N

N

Nuclear corrosion and materials: achievements and
challenges
D. Feron

» To cite this version:

D. Feron. Nuclear corrosion and materials: achievements and challenges. Lee Hsun Lecture Award,
Nov 2016, Shenyang, China. cea-02437060

HAL Id: cea-02437060
https://cea.hal.science/cea-02437060
Submitted on 13 Jan 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cea.hal.science/cea-02437060
https://hal.archives-ouvertes.fr

DE LA RECHERCHE A L'INDUSTRIE

NUCLEAR CORROSION &
MATERIALS:
ACHIEVEMENTS & CHALLENGES

Lee Hsun Lecture Award

Institut of Metal Research, Chinese Academy of Sciences
Shenyang

November 15, 2016

Damien Féron
Service de la corrosion et du comportement des matériaux dans leur environnement
Commissariat a I'énergie atomique et aux énergies alternatives
www.cea.fr French atomic energy and alternatives energies Commission

Saclay, France

CONTENT

O Introduction: CEA Corrosion Department

O Gen 2&3 (Pressurized Water Reactor — PWR)

O Fuel cladding
[ Steam generator tubbing

O Secondary circuits

O Conclusion: multiscale modelling

This document is CEA’s property. It cannot be disclosed without prior authorization. Damien Féron | November 2016 | PAGE 2




« CEA CORROSION DEPARTMENT »

SERVICE DE LA CORROSION ET DU
COMPORTEMENT DES MATERIAUX DANS
LEUR ENVIRONNEMENT
(DEN/DANS/DPC/SCCME)

ACTIVITIES: THE NUCLEAR FUEL CYCLE

Fuel:
. Gen 2, 3 & 4:
-Th h t ’
ermo chemistry _ Safety

- Cracks & irradiation c L . d
- Non equilibrium thermodynamics - --orrosion in primary an
secondary circuits

- Interaction fuel/cladding H. Embrittiement
-2

FRdkeSS corrosion cracking
du combustibla

Upstream:
- Separation & enrichment

Riéactours REP &
neutrons thormiguas

Waste management:

- Nitric acid corrosion

- Atmospheric corrosion

- Long term corrosion (storage)
- Thermodynamics

27 janvier
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INDUSTRIAL CONTEXT: MATERIALS & ENVIRONMENTS

y.

Temperature/pressure

- PWR: ~325°C/150bar,
- ~550°C/1-4bz

Used materiuvranium
naturel

- Stainless st _

alloys : PWI 5 g2
- Ceramics : | .
- Stainless st

- Carbon stee 121 : '
\ 3 % dos combustbles usés e
05%dar yred extrat

27 janvier
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ORGANISATION

[ SCCME/DIR ] 55 permanents

- 1 Research Director
- 2 Professors
- 4 experts séniors
- 12 experts

20-30 students
PhD, post-docs, ...

/ EcA ) a LM2T N tEena )
Laboratoire d’étude de la Laboratoire de Mo_délisation, de Laboratoire d’étude de la
Corrosion Aqueuse Thermodynamique et de Corrosion Non-Aqueuse

Thermochimie

- High temperatures and ) Thermodynamics

pressures . - Corrosion in concentrated acid
L - Thermo chemistry .
- Corrosion in natural o . media
. - Atomistic modeling L
environments Molecular dvnamics - Corrosion in liquid metals
- Hydrogen embrittlement y - Gas oxidation (up to 1450°C)

- Stress corrosion cracking




APPROACH & METHODOLOGY

Modeling - Simulzit = Data .aCCIUISItIOn ‘
g ¢ i Experiments & surface analysis

i\
6 \ _f « Specific facilities (autoclaves, loops...)

» Specific methods (isotopic tracers)
Mechanisms - Verif ¢ =S J;' ® Surface analyses

Mesoscopic modeling

» Semi-empirical modelling

¢ Uniform corrosion, Intergranular corrosion...
« Estimation of the Kinetics of Oxidation

» Diffusion Poisson Coupled Model

Simulations

» Thermodynamics (Calphad, PhreeCea,...)

