as the
tube material. This alloy was notice
prone to stress corrosion cracking under high
dissolved oxygen concentration in the
Steam Generator under
coolant and also showed higher rate of
installation at one of Indian
Nuclear Power Plant Site
general corrosion resulting in release of
cobalt-59 (present as an impurity with
nickel in the alloy) which generated a highly radioactive species, cobalt60, on irradiation with the thermal neutrons. This was resulting in higher
radiation dose to operation & maintenance personnel working in these
PHWRs . Therefore, Monel-400 was replaced with alloy-600 (Inconel-600)
in some reactors across the world. As this alloy was also found to be failing
through inter granular stress corrosion cracking (IGSCC), India chose to
employ better alloy, Incalloy-800. This material has demonstrated a high
resistance to general corrosion, especially under high dissolved oxygen
concentration in the coolant (>100ppb), and IGSCC. Nickel content in
this alloy is low therefore cobalt-59 associated with this material is nearly
absent(30% w/w in Incalloy-800 vis-a-vis 70% in Monel400). The low corrosion rate of Incalloy800 and absence of cobalt -59 has
eliminated the problem of cobalt-60
generation in PHWRs. This has lead
to reduction in radiation field on
the out of core equipment surfaces
where maintenance activities are
undertaken.

Steam Generator
under Transportation

2.3.3.2 Tube failures have been noticed
in several SGs of nuclear power reactors
world over due to material degradation. Tube
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failures rate in India on account of this are not noticed. However, the
industry experience feedback provided significant inputs in designing
the SGs for Indian nuclear reactors. The prominent degradation
mechanisms encountered in SGs are brieﬂy described as under.
2.3.3.3 Wastage
Early experience with SG operation had shown development for a
sludge deposition on lower tube sheet. The sludge on the lower tube
sheet gradually grows up to a height when the bulk liquid (secondary
side coolant water) can not penetrate into lower parts of the sludge.
Therefore, there is no possibility of build up of solids (chemical
additives) in the sludge pile near the tube sheet. However, there is
an adequate circulation in the upper parts of the sludge. Therefore,
the intermediate region of the sludge is the most corrosive as there is
alternate wetting and drying there, leading to concentration of sodium
phosphate. A high concentration of sodium phosphate promotes high
general corrosion of Ni-based alloys resulting in thinning of tubes. This
thinning of the SG tubing from the secondary side at regions that are
in the middle zone of the sludge deposits on the lower tube sheet, is
called “Wastage”. This form of thinning was observed in SG in 1980s
when phosphate water chemistry was common currently the sodium
triphosphate dosing is replaced with all votalite treatment (AVT)
comprising of hydrazine hydrate in and morpholine additions to feed
water to reduce oxygen concentration to less than 10ppb and raise pH
to 9.5 respectively.
2.3.3.4 Denting
In earlier steam generators the tube support plates were of
carbon steel. However accelerated corrosion of these carbon steel tube
support plate lead to large quantities of non protective, voluminous
corrosion products (magnetite) in the clearance between SG tube and
tube hole on the drilled support plate. Due to this, the ﬂow through
the clearance used to decrease causing local rise of temperature in
crevices (between the tube and the tube support plates). This leads
to increased evaporation and concentration of acidic chlorides, which
further accelerates the corrosion process. This autocatalytic process
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of corrosion, in the crevices, result in concentration of chlorides of the
order of several thousand ppm. The bulky corrosion products exerted
stresses on SG tubes from this region causing “denting” of tubes and
causing tensile stresses on the ID side of the tubes. This was the cause
of PWSCC at such locations. The tube support plate also distorted due
to excessive stresses. This form of corrosion degradation was overcome
by changing the material for tube support plate to stainless steel.
2.3.3.5 Condenser Tube Leakages- Pitting in SGs
A few cases of pitting on the cold legs of SG tubes were observed in
some reactors across the world on the secondary side of SGs on alloy 600
and 800. Such a phenomenon has not been observed in Indian reactors
so far. This was due to the presence of oxidizing
water chemistry and presence of Cu++ ions
attributed to the leakages in the condenser
tubing which were made from copper
base alloys at that time. The leakage
of condenser tubes lead to ingress of
impurities and oxygen in the secondary
side of SGs. The presence of copper was
a result of general corrosion of the copper
based alloy tubing material of condensers
(Admiralty brass for river/fresh water cooled
A view of
condenser and Aluminium – Brass for sea
Condenser Tube
water cooled condensers). A changeover in
at one of the
Nuclear Power Station
1990s to stainless steel for river water/fresh
water cooled condenser tubing and to Titanium tubing for sea water
cooled condenser tubing helped in avoiding this problem.
2.3.4 Flow Accelerated Corrosion in condenser tubes
2.3.4.1 Condenser is another important heat transfer equipment in
nuclear power plants as on primary tube side it is exposed to raw
water whereas secondary side (outside tube surface) is exposed to
hot steam and condensate. Condenser tube failure results in ingress
of several magnitude higher concentrations of the chemical impurities
than permitted in the secondary side of steam generators through SG
22

