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INDUSTRIAL CONTEXT

STRESS CORROSION CRACKING (SCC) OF A600 (Ni-15Cr-Fe) IN PWR

Pressurized Water Reactor (PWR)

7

Steam generator tubes : Nickel Base Alloy
A 600-> Ni-15Cr-Fe

Primary water
conditions

Temperature 285 -325°C
Pressure 155 bar
Boren (H,BO,) 10 -1200 ppm
Lithium (LiOH) 0,7-2,2 ppm

H, 25 - 50 cm3.kg(TPN)
O, <5ppb
PHgp00c ~ 1
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Stress ' Environment

Intergranular crack

ity 24
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Understanding this mechanism is a key issue for the extension of PWR operation time

> 30 — 40 years
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CONTEXT
CRACK PROPAGATION MODEL [1]

' L Grain with higher
deformation-> defects

= rack propagation

Grain with lower

b
=

=
&

(wt %)

[T

deformation
Cr-depleted area
§
N
A°,¢ In the grain with higher
p deformation :
—> -> asymmetric phenomenon
Chromium K ~ 200 >
oxide ' nm

%

Ni Concentration (wi%)

Cnmh"l_ﬁn

b i
t

Cr-depletion

SCC propagation mechanism proposed by authors [1]

=

Chromium oxidation at the crack tip : weakens the grain boundary (GB)
Chromium depleted area of 20 nm in the grain and 200 nm along the GB
3.  Chromium depletion is observed only in one side of GB

N

4. Assumptions:
. Strain may be different in the vicinity of the grain boundary
. Chromium diffusion is the rate limiting step of the SCC mechanism.

[1] M. Sennour, P. Laghoutaris, C. Guerre, R. Molins, Journal of Nuclear Materials, 393 (2009) 254-266
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CONTEXT
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CHROMIUM DIFFUSION : AKEY STEP OF THE SCC MECHANISM

Aim : determine which mechanism could explain the formation of Cr-depletion in one grain ahead of the crack tip ?

Study the lattice and grain boundary chromium diffusion at 350°C

10|00°C 7(|)0°C 5(|)O°C 3':_|>0°C

T 1 I | Y= 2VDt

10° Grain boundary : -Grain boundary diffusion at 350°C
10 diffusion I = t=3days

I -Lattice diffusion at 350°C
101 : =t = 1000 years
10—12 I

I
10 I Diffusion time too high (compared to
107 I 6000 seconds [1])

o 18 Not sufficient...
10718 =6.10 ", 330°C
102 Lattice 7.
diffusion ' _ o :

1022 : Accelerating factor for chromium diffusion at the SCC crack tip ?
10% N
o 1.3.107°, 350°C
167 Assumption :

(W) [K™

[1] D.D. Pruthi et al. Journal of Nuclear Materials 64 (1977) 206-210

[2] T.F. Chen et al. Materials Transactions 44 (2003) 40-46

[3] K. Monma, et al. The Japan Institute of Metals and Materials 28 (1964) 188-192

[4] B. Million, et al.Materials Science and Engineering 72 (1985) 85-100

[5] Moulin P., et al. Acta Metallurgica 77 (1979) : 1430-43.

610" 810* 110° 1,210°1,410°1,610°1,810° 2103

Plasticity at the crack tip could enhance chromium diffusion.

J. Nguejio | PAGE 4



DIFFUSION ENHANCED BY PLASTICITY

EXPERIMENTAL APPROACH

Steps :

1. Materials

O Pure nickel - Single crystal -
crystallographic orientation <101>

2. Chromium deposition

0 Sample polishing
U Chromium evaporation under vacuum
-> 20 nm layer (powder 52Cr - 99,6% purity)

3. Creep tests under secondary vacuum

U Both diffusion and plastic deformation

4. Diffusion coefficients

U Measured by Secondary lon Mass
Spectrometry (SIMS)

EUROCORR 2016 | 2016-09-14

* Creeptestat 350°C - 100 MPa

Applied stress & 100

451

180
= |
= i 4 60
£ 4t ‘
S \
@ fs \ 440

Mechanical measurements during creep tests 35| !