* Cellular automata

g - Atomistic & molecular dynamics

Evolutions

= From semi-empiricisms to mechanisms

= From large to “smart” experiments

= From macroscopic to multi-scales coupling
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SPECIFIC EXPERIMENTAL FACILITIES

Irradiation facilities: CEA
JANNus, and also LSl or
CNRS-Orléans in
France,...

Stress Corrosion Cracking

S Autoclaves & loops with tensile machines Electrochemical cells
Oxidation & H,

Irradiated materials (stainless steel & zircaloy)

Irradiation &
electrochemistry

HP & HT cell
(irradiations)

Facility with 3 autoclaves and one tensile machine

in hot cell (HP & HT)
| PAisedpcument is CEA's property. It cannot be disclosed without prior authoiResiolts included in this document are CEA’s property. They cannot be dBafoised-érithd N préortmrtpotiatiBAGE 8




SPECIFIC ANALYTICAL FACILITIES

m Surface
analyses

B Electrochistry

MEB-FEG

n
Q . . . s
< Large collaborations with Universities and
o CNRS for photo-electrochemistry
o (Grenoble), SIMS (Versailles), TEM (Mines
2 Paris-Tech), TAP (Rouen, Oxford)....
S
©
w
lon chromatography
| ﬁgggdy IMENL 15 CEm s pluparty. Itcannot be disclosad without prior authoResgislts included in this document are CEA’s property. They cannot be di3shoisedréithd N préortmrthotiatiBAGE 9

NUCLEAR MATERIALS: from yesterday to tomorrow

Reprocessing Generation IV and Fusion
New facilities '

Nuclear
Waste
disposal

Material selection

Failures investigations
Performance increases

Life time (Power & other plants, ..)
MATERIALS & CORROSION Long term prediction (HLNW disposal)
High temperatures (innovative materials)
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MAIN ALLOYS USED IN PWRS

Cladding: Zirconium alloys

Structural alloys: steels and nickel base alloys

Fe

Carbon & LAS

17-4PH, A410 4
/e

Carbon steels

Ferritic steels

Stainless steels
X718 Nickel base alloys

3XX, CFX

600,182, X750

cr -_ Ni
82

F Pugh & Nisbet rted by R. Staehle & P. Scott
rom Pug isbet reported by aehle co 690,152

Evolution of the alloys due to corrosion issues
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FUEL CLADDING

EVOLUTIONS OF ZR ALLOYS LINKED
TO CORROSION ISSUES

PWR FUEL CLADDING

SOLLICITATIONS & EXPECTATIONS

Zircaloy

| Uuo, || ,/ f .~ Pressure vessel: 40-60 years
L 18905 ; operation, < 1 dpa

k= —— 18700
annylars\

Fuel: 3-5 years in reactor

About 20-40 displacements per atom (dpa)

About 40,000 dpa, highly radioactive

ZrO, oxide layer up to 120 micron and
[H] content up to 700 wt ppm

From A. Motta
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%) CLADDING MATERIALS & ENVIRONMENTS

R S S
Nb Chemical composition of

0,
_ 1217 1217 - — zirconium alloys used as
007020  0.18-0.24 cladding material
0.05-0.15  0.07-0.13
0.03-0.08
1200-1400  1200-1400  1200- 1200-
1400 1400
20 20 20 20
100 100 100 100
3.5 3.5 35 35

Application LWR LWR LWR LWR

Bibliography | - /\

BWR / PWR \ WER CANDU
Coolant Hz0 H:0 H0O D:0
Inlet temperature (°C) 272-278 250-295 290 255
Outlet temperature (°C) 280-300 310-330 320 300
Pressure (MPa) ~7 ~15 ~15 ~10
Neutron flux® (ncm 2 7) 4-7 10" 6-0: 107 57« 10" 21072
Coolant chemistry
: [0z] (ppb) ~200 <0.05 <0.1 <5
Typical reactor jecom iy o _ 0ot
; pH 7 6.9-74 10.2-10.8
environments to B (as HzBOs) (ppm) - 0-2200 0-1400'® -
i i i Li (as LiOH) (ppm) - 0.5-5 0.05-0.6 1
which zirconium 4 e e N 0 00505 1
alloys are exposed K fas koH) (ppm) - - 5-20 -
NHz (pprm) - - 630 -
) AE > 1 MeV. \/
This document is CEA’s property. It cannot be disuiussu winvut privr auuvnizauon. Laiiieii reiul | INUVEIHIUGT ZU1U | FAUE 1 5

