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Intfernal structures of PWR
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Lower core infernal structure of PWR
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Components and Materials

Initiation area of IASCC

Core Barrel

Baffle

F?)?rf::(;r Baffle bolt
Core barrel CW 316E or CW 316L
SA 3041 (17%Cr-11%Ni-2.5% Mo)
(18%Cr-10%Ni) 900-1000 bolts depending on design

with only 1/3 necessary for
component integrity
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Characteristics
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Operational background on first series of (@} =3Iy
900 MWe baffles

1980-1987 Baffle Jet Consequences on fuel
(gaps in the baffle joint) assembly
1981-93 Up Flow Conversion
1988- Metallurgical analysis of removed IASCC
bolts
1988- In Service Inspection (NDE) Acceptable
degradation patterns
1998- Irradiation tests to develop IASCC, creep,
predictive model hardening
2000 Bolt replacements Bolts required for
safety
2000- New bolt design: cooling down of

bolts, decrease tightening torque
and prevent water
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In Service inspection $OTERIA
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Maintfenance
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Large scatters in the total number of cracked or T
uninterpretable bolts as a function of the unit.

Need for predictive models to assess
maintenance requirements
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Influent factors on Cracking

Total amount of cracked bolts
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Influent factors on Cracking @ERlA

Bolt location

Vis2 M14R2

Q Stress: calculation of the
loads applied to the collet-
chunk region, position of the
former.

Q Material Chemical

composition: in BUG2 and
FES2, bolts from same heat
number, low Cr and high P
steels with made in high
frequency furnace

Need for more statistics to identify
Influent factors in cracking
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Investigations on removed components

Visual examination of a cracked bolt

Metallographic examination of a cracked bolt Intergranular fracture surface of a

® cracked bolt
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Investigations on removed components

Hardness profile
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Most sensitive parameters controlling
microstructure and hardening:
v' Damage dose
v' Irradiation temperature
v' Initial state (dislocation density)
v" Chemical composition (Radiation
induced segregation

Transmission Electron Microscopy

Microstructure

v Apparition of Frank loops

v Initial dislocation network (e.g. cold
worked) disappeared

v' Few cavities and bubbles for T<
350°C

v’ Precipitation ? Not in TEM but small
precipitations in APT.
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Reactor Vessel Infernals Management ERIA

Q In France, PWR are homogenous series
v' 900 MWe (3-loop plant): 2 kinds of NPP (CPo=:6 units, CPY : 28 units)
v 1300 MWe (4-loop plant): 20 units
v 1450 MWe (4-loop plant): 4 units

A No licensing process but a Safety Review for each 10 years of
operation

A Safety Review include an Ageing Management Review
v'Identify ageing mechanisms for components
v'Define appropriate inspection
v'Perform functionality evaluation

A Understanding and prediction of the behavior of bolt assembly
vIrradiated materials behavior
v'Evaluation of loading (irradiation dose, temperature, stress and strain)
v'Development of a predictive failure model
v Comparison with inspections
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Methodology for loading calculations

Step 2 (T X Step 3
[T Interpolation of

thermal fields
on the mesh for Code_Aster

Stresses and strain
in the whole structure

=y —
TRIPOLI computation

l Conjugate heat tranfert
Interpolation of the heat deposit on calculation
the SYRTHES mesh SYRTHES/Code_Saturne

Code_Aster

Temperature of the structures
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Studies performed @ERIA

Q Nevutronics calculations:
v’ Different fuel configurations (standard, low fluence, ...)
v Different geometries of NPP: CPo, CPY ( 200MWe), PQY (1300
MWe), N4
Q Temperature calculations:
v'Different hydraulic configurations for CPo (downflow, upflow)
v'Different geometries of NPP: CPo, CPY ( 200MWe), PQY (1300
MWe), N4
A Mechanical calculations:

v'Different loading conditions (downflow, upflow, fuel
configurations)

v’ Different material law coefficients (especially for void swelling)
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Design of internals in French NPPs
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Downflow to upflow conversion $SOTERIA
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Baffle to Former Bolt Designs

