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OUTLINE

BACKGROUND
Describe the importance of 

Material Engineering to Ensure 

Safe Operation of Nuclear 
Power Plant

BASIC 
MATERIAL/METALLURGY
Describe a basic of Material 

Science or Metallurgy 
Engineering 

MECHANICAL PROPERTIES
Learning basics mechanical 

properties importance for 

integrity of mechanical structure 
of Nuclear Reactor

BASIC IRRADIATION DAMAGE 
in MATERIALS

Learning how irradiation interacts with 
material and resulting damage

MATERIAL for LWR
Describe types of material used 

in Light Water Reactor

MATERIAL for Gen-IV REACTORS
Introducing materials used in 

Gen-IV Reactors



I. Background



Integrated Engineering

Nuclear Engineering is supported by many fields of basic science and technology.  This 
is relatively well-known.

Each field has a layered structure, from basic science to application engineering.

Nuclear Engineering
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Reactor design/
criticality safety

Reactor Phys.

Nucl. Data 
compilation

Nucl. Data 
measurement

Nucl. Physics Nuclear physics is a science which gives us a new 

understanding on nuclei.

Nuclear data are engineering data and experimentally 

measured using reactors and accelerators.

Measured nuclear data are insufficient in accuracy 

and quantity.  Evaluated nuclear data sets, such as 

JENDL, are generated according to use requirements. 

Computer codes which can evaluate chain reactions in a 

reactor core assembly, based on nuclear data sets and 

neutron transportation calculations.  Experiments to 

verify these calculations are also included.

A typical layered-structure is seen in 

nuclear physics-reactor design field.

Layered structure in Nucl. Phys.



Multi-scale Modeling in nuclear materials 

Time

Length

1s

1Ms
Mechanical 

properties
mechanical engineering

1Gs Plant Life

Displacement

(Atom/Lattice) Physics
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Accidents due to material failure

Ｘ

Mihama-3 accident

（2004

）

B-747 crash at Mt. 
Osutaka

Incorrect repair of cabin pressure wall caused fatigue 
fracture, resulting 520 casualities. （1985）

The secondary system of a PWR or cabin pressure wall in a 

airplane may not be considered as an important one, but it 

would cause a severe accident.

The worst nuclear power plant accident 
before Fukushima in Japan

Rupture of a hot-water pipe in the 
secondary system killed five workers. 
The wall thickness of the pipe made of 
carbon steel was very thin at the time 
due to corrosion for 28 years service 
without check or replacement.



Accidents due to material failure



Compatibility of cladding and structural 

materials with lead alloy and the inhibition

of channel plugging caused by the 

precipitation of solid lead oxide (PbO) 

and precipitation of dissolved metals 

such as iron.

Critical Issues

K-27 – first submarine with Pb-Bi cooled reactor

1963 – Commissioning

1968 – Accident

Slag deposits in  The vessel

Slag deposits in  The Heat Exchanger

Slag deposits in   

recuperator tube

Slag on pipeline

P.N. Martynov, et.al., The 1st COE-INES-1, Tokyo (2004)

⮚ High corrosion resistant materials

⮚ Control of oxygen concentrations

in lead alloy

Solutions

Accidents due to material failure



II. Basic Materials/Metallurgy



What is “metal” ?

Solid with metallic bonding

covelent 
bond

ionic bond

metallic 
bonding

van der Waals 
bond

DIAMOND.  Four valence electrons of a carbon atom 
forms pairs with electrons of other carbon atoms and 
make closed shell structure. 

SALT (NaCl).  A Na atom releases one electron 
and a Cl atom accepts it, making closed shell in 
both atoms.  Na ions with + charge and Cl ions 
with – charge make an ionic crystal.

C
C

CC

C

Na Cl+ -

GRAPHITE(between layers).  Fluctuating 
polarizations of neutral particles causes 
attractive force

+

+

+

+

-

-

-

-

GOLD.  Many atoms releasing their electrons share these 
electrons, forming lower energy state.  Energy states of these 
electrons have some width (band structure).

Energy state of these 
electrons is  free , then ..

They can move in the crystal freely, and metals are 
electrically conductive.
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Typical crystal structure of metals

Note: Difference in color is just for explanation.  