CORROSION PHENOMENA ON ZR ALLOY CLADDING

Ligth water reactor nuclear fuel cladding

In reactor, Zr alloy cladding undergoes

- on the outer surface (water side)
» General corrosion from primary water
* Hydriding

- on the inner surface (oxide side)
» Stress corrosion cracking (iodine)

[ Hydrogen Pickup

Zr+2H,0 > 7ZrO, +2H,

oxide

cladding
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Oixide thickness (um)

[o]

=]

UNIFORM CORROSION OF ZIRCALOY

Oxidation rates of Zircaloy-4 ® and M5 ®
measured in primary water conditions by autoclave tests
(at 360°C, with 10 ppm of Li and 650 ppm of B in water).
Cycles appear with transitions

T
i Zircaloy-4 ]
L Y st -
L .‘.‘_,.- ]
B M5 ]
- .- -
- -
- i 1 } —l"" .
élf"{-" - ]
1 | 1 | 1 | 1 i
0 200 400 &00 BOO0 Bibliography IV
Biography IV Time [da';s)
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UNIFORM CORROSION OF ZIRCALOY

Influence of the exposure conditions

(major influence of irradiation)

isseurs d'oxyde (um)

360°C

350°C

340°C

Cncide thic kress { um)
i

PWR, 346°C

Comosion loop, 3464C

_,---’Aﬁave. 3540
_'—'-'_'-F

0 300

.
GO0
Biography IV

Time (days)
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Epai
e =+ N w A& @& @ ~ ®

0 50 100 150 200 250 300
Durée d'oxydation (jours)

Increase of the corrosion rate
with the temperature

Zircaloy-4®
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UNIFORM CORROSION OF ZIRCONIUM ALLOYS

Influence of the irradiation

25
” * nmws] eférence
Irr Zr 0,5 dpa [ B X jjorm] WS e 1017 1.3 M reel tece I e
2 3 . Irr He 0,35 dpa 3 :
— 15 /.‘ny’ PG | - o o - - i *
E = 2 W e i He 0,35 dpa
x - 2 v 2"
1 ‘ 15 -
: E 1 .
05 i
| 05
0 1 Om . . . .
0 20 40 60 80 100 0 20 40 60 80 100 120 140
t (jours) Li}]
R. Verlet, Phd thesis, Mines de Saint-Etienne, December 3, 2015
Zircaloy-4 ® M5®
360°C / primary water 360°C / primary water
Corrosion higher with irradiated Zy4 Corrosion lower with irradiated M5 ®
This document is CEA’s property. It cannot be disclosed without prior authorization. Damien Féron | November 2016 | PAGE 19

GENERAL CORROSION OF ZIRCONIUM

Thickness of the oxide measured by Foucault currents, on site
and in hot laboratories on claddings made of Zyrcaloy-4 ® (1.3
% Sn), M5 ® (alliage 5) and alliage 2 (0.5 % Sn)

Data obtained on French PWRs

120 >
*
L B ad
100 | At a.'o‘
Accélération 2 .

de corrosion Zircaloy-4

E sl (phase )
° 3
T
‘o
™) 60 4
5 . ¢
N .
E‘ 40 1 7o Alliage 2
*
gjig A . Alliage 5
20 + “!‘ 3 - 3 .
$2. ® *
A *
§ o :
0 . } ~>- ! b | |
0 10000 20000 30000 40000 50000 60000 70000 80000
Biography IV Burn-up (MWj/tU)
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PWR FUEL CLADDING

Evolution and challenges

0 Chemistry: lithium /boron & hydrogen (Zn injection)
O Total residence time: 3 years increased to 5 years
Q Burnup: from 30 (52) GWd/t to 75-100 GWd/t

O Fuel cycles increased from 18 to 24 month cycle
O From Zircaloy4® to M5°®

vo,
Pellet

Fuel
[ Assembly

This document t is CEA’s property. It cannot be disclosed without prior authorization. Bibliography IV Damien Féron | November 2016 | PAGE 21