feed water. These chemical impurities concentrate in steam generators
and leads to corrosion, pitting, denting and similar phenomenon (as
described above) responsible for steam generator tubes failures. In
addition to corrosion, the condenser tubes failures have also been
experienced by erosion corrosion phenomenon.
2.3.4.2 Higher ﬂow velocities and turbulence cause erosion
corrosion. It typically has two distinct components – (a) dissolution
of metal/its corrosion product as ions into the process stream and (b)
removal of metal/its corrosion products itself into the process stream
due to mechanical action (high shear stress).
The pipe bends/tube inlets are the sites
of erosion corrosion due to higher ﬂow
velocities and turbulence created by the
geometry of the components. Metals
and alloys, which resist corrosion
through a passive film mechanism, are
the most affected one with this form
of corrosion. The protective surfaces
are dissolved/worn by fast flow of
ﬂuids leading to accelerated corrosion
attack. The cases of soft materials (Cu,
Pb etc.) mechanical wear
A view of condenser tubes
may also be involved.
and tube sheet
Solid particles/
at one of an Indian NPP
gases in the
aqueous phase
accelerate the rate of erosion. This
form of erosion corrosion is prevalent
in nuclear industry in the condenser
tubing. However, due to the use of
erosion resistant materials stainless
steel in river water cooled and titanium
for sea water cooled condensers and use
of a proper design, mechanical erosion is not
Tubes arrangement in a
a significant form of degradation in nuclear
cooler of an Indian NPP
power plants.
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2.3 Corrosion of Service/Fire Water Pipelines
The fire water system, a service water system, have been
employed in nuclear power plants including the Indian nuclear power
plants to mitigate the consequences of ﬁre incidents. The structural
material of these systems is essentially carbon steel. The service water
system pipelines carry untreated raw water. Failures of these lines
in several nuclear reactors observed was attributed mainly to under
deposit corrosion. In some instances these failure were on account
of Microbial Induced Corrosion (MIC). Low ﬂow/stagnant conditions
in these pipelines lead to pool of water remaining stagnant at many
locations. This leads to the growth of microbe colonies or deposition
of crud/suspended particles on the ID side of the pipelines. Studies
in India on removed pipelines from a nuclear plant showed low pH in
the corroding regions under the deposits conforming to crevice type of
corrosion. Certain microbes are known for causing corrosion of steels
at a fast rate. Deposition combined with low ﬂow condition in these
pipelines also result in formation and operation of crevices (under
deposit crevices) and heavy corrosion at these locations. Most of such
under deposit corrosion spots were at or near 6’O clock locations. If a
seam weld (in electrical resistance welded (ERW) pipes) is left at such
a location, there is even faster corrosion at the weld seam due to easy
accumulation of deposits/microbial growth there.
3.0

