N

N
N

HAL

open science

Corrosion and corrosion mitigation in pressurized water
reactors
M. Helie

» To cite this version:

M. Helie. Corrosion and corrosion mitigation in pressurized water reactors. Conference invitee Uni-
versite de Pekin et Centre de recherches nucleaires de Suzhou, Mar 2018, Pekin, China. cea-02339324

HAL Id: cea-02339324
https://cea.hal.science/cea-02339324
Submitted on 14 Dec 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-02339324
https://hal.archives-ouvertes.fr

DE LA RECHERCHE A L'INDUSTRIE

&a CORROSION AND

CORROSION MITIGATION

IN PRESSURIZED WATER REACTORS

M. HELIE

www.cea.fr




C2A NUCLEAR CORROSION SPECIFICITY & CHARACTERISTICS

@ Safety

@ Diversity

M.HELIE - National Center for Materials Service Safety _ Beijing January 2018 | PAGE 2/38



C2A SAFETY FIRST!

1 Absolute necessity to confine radioactive
or contaminated products and materials

@ Integrity of confinement barriers

@ Decontamination and treatment of
effluents

@ Precautions during handling and
Storage Containers for compacted ILW
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C2A DIVERSITY

@ Materials
From unalloyed steel to passive alloys

(Fe, Ni, Ti base alloys)

@ Environments
Agueous, from deionized to sea water
From ambient to high temperature

@ Solicitations
Chemical, mechanical, thermal, :
radiolytic, bio-chemical ... Crack in steam generator tubing
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DE LA RECHERCHE A LINDUSTRIE

C2A DIVERSITY OF METALLIC MATERIALS IN A PWR

PWR Materials
Primary Circuit Secondary Circuit
Anti-vibration bars:
:“l 0:,1683 1.(‘)(1)15 Sasrs Steam dryers: Carbon steel MSR: Turbine:
? 1 304 SS 439 ferritic steel * Rotor: low alloy steel

Vessel: alloy steel
Clad: 308, 309 SS
Welds:
* SSto SS: 308 SS
* Steel to SS: 308, 309

* Blades: 17-4PH, 403 SS
* Blade attach: low alloy steel
* Diaphram, Cr steel

SG vessel wall:
. alloy stecl Moisture
Separator i
Reheater, Electric

Generator:

CRDM housing: e * Retaining ring:
Alloy 600MA, 690TT Pressurizer high strength, high
Steam toughness
Closure studs: Power: * Copper conductors
Alloy steel Transformer
Vessel: Water

“"*'Condensenr’ "’
) 84,0

* Alloy steel
* Clad: 308, 309 SS

Control rod:
* SS clad
* B4C+SS poison
Core structurals:
304 SS
High strength:
A 286, X 750
Fuel cladding:

Zy-4, advanced Zr
alloys

Steam
Generator

~——— Condenser tubes:
* Tior SS tubes

[ —— Condenser tubesheet:

U * Cathodic protection
(‘ﬂ't'e“,? or titanium clad

Condenser structural:
Water side: carbon steel

e

) l"\w(
il \

: “ooling Water: Riv
sl Contant W g T
P';'S‘_‘z:?;g'ls)lsng: Primary plenum clad:
308, 309 SS
Pump materials: Divider plate: SG tubesheet: Preheater tubing:
* Hi Str: A 286, 17-4 PH, X 750 Alloy 600 Low alloy steel 304 SS
* Structural: 304, 316 SS : et
« Impeller housin,g: cast stainless SG tubing: Tube supports: Secondary feedwater piping:
Alloys 600MA, 405 SS Carbon steel
600TT, 690TT, 800
Welds: After R.W. Staehle

Steel to SS: 82, 182
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DE LA RECHERCHE A LINDUSTRIE

C2A DIVERSITY OF ENVIRONMENTS IN A PWR

Primary Water Chemistry Secondary Water Chemistry

Role Species | Concentration Role Species | Conc., ppb
pH control | NHj =X
Oy decrease | N1, <8x0,