H Primary creep; Secondary cree|
(Average strain rate) yereer ycreep |20
\
L
8000
Time [s]

3 ; — 0,
0 4000 1,2x10°  1,6x10

Vacuum conditions
P ~ 10° mbar

Cr diffusion
(o) (o)

-

Nickel specimen

Temperature :
350°C - 500°C Diffusion profiles

o After creep test at 350°C - 100 MPa, 4 hrs
10

N m 50 Cr
> 105 'Cr deposition s 52Cr
‘. Cr/ Ni interface o 58 Ni

10° L o 60 Ni

Diffusion profiling by SIMS
(CAMECA IMS 7F — GEMaC laboratory)

1000

Cr diffusion
100 il

Intensity [cps/s]

10

1+ (T T 1 YEY ')

0O 20 40 60 80 100 120 140
Depth [nm]
J. Nguejio | PAGE 5
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MECHANICAL RESULTS : CREEP TESTS ON PURE NICKEL

Loading at 500°C : 55-74 MPa (yield stress 48 MPa)
Loading at 350°C : 74-100 MPa (yield stress 60 MPa)

AHcreep) on

Creep law : € = C.exp (— —

~ Ty=-146+7,3x R?=0,97

Power factorn ~ 7

“—y=-145+7,1x R?*=0,93

-12 . . . . . . Garofalo[1]:n=5-6
500°C m
13 b P .
Pl | Mechanical results are in good agreement with literature.
14 | vz g ! .
= /‘ | For a given o :
% 5 | The same o 2 - 6 In £
< | z AH reep = —R ———
£ ; e creep —
16 - | LV - P 6(1/T)
|
17 ¢// 350°C - AHcreep = 125 k]/mOI
° For T between 350°C — 500°C
_18 1 1 1 1 1 1

17,8 17,9 18 18,1 18,2 18,3 18,4 18,5
In (, Pa)

Creep mechanism : dislocation glide (low T and high o)
J. Nguejio | PAGE 6

[1] Garofalo Franck « Fundamentals of Creep and Creep rupture in Metals » 1965, p.104
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CHROMIUM DIFFUSION PROFILES OBTAINED BY SIMS

Effect of mechanical loading on diffusion at 350°C

lEffect of mechanical loading on diffusion at 500°C
Yield stress at 500°C ~ 48 MPa 1 Yield stress Ni at 350°C ~ 60 MPa
< IS &
9’ 5’ NE&% NN
P < S o =100 MPa
- 5 o =0 MPa N Sg m t=4h
T = 400°C 8 5 g Sg s
.3 [t=1616h[1] 5 ¥ s =
-6 1 1 4 1 7 1 7 1 4 4 -4 1 1 1 1 4
0 5000 1x10" 1,5x10" 2x10" 2,5x10" 3x10 0 2000 4000 6000 8000  1x10
X2 [nmz] X2 [nmz]
1. Diffusion enhancement is observed, when the applied load is over the yield stress
&  Accelerating effect of plasticity on diffusion at 500°C and 350°C

2. Calculation of apparent diffusion coefficients by the slope of diffusion profiles

2
0°InC _ 1 Thin film solution of 2nd Fick law

0x> 4Dyt

J. Nguejio | PAGE 7

[1] Chetroiu, B. “Stress corrosion cracking of Alloy 600 in primary water of PWR: study of chromium diffusion” Thesis MINES ParisTech 2015
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APPARENT DIFFUSION COEFFICIENTS AND PLASTICITY

10

[1] Chetroiu, B. “Stress corrosion cracking of Alloy 600 in primary water of PWR: study of chromium diffusion” Thesis MINES ParisTech 2015

Diffusion under plastic deformation

0 5x107 1x10° 1,5x10° 2x10° 2,5x10° 3x10° 3,5x10°

de/dt [s™]

D with €

app

Enhanced diffusion factor in function of strain rate

10°

10’

10°

/D

pp

]
0O 1000
10

0,1

and temperature

- 350°C
wt
plasticity-enhanced diffusion
i Dapp/DV oe B.ép
I B =f(1/T)
i 500°C /T -~
0 5x107 1x10° 1,5x10° 2x10° 2,5x10° 3x10° 3,5x10°

de/dt [s ]