Materials used in Indian PHWRs

3.1 In Indian PHWRs better performing materials have been developed
based on the operating experience feedback especially degradation of
materials in service, R&D and life extension of the systems/equipment.
The special materials which can withstand temperatures of the order
of 450oC and higher radiation doses as encountered in Fast Breeder
Reactors, have also been developed in the country. The materials
developed for and used in Proto type Fast Breeder Reactor (PFBR)
under construction at Kalpakkam are stainless steel 316L (N) for reactor
assembly, 20% cold worked Alloy D9 (15Cr-15Ni-Mo-Ti-Si). Typical
materials used in an Indian PHWR is given in table-1. The composition
of these materials is given in table-2
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Table-1: Typical Materials for an Indian PHWR (One Reactor)
Material

S. S. 304L

Equipment

40
220

66
460

50

80

160
500
30
150

240

Incolloy 800
Steam generator tubes
Quinched Low
SG tube sheet
alloy steelASTM 508 with
overlay of 6mm
Inconel – 690

17
11

30
23

Titanium

--

170

100
18
7
8

160
28
10
12

S. S. 403/410
S. S. 17-4 PH

Calandria
End-shield
(north and south side)
F/M head along with
accessories
(north and south)
Moderator System

Quantity (in metric
tones)
220 MWe
540 MWe/
700 MWe

End-ﬁttings
Liner tubes
Shielding plug

Condenser tubes
for seawater cooled
condenser

Cupro-Nickel
Condenser tubes for
Admiralty Brass
river-water cooled
condenser and heat
exchanger tubes
Stainless steel
316-L
Zr 2.5% Nb
Zircolloy – 4
* Zircolloy -4

Pressure tubes
Calandria tubes
Cladding

* Fuel cladding (of zircollay-4) requirement based on one-year fuel requirement
for respective size of the reactor

25

In addition, the quantity of carbon steel required in nuclear,
conventional and service systems is of the order of 3500 metric tones
for a 220 MWe reactor.
3.2

Alloying Elements in Base Materials for Nuclear Service

Specification of alloying elements in materials for the
manufacturing of nuclear components/ equipment is an important
task, which needs a coordinated effort. Even though codes prescribe
the upper and lower limits of alloying elements that can be allowed
for a material, a judicious choice of the exact quantity of the element
is very important. For example, choosing an upper limit of carbon for
AISI type 304L SS (up to 0.04 wt%) for an application involving welding
is not favourable, as it will lead to sensitisation at the heat-affected
zones of welded components. Similarly, addition of 0.2%w/w chromium
in carbon steel used in feeders reduces the ﬂow assisted corrosion.
The composition of important alloys used in Indian nuclear reactors is
given in table-2.
Table-2: Composition of Materials (in % w/w) used in a Nuclear
Power Plant
!LLOY
#ARBON
3TEEL
3TAINLESS
3TEEL
:IRCALLOY 
:IRCALLOY 
:R  .B
:R  .B
-ONEL 
)NCONEL 
)NCOLLOY

3TELLITE

&E
"A

#R

.I

-O

"A

 

 







 


 

 
    
"A    
 

 

#O










:R

3N

#U
 

#





3I





"AL 
"A 
"A


"A
 
"A

 

* Tungston (W) 5 to 20%
** Sulphur (S) in carbon steel, 0 to 0.5%, and in stainless steel, 0-0.2%
Phosphorus (P) in carbon steel, 0.4%, and in stainless steel, 0-0.2%
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4.0 Brief Details on Materials and Water Chemistry Aspects in the
Main System of VVERs (PWRs of Russian design)
VVER units differ signiﬁcantly from the western-designed PWRs
and originate from a separate design and development history. Materials
used in VVERs differ from that of European/US PWRs. All the surfaces
of primary coolant circuit are either made from or clad with stainless
steel (austenitic, titanium-stabilized stainless steel equivalent to 321
SS). Standard Russian fuel has Zr-1% Nb clad and Zr or SS spacer grids.
The fuel assembly of VVER-440 units has outer sheath of Zr-2.5% Nb.
Stellite is rich in cobalt-59 (~60%) which gets activated to cobalt60 on irradiation to thermal neutrons in the nuclear reactor. As cobalt60 is highly radio-active hence is undesirable due to radiation dose
associated with it. Therefore, the components constructed from stellite
hard-facing alloys are not used in VVER plants. Some of these plants
have antimony/graphite in the main coolant pump seals.
4.1.1 The VVER water chemistry specification has undergone several
modifications based on the many years of reactor
operation. As in PWRs, coolant chemistry
in the primary system of VVERs has
alkaline and reducing conditions during
normal operation. Boron-potassium
coordinated water chemistry in
VVER-1000 units is used to ensure
a constant pH (7.0 -7.2) and stable
physico-chemical conditions during
the whole fuel cycle and promise
reduction of radiation fields.