Bolt cooling CPo

Fluid flow in
the formers
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Water flow
And also up flow conversion and low fluence operation
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Neutron flux calculations

Calculation in 1/8 of core _ _ _
Peripherical fuel assemblies

described rod by rod
»
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v TRIPOLI4 (CEA Monte Carlo code)

v CEAV5.1.1 library (jeff3.1.1 based-on library)

v 3 sources (y fission, y fission product,
neutron)

v' Dpa are coming from IRDF2002 evaluation
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Temperature calculations

Fluid : velocity and temperature . Solid : temperature
Norme de fa vitesse E
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Mechanical calculations

— Thel mal shield

e
T~
=

Core barrel

e

Contact
ZOnes

3 71

B Other contact zone

V2 i Formers with core barrel
: » Under the head of 200 bolts
Contact zones « Baftle with formers

L
| Non linear calculation with 7 millions DOF and
50000 contact nodes
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ERIA

Global model for the Local model for strain
deformation of the structure stress of the bolts

® Stress (MPa)
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Tests on Iradiated Austenitic Stainless steels

 Temperature

EBR-II/Phé}ix
370°C
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s ]
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I |
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Determination of irradiated
stainless steel constitutive law

@ 16/09/2018

Q Irradiation in Material Testing
Reactors

Q Decommissioned Materials

Q Materials representative of PWR
Intfernals

v SA304L
vCW316 and CW316L
v 308 Welds

Q Specimens
v'Density specimen — Sweeling
v'Pressurized tubes — Creep
v'Tensile specimens — Tensile properties
v CT specimens — Fracture toughness
v'Microstructural investigation
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Iradiated stainless steel material

constitutive law

E=E +E,+E +E, +E
p ic s _
Elasticity |~ / \ ™~ Swelling

Irradiation creep

Thermal Strain Plasticity

aQ Thermo-elasticity

v Young's modulus, Poisson's ratio, coefficient of thermal expansion are all
based on non irradiated data base

Q Plasticity
v For non irradiated steels: handbook data
v For irradiated steels: test after irradiation at RT and 330°C
Q Irradiation creep
v Experimentally based and cross validated on decommissioned materials
v Thermal creep is extremely low at about 300°C.
Q Irradiation swelling

v' No coupling between irradiation creep and swelling due to the lack of
experimental data concerning PWR operating conditions.
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Determination of plastficity law

Q Yield Strength (Rp,,). ultimate stress (R,,) and uniform
elongation (e)

Saturation of yield

Ro2 = RQ(T)n1(c)é:(d)G1(d, Fi(T)) 1200 stress above 20 dpa

1000 "
Temperature dependence fitted to data £ w0 |/ ) .
from unirradiated materials g v e - Boris, Br':>r-60, 330°C, 304-H (1) -
Work hardening dependence fitted to % o0 f §§ﬁ§§°§)§§%%4§fai§;'30‘2.’H M
data from irradiated materials at 330°C & e s 2 G R

e Boris, Bor-60, 330°C , 316-E g)
o Boris, Bor-60, 330°C, 316-E (2)

o Samara, SM, 300°C, 316-E

¢ Boris 2 + Samara 2, 330°C , 316-E (1)
s Alexandre, Osiris, 325°C, 316-E (1)

x |AC-1, PWR, 320°C, 316-E

200 e Tube Ringhals, 320°C

400 -

Dose dependence fitted to data from
irradiated materials

Cross dependence T and dose fitted on == ‘§§3F53§§§:§3§°§°§g+338.511._exp (aparz)
irradiated data d>20 dpa and T=20°C 0 —— B
0 20 40 60 80 100 120
dpa
Data obtained from post irradiation Saturation observed for Rp,,, R,
tensilte tests on MTR irradiated and e, due to complex
stainless steels microstructural interplays
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Deferminafion of imadiation creep law @ER'A

