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NUCLEAR MATERIALS: from yesterday to tomorrow

g Reprocessing Generation IV and Fusion
New facilities |

Material selection

Nuclear
Waste
disposal

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

, Carbon steels

3XX, CFX _ Ferritic steels
S Stainless steels

X718 Nickel base alloys

600,182, X750

.......

Cr \ N / % N|

From Pugh & Nisbet reported by R. Staehle & P. Scott

Evolution of the alloys due to corrosion issues
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CORROSION ISSUES
AND PWR SAFETY BARRIERS

2- Reactor coolant boundaries : pressure vessel
(irradiation damages) is limited by irradiation
damages, while stress corrosion cracking of the
nickel base alloys tubes of the SG  limits the life
time of steam generators

Containment

Building
?_\u\

~ T ] 3- Reactor containment : concrete
== and reinforced concrete evolution
1 . .

(repairs possible)

™~ React:
Vesse

Fuel Rods
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cea OPERATIONAL EXPERIENCE & CORROSION

Events of Interest for Safety of French PWRs (IRSN, 2010)

Origin of degradations Most degradation is caused by

o _________ FlowAccelerated Corrosion (FAC).
- B Stress Corrosion Cracking (SCC)
mShess comosion rackig is highly generic and has a large
e—— impact on safety because it
appears in the second containment

barrier.

From P. Scott

Main Degradation Mechanisms leading to NPPs shutdown (R. Killian,1995-2005)

Pitting
Corrosion 1,4%
18,7% TGScC
159%

Hind cracking

11%

galvanic corrosion
11%
MIC

5,3%

Two main dominant mechanisms:
- Flow accelerated corrosion (FAC)
1GSCC SS and

- Stress Corrosion Cracking (SCC)
N Aoy - Pipes and internals
o - SGtubes

FAC
33,6% 17%
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PWR Primary Circuit

Primary pumps \ Control mechanisms

Pressurizer Steam

generators

PRIMARY CIRCUIT :

Cold legs
Hot legs

e PIPES & INTERNALS

— ROD TRAVEL
HOUSING.

- ~— INSTRUMENTATION

DRIVE MECHANISM ORTS

~— THERMAL SLEEVE

UPPER SUPPORT —
PLATE

~— UFTING LUG
INTERNALS —

SUPPORT
LEDGE

— CLOSURE HEAD

— HOLD-DOWN SPRING

CORE BARREL —
— CONTROL ROD
GUIDE TUBE

SUPPORT COLUMN —

CONTROL ROD
ORIVE SHAFT
UPPER CORE —
PLATE
OUTLET NOZZLF — — NLETNOZZLE
BAFFLE RADIAL — CONTROL ROD
SUPPORT CLUSTER (WITHDRAW
BAFFLE —
CORE SUPPORT — ~— ACCESS PORT
COLUMNS

INSTRUMENTATION — ~— REACTOR VESSEL

THIMBLE GUIDES

RADIAL SUPPORT —

CORE SUPPORT LOWER CORE PLATE

D LA RECHERCHE A LINDUSTRIE

C221 PRIMARY CIRCUIT: PIPES AND INTERNALS

PWR Materials
Primary Circuit I Secondary Circuit
Anti-vibrati st
tllo‘vlz(r}gnfgsb;; Steam dryers: Carbon steel MSR: Turbine:
y i 304 SS 439 ferritic steel * Rotor: low alloy steel

SGv A + Blades: 17-4PH, 403 SS
essel wall * Blade attach: low alloy steel
Low alloystecl JMoksture « Diaphram, Cr steel
Separator Electric ?