KKNPP-A VVER (PWR
of Russian Design)
under construction
at Kundankulam ,
Tamilnadu

4.1.1.1 The specified coolant
quality is controlled by the high-temperature
ﬁltration system, and systems of ion-exchange
demineraliser with mixed or separate beds of
nuclear-grade resins. Normally, a cation exchange
column in potassium and ammonium form and an
anion exchange column in Borate form ( BO33-) are
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kept continuously in service. A cation column is connected periodically
when the potassium and ammonia concentration in the coolant exceeds
the specified limits.
4.1.1.2 Literature survey reveals that there were no cases of fuel
failures due to zirconium-alloy corrosion based on the long-term
operation experience with fuel and post-irradiation examination. Oxide
layers on fuel cladding were usually less than three micron-thick and
the internal hydrogen content on irradiated fuel cladding was about
0.008%. The number of leaky fuel elements was less than 0.02%.
5.0 Experience with Heat transfer Equipment in Indian NPPsSteam Generators
5.1 Steam generators at a nuclear power station perform vital
safety functions in addition to the normal duty of producing steam
for production of electricity. Firstly, steam generator tubes form an
important barrier between radioactive primary ﬂuid and non-radioactive
secondary feed water system. Secondly, SGs provide an important safety
function of reactor core cooling for decay heat removal during reactor
shutdown. Availability of SGs is, therefore, very crucial in all phases
of plant operation.
In a nuclear power reactor, about 200 km of SG tubing length is
used. SG tube surface area constitutes over 80 percent of the total
primary circuit surface area. A typical value of this, in a 220-MWe
reactor, is 9000 m2, which can release considerable amount of corrosion
products over a period of time, even at extremely low corrosion rates.
Therefore, all efforts are made at the design stage itself to achieve
low corrosion rates by proper design, material selection and water
chemistry control during service life of the plant.
5.2 Most of the corrosion problems origin is on the secondary side
of SGs. It has a potential source of ingress of impurities through tube
leaks in the condenser. These impurities tend to concentrate in the SG
due to evaporation-mechanism. Continuous or intermittent blow-down
of SG water keeps the water chemistry parameters within permissible
limits governed by the requirements of corrosion mitigation of both
SG material and turbine blades.
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5.3 Improvements effected in Materials, Design & Environment in
Steam Generators
5.3.1 Tube-Material Modiﬁcations
The steam generators in earlier PHWRs in India, namely, at RAPS
and MAPS steam generator, were of hairpin-type design and the tube
material was Monel-400 (70% nickle, 30% copper). These tube are
susceptible to severe corrosion under highly oxygenated conditions
(dissolved oxygen > 100 ppb) and many tube failures have occurred
elsewhere, tube failures were very rare in our power stations, due
to a stringent water chemistry control in all phases of these plants.
However, learning from the industry experience, a better alloy Incalloy800 (35%Ni, 20%Cr, balance Iron), have been used in subsequent steam
generators. These tubes of Icalloy-800 are resistant to chloride induced
stress corrosion cracking (SCC) and primary-side water stress corrosion
cracking under high dissolved oxygen (>100 ppb) concentrations. These
SGs have been employed in all the later reactors (11PHWRs of total
15), Narora Atomic Power Station (NAPS) onward including the latestdesigned 700MWe.
5.3.2 Design Modiﬁcations
Steam generator design has also undergone great evolution during
this period. SGs of earlier design often had deep crevices between tubes
and tube sheet on the secondary side and concentrated impurities in
these gaps caused intergranular attack and stress corrosion cracking.
Such deep crevices were avoided in the present design by rolling the
tubes in the upper and lower regions of the tube sheet. In addition, the
tubes were welded to the clad tube sheet to get better leak integrity.
The tube sheet material has also been changed from the earlier lowalloy steel to Inconel-690, a more robust material from the corrosion
point of view.
5.3.3