Creep assessment by means of gas pressurized tubes deformation

measurements different dose levels
| Argon ‘ .
— 1.4 S —— S |
Vg — j””/ 7 ases ] SA 304
Diameter E apsa 4 B 2
Lo \ [ = ol CW 316
‘ f 38 dpa \ : é o > —
651 ; - Unirradiated 'f:er ;:T | _,. f,,_.{-""".
| i) rAe 4
“J 'i oo1o 4 -l'}f--"r}!
| ] -ed”
Q{ Tube Lenzth H Length 0,000 rl!- } } } }
QA s ST L RAASNINERE ARASY S 000rS VO NORRE A1 HVERRR NS oA TRRY 000 nARN ARSSH Vonnst Vs min a sooo 10000 15000 20000 25000
" : : : : > Equivalent stress x dose
0 10 0 30 40 S0
Threshold for creep occurrence
Q ¢: deformation due to irradiation creep
v Foro.®>C,e= (A. 0.0)-B

v A the compliance of creep (%/Mpa-dpa), o von Mises stress, O
fluence in dpa, B is the threshold for the initiation creep
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Determination of swelling law

O No macroscopic swelling data for PWR condition
v'Use of a general Foster Flinn equation

A n
V

1. (1+exp(ea(d, — D)) o poa & e
d +—log ,(T) ==\+tanh(p (T -T,
31 [ e ]] £ (D) = (1+ tanh(, (T-T2))

Q Two material parametrization s sweling)
especially for SA304

v'No swelling before 40 dpa
and then linear evolution -

v'Swelling since beginning

—— SA304 upper limit

4 . = CW316 upper limit
SA304 FBR datas

< CW316 FBER datas
SA304 MTR data

O CW316 MTR datas

. SA304 PWR datas

A CW316 PWR datas

Fitted on experimental data obtained
from experimental reactor and
attemptedly adapted to PW: ;lecsitse—e=t?
considerable overestimation of ° 20 40 50 = 100
swelling

== CW316 secon d law

—=® —SA304 second law

Dose (dpa)
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Mechanical calculation using the

constitutive law

s Preload force (N)
Stress (MPa) 2 N ’
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Decrease of stress due to irradiation creep is
not compensated by the swelling law
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JASCC Ciriterion

Q Definition of a sensitivity area for IASCC initiation depending

on dose

v Experimentally based during international programs

v Post irradiations O-ring and CL tests in environment on decommissioned materials
between 290 and 340°C.

v Different applied stress <YS and different dose
v Few in-pile tests
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JASCC Ciriterion

on dose
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Q Definition of a sensitivity area for IASCC initiation depending

v Function of the applied stress divided by YS at dose and temperature
v’ Database internationally shared

h

N

x

Sensitivity to IASCC

—Critere V01|
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v' 4dpa <dose< 25 dpa — O1rescal YS>(577/525)-(13/525)*dose
v 25 dpa< dose — O1rescal YS> (699/1300)-(3/1300)*dose
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Calculations vs IASCC Ciriterion

Stress calculations vs IASCC criterion

1.2

(c/YS) | IASCC criterion Sensitive to IASCC

I
10K

Non sensitive to IASCC

~20% of criterion

In service detection of crack bolts

e

06

0.4 1

0.2

Irradiation in dpa

0.0

T U
0.0 5.0 100 15.0 20.0 25.0

v’ Stress in the head-shank junction of the bolts decrease rapidly and the
applied stress remains below the IASCC criterion
v" Field experience: IASSC occurs starting at 10 dpa

Validity of loading calculation and/or IASCC criterion ?
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Conclusion and work in progress ERIA

Q Validity of calculation methodology

vInternational benchmark on methodologies in progress ( 4 companies on
3 continents)

v'Uncertainties propagation on load or dose calculation
A Constitutive law for irradiated stainless steels in PWR

v Creep at high stress (~YS)?

v Swelling law for PWR conditions ¢

v Physically based constitutive model 2

Q Better definition of realistic loading
v'Role of dynamic straining during shut-down, start-up or reactor trip
v'Role of chemistry in confined area of bolts ¢

Q Improvement of IASCC criterion
v Definition of a criterion based on deformation rate or other parameters ¢

v Complexity of the stress and strain on the bolt in service compared to
lab specimen

v Data for low irradiation dose (< 10 dpaq)
v'In pile-test versus post irradiation test

v'Role of surface state (residual stress due to machining) on IASCC
criterion
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