Reheater) Power

Generator:

@ ) Low-Profure * Retaining ring:
Pressurizer X e ‘ high strength, high
Steam - P toughness

Power * Copper conductors

Transformer

* Alloy steel : I X : —

 Clad: 308, 309 SS Steam S Condenser tubes:
G * Tior SS tubes

T Condenser tubesheet:

o * Cathodic protection
Water or titanium clad

Condenser structural:
Water side: carbon steel

Fuel cladding:
Zy-4, advanced Zr
alloys

. Primary Cooling Water: River or
Fuel: UO, Costitd Sea Water, Cooling Tower

Ermary piping: Primary plenum

308, 309 SS

Divider plate: SG tubesheet: Preheater tubing:

Pump materialg;
Alloy 600 Low alloy steel 304 SS

SG tubing:

Alloys 600MA,
GOUTT, 690TT, 800 _
el

Tube supports: Secondary feedwater piping:

405 SS Carbon steel
From R. Staehle

Steel to SS: 82, 182

Stainless steels are widely used in PWR primary circuits
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FIELD EXPERIENCE OF AUSTENITIC STAINLESS

STEELS IN PWR PRIMARY WATER (SCC)

Practical experience shows that de-oxygenated, hydrogenated PWR
primary water does not cause SCC. The reason is clearly related to the
dissolved hydrogen in PWR primary circuits, which ensures that any
radiolytic decomposition products of water are efficiently scavenged (unlike
in BWRs on Normal Water Chemistry).

. - lOchl.:deld Conditions ® Free-flow Conditions Stress COfI’OSIOn Cracklng has
anopy megaseals .
CEDM 0 sy |F————— been expenenced on
CVCS heatexchangertubes [E——gm—— ) R .
HPSIS elbow [ unirradiated stainless steels :

HPSIS pipe cracking ez
Pressurizerheaters |immmmmmygmssssss—— Note: four infree-span, sixat support

Pressurizerinstrumentation nozzle plate - LOW number Of eVentS
RCS crasseverdrainvaive weld - 83% of the events occurred
RERSRVL:zlp'::"Epg in low flow or stagnant
Safest;;:ﬁ«:tli;r;ssf::zx:: 17% of Events in Study Sample Occurred (“OCCIUded”) Zo_nes' .
SGinletsafs ond nosste in Normal RCS Water - 17% occurred in nominally

-
Thermocouple clamping staple p2a
Thermocouple columnend cones 2m

Valve drain lines

free-flow conditions and

o s o o o T have been associated with
Total Number of Events in Sample: 137 Number of Events Cold Work and exceSS|Ve
hardness (>300 HV)

From llevbare & al., 2010
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INTEGRITY OF PWR INTERNALS (IASCC)

Extreme environment (irradiation, Irradiation assisted
higth temperatures, ...) for stainless steels corrosion (IASCC)

« Reactor pressure vessel

Upper internals

. ! Former plate

Batfle plate

-

S

Bprabaifle

former,boits
+- T

Fuel assembly

Lower internals

Objectives: to understand, to anticipate and to predict the degradation of PWR internals

» Preventive maintenance for the replaceable components

» Extension of the operation time of the current PWRs (up to 60 years)
» Understanding the degradation phenomena

» Improvement for new PWRs (materials & design)
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CORROSION MECHANISMS OF PWR INTERNALS (IASCC)

» Irradiated Assisted Stress Corrosion Cracking

U Cracking linked to the evolutions of the environment
(radiolysis) and the materials (damages) due to irradiation

U Major influence of the dose rate

PWR Control PWR Baffle
REnd Rod Failures Bolt Failures PWR End

(]:;«}Yan OCnocrnet of Life (lA CC) (IASCC) olefe
Fa dures PWR Life
(lASCC) r Extension

1 020 1 02 1 1022 1 023
Neutron Fluence, n/cm?2 (E>1 MeV)
Irradiation Dose, dpa

0.1 1 10 100
PN Ll * T ? 1_’ T
e Significant Changes  Onset of Significant
i oA, g 7 in Grain Boundary Void Swelling
E\\ Qo \£ ] ! Composition, Alloy and Possible
Q€ \\ ( @\ Strength & Ductility Embrittlement
Cloi g)ns o \‘? g Vis Note: ~15 dpa = 1022 n/lcm2 E > 1 MeV (for PWR and BWR neutron spectra)
~7 dpa = 1022 n/cm? E > 0.1 MeV (for PWR and BWR neutron spectra)
(304 L) | (316)
|