STEAM GENERATOR TUBES

EVOLUTION OF THE MATERIAL LINKED
TO CORROSION ISSUES

From http://de.ai ALLOY 600

C<015% Cr =14-17% | Fe=6-10% | Mn<1% [ Si<0,5% [Ni >72%




STRESS CORROSION CRACKING

Alloy 600, SG tube, primary water
ranular SCC

Ta

.- | \{ i

nsg

| Grains

'a.._\_l/' Y, A
Transgranular cracks . e
17-4 PH Stainless steel, 300°C

Intergranular cracks
Damien Féron | November 2016 | PAGE 23
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STRESS CORROSION CRACKING OF SG TUBES
HISTORICAL PERSPECTIVES

1953: Stress Corrosion Cracking occurred in —
the stainless steel tubing of the steam o c‘r-lf?kin’f. %‘% L @'
generator of the prototype for the Nautilus. ‘0 o D g |
SCC failures occurred on the secondary 3 ':5 |
surfaces of the tubes. £ % o s :
« 100 1 8 5 |
By 1957, H. Copson at INCO had E 2 g = |
demonstrated that the Stress corrosion b= B £ .
cracking of Fe-Cr-Ni alloys, when exposed to ? 8 8 S ril N 1 600
boiling MgCl,, would stop above about 40% =% O No Cracking ' |CP"®
o 10| &% x Indicates
E “ cu_mmcrciul
wire

Did not crack
in 30 days

Ni.

I
I
I
I
|
L’é‘y Boiling MgCl» at 154°C I
0= f t t
20 40 60 80

Nickel, %

Stress Corrosion
Cracking of Nickel-based

Alloys in Water-cooled
Nuclear Reactors
Time to failure of
laboratory alloys (1963)

The Coricu Effect

Damien Féron | November 2016 | PAGE 24
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wp

27 janvier
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Cea HISTORICAL PERSPECTIVES OF ALLOY 600 SCC: 1959

“Coriou effect”

1959: Coriou et al. published that Alloy 600 (75% Ni & 15% Cr) is sensitive to SCC
in “pure” water at 350°C.

* el olau
S ees stes))” X
@D
é,g'ﬁ I.-._g %
.fx,/
/ \ \
fAlwrine FE \ Somple SO=10

i Intergranular oxidation on Alloy 600
Intergranular SCC of Alloy 600 (350°C, (350°C, pure deoxygenated water, 3 months)
pure deoxygenated water) — 3 months
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HISTORICAL PERSPECTIVES OF ALLOY 600 SCC

Stress corrosion cracking susceptibility by CORIOU

Pure water
or
0.1% NaCl solution

Sensibilitd &

Temperature 350°C
Exposure time 3-6 months
Specimens stressed above YS

SCC —» more susceptible

© No SCC in pure water
% SCC in pure water

Nickel, % 10 20 30 40 50 60 70 80

SCC susceptibility as function of the nickel content (Coriou’s work —
summary 1967)

Work done with a series of laboratory alloys Fe-18%Cr-Ni with various Ni
content

Pure water and solution with 0.1% NaCl/ 350°C / 6 months / 1.2 and 1.7
EO.Z
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HISTORICAL PERSPECTIVES OF ALLOY 600 SCC

1960-1985

Year
1960 1965 1970 1975 1980 1985
C J | ] |
LPSCC
1 " Navy Decision
— e |
@ E‘ = Alley G00MA Takahama-1
| wl_Service Trajan
Experience Agesta Obrigheim Docl-2-, Ringhals-2 v-bend LESCC at many plants
Laboratory Experience = " Roll transition LPSCC at many plants
Inco, BMI publications show no LPSCC in Alloy 600
(j " Multiple vendor experiments show LPSCC
L2
Corlou Coriou ¢°{}§orhu .}f Q“"A‘Q‘sﬁuﬂnu Corfou
. s b8 o s s wmem o .
¥
LI
| ¥ |
Secondary Side .?t‘ & P
IGC/IGSCC S 0
: . &S & EE
e ___l.j,ﬂ Service d’?‘ W Fo' s
] " Experience & C@p@? @iﬁs:; c;éal
|| % }.M °
S x
?"J
Laboratory Experience
Multiple vendor experiments show 1GSCC
| | | ]
, Alternative materials R&D First 690TT application {19%88)
o e S A e
Industry Response Alloy G0OTT application (19%0)] -+
e
Partial-roll expansion by some vendors Full-depth expansion by all 3G vendors|
L
Hydraulic expansion
L 2
| | | |
1960 1965 1970 1975 1980 19858
Year
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TODAY SCC PHASES & INVESTIGATIONS