The enhanced diffusion factor

<Dapp> > (Dapp>
Dy 350°C Dy 500°C
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DIFFUSION ENHANCED BY PLASTICITY

ACTIVATION ENERGY OF CHROMIUM DIFFUSION ENHANCED BY PLASTICITY

D;=f[¢(T,0)] then... D;

depend on temperature and stress

-33

-35 | r |

app)

In (D
~

S -

-38 1 1 1 1 1 1

17,8 179 18 181 182 183 184
In (o, Pa)

18,5

_ 81In Dé
8(1/T)

Foragiveno: AH; =

The activation energy of chromium diffusion enhanced by
plasticity is :

AH; = 115 KkJ/mol

(AHjattice = 232 K] /mol [1])

This value is lower than activation energy of lattice diffusion

What about diffusion enhanced by the plasticity in front of the SCC crack tip ?

J. Nguejio | PAGE 9

[1] Chetroiu, B. “Stress corrosion cracking of Alloy 600 in primary water of PWR: study of chromium diffusion” Thesis MINES ParisTech 2015



Diffusion enhanced by plasticity at the crack tip causes Cr-depletion EUROCORR 2016 | 2016-09-14

PLASTICITY AT THE SCC CRACK TIP

B Lattice diffusion at 350°C
B Diffusion enhanced by plasticity at 350°C

Literature : £, ~ 1.1077s71

3,2 x10™
1E-05
3 -16
slow CGR rapid CGR 28x107" I T et '
BT A b I : 3.3.10"s i
06 4 : [e) 1 1
= 2,4x10™° i ' i
w ] : L 1
E | < i
EiEo7 ¢ @ 2x10™ : m
kel E 1 o 1 1
Bl oE ) 5 i 1o107st o7 |
1E-08 ! [OCERTS| < 16x10 b P -7 i
22 E- | Q. : l’ g
: L ACLTs 3 Lo i
- : On AB00 at 360°C 0O 12x10% b :
T, AN (S i —" S g g L i
1E-08 1E-07 1E-06 1E-05 1E-04 gx10%7 L -7 |
Strain rate at the crack tip (s™) +// -
1 H 17 k\
Correlation between crack propagation rate and AT N ot et
the strain rate at the SCC crack tip (by Le Hong)
O . I I I I I I I
0 5x10° 1x107 1,5x107 2x107 2,5x107 3x107 3,5x107 4x107

de/dt [s ]

The strain rate estimated by the study is in good agreement with the strain rate at the SCC crack tip

Diffusion coefficient in front of the SCC crack tip is between :

Dcrack—tip = [9-10717 — 4.10716] cm?/s

Le Hong, S., et al. (1999)." 9th International Conference on Environmental Degradation of Materials in Nuclear power systems Newport Beach: p.115. J. Nguejio | PAGE 10




AT THE CRACK TIP

100
2 ——
< 76% Ni
z
g
§ uCr
e ) 7
0.5 jimn §
Q 20—

16% Cr

20 i
Position (nm)

Literature Cr-depleted area :
20 nm in 6300 sec

The minimum diffusion coefficient in the interval :
Cinterface ~ 0% at
Cr-depleted area : 20 nm

The maximum diffusion coefficient in the interval
Cinterface ~10 % at
Cr-depleted area : 50 nm

[1] Wagner, C. (1952). Journal of the Electrochemical Society 99(10): 369-380.

[2] M. Sennour, P. Laghoutaris, C. Guerre, R. Molins, Journal of Nuclear Materials, 393 (2009) 254-266

at Cr

EUROCORR 2016 | 2016-09-14

Wagner [ calculation at 350°C

erf (L) - erf( ’L>
2 DCT Xt ZDCT

Cr(x,t) =C; + (C)— () X

[ ke
erfc( Wﬁ)

Cr depletion in Ni-Cr alloy by Wagner modelling

S
(1}
0,16 (&
3
3
o -16 2
s 4,0.107° cm®/s
012 E-
D, =1,6.10"° cm/s
0,08 Derack—tip = [9- 10717 — 4.10716]|cm?/s
0,04 oS 10t Exact value of Dpack—tip fOr :
ek Cinterface ~8% at
~ 30 nm in 6300 sec
0
0 10 20 30 40 >0

Depth from the interface [nm]

60

J. Nguejio] PAGE 11
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causes Cr-depletion

plasticity at the crack tip
A plastic zone (¢, = 1.1077 s71), is generated in front of the crack tip.