Burnable
- H;BO,

poison 1500 ppm to zero

pH adjust LiOH Adjust to meet

7.1-7.4 pHy Leaks 0, <10
S Boil off
Minimize H =1
radiolytic H, [25-50 STP cc/kg remnant 2
oxygen Corrgsion Cu <1
roduct
e 0 S pmh Bulk PWR Environments: P ;: : i
. Fe . . . -
C::ngsxlc()tn S No spec. Water Chemistry, Stress, Thermal, Radiation Contansinant| =1
. <
Contaminant|Cl, SO,, F| Each < 0.15 ppb Primary Circuit . Secondary Circuit SO, 10
Residual stresses: Saturated steam: High-velocity fluids

* Welds, at yield stresses <0.05% moisture produce FAC

¢ Cold bends, at yield stresses
Moisture

. Electric

345°C, 2250 psi \ - Power
- Ly -
\ (41

3 ﬁ \ Power
Pressurizer m “ Transformer

Irradiation o ressar . | = p—

o Maximum 1x10'¥ n/em2-sec Turbine

k Oxygen and impurity entry

through leaks at seals and

Gooling perforated tubes
Internal
environment Condenser
in fuel: I, Cs, Pump
Ar, Kr, Xe
SRR SR . Sen W ater, Cooling Tomwer
After R.W. Staehle
293°C 327°C, 2250 psi 285-290°C, 1000 psia |  50°C, 1200 psi 50°C
227°C, 1000 psia
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C2A DIVERSITY OF CORROSION PHENOMENA IN A PWR

Events linked to corrosion and safety (IRSN survey, 2010, French PWRS)

Origin of degradations

O Flow accelerated corrosion/erosion

m Pitting O Predominant mechanisms

O Cracking (fatigue)
O Generalized corrosion
Ml Stress corrosion cracking

SMcrabial carmosion Flow Accelerated Corrosion FAC)
Stress Corrosion Cracking (SCC)

58%

Corrosion phenomena leading to reactor shutdown (R. Killian,1995-2005 — worldwide survey)

Pitting

Corrosion 1,4%
18,7% TGSCC
15,9%

Hind cracking

1.1% IGSCC
0,3%
galvanic corrosion
1,1%

O Predominant mechanisms

MIC
5,3%

Flow Accelerated Corrosion (FAC)
Stress Corrosion Cracking (SCC)

33,6% 17%
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C2A CORROSION AND CONFINEMENT BARRIERS

A ) Fuel elements: the corrosion of zircaloy cladding is the limiting
factor for residence time

) Primary circuit: vessel resistance is linked to irradiation
damage whereas SCC affects steam generator tubing

Contalnment

) Reactor building: evolution of

— ! concrete and corrosion of rebars

L React
“ Vess
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C22A CORROSION OF ZIRCONIUM ALLOY

Light Water Reactor Nuclear Fuel

Immersed in water in reactor core, Zr alloy cladding undergoes
hydriding and uniform corrosion on its outer diameter, and iodine
SCC on its inner diameter

/ Hydrogen Pickup

After A. Motta

claddin
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C2A ZIRCALOY: UNIFORM CORROSION IN PRIMARY MEDIUM

In primary conditions, the corrosion reaction is as follows:
Zr + 2H,0 — ZrO, + 2(1-w)H, (in water) + 2wH, (in alloy)

w = fraction of H, absorbed by the alloy

@ Progressive buildup of oxide layer
@ Hydriding of the alloy

Posttransition ——
(linear)

Transitory
(cyclic)

Hydrides

Oxide thickness
. I .