BCC
(body centered Cubic)

Fe(at room 
temperature), W, Mo, 

Na, K

FCC
(face centered Cubic)

Au, Ag, Cu, Ni, Al 
Fe (at high temperature)
Austenitic stainless steel

HCP
(hexagonal close 

packed)

Zn, Mg, Be



FCC: Combination of triangle makes...

FCC stacking 
sequence

one layer
so-called (111) 

plane

Basic structure of FCC is a tetrahedron, or triangles.
Their combination makes a cubic.



Crystalline defects：point defect

This is a perfect crystal.

A lattice site without the atom is 

called as a vacancy.

An extra atom locating among 
other atoms in normal lattice site 

is called an interstitial atom.

This is not a perfect crystal, 
including crystalline defects.

Vacancies and interstitial atoms are colled point defects.



Line defect : dislocation 1: edge type
Imagine that 

....

A cheese bar

with a slit

insertion of another 
cheese slice into the slit.

extra plane of same 
atoms

Difference in color is just 
for explanation. Orange and 
green atoms are of same 
element.

This area is perfect 
crystal

This area is also 
perfect crystal.

Cross-section of the crystal 
including edge dislocation.



Micro deformation due to dislocation glide

If we apply share force to a crystal 
including an edge dislocation, then, ...

plastic deformation due 
to dislocation glide

Due to its the nature of metallic bonding, dislocations can glide easily and 
metals are thus ductile. 

The dislocation passes through the crystal.



Moving a carpet by the dislocation glide

How will you move and relocate a long heavy carpet ?

Oh ...!!

Repeated movement of small wrinkles can make a large advance.

impossible !!To move it at once is ...



Another type: screw dislocation

Imagine that

A cheese bar ...

with a slit.

twist and re-conect

This is very difficult to understand this 
completely and I think it is enough to 
know the name, screw dislocation and 
its practical importance in deformation 
mechanism.

screw 
dislocation



III. Mechanical Properties



Introduction



Introduction



Failure Modes and Mechanism (1)



Failure Modes and Mechanism (2)

Metals fail in a ductile or a brittle manner.
(1) Ductile fracture

In macroscopic scale, material deforms plastically before it fractures. For example, strain to
fracture is larger than 5%.

Burst, Ductile rupture, local distortion
(2) Incremental collapse

By combination of cyclic primary and secondary stresses, plastic deformation accumulates 
progressively.

primary stress ~ load-controlled stress (pressure, empty weight)
secondary stress ~ strain-controlled stress (thermal strain)

(3) Fatigue fracture
Material fails with ductile fracture surface, but the macroscopic deformation is too small.

Pressure and thermal stress change at normal reactor start-up and shut down, scrum etc..

Thermal striping, Earthquake, Fluid vibration, High cycle pressure wave caused by 
cavitations.

(4) Buckling
buckling is a failure mode characterized by a sudden failure of a structural member subjected to
high compressive stresses, where the actual compressive stresses at failure are smaller than the
ultimate compressive stresses that the material is capable of with standing. This mode of failure is 
also described as failure due to elastic instability. 

(5) Brittle fracture
Material show little deformation before it fractures.
Cleavage fracture, intergranular fracture (creep, SCC)



Short Term Mechanical Properties



Short Term Mechanical Properties

Ductile manner and Brittle manner



Short Term Mechanical Properties



Short Term Mechanical Properties



Short Term Mechanical Properties



Fatigue Property



Fatigue Property



Fatigue Property



Creep Property



Basic Irradiation Damage in Materials

1. Materials in nuclear engineering.
2. Basic Concepts of Radiation Damage.
3. Practical Effects of Radiation Damage.



Radiation embrittlement of RPV

Radiation hardening is mostly due to the increase of 
dislocation density and this is similar to work 
hardening.  But radiation enhanced precipitates also 
have a special effects on RPV embrittlement.

