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Assumption of failure scenarios

Structure Material Load Environment Fabrication

Assumption of failure modes

Design criteria
Fitness-for-service

（Inspection･Assessment-Repair)

Consideration of failure characteristics

Structural 
design
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Structural analysis

Confirmation to meet criteria

Safety equipment and accident management

To avoid failure within assumption
(Design base event）

To compensate deviation from design assumption

Prevention and mitigation of severe accidents
(Beyond design base event)

Approach to ensuring structural integrity of reactor facility
Ref: Fast Reactor System Design, Naoto Kasahara Ed., Springer. 



Failure 
modes Material Design Fabrication Inspection Fitness-for-

service

Brittle 
fractures ◎

○Requirement 
for ductility

△Delayed 
fracture

Heat treatment
○ Defect size

○Defect assessment
Monitoring of nil-
ductility transition 

temperature (NDTT)

Ductile 
fractures △ ◎

△ Plate 
thickness

△Thinning 
assessment

Relationship between failure modes and countermeasuresRelationship between failure modes and countermeasures

5

Buckling ◎ △Tolerance △

Excessive 
deformation

◎ △

Fatigue ◎ ○Finishing ○ Defect size
○Defect assessment

Monitoring of 
operating transients

Ref: Fast Reactor System Design, Naoto Kasahara Ed., Springer. 



1.1  Structural Design Methods for 
Nuclear Components

rational design : keep the risk at an 
appropriate level. appropriate level. 
 imposing design margin according 
to safety importance and loading 
frequency



Class 1 
Component

Components  forming reactor coolant boundary (e.g., reactor vessel, IHX, primary pump)

Class 2 
Component

Component  forming reactor cover gas boundary, safety systems, etc. (e.g., secondary 
main pipe, guard vessel, primary cover gas system)

Components of 
less safety 
significance

Class 3 components etc. (e.g., steam generator, secondary cover gas system)

Class MC vessel Metal containment vessel

Component Classification based on safety significance
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Condition classification based on the frequency of occurrence of loading

Service condition I Normal operating conditions of nuclear reactor facility

Service condition II Conditions deviated from normal operating conditions due to single failure of 
component, misoperation or other causes

Service condition III Conditions requiring emergency shutdown due to a failure or abnormality of reactor 
facility

Service condition 
IV

Conditions where an abnormal situation assumed in reactor safety design occurs

Testing Condition Conditions where pressure exceeding the maximum service pressure is applied 
during a pressure test

Ref: Fast Reactor System Design, Naoto Kasahara Ed., Springer. 



Secondary pump

SG

1.2 Structural Material of FRs1.2 Structural Material of FRs
Materials employed in GenIV SFR

high chromium steel 
(Mod.9Cr-1Mo)

Double wall piping

Integrated IHX with primary Pump

Reactor Vessel

(Mod.9Cr-1Mo)

316SS(Low C + medium N) 

ODS 
cladding

high chromium steel 
(Mod.9Cr-1Mo)



316SS

(Low C + 
Medium N)

It is excellent in high temperature strength 
and ductility, corrosion resistance, 
workability and has low degree of 
embrittlement and hardening due to 
neutron irradiation. 

2.5％Mo is added to improve corrosion 
resistance, high temperature strength etc.

Reactor 
Vessel

Property of Materials Employed in Property of Materials Employed in GenIVGenIV SFRSFR

Restriction on Carbon content, and 
addition of Nitrogen with low to medium 
extent. 

Mod.9Cr-
1Mo

Developed in ORNL(US), followed by Japan etc. 
Mod.9Cr-1Mo steel has been used for 
boiler components in ultra-supercritical 
fossil power plants.

IHX-Pump

Piping

Integrated SG
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Super HeaterSuper Heater
321SS321SS

Air CoolerAir Cooler
316316

483℃483℃、、127atg127atg505℃505℃

Containment VesselContainment Vessel

IHXIHX Main Circulation Main Circulation 
PumpPump

SodiumSodium

Primary SodiumPrimary Sodium

TurbineTurbine
GeneratorGenerator

materials employed in MONJU

Inside of ContainmentInside of Containment
304SS304SS

Out of ContainmentOut of Containment
304/316/321SS304/316/321SS..2.25Cr2.25Cr--1Mo1Mo

EvaporatorEvaporator
2.25Cr2.25Cr--1Mo1Mo

240℃240℃325℃325℃

Main CirculationMain Circulation
PumpPump

Overflow TankOverflow Tank

Feed WaterFeed Water
PumpPump

（（seasea））

CondenserCondenser

1010



304SS

It is excellent in high temperature 
strength and ductility, corrosion 
resistance, workability, weldability, and 
has low degree of embrittlement and 
hardening due to neutron irradiation. 
Restrictions on C and Co.