Pretransition
(culbic)

PWR - CWSR Zy4 - ZrO, > 50 um

Schematic of zircaloy corrosion showing
pre-transition, transition, and post
transition in the cyclic oxidation process

After P. Bouffioux & B. Cheng
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MITIGATION OF ZIRCONIUM ALLOY CORROSION

Replacement of Zircaloy-4 alloy with M5™ alloy

15 T
14 4
13 +
12 -
1+
10 -

Zirconia depth (um)

-
1
1

Transitions in the kinetic curve

o = N w ) | (-]
1 1 i

0 100 200 300 400 500 600 700 800

Oxidation time (days)

Zircaloy-4 and M5™ oxidation kinetics. Autoclave tests in water with 10 ppm Li and 650 ppm B at 360°C. The kinetics
appear as cyclic. M5™ oxidation rate, the slowest on the average, displays the highest transition thickness
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C2A ALLOY 600: UNIFORM CORROSION IN PRIMARY MEDIUM

@ Internal layer made of chromium oxide and small grains of chromium enriched
spinel (Fe, Ni)(Cr, Fe),0O,
@ External layer of nickel ferrite crystallites (NiFe,O,)

60 % Cr
20 % Fe
20 % Ni

» 60 % Fe
< Bn _ 40 % Ni

O Consequences
@ Oxide dissolution. Activation Ni==58Co == 59Co in the core : Dose rate increase
@ Intergranular oxidation — selective chromium oxidation

O Mitigation

@ pH adjustment to minimize oxide solubility. Zn addition to replace Ni in oxide ?
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CA FERRITIC STEEL: UNIFORM CORROSION IN PRIMARY

d Mechanism
Primary water leaks nmmmp boric acid concentration = |local pH decrease

d Materials concerned

Low alloy steel bolts, primary pumps, steam generator and pressurizer manholes,
valves, vessel head and vessel flanges, vessel itself in case of important spilling ....

- g _
IR

Bolts corroded by boric acid
Beijing January 2018 | PAGE 13/38
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C2A BOLTING STEELS CORROSION: MITIGATION

Corrosion rate { pm/yr )

o0 L Stainless steels
@ Use of austenitic stainless steels | zecis 0 Howosun 2w
T <200°C =) 75 CND 17-12 |
26 CNU 17-4 .:(-} 23 CMDA 131 A r-_U*/'-',_,/ i e
200°C < T <250°C ™% 75 NCTDV 25-15 T ez,
. 76 CN 13-4 3 R T ?“; -
250°C < T <290°C =) Z6 CNM 22-12-5 . Y Rt
’?\\\ Z6NCTOV 2515 @ 26 G 2
Beware of Stress Corrosion Cracking! f /N e —
HaB0n 27%  100°C \\\ Z5 CND 1712
J MNickel base alloys x:s'r';‘x\
@ Primary pump studs 1 Ny
f Afterl J.M. Gras e
Nickel coated low alloy steel o N Chromium content (%)

Uniform corrosion of stainless steels (H;BO; 40wt% at
250°C) and of nickel base alloys (H;BO; 27wt% at 100°C)
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DE LA RECHERCHE & LINDUSTRIE

C2A VESSEL STEEL: UNIFORM CORROSION

Boric acid deposit due to leaks

N 2002..3. 16 10

Nozzle 3 with insulation removed and shielding installed 03-16-02

South Texas (USA) David Besse (USA)

Vessel bottom Vessel head
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DE LA RECHERCHE A LINDUSTRIE

C2A CARBON STEEL CORROSION IN BORIC ACID DEPOSIT

(a) (e)
Nozzle #3 with insulation removed
Control rod drive and shielding installed 03-16-02
mechanism

Area of reactor
vessel head
degradation

Reactor vessel
head insulation

Davis Besse (PWR - USA)

Reactor vessel
head carbon
steel portion

Z i A i
[ SN 2002.:3: 16, /8
()

Nozzle #3 cleaned

i

(C) T X 1 T
. i Reactor vessel head !
|

e N y A stainless steel cladding layer
FeGe . ﬁ
ot / & // /

Boric acid concentrates
and| is corrosive

¢#1 311em €93

Du;ll etch 100X o f'— (12.25") —'i
~3.8 cm ~6.35cm |
(1.5")

S

High LPSCC susceptibility
I

~16.76 cm

Reactor vessel
head, carbon
steel portion

High residual

3.18-9.53 mm (0.125"-0.375")
weld stress

stainless steel cladding layer

SE 100X J

Control rod drive housing, Alloy 600
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C2A STRESS CORROSION CRACKING IN PWRS