Solid solution 
strengthening

Precipitation 
hardening

Work hardening

Radiation 
hardening
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18K gold.  as mentioned previously

Duralumin.  Al added with a slight amount of Cu forms 
small intermetalic compounds after a heat treatment.  
Such small precipitates block dislocation glide.

thin steel plates used in automobile.  The dislocation 
density is too high due to heavy deformation.  These 
dislocations prevent other ones to glide and cut them. 

pressure vessel of LWR’s.  Various defects 
generated by irradiation stop dislocation glides.
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stress

strain

σy0

ε0:elongation

σy0:strength increases but ε0:elongation decreases!

Before After

rad
iatio

n

Radiation hardening in s-s diagram

strain
stress

σyrad

εrad:elongation

36



Materials science in nuclear

Material is an old technology and 
has a long history before nuclear.

We know much about …..

strength corrosion resistanceelectric 
properties

cost ・・
etc

For nuclear applications, we should also consider followings.

nuclear properties radiation damage reliability
Zircalloy clad tubes for LWR requires Hf-free Zr for 

the expected low neutron-absorption cross-
sections.



Particle/target interactions

- Radiation -

1. I know how RUTHERFORD SCATTERING happens where 

most of energetic alpha particles injected into a thin gold foil 

pass through but a few particles are reflected back to the 

injection side. 

2. I know high energy particles (mostly C and H ions) are used for 

the cancer therapy.

3. I know that the advantage of high energy particles in cancer 

therapy is their characteristic energy deposition along depth, 

called BRAGG PEAK.

4. I know another cancer therapy method, BNCT, where 10B(n, α) 

reaction is used to kill cancer cells by the localized fission 

energy deposition.

As the introduction to “Basic Concepts of Radiation Damage”, three important 
phenomena (interactions) in radiation will be explained.  They are,

Rutherford Scattering, Bragg Peak, BNCT cancer therapy.



Rutherford scattering

In 1909, Ernest Rutherford’s research group 
conducted a scattering experiment of α particle 
beam from Ra through gold foil.  
Scattering was, in general, very small 

but they also found that

few α particles were reflected 
back to the source side.

It was very surprising because structure of a atom was not well known at 
that time, while negative charge particles (electrons) were well recognized.
J. J. Thomson proposed a “plum pudding model” where electrons are in 
homogeneous positive charge distribution (positive charge cloud), while 
Nagaoka’s model had a concentrated positive charge at the center and 
surrounding electrons like rings of Saturn (called as a Saturnian model).

gold foil

α source

α particles

Nuclei of atoms have been thus discovered.



α’s are reflected by the nuclei

This result is caused by collision with the nucleus.

Based on this results, Rutherford proposed an atom model with a 
nucleus in 1911, where
the atom has a heavy nuclei with a large positive charge
(planetary model).

electron
α

p
ar

ti
cl

es

α particles passing near the 
nucleus are largely deflected.

nucleus

Most α particles go through  Au foil 
with no or slight deflection.

Au atom



Charged particle cancer therapy

from web-site of Gunma Univ., 
Heavy Ion Medical Center



Bragg peak

This result is caused by collision with electrons.
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Electronic stopping Se (energy loss due to electron excitation) is 
a function of projectile energy and the profile peaks at 
intermediate energy region as shown in above left.  
The energy deposition profile along the depth has, therefore,  a 
peak at the end of the penetration depth.  Note that horizontal 
energy scale in the left diagram is in log scale.



BNCT cancer therapy

This result is caused by nuclear reaction.

Large (n, α) cross-section of 10B with thermal neutrons are well 
known.      10B(n, α)7Li, 3595 barn, 

1. 10B containing chemicals go to 
cancer cells.

2. Irradiate the organ with thermal 
neutrons.

3. Fission energy carried by α and 7Li 
is deposited to the cancer cell leaving 
a slight side effects to healthy cells.

cancer cell

B

B

4. Cancer cells are killed.

α, Li

α, Li



Summary of three phenomena

phenomena type of 
interactions

effects to 
metallic 
targets

irradiated particle

Rutherford 
scattering

collision with 
nuclei

displacement 
damage *

ions
(Neutrons can also 
make this effect)

Bragg peak in 
charged particle therapy

collision with 
electrons

heating ions

BNCT therapy nuclear 
reaction

transmutation 
damage

neutrons

• *  Details of displacement mechanism will be given later.

• To understand radiation effects in NPP materials, you can forget about

- nuclear reaction caused by high energy ions (    ),    and

- neutron to electron collision (     ).