Diffusion enhanced b
CHROMIUM DIFFUSION AND SCC CRACK PROPAGATION

1.

2. The moving dislocations accelerate the chromium diffusion
in the grain 1, with a higher strain rate (¢; > ¢,)

Plastic zone

Plasticity could explain the Cr-depleted area in grain 1

O-M ’J':: . . .
j Strainrate: £; > €9
— | yy »  Cr-depletion
//in grain 1
E=ppbvVv

@
' b7
, - s GB

Oxygen diffuses
fowards the crack

Activation energy

AHSCC—propagation = 130 kJ/mol
(2]

-, -
- -
=

AHdiffusion—plasticity = 115 kJ/mol

J. Nguejio | PAGE 13

The SCC crack propagation is linked to the mechanism of the chromium diffusion enhanced by the plasticity.

[1] M. Sennour, P. Laghoutaris, C. Guerre, R. Molins, Journal of Nuclear Materials, 393 (2009) 254-266
[2] Lorho, N. (2013). "SCC susceptibility in Alloy 600 with different strain histories." Thése de I'Université de Manchester.



CHROMIUM DEPLETION ALONG THE INTERGRANULAR OXIDE PENETRATION EUROCORR 2016 | 2016-09-14

Cr— DEPLETION ALSO OBSERVED WITHOUT PLASTICITY

A600 — exposed in hydrogenated steam at 480°C, 130h

G. Bertali, F. Scenini, M.G. Burke, 16" Environmental degradation, (2013).

iy e Intergranul

ar attack

Original along the
GB new GB

2 ym

The author assumes that the depletion is due to the
diffusion induced grain boundary migration
phenomenon (DIGM)

2"d assumption
Cr-depletion is due to DIGM

J. Nguejio | PAGE 14



EXPERIMENTAL APPROACH AND RESULTS EUROCORR 2016 | 2016-09-14

Heat treatments are performed :
on A600 — polycrystal (1 mm)
at 500°C, 30 hrs in vacuum

Grain boundary observations : SEM/FIB and TEM in cross-section

Effect of GB misorientation

Oxidized GB
&Y "

& - The DIGM is observed only for high
angle grain boundaries (>15°) [1].

Oxidation is associated with the
migration of the GB.

GB remained S~

straight GB migration

) ) e ) N ) J. Nguejio | PAGE 15
[1] Balluffi, R. and J. Cahn, Mechanism for diffusion induced grain boundary migration. Acta Metallurgica, 1980. 29: p. 493-500



CHROMIUM DEPLETION ALONG THE INTERGRANULAR OXIDE PENETRATION

TEM CHARACTERIZATIONS

TEM bright field (BF) image

Migrated GB .~
Original GB

Migrated grain
boundary leaves in
its wake a Cr-
depleted area.

Pruthi, D. D. (1977). "Diffusion of chromium in Inconel 600." Journal of Nuclear Material 64: 206-210.

Conc. Cr (at.)

20

15

=
o

EUROCORR 2016 | 2016-09-14

B Conc. Cr(at.)
— Fit with Wagner Law

Cr-depletion depth : 3 pm

(__ —_— e e

At 500°C,

, =2.10" cm2's
moving-GB (Cr)

2000 4000 6000 8000 1x10*
Distance from the surface (nm)

Dmoving—GB(Cr) ~ Dstationary—GB (Cr)

(6.1013 cm?¥s at 500°C by Pruthi)

Dmobile—GB(cr) €an be extrapolated at 350°C.