3 '
g . o : /

B Incubation | Initiation i Propagation
~ >
T '
ey '
v :
= [}
) . . .
E: Precursor '@ Incubation @ Slow Growth :
= Defines i FirstSCC i About 1/100th to 1/10th rate of :
i necessary . segment but not . propagation; part of SCC and
- " ] . e " . w . . . '
. | condition for .generally visible. visible in optical microscopy. .
U initiation to . penetration. . . ‘
& | occur, but not ! : Transition |
part of SCC. ! . from initiation !
Non- : : to propagation:!

penetrated i : 50-500pm
surface : : :
——__ : >

Tlme Staehle, page 63

Incubation: Passive film formation and evolution

Initiation: Film rupture & Intergranular oxidation

Propagation: Internal oxidation & Hydrogen
27 janvier
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INITIATION — GRAIN BOUDARY OXIDATION

Oxygen transport in the crack tip (nano-SIMS and tracers

on 148

ST, Laghoutaris, page 319
Solution-annealed matenal (no intergranular carbide)

1340 hr in nominal primary water + primary water containing tracers (deuterium and '#0) for 67 hr

-> 180 is located at the tip of the |G penetration and in the outer part of the
surface oxide layer, where the oxide growth occurs.

-> 180 diffusion occurs during the second stage of the test in 67 hr

-> estimate of the oxygen transport coefficient : > 10'® cm2.s™'

Oxygen transport up to the crack tip is not a rate limiting step.

M. Sennour & al, JNL, 393 (2009) 254-266
27 H n H r P. Laghoutaris & al. , JNM 393 (2009) 254-266
Ja Vle C. Guerre & al., Environmental Degradation, TMS, 2011, 1477-1488
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Ce_a ORIGIN OF THE ABSORBED HYDROGEN IN NI ALLOYS

Two series of experiments were done, in which the specimens are exposed to:
—a PWR primary medium in which the water is replaced by deuterated water D,O (D
content 97.90%) , pressurized by classical hydrogen gas (H,)
— a classical primary medium (with H,O), pressurized by deuterium gas (D,) (D
content 99.05%).

H,0 / D, D,O0/ H,
F. Jambon & al., Journal of Nuclear Materials 414 (2011) 386—-392
14 ; !| 70 14 70
T "0 Exp.to H,0/D, medium —*— "0 Exp.to D,0/H, medium

§ 12 1 60 —_ 12 e feﬁi“ 1 60 g
=< | —&o— D, Exp. to H:O/D2 medium g 3 | —&— D, Exp. to D;O,'H2 medium §
Ai; )?(»x( ! g mi ff ; \ i 2
R ; 150 o 1 : -5 8
2 i o T ! o
"E 038 )Xf w0 3 g 08 % 40 5%
z U 17 2 2] e z
é o |-} % - 30 :; E 0.6 - 30 ;;
é )X( : ° g X r
T S M =20 _Z g 04 [ 0
E i S : % 2
z 02 fii )X == 10 N i 0.2 \x ,\X& =10

: - T

0 - 0 0 =255
0 20 40 60 80 100 0 20 40 60 80 100
Depth [nm] Depth [nm]
Hydrogen absorption is associated with the cathodic reaction
(H,O + e > 1/2H, + OH)
36
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VALIDATION OF OH- MIGRATION IN THE OXIDE

3600 ; ; - | | 1.810° 600 1.810°
Ext. growth .
p. — %0 [counts/s] — %0 [counts/s]