Electron excitation in metals

type of interactions effects to 
metallic targets

Irradiated 
particle

collision with nuclei displacement damage ions, neutrons

collision with electrons heating ions

nuclear reaction transmutation damage neutrons

Metallic materials include many free electrons with various energy states.
That’s why they are conductive due to the free movement of these electrons.

Electron excitation does not affect the 
metallic bonding of these solids.

metallic bonding
Many atoms share 
many electrons in 
various energy states.

covalent bonding
Two atoms share some 
electrons in a specific 
energy state.

Fe+n C+n

Polymers, for example, are very 
sensitive to electron excitations.



Displacement damage

electron

α
p

ar
ti
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es

α particles passing near the 
nucleus are largely deflected.

Au nucleus

Au atom

In α irradiation to Au foil, Rutherford was 
interested in the deflected α particles, 
but let’s think about the irradiated Au nuclei.

What will happen?



Particle/particle collision 

α particle
nucleus

Conservation of momentum requires that the irradiated Au 
nucleus should move after the collision, receiving some energy 
from the α.   (Also remind the low of action and reaction!)

The amount of transferred energy varies depending on  
collisions.
The maximum energy transfer occurs in a head-on collision.

Emax =                          E0

4 m1 m2

(m1 + m2)2

m1 : projectile mass
m2 : target mass
E0 : projectile irradiation energy 



Maximum energy transfer

projectile:m1 target:m2

Emax =                          E0

4 m1 m2

(m1 + m2)2

m1 : projectile mass
m2 : target mass
v10 : projectile speed before collision 
v11 : projectile speed after collision 
v21 : target speed after collision
(v11 and v21 are unknown.)conservation of energy

m1 v10
2 =         m1 v11

2 +       m2 v21
2

conservation of momentum 
m1 v10 =   - m1 v11 + m2 v21

v10

v11

v21

1
2

1
2

1
2

before after collision

With two unknown parameters and 
two given equations, we can solve the 
equations (high school level physics) 
and the following equation is 
obtained.

v21   =                                  v10

and so on….

2 m1

m1 + m2



Screened Coulomb potential

Rutherford scattering is the result of ion/ion collisions.
The real potential between projectile and target nuclei is 
described by screened Coulomb potential, which has relatively 
a shorter tail than that of simple Coulomb potential.

Screened Coulomb potential: 
When distance between 
projectile and target nuclei is 
large, the projectile “feels” less 
positive charge of the target 
nuclei due to electrons around 
the target nucleus.

distance between 
projectile and target

p
o

ten
tial

Coulomb potential

screened Coulomb 
potential

shielding by 
target electrons



Neutron collision

Because neutrons have no electric charge, they do not “feel” the 
positive charge of target nuclei.  They do not “feel” each other 
until the distance become very close.

Although high energy neutrons (>1MeV) 
show complicated collision behaviors, hard 
shere potential model shown in right figure 
is enough for most of LWR neutrons.

distance between 
projectile and target

p
o

ten
tial

screened Coulomb 
potential

hard sphere 
potential

Neutrons “feel” or “see” smaller 
target nuclei.
Due to this smaller cross-section, 
neutrons have deeper penetration
into materials.



Displacement damage

displacement damage
Interstitial atom

neutron

If a target atom receives enough energy
from the projectile by a collision, the atom 
go away from it original lattice site.

This is called as displacement.

If the receiving energy is too low, the hit 
atom will not be displaced.  

The “threshold energy ” for 

displacement, Ed, is almost 40 eV in many 
metals.

A simple displacement makes an 

interstitial atom and a vacancy.  

The set of these two point defects is called a 

Frenkel pair.

vacancy



transmutation 
damage

induced activity

He, H

cavity

Dislocation loop

Defect clusters, transmutation

Interstitial atoms and vacancies move around the target material 
and, mostly, disappear by mutual recombinations (v + i).
Some defects form defect clusters, such as dislocation loops and 
cavities, collecting same type of point defects (v + v, or i + i).  