\\\/

PWR primary water: 155 bar, 300-340°C, 30ccH,/kgH,0, 2 ppm Li, 1000ppm B
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STEAM GENERATOR TUBES

EVOLUTION OF THE MATERIAL LINKED
TO CORROSION ISSUES

From http://de.areva.com A L L O Y 6 O O

C<015% | Cr =14-17% | Fe=6-10 % Siso,s% Ni > 72 %




STRESS CORROSION CRACKING OF SG TUBES

HISTORICAL PERSPECTIVES

1000 m 5 ’6 8@-

1953: Stress Corrosion Cracking occurred in
the stainless steel tubing of the steam x
(ld(.kl ng O ”
generator of the prototype for the Nautilus o % g
O

Crackin

SCC failures occurred on the secondary . |
surfaces of the tubes. % ¥ 2 |
= & 8 : I
5 1009 8 g g |
O =
By 1957, H. Copson at INCO had E o é g§&ds I
demonstrated that the Stress corrosion = ) 5§ :‘\
. . =1 )] =~
cracking of Fe-Cr-Ni alloys, when exposed to g 89 8 29[= IHchnel 600
boiling MgCl,, would stop above about 40% =% 5 No Cracking'"
Ni @ 10+ 8",0 x Indicates I
: ) 8 commercial
V\llL :
g% Did not crack |
° in 30 days |
@ BmImL Mﬂ( 1> at 154:’( I
() =
f:"ei orrfo;i_o: o 0 70 40 60 80
racking ot Nickel-base .
Alloys igWater-tonled NICkel, 0/0
Nuclear Reactors
The Coriou Effect
Time to failure of
laboratory alloys (1963)
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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

n “pure” water at 350°C.

/ cevice r_

Exparimento
N ateries wtess)
(stomnless steel)

D

Intergranular oxidation on Alloy 600
(350C, pure deoxygenated water, 3 months)
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Intergranular SCC of Alloy 600 (350C,
pure deoxygenated water) — 3 months
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D LA RECHERCH A LINDUSTRIE

Cea HISTORICAL PERSPECTIVES OF ALLOY 600 SCC

Stress corrosion cracking susceptibility by CORIOU

c9 L
R =
] Fissuration Fissuration E
§ ‘g transgranulaire intergranulaire ;— Pure water

- Q
‘_: E i i (3 or
23 @ 0.1% NaCl solution
3 Eau Eau pure ]
@ -~ chlorurée <~ ou chlorurée < { BIRT
3 E | D Temperature 350°C

Eau 72! 3
pure T ) Exposure time 3-6 months
i (¥ —_ 3 . 5
o Niltanimass) : Specimens stressed above YS
0 20 40 60 80 B e
@) @ No SCC in pure water

———— e — -— wl Jalal

| Aciers | [Alliage 800 [Alliage 690 | [ Aliiage 600 ] L J ® SCC in pure water

118% Cr-10% Nij | 20-23% Cr | |[27-31%Cr | | 14-17% Cr |

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% NacCl / 350°C / 6 months /1.2 and 1.7

EO.2
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HISTORICAL PERSPECTIVES OF ALLOY 600 SCC