Reactor Vessel,
IHX, etc

2.5％Mo is added to improve 

Property of Materials Employed in MONJUProperty of Materials Employed in MONJU

316SS corrosion resistance, high temperature 
strength etc.

Air Cooler

321SS
Improve inter-granular corrosion 
resistance by adding Ti.

Heat transfer 
Tube of Super 
Heater

2.25Cr-1Mo
Low alloy steel.  Proven material in 
fossil power plant, in particular heat 
exchangers.

Evaporator
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1.3  Structural Design of FRs1.3  Structural Design of FRs

(1)  Loading Conditions Specific to the 
Use of Sodium

Ref: Fast Reactor System Design, Naoto Kasahara Ed., Springer. 



Comparison of Operating Condition with LWRComparison of Operating Condition with LWR

LWR＊1 FBR＊2 Feature of FBR

Material
Ferrite

Steel

Austenitic

SS
Ductile 
Material

Coolant Water Sodium
High Boiling 
Point

High 
Operating Temperature 320℃ 529℃

High 
Temperature

Temperature difference 30℃ 132℃
High Thermal 
Stress

Operation Pressure ≒16MPa ≒0.5MPa
(Pump Outlet)

Low 
Pressure

＊1：PWR
＊2：Monju
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Comparison of loading conditions between 
LWR and FR

Light water 
reactor 

Fast 
reactor 

Water Sodium

Temperature 
fluctuation 

Temperature 
fluctuation 

Approx. 
530℃

Approx. 
395℃

Approx. 
325℃

Approx. 
290℃

Thermal stress Thermal stress 
(small) (small) 

Thermal stress Thermal stress 
(large) (large) 

Load-controlled 
stress
(primary stress) 

Displacement-
controlled stress
(secondary stress) 

395℃
Internal 
pressure

Approximately 
15MPa(PWR) 

Internal 
pressure

Approximately 
1MPa

Membrane Membrane 
stress (large) stress (large) 

Plate thickness 
(large) 

Plate thickness 
(small) 

Membrane Membrane 
stress (small) stress (small) 

50㎜200㎜
（PWR)

Seismic load Seismic load 

14Ref: Fast Reactor System Design, Naoto Kasahara Ed., Springer. 



Load-controlled stress versus 
Displacement-controlled stress

Status with  = 0
(before 
deformation) After 

deformation 

After 
deformation 

Generated stress
=P/S
S: Cross-sectional 
area Unlimited 

Status with l = 0
(before deformation)

After deformation 

ε ＝l/l is finite.



Weight P

Unlimited 
deformation: Strain
ε→∞

Status with too large 

After deformation l (forced displacement amount)

Load-controlled stress
(primary stress) 

Displacement-controlled stress
(secondary stress) 



(2)  Types of Thermal Loads

 Generally speaking, the effect of thermal 
transients on structural material in FRs are 
more severe than those in LWRs.

 Coolant; Heat transfer characteristic Coolant; Heat transfer characteristic
 Structural material; Thermal conductivity, 

Thermal expansion rate



Typical Thermal Stresses in Fast Reactor
(a) Through-thickness temperature gradient

Rapid 
cooling

C/L

Temperature gradient may occur 
during steady-state conditions.

[in the order of ℃/s]

Fl
ui

d



(b) Axial temperature gradient near 
sodium surface 

Room 
temperature

Temperature 

Thermal 
transient stress

Steady-state 
thermal stress

Cover gas

Temperature 
of hot liquid 
sodium, T

[in the order of ℃/h]



(c) Hoop force

Tension & Bending

(Example at a tube sheet)

Binding force is exerted between perforated part that rapidly 
follows thermal transient and solid part that slowly follows.