Neutrons also make 
transmutations.
The target become radioactive and 
generated He and H affect further 
microstructural evolutions.



neutrons:
small cross-section

self ions:
high cross-section

Cascade damage enhances mutual recombination.
Weak particles, such as electrons, can not make cascade damage and the 
effect is relatively large due to less mutual recombination in these cases.

Cascade damage

The lattice atom 
directly hit by the 

neutron is called PKA, 

primary knock-on atom.

Remember that neutrons have less collision cross-sections 
than ions.  When some energy of neutron is transferred to a 
target atom, it will generates the next ion to ion collision very 
soon. 
Cascade damage is thus formed.



The unit of displacement damage is DPA, displacement per 
atom.
If 1% of target lattice atoms have experienced displacement, 
the damage level is called 0.01 dpa.
Remember that most of point defects disappear by mutual recombination.  
The material can survive even after 1 dpa damage!
Reactor internal components of PWR experience up to ~100 dpa.

DPA

meaningful expression!

100 lattice atoms

1 vacancy and
1 interstitial atom

0.01 dpa



Two major radiation effects in LWR’s

and

irradiation assisted SCC of reactor core 
components
(stainless steels).

radiation embrittlement of reactor pressure vessels 
(ferritic steels)



Radiation embrittlement of RPV

Radiation hardening is mostly due to the increase of 
dislocation density and this is similar to work 
hardening.  But radiation enhanced precipitates also 
have a special effects on RPV embrittlement.

Solid solution 
strengthening

Precipitation 
hardening

Work hardening

Radiation 
hardening
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18K gold.  as mentioned previously

Duralumin.  Al added with a slight amount of Cu forms 
small intermetalic compounds after a heat treatment.  
Such small precipitates block dislocation glide.

thin steel plates used in automobile.  The dislocation 
density is too high due to heavy deformation.  These 
dislocations prevent other ones to glide and cut them. 

pressure vessel of LWR’s.  Various defects 
generated by irradiation stop dislocation glides.



stress

strain

σy0

ε0:elongation

σy0:strength increases but ε0:elongation decreases!

Before After

rad
iatio

n

Radiation hardening in s-s diagram

strain
stress

σyrad

εrad:elongation



Monitoring the radiation damage

Surveillance pieces made of the same material are irradiated in the 

RPV, and the test results can predict the degradation of the vessel in 
future.

Various surveillance 
test pieces

Reactor pressure 
vessel (RPV)

capsule for 
surveillance test

tensile

charpy 
impact

fracture 
toughness
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Pressurized Thermal Shock

• Injection of ECCS water into RPV during 

Accident

Reactor 
Core

Neutron

✔Non-ductile fracture must be avoided.

✔Deterministic analysis method is prescribed in 
Codes/Standards.

ECCS Water Injection

High Stress due to Pressure and 
Rapid Cooling

Fracture Toughness 
Degradation due to Neutron 

Irradiation

In-service Inspection
(non-detection probability)

RPV

PTS

Temp.

Inside Outside

Stress at 
Crack Tip

Vessel Wall
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Evaluation of RPV integrity

Operation of ECCS (emergency core cooling system) cools core 
and the RPV rapidly.  RPV integrity under induced thermal stress 
is predicted using stress intensity factor as shown below.

temperature

Temperature dependence of material toughness.  Radiation 
hardening shifts the curve to the higher temperature.

before 
irradiation

after 
irradiation

Stress intensity factor (K) 
assuming conservative crack 
length and thermal stress.Curves should 

not cross!
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ECCS starts here.
time

K becomes smaller due to less 
temperature  gradient after enough time .



Maximum fluence or dose and typical temperature for 40-years operation of a 
reactor pressure vessel and core internals.

reactor pressure vessel core internals

Prevention of RPV embrittlement

Eliminating harmful impurities such as P, Cu, S from the steel is 
important.        Don’t forget about welding wires!

Embrittlement of RPV steel is a hot issue, but current efforts in this area seems to be 
mostly for the life prediction of RPV’s we are now using.
Note that neutron irradiation to vital components depends on the design.
Even in current design, neutron damage in BWR’s is much lower in PWR’s.

dpa

Fluence
(n/cm2, E>1MeV) 

0.001 0.01 0.1 1 10 100

1E18 1E19 1E20 1E21 1E22 1E23

BWR
<280 C

PWR
<300 C

BWR
~290 C

PWR
290~370 C

K. Fukuya, 
J. Nucl. Sci. and Technolo. 
50(2013) pp.213-254.



Irradiation assisted SCC (IASCC)

A quick review of normal SCC

material

stressenvironment

SCC is the results of the combination 
of three major factors; 

material, stress and environment.