O Nickel base alloys

@ Primary side : Primary Water SCC (PWSCC - Coriou effect)
@ Secondary side : InterGranular SCC (IGSCC)

d Stainless steel

@ Primary side (SCC)
@ Irradiation Assisted SCC (IASCC)
@ SCC under heat insulator (external surface)

O Other alloys prone to SCC

@ Brass (vapor or liquid polluted with NH; or sulfide) in condensers

@ Low alloy or carbon steel for bolting and auxiliary circuits (sodium
hydroxide, nitrates, chlorides, H,S)

@ Titanium in condensers (cathodic potential (H, embrittlement), hot
medium with chloride)
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ECHERCHE A LINDUSTRIE

C2A STRESS CORROSION CRACKING IN PWRS

Intergranular Cracking

Stress Corrosion Cracking

AL S
| - AR L SRR
el - KL N

Alloy 600, SG tubing, primary water

Transgranular Cracking

Lowering of Rm, A%
Rupture through
crack propagation

Welded alloy 600, SG tubing

Saint-Laurent-des-Eaux 1
(French PWR)

17-4 PH steel, valve rod, high temp.
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C2A DIFFERENT STAGES OF STRESS CORROSION CRACKING

Initiation Propagation
A - : = | < , >
N 5 Initiation of SCC FE Propagation
v : i
@z @ i © @
" L= Precursor : Incubation . Proto-cracks ! Rapid Growth
[nitial condition = — : :
Before D Defines necessary : First SCC segment | About 1/1000thto
v ]?'i: ch[:?;'urh, = condition for ! but not generally | 1/10th rate of
as al' n&:a N 1’:&551 - initiation to occur, : visible penetration. : propagation; partof |
s;lmlsgplgra,tifﬁur:‘ I:-‘_-,?L “= | but not part of SCC. : +  SCCandvisiblein !
mechanical and = : : optical microscopy.
chemical =9 . i Transition from imibBation i
treatments E ! ' to propagation: 1-10pm
Non-penetrated == : -
surface Time !
For Ni base alloys :  Incubation Initiation Slow propagation  Rapid propagation

(1) Importance of initial conditions
(2) Preparatory phase (incubation)
(3) Initiation phase followed by slow (4) and rapid propagation (5)
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C2A PREFERENTIAL POTENTIAL DOMAINS FOR SCC

Zones of relative "instability" of protective layers

Systems with poor ability to passivate Systems with strong ability to passivate
cracking in the active/passive transition critical cracking potential

Hydrogen C Hydrogen
Embrittlement Embrittlement
4

= u ( Stress Corrosion Cracking )
= =

=] =]

= =

<1 =1 b

Current
Current

% = _
/

Peotential Peotential

C
4 ( Stress Corrosion Cracking )

\

Cathodic
B —

Cathodic
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C2A CONSEQUENCES OF ALLOY 600 PWSCC

0 Replacement of Steam Generators with Alloy 600 MA tubing
by Steam Generators with Alloy 600 TT or Alloy 690 tubing
1.0

<o
- <o
0.9 b
Qo
g 600 MA SG Replacement or Plant 4
2 08— Shutdown for 122 Plants S
= (median rank with suspended items analysis) §
B 07 o
7! S
& g
© 0.6 Data up to 2004 5
: §
805 #
) ol
& 04 &
s 8 ¥
£ 03 £
2 &
| 3
=~ 0.2 $
&
o
0.1 é,é?g
0.0 & °
0 5 10 15 20 25 30 35 40
Calendar Years
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Replacement of a Steam Generator

Since 1998, AREVA has carried out more than 80 steam generator
replacements, covering half of the market in the United States
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C2A MITIGATION OF ALLOY 600 PWSCC (OTHER THAN SG TUBING)

1 Replacement of Alloy 600 components with Alloy 690
@ Pressurizer instrumentation nozzles
@ Vessel head nozzles
@ Steam Generator divider plates