Perforated part
Solid
part



(d) Thermal stratification

Hot sodium

Normal operation

Cold sodium

After reactor trip without 
pump driving force



(e) Thermal striping-1 

Hot fluid T

Tm

Tf

time

(1) Main stream 
temperature change Tm

(2) Boundary layer 
temperature change Tf

Th
er

m
al

 s
tr

es
s

Hot fluid TH

Cold fluid Tc

Tf

time

time

(3) Temperature change 
in structure

(4) Stress changes 
due to constraint



Upper 
plenum  
  

Core 

Upper control 
rod guide tube

Flow hole First porous plate

Core instrumentation 
plate (CIP)

Areas of interest

Hot Hot 

Blanket subassembly

Control 
rod drive 
shaft

(e) Thermal striping-2 
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Reactor vessel of a large-scale 
sodium-cooled reactor  

Arrangement 
viewed from 
the above  
  

Hot sodium

Hot 
sodium

Hot 
sodium

Cold sodium

Schematic Diagram of Thermal Striping Phenomenon 
in the Lower Part of Core Internals

Cold sodium Cold sodium

Hot sodiumFuel subassembly



(3)  Failure Modes Assumed in FRs

Failure 
modes Material Design Fabrication Inspection Fitness-for-

service

Brittle 
fractures ◎

○Requirement 
for ductility

△Delayed 
fracture

Heat treatment
○ Defect size

○Defect assessment
Monitoring of nil-
ductility transition 

temperature (NDTT)
fractures Heat treatment temperature (NDTT)

Ductile 
fractures △ ◎

△ Plate 
thickness

△Thinning 
assessment

Buckling ◎ △Tolerance △

Excessive 
deformation

◎ △

Fatigue ◎ ○Finishing ○ Defect size
○Defect assessment

Monitoring of 
operating transients

Ref: Fast Reactor System Design, Naoto Kasahara Ed., Springer. 
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Glass, Cast
(Brittle)

Ductile Fracture and Brittle FractureDuctile Fracture and Brittle Fracture

Load：F

Strain(ε=ΔL/L)
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Steel, Aluminum
(Ductile)

Tensile Test Machine

F

L：LengthArea：A

・
ElasticElastic

PlasticPlastic

yieldyield
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ΔL：Elongation



CREEP

E
L
O
N
G
A

T
IO

N
Primary 
Creep

（transient 
creep）

Secondary Creep

（steady creep）

Tertiary Creep

（acceleration 
creep）

×
RUPUTURE

Total Elongation

Log (time)

E
L
O
N
G
A

T
IO

N

Secondary Creep Rate

（steady creep rate）

heat

CREEP RUPTURE TIME ｔR
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Relationship between creep rupture 
time and temperature/stress
 1000

応
力

　
(M

P
a)

450℃

500℃

550℃

材料：SUS304

St
re

ss
 (M

Pa
)

Material : 304SS
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CreepCreep--Fatigue Crack observed in the structure Fatigue Crack observed in the structure 
subject to repeated temperature changesubject to repeated temperature change

10min 50min

1000cycles

Na Temperature

300℃

550℃
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Hold Time at Tension (hr)

Creep fatigue life 
by regression analysis



Limits for creep fatigue damageLimits for creep fatigue damage
The prevention of the creep fatigue failure is achieved according to the linear 
cumulative damage rule that limits the sum of the following calculated values : 
ⅰ) usage  factor Df, and ⅱ) creep damage factor Dc. 

st
ra

in

st
ra

in

st
ra

in

Time period while the strain remains constantTime period while the strain changes

Time Time Time 
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st
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ng
e Stress relaxation

Time Creep rupture timeFatigue failure cycle

Fatigue damage Creep damage
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FailureStructural responseThermal load

The dominant load is thermal stress caused by the 
change in fluid temperature during plant 
startup/shutdown

Elastic plastic creep response of 
structure due to operation at high 
temperatures

Failure mode due to cyclic 
loading during lifetime

Expected failure modes of Reactor Vessels

Cold

CL

Hot

Cold

CL
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X

Y

Z

30.

28.

26.

24.

22.

20.

18.

16.

14.

12.

10.

V1

Output Set: FINAS STEP     2
Contour: Node VonMises Stress     

Excessive deformation 
due to ratcheting strain

Creep fatigue 
crack

Hot

Hot

Cold

Hot

Cold

Startup Shutdown

Strain 
concentration

Residual 
strain

Shutdown

Ref: Fast Reactor System Design, Naoto Kasahara Ed., Springer. 



Neutron Irradiation Effect

① Atoms on the metal crystal lattice are knocked out by 
collision with neutron to produce a disturbance of the 
crystal lattice(i.e., lattice defect)

⇒ Fast neutron（E>0.1MeV）

⇒ These defect hinder the distortion movement and 
lead to a reduction in ductility due to hardening.

② Thermal neutrons convert minute impurities in steel 
into He.

⇒ Thermal neutron（E<0.4eV）

⇒ The generated He atoms enhance the aggregation 
of vacancy to the grain boundary, etc., a reduction in 
ductility and creep strength results.
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