1960-1985

Year
1960 1965 1970 1975 1980 1985
LPSCC T T T T [ T T T | | T 1 [ T T T
— il Navy Decision
b k
() ‘ | % X Alloy 600MA Taliabaiad
< - - Service Trojan
Experience l Agesta Obrigheim Docl_z\finghﬂlbl U-bend LPSCC at many plants
p ® °
I 2 L 2
Laboratory Experience " Roll transition LPSCC at many plants
Inco, BMI ications show no LPSCC in Alloy 600
aéb' _'Mulliple vendor experiments show LPSCC
& =
Y,
Coriou Coriou (F¢F Coriou & ¢&* CCoriou  Coriou
——————————0—00—0—0—_0—& L g ®
& ]
Fis Ko
ST
| L ki | L
. »
Secondary Side S & 8
& §
IGC/AIGSCC L8
o S& 8 SIS
MBS Servi FEHF L
ervice OQGQ‘%?;?.;\Q;- @"‘c" z‘..*. &
- Experience e oe‘(;;%g‘ T &
e w‘O—O—O‘—Qi
e
: Q‘~¢ 3
Laboratory Experience &
<° & Multiple vendor experiments show IGSCC
(2
| L | | |
Indust] Response Alternative materials R&D First 690TT application (1988)
ry P . Alloy 600TT application (1980) :—’
o—p Ao L )
Partial-roll expansion by some vendors Full-depth expansion by all SG vendors|
L2
s Hydraulic
[
L1 R l | L
1960 1965 1970 1975 1980 1985
Year
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TODAY SCC PHASES & INVESTIGATIONS

A '
g . . : |

= Incubation | Initiation . Propagation
H 1
= >,
R '
~N [
Y :
= :
) \ . '
& Precursor ' Incubation Slow Growth !
= Defines :  First SCC i About 1/100th to 1/10th rate of :
5 necessary segment but not: propagation; part of SCC and
=, | condition for igenerally visible: visible in optical microscopy.
Y initiation to . penetration. . '
2 | occur, but not ! : Transition
part of SCC. | ! from initiation |
Non- : ' to propagation:!

penetrated . : 50-500pum
surface : ' '
» e . >

Tlme Staehle, page 63
Incubation: Passive film formation and evolution
Initiation: Film rupture & Intergranular oxidation

Propagation: Internal oxidation & Hydrogen
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INITIATION — GRAIN BOUDARY OXIDATION

¥2.5m LoglD. 1807] |#2_5 by Log0 148] .
- 5 . : Laghoutaris, page 319
Solution-annealed material (no intergranular carbide)

1340 hr in nominal primary water + primary water containing tracers (deuterium and 80) 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.

-> 18Q diffusion occurs during the second stage of the test in 67 hr

-> estimate of the oxygen transport coefficient : > 103 cm?2.s"

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

M. Sennour & al, JNL, 393 (2009) 254-266
8 féVerr P. Laghoutaris & al. , JNM 393 (2009) 254-266
C. Guerre & al., Environmental Degradation, TMS, 2011, 1477-1488
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C@é 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,O / D, D,O/ H,

F. Jambon & al., Journal of Nuclear Materials 414 (2011) 386—-392

14 T 70 1.4 T 70
% 80 Exp. to H_ O/D_ medium ; "0, Exp. to D,O/H, medium
g ? | — YA — =
= L I A ] —6— D, Exp. to H,0/D, medium 60 g AE 12 | —a— D, Exp. to D:O/H2 medium || 50 %
~ e - 3 = : ; ; 5
_2 o 8 ] : ; =
F IR R 1% 5 : ! | : | | © &
~ { e < i i s
< 08 — w0 & E ' ‘ dan 3
. x | P :
@ = @ =
c ;( = = =3
£ o8 —A ----------- =430 = 5 08 30 O
= o @ -
3 - o j ]
[ ]
N X $ £ X, Z
= 04 20 Z £ 04 1 20¢E
ey ‘g& g 2 \ XX ~
5 L
= S RPORRRRIS SRR A S -
02 )SSSC 10 02 v 10
0 00RO 0 0 AT Y
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,0 + e > 1/2H, + OH")
19
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Ccea STRESS CORROSION CRACKING OF NI ALLOYS

O Large progress on mechanisms

oxide surface

¥ g ¥ gy
\]’n‘muc oxi;e 1 Crack propagation) fose
/ penetration Penetration \\:X Embrittlement  —"2¢% ProP g\ -~
Nf N AN Y AN