Stress-corrosion-cracking (SCC) of austenitic stainless steels and high-Ni 
alloys has been a large material issue in various components of 
reactors, including those out of the reactor core, such as steam 
generator pipes in PWR.

Radiation affects 
them !

SCC



material

stress

environment

- sensitization of stainless steels (Cr-depletion at the grain 
boundary due to preferential precipitation of M23C6 (Cr-rich 
carbide) at GB).

- surface hardened layer due to machining

Typical SCC conditions

- residual stress after welding, or  machining,
- thermal stress

- dissolved oxygen or hydrogen
- impurities (Cl- etc.)

Welding and machining affect both material and stress.



Sensitization due to weld

The highest sensitization 
sometimes occurs at HAZ
(heat affected zone).

In some types of precipitates, they are formed at 
grain boundaries first due to their surface energy.  
(heterogeneous precipitation)

->Remember a cloud-chamber ! 
Cr-rich M23C6 precipitates consume matrix Cr, 
leaving a less corrosion-resistant Cr-depletion zone 
along GB. grain grain

M23C6

Cr concentration profile

base 
metalHAZ

weld 
metal

Time-temperature-precipitation (TTP) 
diagram for M23C6, showing a typical “C” 
shape.
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Driving ΔG is not enough.

Diffusion is not enough.



material

stress

environment

- radiation hardening mostly due to fine dislocation loops.
- change of deformation mode due to dislocation channeling (formation of 

localized heterogeneous deformation band)
- local compositional change at grain boundary due to radiation induced 

segregation
- very fine bubbles due to transmutation helium -> then?

Radiation effects on SCC conditions

- relaxation of residual stress due to radiation creep

- radiolosys, formation of H2O2

Recent studies have shown that hardening, localized deformation due to fine 
i-loops, GB segregation are the major reasons of IASCC

IASCC shows always inter-granular cracking, while 
normal SCC shows both TG and IG cracking.

Radiation may relax the stress conditions in general 
but may increase the stress at the crack tip in some 

cases.



SCC at BWR shroud

The core shroud in BWR is a large stainless steel cylinder within the RPV that 
srounds the fuel assemblies.
The core shroud controls water flows as shown in the figure.

shroud

from 
turbine

from 
reclt’n. 
pump

control rod

fuel

to 
turbine

to 
reclt’n 
pump

BWRThe cracks started at the surface layer highly 
work-hardened due to machining, followed 
by inter-granular crack growth.
This cracking is considered to be normal SCC rather than IASCC 
because of the low irradiation dose.

JAEA report on Fukushima daini #3 shroud



Prevention of (IA)-SCC

Prevention of (IA)-SCC should be also considered in three conditions.

material

stress

environment

- more SCC-resistant materials such as low carbon type 316 (but still has 
some susceptibility to SCC).

- careful welding and machining (also effective to reduce stress) . 

- careful welding and machining

- elimination of Cl- from the water

- controlling of other water chemistry, especially hydrogen injection

LWR’s have experienced many SCC issues in various components, but most 
of them are overcome by the combination of countermeasures.

The first countermeasure you have to do !



Transmutation damage

From the practical stand point, you should also know some minor 
effects of transmutation damage.

Ni usually contains Co as impurity and irradiated austenitic 
stainless steels become very radioactive due to 60Co.   Dissolved 
Co deposits various part of the piping and increases the 
radioactivity of the system including the piping out of the 
reactor.
Ni has a special transmutation chain 58Ni (n, γ) 59Ni (n, α) 56Fe and 
generates helium under thermal neutron environment.  Helium 
will not affect the material properties very much at the operation 
temperature of LWR’s but over 600 C, helium “precipitates” at 
grain boundaries(GB) and weaken GB.  Welding of irradiated 
austenitic stainless steels become, therefore, very difficult.