3000 [} 1.510° 500 1.5 10°
. f‘ —*— 80 [counts/s] N —*— 2D [counts/s] N
7 3 - s
2 2400 1210°2 @ 400 1210°9
S \\ El < El
8 M/Ox interface e <] o
8 E] ]
S 3 8 : 32
> 1800 / 010t & = 300 e M/Ox interface 910" &
2 T 2 )
8 8 S 8
£ \\ , 5 2 g
o 1200 610" & 5 200 610° 7

600 < . 310° 100 G . 310°

0 L L L L 0 0 L L L L L L 0

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
, Depth (NRA) [nm] Depth (NRA) [nm]
5% “v”“)v\ ‘ ' ; . . .
50 A P MM SIMS profiles of the isotopic tracers through the oxide
vOf e scale as a function of the recalculated depth (the oxide
’ — @ scale, represented by the %0 profile is displayed as a
F. Jambon & al., Solid State lonics, 231 (2013) 69-73 guide to the eyes): (a) 80 tracer (subplot: total oxygen

signal’s second derivative used to identify the domains);
(b) 2D tracer.

respectively D..=(4.6+0.9) x10-" cm?/s for 80, and D..=(5.2+1.2) x10-'” cm?/s for 2D

diffusion of OH- in the oxide layer
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STRESS CORROSION CRACKING OF NI ALLOYS

U Large progress on mechanisms

’o\illu surface
I.", i“\l':mn-n\i:h hllu.'rgr.ml:Iar -, }, ) ! Crack 4 § i’l'lxid '
_,r\.\ A pen I._Il‘\l' y Penetration _\\“ Embrittlernen rack pre r"'*"‘ e
XY N Y KNV
t:r::ﬂ bnul;;nrics I Grain boundarics Girain boundaries

Internal oxidation model with an eventual influence of the cathodic
hydrogen in grain bound

U Steam generator tubes are no longer made of Alloy 600 MA
or alloy 600TT

O Good behavior of Alloy 690 and AIon 800 Ilnked to the
higher chromium content S

Artist’s view of the Coriou’s crack,
by Juliette Plisson
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PWR SECONDARY CIRCUITS

FLOW ACCELERATED CORROSION
(FAC) & CARBON STEELS

Main susceptible
FAC systems

BRIEF HISTORICAL BACKGROUND OF FAC

INTERNATIONAL

12/02/1995
Pleasant Prairie

(Fossil Plant 600 MW,
USA)

2 persons died

09/08/2004 - MIHAMA 3 (Japon)
Tube leakage downstream diaphragm

5 persons died

|

09/05/2007 - IATAN
(Fossil Plant, USA)

2 persons died

This document is CEA’s property. It cannot be disclosed without prior authorization.

FRANCE

(No death)

Zone la plus affectee

2000 g A |\
Fessenheim 2 L By ]
Important wear on expander 1 1 Y
downstream regulating valve ¢ ! 1y l : ]
on low Flow Rate Feedwater !¢ 5N | L — ‘
lines b i1 E | [

___// - _“‘;.._‘_“ o, L L

Since 2001

BRT-CICERO™ is used on all units in France

2002

Flamanville

Tube support plates
degradation on AHP 500
heaters
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FLOW ACCELERATED CORROSION - FAC

"BASIC UNDERSTANDING"

Electrochemical based phenomena accelerated by flow rate
(and not mechanically — erosion / abrasion)

Metallic materials in contact with liquid water at high flow rates
Carbon steels (CS) or low Alloyed Steels (LAS) covered with a protective
layer magnetite / hematite (passive layer)
Stationary conditions: Vﬁlm formation — Voxide dissolution
High flow rate
=0xide dissolution is faster
mOxide film thickness is decreasing
mCorrosion rate is increasing

Flowing condenzed watar

NN 4

This document is CEA’s property. It cannot be disclosed without prior authorization. Damien Féron | November 2016 | PAGE 35

IMPORTANCE OF THE CHROMIUM IN THE STEEL

With only 0,5% of chromium in the steel, the FAC rates
are decreased by a factor of 10 at least

Relative FAC rate = f([Cr])

1.000 ——ry T s I’:‘i a _.: -élg::: ‘ I ; 1 1

0.100

V=56m/s A

E _ One phase flow

Two phase flow
L V=60m/s - X=64% A

l
T T LA 1 LI |

i
:'
0.01 0.1

-+
-4

a9
o 1
o J—11
-

.