Grain boundaries Grain boundarics

Grain boundaries

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

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

0 Good behavior of Alloy 690 and AIon 800 | Ilnked to the
higher chromium content R

o i

: ) ) b A et
Artist’s view of the Coriou’s crack, 4 \‘_
by Juliette Plisson ,}; ( v g

h% 2 B —=
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PWR SECONDARY CIRCUITS

FLOW ACCELERATED CORROSION
(FAC) & CARBON STEELS

Main susceptible
FAC systems

water supply vessel

generstor ) yransfomer

> Loy

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

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)

2000
Fessenheim 2 -
Important wear on expander 1,
downstream regulating valve ¢/t
on low Flow Rate Feedwater ‘
lines ik

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)

B Metallic materials in contact with liquid water at high flow rates
B Carbon steels (CS) or low Alloyed Steels (LAS) covered with a protective
layer magnetite / hematite (passive layer)

r Stationary conditions: Vfilm formation = Voxide dissolution

B High flow rate
mOxide dissolution is faster
mOxide film thickness is decreasing
mCorrosion rate is increasing

Flowing condensed water

2T

FeZi-

4. Fe?*

Carbon steel
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FAC: IMPORTANCE OF THE CHEMICAL

CONDITIONNING

The flow accelerated corrosion rate decreases when pH
increases (iron solubility decreases when pH increases)

Importance of the chemical agent (linked to the formation of

complexes)

]

1.0 . ® ® ® Ammonia
[
‘é’ 0g > == = Morpholine
o |

A Y
X 0.6 A >
o N NS
> . .
E 0.4 \ S
() h . 2 -
a 02 ~ i ~. ui
* - e, .
0 e -'-'q-.-.-.-.-.-.-...
8.6 8.8 9 9.2 9.4 9.6 9.8 10

pH (25<C)
Relative FAC rate as function of pH at 150°C
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Cea IMPORTANCE OF THE CHROMIUM CONTENT 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 L A A Ll
I o i T
| A
1 \‘NM
0.100 == ™ AN EEE
One phase flow -JEEE!
V=56m/s A A T
T Two phase flow AN
b V=60mis - X=64% A == ==sssh
| | ! l | ! INEET]
T T T T LR 1
0.001 0.01 0.1 1 10
Chromium contents in %
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CZQ 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
» 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

Reaction (2)
cacton @

Temps

High temperature oxydation (EKINOX)

OROUS LAYER H
S : Solvent site

| D: Metallic walker site e - e
7 L: Layersite - ==
Mor R : Metallic site 2

Oxydation du Ni

7
Diffusion-Poisson coupled Stress
model DPCM corrosion
M cracking
Cellular Automata - = | =
N
By © o o)
Diffusion du Ni \M .
dans une couche : ¥ i
de passivation . T ’
| , . .
Atome Mesoscopique Macroscopique Echelles

= Needs to replace semi-empirical models by more phen  omenological models
= Multiscale modeling is then needed

= Strategy for homogenization & harmonization
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Atomistic simulation / role of hydrogen

SCC: Influence of hydrogen on crack propagation

gl
é%""'mftﬂlf!f” 4

Brittle crack
without
dislocation nor
amorphization

P. Laghoutaris & al. , JNM 393
(2009) 254-266

e Molecular dynamic simulation: LAMMPS
* Interatomic potential: EAM (type)

e 750 000 atoms (Ni)
i i P. Arnoux, Corrosion Science 52
Ductile crack without H (2010) 12471257

Confirm by Cornell & Zamora, Physical Review B,
060101 (R) 2012,

Dislocation

Brittle crack with H

This document is CEA's property. It cannot be disclosed without prior authorization. NUPP 2017 | Damien Féron | February 2017 | PAGE 29

Atomistic simulation / role of hydrogen

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

Cr-0 preferential bond

(a) (L) (c) (d) (e

Diffused H
[ ]
From B. Diawara & Al., Winter &) (2) () @
School, Modelling of corrosion, N
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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