IV. Materials for LWR



https://www.nrc.gov/reading-rm/basic-
ref/students/animated-pwr.html

https://www.nrc.gov/reading-rm/basic-
ref/students/animated-bwr.html

Pressurized Water 
Reactor

Boiling Water Reactor



Major Components and Degradation Mechanisms

1.Reactor pressure vessel

Radiation embrittlement, Primary water stress corrosion cracking(PWSCC), Boric acid corrosion

2.Reactor coolant piping and safe ends

Low and high cycle thermal fatigue, Thermal embrittlement, High cycle mechanical fatigue

3.Steam generator

PWSCC, Intergranular stress corrosion cracking (IGSCC), Intergranular attack, Pipe fretting, 

Denting, Corrosion fatigue, High cycle fatigue, Wastage

4.Reactor coolant pumps

Thermal embrittlement, boric acid corrosion, high cycle mechanical and thermal fatigue

5.Pressurizer

Low cycle thermal fatigue, PWSCC

6.Control rod drive mechanism

Thermal embrittlement, PWSCC, wear, insulation breakdown

7.RPV internals

Irradiation induced stress corrosion cracking (IASCC), High cycle mechanical fatigue,

IGSCC, Stress relaxation, IG cracking

8.Feedwaterpiping and nozzles

High and low cycle thermal fatigue, Flow accelerated corrosion (FAC), SCC



Advanced Pressurized Water Reactor 





Components Parts BWR PWR

Reactor

Pressure

Vessel (RPV)

Vessel and Head

Cladding

Stud Bolt

Low alloy steel:
SA533 Gr.BCl.1
SA508 Cl.2, SA508 Cl.3

Stainless steel:
Type 308L

high-strength low alloy steel:
SA540 Gr.BCl.3

Low alloy steel:
SA533 Gr.BCl.1
SA508 Cl.2, SA508 Cl.3

Stainless steel:
Type308L

high-strength low alloy steel:
SA540 Gr.BCl.3

RPV Internal

(RPVI)

Core Support Plate

Shroud

Core internals, etc.

Support/Bolt, etc.

Low carbon stainless steel:
Type304L, Type316L

Nickel alloy:
Alloy 600, Alloy X750

Stainless steel:
Type 304

Cold-worked type 316 SS
Nickel alloy:Alloy X750

Fuel Assembly Fuel cladding

Channel Box

Zircaly-2

Zircaly-4

Zircaloy-4

Steam Generator (SG) Shell

Tubesheet

Tube

Nil. Low alloy steel:
SA533 Gr.BCl.2

Low alloy steel:
SA508 Cl.3

Nickel alloy:
Alloy 600, Alloy 690

Piping Pipes Low carbon stainless steel:
Type304L, Type316L

Carbon steel:
SA106 Gr.B

Stainless steel:

Type304, Type316

Carbon steel:

SA516 Gr.70







1. Undersatanding SSC Ageing
Key to effective AM

• Materials Properties

• Stressors & Operating Conditions

• Ageing Mechanism

• Degradation sites

• Condition indicators

• Consequences under Normal & DBA

4. SSC Insp, Monitoring & Assesment
Detecting and Assessing Ageing Effects

• SSC  inspection

• Boundary SSC inspection

• Fatique monitoring

• Leak  rate monitoring

• Fitness for service assessment

• Consequences under Normal & DBA

5. SSC Maintenance : Mitigation, 

Repair and Replacement
Managing  Ageing Effects

• Criteria for maintenace work

• Mitigation/repair of SSC

• Vibration Control

• Mitigation/repair of SSC adjacent

• Chemical/Physical treatment

• SSC replacement

2. Definition of SSC Ageing M. Progr.
Integrating Ageing management activities

• Coordinate AM activities

• Document AMP

• Optimize AMP based on current 

understanding, self assessment and peer 

review

3. SSC Operation
Managing  Ageing mechanisms

• Follow operating guidelines

• Control of stressor (temp, water chem, 

impurity etc) and environment of SSC

• Removal of Secondary side crevice 

impurity

PLAN

DO

CHECK

ACT

Minimize 

expected 

degradation

Check for

degradation

Improve

AMP

Correct 

unaccepable 

degradation

Plan-Do-Check-Act Activities of AMP 



PWR - Stainless Steel



Stainless Steel



2 main categories: general and special properties

General properties Special properties

⮚Mechanical strength,Ductility

⮚Structural integrity

⮚Fabricability, machinability

⮚Corrosion resistance

⮚Heat transfer properties

⮚Thermal stability

⮚Compatibility

⮚Cost

⮚Neutronics properties

⮚Induced radioactivity

⮚Irradiation stability

⮚Chemical interactions

⮚Particle inter diffusion

⮚Ease of fuel reprocessing

Requirements of nuclear material properties



Welding is important not only for construction but also for 
maintenance (repair, replacement of component).

(1) Type of welding process

Shielded metal arc welding, (SMAW)Submerged-arc welding, 
(SAW)Gas shielded are welding, Inert-gas arc welding: 
Tungsten-inert-gas (TIG), Metal-inert-gas (MIG) CO2 arc 
welding, Laser beam welding

(2) Important parameter in welding process
Groove shape: RPV, internals Butt joint
Heat input power: 
Minimum preheat and interpass temperature
Post weld heat treatment 

WELDING



WELDING Technique



WELDING Technique – Material Issues



WELDING Technique – Material Issues



1. Reactor pressure vessel

Radiation embrittlement, Primary water stress corrosion cracking(PWSCC), Boric acid corrosion

2. Reactor coolant piping and safe ends

Low and high cycle thermal fatigue, Thermal embrittlement, High cycle mechanical fatigue

3. Steam generator

PWSCC, Intergranular stress corrosion cracking (IGSCC), Intergranular attack, Pipe fretting, 

Denting, Corrosion fatigue, High cycle fatigue, Wastage

4. Reactor coolant pumps

Thermal embrittlement, boric acid corrosion, high cycle mechanical and thermal fatigue

5. Pressurizer

Low cycle thermal fatigue, PWSCC

6. Control rod drive mechanism

Thermal embrittlement, PWSCC, wear, insulation breakdown

7. RPV internals

Irradiation induced stress corrosion cracking (IASCC), High cycle mechanical fatigue,

IGSCC, Stress relaxation, IG cracking

8. Feedwaterpiping and nozzles

High and low cycle thermal fatigue, Flow accelerated corrosion (FAC), SCC

Degradation – Material Issues



Water Chemistry

Structural materials of PWR/BWR are exposed to the 
high-temperature cooling water. In the corrosive 
environments, chemical interactions between the 
materials and water caused various kindof material 
degradation and consequent problems on the 
components. Therefore, a quality of cooling water or 
water chemistry is one of the most important issue for 
the operation of NPPs. 

Degradation – Material Issues



Water Chemistry

Degradation – Material Issues



Water Chemistry

Degradation – Material Issues



Water Chemistry

Degradation – Material Issues



Degradation – Material Issues



V. Materials for Gen-IV Reactors



Evolution of Nuclear Reactors in The World

Evolution of Nuclear Reactors



U.S. DOE (Department of Energy)  and Generation IV International 
Forum (GIF)

Members
of the Generation IV
International Forum

USA

Argentina

Brazil

Canada

France

Japan

South Africa

United
Kingdom

South Korea

Switzerland

EU

China Russia

5 Characteristics of GEN-IV Reactors

Optimal:  Nat. Uranium

Minimal: Radioactive Waste

High: Safety

Non: Proliferation

Competitive: Economic



6 Type GEN-IV Reactors



6 Type of GEN-IV Reactors

Type Coolant Neutron 
Spectrum

Doses      (dpa) Outlet 
Temperature 

(˚C)

SCWR Water Thermal/Fast 10-40 550

SFR Sodium (Na) Fast 90-160 550

LFR Pb/ Pb-Bi Fast 50-130 550-800

GFR He Fast 50-90 850

MSR Salt Thermal 100-180 700-800

VHTR He Thermal/Fast 7-30 1000



1. Irradiation.

2. Temperature.

3. Chemical Hazard.

Advanced Materials: 
New, Innovative and Alternative

H
I
G
H

3 Issues - Advanced Reactors



Advanced Materials- Advanced Reactors



Advanced Materials- Advanced Reactors
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