Modiﬁcation in Chemistry

Tube wastage, sludge accumulation and the resulting tube
wall thinning with phosphate chemistry are some of the areas where
considerable research has been carried out. To minimise the problem
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of sludge accumulation, newer plants employ Stainless Steel tubes in
the feed water circuit in place of copper-based alloys. This protective
measure helped in three ways:


Firstly, corrosion product inventory has been reduced.



Secondly, water chemistry in the feed water circuit is made more
basic (pH: 9.5-9.8) and simpliﬁed, which minimises corrosion
of carbon steel surfaces. And finally, absence of copper in the
contaminants/sludge on the secondary side of SG has simplified
the chemical cleaning process.



To improve the blow-down efﬁciency, a ﬂow distribution bafﬂe
(in the from of a bafﬂe with a cut-out at the centre) is used
to direct the ﬂow onto the tube sheet, keeping the corrosion
product in suspension, so that they can be removed through the
blow-down line. With improvement in design and a switchover
to AVT ( all-volatile treatment) from phosphate treatment, tube
wastage has been arrested.

5.3.4

Institution of good practices for SGs life management

5.3.4.1 Sludge Lancing
In some of the earlier generation nuclear reactors, water lancing
has been employed to clean the steam generator from the shell side.
It is done by directing a high-pressure water jet between the tubes
from the (central) tube-free lane. A recent inspection of the shell-side
of the steam generators in Indian nuclear power stations has indicated
that they have been maintained in perfectly clean condition and free
of any deposits. Due to scrupulous maintenance of stringent chemistry
control resulting in sludge-free surface, it is envisaged that water
lancing may not be required frequently in any of the Indian nuclear
power stations.
5.3.4.2 Periodic In-Service Inspection
Periodic in-service inspection (ISI) of the SG tubes using Eddy
Current Testing (ECT) is undertaken since the very beginning, to identify
for tube thinning, pinholes, or any other similar defects. The tube sheet
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and tubes’ outer surfaces are regularly inspected to ascertain for any
deposits as well as for any other abnormality etc.
These inspections have been very useful in identifying and
correcting defects at very incipient stages.
5.4 Performance of Incalloy – 800 material in Indian PHWR
11 of 15 Indian PHWRs in 44 steam generators employ about 80,000
tubes constructed out of Incalloy-800 which have witnessed over 250
reactor- years of operation. I am happy to share that there has not been
a single tube failure on account of material defects/deformation or
environment. This evidences, sound design, upkeep and use of proven
procedures during fabrication and handling, observing good operating
practices including a scrupulous water chemistry regime.
Periodic In-service inspections on steam generators, condensers
for tube leak detection and correction as well as continuous blow down
of steam generators have helped in achieving a good performance of
steam generators in general and Incolloy material in particular.
6.0 Conclusion
6.1

The materials performance in Indian nuclear power plants have
been quite satisfactory as evidenced by high availability factors,
more than 80%, recorded by Indian nuclear reactors during the
last decade. The performance of Incalloy-800 alloy in steam
generator tubes has been excellent with no failures of the tubes
on account of material degradation in service.

6.2

Materials are the enablers for future nuclear technologies, with
the predicted expansion in the nuclear power industry, there
will be an increasing need for new materials and a corresponding
need for materials engineers..

6.3

New alloys, improved predictive models, and new component
quality speciﬁcations are needed for the future success of the
nuclear industry.
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