Replacement of Nickel based components

100%

==@==600 Vessel
head nozzles
(head
replacement
with 690
nozzles)

90% -
80%
70%

60% -

g Pressurizer
instrumentation
nozzle
(replacement
with stainless
steel)

50%

40% -

Replacement ratio

30% -

< 14MT CAT2
T54 BUG3

< AP GV 2 CHBA4

—@—SG divider
plate, 34mm
thick (SG
replacement
with 690 plates)

20% -

10% -

<

0%

2002
2003
2004 -
2005
2006
2007 -
2008 -
2009

1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
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CLZA SCC MITIGATION AT THE TUBE-TUBE SHEET INTERFACE

O High stress level at the roll transition leading to SCC
cracks in the tube-tube sheet crevice (in the USA mainly)

Wet Zone ®— 0.2 mm crevice

Wet/Dry Zone Wxa. 5” SCC (Primary and secondary side)

InterGranular Attack
(IGA, secondary side)

Vapour A @— Roll Transition

Two-step rolling allowing a smoother transition
Shot peening of the tubes

Rolling all along the tube sheet to suppress the crevice and
limit the sludge pile
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~5=  SCC AND DENTING MITIGATION AT THE
Cea

— TUBE-TUBE SUPPORT PLATE INTERFACE

O Accumulation of corrosion products at the interface
causing stresses

\ @ Changing phosphate treatment (hideout problems) to AVT
@ Evolution of tube support plate geometry

Primary Secondary
flow flow

IS

) S
@ Evolution of TSP geometry " D @ @ C

(a) Drilled hole /”\Of\Of\Qﬁ

(b) Egg crate A4/~

(c) Broached trefoil @b ‘ \

(d) Broached quatrefoil } @ (
(©

After R.W. Staehle
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A RECHERCHE A LINDUSTRIE

C2A IASCC OF STAINLESS STEEL VESSEL INTERNALS

Baffle-former

Internals

Fuel assemblies

PWR vessel internals

Corrosion (Environment) sce

Radiolysis

Swelling, Segregation

Flow

Irradiation creep IASCC SCC irradiated
material

_ _ IASCC on an internal bolt of the French CPO series
Sinergy factors involved in IASCC
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C2A MITIGATION OF IASCC IN VESSEL INTERNALS

 Crevice around the bolt shank
’ @ Local boiling due to y heating of the bolt
. @ LiOH, H;BO4 and oxidizing species concentration

Drilling of a flow hole to suppress local crevice conditions

Crevice
B Core Baffle Flow Hole — Core Baffle
Bolt } ) Bolt }
Former Former
CPO design Current design
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C2A FLOW ASSISTED CORROSION (FAC)

FAC is a chemical and thermohydraulic degradation
(not mechanical, not erosion)

O Conditions of occurrence
@ Unalloyed steels covered with a passive oxide layer (magnetite)
@ In contact with high flow rate water or wet vapor
@ No FAC in dry vapor

d Chemical stationary conditions

@ Corrosion rate = Rate of oxide layer dissolution
Rate of oxide layer dissolution inversely proportional to [M#*] at the interface metal - solution

\0 No water flow |mmp [M**] ~ saturation |mmp Low Corr. rate [mmpNO FAC
@ High water flow I [M=] ~ O ) High Corr. rate Immp FAC
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C2A DOMAIN OF FAC OCCURRENCE

Lz Qo Rz

Metal Metal Metal

FAC

Damage

0,5 m/s 50 m/s Flow Rate
Domains of Corrosion, FAC, and Erosion depending on flow rate (After S. Trévin, © EDF)
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o _EDELpLRe]
d Monophasic fluid (liquid water) P ST

@ Bugey 5: Valve

Horse shoe pits _ =~
SEM view of the surface (%

Micrographic cut

O Diphasic fluid (wet vapor)

@ Bugey 2: Tubing
Tiger stripping

Internal surface of the corroded tube

f

/
tudes et Recherches

2

3
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C2A MAJOR ACCIDENTS CAUSED BY FAC