Chromium contents in %
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EFFECT OF THE CHROMIUM ON FAC

Without Cr: the FAC rate is hiigh due to the solubility of magnetite

Fe;O,
With Cr in the steel: formation of a Fe,CrO, oxide with very low
solubility
FAC
s2*""*rx. Circulating water ‘==«
Original « without Cr" ' « With Cr"
surface of —— T t

steel = -J
i . <~ Oxide

Oxide ——
[
Metal —— |
—| Cr<Threshold i| Cr>Threshold ~ Metal
= . eta
x I < L] I = I
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MAJOR COUNTERMEASURES TO FAC IN POWER PLANTS

Plants equipment material water chemistry improvement remarks
where the feed improvement pH [O,]
water flows in
PWR steam generator increasing [Cr] increasing pH AVT(H&O) minimizing [O,]
at SG inlet
BWR reactor core increasing [Cr] - (neutral) oxygen [O,] generated
injection due to radiolysis
Fossil boiler increasing [Cr] increasing pH AVT(O)
oT From S. Uchida & al., FAC2013

= Importance of the design of the components, modeling and prediction of
degradations (COMSY, BRT-CICERO, WATHEC, CHECWORKS...)
coupled with non-destructive examinations.
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CONCLUSION

Corrosion issues lead to evolutions of materials
- Cladding: Zircaloy-4 to M5
+  SG tubes: Alloy 600 to Alloy 690
«  FAC: from carbon steels to low alloyed steels
(LAS — less than 1%Cr)

MODELLING & SIMULATION

MULTISCALE MODELING

Intergranular PACTOLE,
Corrosion OSCAR,
® (CIANS) ALCYONE
Q o [
g = = ‘-:] High temperature oxydation (EKINOX)
S 2 -
T Whotal i 'D-a.mé:
BOLVENT
. POROUS LAYER 1
) o
[ ] 5: sovent she
TAl [ D:Matalic walker sie
[ 5 Raacson (1) ? . :;;wl.\::mm e -'_-
Oxydation du Ni E u f) =
: e = Diffusion-Poisson coupled Stress
model DPCM corrosion
cracking
Cellular Automata - = | -
Th e, i
M Y "
Diffusion du Ni —\u
dans une couche : ¥ A 4
de passivation - . :
I , . .
Atome Mesoscoplque Macroscoplque Echelles

= Needs to replace semi-empirical models by more phenomenological models
= Multiscale modeling is then needed
= Strategy for homogenization & harmonization
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Atomistic simulation

Why do we performed (need) atomic simulation?

* Verifications of ideas/mechanisms

+Identification, comprehension and characterization of microscopic
mechanisms

*Data production (thermo, transport, structure) — mesoscopic codes

Interpret experimental results (observations at the same scale —
Tomography atom probe)

g n W

i

Diffusion of 54Cr (green)
and %2Cr (red) / TAP

Growth of the oxid¢
layer on Nickel

surfaces
Chromium oxide and nickel rich
zone observed at a crack tip/
HRTEM
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Atomistic simulation / role of hydrogen

SCC: Influence of hydrogen on crack propagation

Alloy
600

Cry05
parficles

&

Bl:iule crack
P. Laghoutaris & al. , JNM 393 o o
(2009) 254-266 amorphization

* Molecular dynamic simulation: LAMMPS
« Interatomic potential: EAM (type)
« 750 000 atoms (Ni)

; ; P. Arnoux, Corrosion Science 52
Ductile crack without H (2010) 12471257

Confirm by Cornell & Zamora, Physical Review B,

Brittle crack with H 060101 (R) 2012,
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Atomistic simulation / role of hydrogen

Molecular simulation of the oxidation by water of Ni
(hydrogen in the metal from the cathodic reaction)

Cr-0 preferential bond
@

: %ﬁ
(b) () (d) (2)
Diffussd H
From B. Diawara & Al., Winter :

School, Modelling of corrosion, ® ® ® ®

December 2011 Same results on Cr
N.K. Das & T. Shoji, SNA -MC, Paris, November
2013

Atomistic simulation of oxidation & experimental observations in agreement
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Atoms & molecules
by Juliette Plisson
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