4 1986: SURRY 2 - 900MW PWR

@ Consequences: 4 dead, 4 severely injured

d 1995: PLEASANT PRAIRIE 1 — 600MW Coal Plant

@ Consequences: 2 dead

d 2004: MIHAMA 3 - 780MW PWR

@ Consequences: 5 dead, 6 severely injured

B YL

a=

Surry 2: blow up of Pleasant Prairie 1: blow up Mihama 3: blow up of a
a 18” elbow of a straight line after a “T” 22” straight line
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C2A FACTORS INFLUENCING FAC: WATER CHEMISTRY

O pH has an important influence since it affects the
solubility of metallic elements

@ Increasing pH decreases FAC

1.2

©

% oIo 10% ® ® ® Ammonia
)

= o A Y - e H
< o 0.8 < Morpholine
in © A Y
S o .
§E 0.6 A ~-

© < \
O o ° N\
>0 04 S ~
8- e T
n' ;q_:) 0.2 > . — — — -

= T ® oo - : F- .- i +.-.I-*'-'-‘

0 T T T T
8.6 8.8 9 9.2 9.4 9.6 9.8 10

pH (25°C)
Influence of pH on FAC
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C2A FACTORS INFLUENCING FAC: WATER CHEMISTRY

d O, content has an important influence on FAC since it affects
the oxide nature and properties

@ Increasing O, content decreases FAC
@ No FAC above 5 ppb O,

1.20
9 /E 47 =]
© S 1.00 #
S > B Stable magnetite \
B} é 1l (reducing conditions)
oo 0.80 \T
= =]
o C
S 5
e 0.60 Temperature
" A 125°C
Do
& 4 0.40 3 180°C
& 225°C
0.20 Non stable hematite
(oxidizing conditions)

0 1 2 3 4 5 6 7 8 9 10

Dissolved O, (ppb)
Influence of O, content on carbon steel FAC
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C2A FACTORS INFLUENCING FAC: CHROMIUM CONTENT

O Cr content has an important influence on FAC since it affects
the oxide nature (formation of Fe,CrO, of poor solubility)

@ Increasing Cr content decreases FAC
@ No FAC above 1% Cr whatever the temperature

Normalized FAC rate - Chromium effect
O
(@]
E —— No Cr
5 1.0 —m—[Cr]=0,06 %
O [Cr=0,08 %
Q 08 [Cr=0,10 %
= ——[C]=015 %
& sl —e—[Cr]=D,30%
_ ——[CrA=1%
Q
s 04 -
=
LL
- 021
(D)
N
© N
E 0.0 ¥ — : T * ¥
o 50 100 150 200 250 300
b

Temperature (°C) © EDF
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CZA MONITORING FAC: THE BRT CICERO™ CODE

 Objective : to predict wall thickness loss due to FAC in
order to be able to replace a component before rupture

] Prediction based on :

Physicochemical model

Laboratory experiments

In service data (real time monitoring of selected portion of
circuits) to adjust the results

Database involving results of all affiliated utilities in the world

M.HELIE - National Center for Materials Service Safety _ Beijing January 2018 | PAGE 35/38



FAC rates per cycle

on a portion of circuit

& BRT-CICERO™ 3.1.b - Calculations display

d Example of result given by BRT CICERO™

Thickness loss kinetics

0.075 -
0.050 -
0.025 -

8 7 ] a 10 11 12 13 14 15 18

Cycle

© EDF

H4420133-2015-000992 - Copyright EDF - 2015
WTM history

Part Visualization Calculation options
Reference thickness
" Residual thickness & Measure
" Thickness loss & Nominal
& FKinetics
[~ Taking into accounk the real mechanical characteristics

Close I
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CZA MONITORING FAC: THE BRT CICERO™ CODE

 The use of BRT CICERO™ is mandatory
for the 58 French PWRs by decision of the
Nuclear Safety Authority (ANS)

d Also used by Daya Bay and Ling Ao plants
In China

d Also used by Koeberg plant in South Africa
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