J. Nguejio | PAGE 16
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CHROMIUM DEPLETION ALONG THE INTERGRANULAR OXIDE PENETRATION

TEM CHARACTERIZATIONS 20 -
----- Wagner calculation at 350°C
Cr-depletion depth : 60 nm
4 - — — - — = —_—_T--)' """""""""
C 15 '0—‘
g
O_ 10 | ,"
e /
S ; At 350°C
W 5 | "l'
At 350°C :
60 h /
m /
10 nm Final position 0FG8 0 / I I L L
0 20 40 60 80 100
___________________________________________________ Distance from the surface (nm)

_ Dmoving—GB(Cr) ~ Dstationary—GB (Cr)
20nm : (6.10'13 cm?¥s at 500°C by Pruthi)

Cr.d
e .
D/et,On . Dmobile—GB(cr) €an be extrapolated at 350°C.

v

&

At the SCC crack tip [1] 200 nm

The DIGM can also account for the Cr-depleted area at the SCC crack tip.

[1] M. Sennour, P. Laghoutaris, C. Guerre, R. Molins, Journal of Nuclear Materials, 393 (2009) 254-266 J. Nguejio | PAGE 17
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1. Cr —depletion at the crack tip

v' Without plasticity, lattice and grain boundary diffusion coefficients cannot explain
the asymmetrical depletion observed in one grain at the crack tip.

v" Enhanced diffusion by plasticity is observed at 500°C and 350°C.

v/ Strain rate estimated in this study at 350°C is very close to the known strain rate at
the SCC crack tip.

v' Activation energy of chromium diffusion enhanced by the plasticity, is also in good
agreement with the activation energy of the SCC crack propagation.

v' Plasticity-enhanced diffusion can explain the dimension and the asymmetrical
morphology of Cr-depleted area at the crack tip.

| PAGE 18



CONCLUSION
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2. Cr —depletion along the intergranular oxide penetration

v

This study showed that the DIGM is observed only for HAGBs, known to be more
susceptible to SCC.

DIGM can explain the Cr-depletion along the intergranular oxide penetration

This phenomenon can also account for the Cr-depleted area at the crack tip.

| PAGE 19
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» To evidence the DIGM phenomenon in PWR conditions (A600 - 340°C, 1000 hrs)

IG oxidation

» Coupling plasticity and DIGM

Perform creep tests on A600 (grain size ~ 1 mm) : study the asymmetrical diffusion
Strain field measured by digital image correlation

. Nguejio | PAGE 20
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Diffusion in pre-deformed material : diffusion treatments after tensile tests

1OIOO°C 7(I)O°C 5(I)O°C 3§0°C
L A600 -!Monma (1é64) !
8 | ickel - Milli |
Tensile test 10 i Nickel - Million (1985) :
specimen 100 L I
I |
. _l
) 102 | (F%J |
) . ) B AN I
Single crystal Ni 103 | D@\ I
' © AN I -16 2
c:\n 1016 [AG00 - (Pruthiz?) o ™ a !DCSC(AGOO) =6.10 " cm’/s
g - N - : "Pointe de fissure"
= 10 Fa600 - (Cheno3) /© . | 350°C
Samples Diffusion 107 | renp — ", 0 |
O - (Chetroiu N
conditions treatments o | TS
107 | Ni- (Chetroiu15) "1 2
Non-deformed | 30h, 500°C Jor | | Poicyy = 1:107 em’s
104" L
I (D Extrapolé)
= 0 o
Ep=4"% 30h, 487°C 102 M Nipré-déformé - Chetroiul5
B Nisous charge (élastique) - Chetroiul5
Ep =20 % 30h, 487°C 102 Ni sous charge (plastique) - Chetroiul5 |
610* 810* 110° 1,210°1,410°1,610°1,810° 210°

(LT) [KY

—No significant effect of the pre-deformation on chromium diffusion.
—Pre-deformation can not explain the asymmetric oxidation and depletion along grain boundary.

J. Nguejio | PAGE 22



ANNEX

APPARENT DIFFUSION COEFFICIENTS

Diffusion at 500°C
, Strain rate Dapp Enhanced diffusion
Mechanical state (107 5) (1077 cm?s) Dap /Dy (50006,
Without plasticity - 4.0 £0.2 1.0
30 MPa [1]

(below the yield stress) ) 4.6 +1.0 1.1
Plasticity 55 MPa 3.8 5.9 £0.6 1.5
Plasticity 60 MPa 5.6 7.7 £0.1 1.9
Plasticity 65 MPa 16 58 £1.6 4.5
Plasticity 70 MPa 19 100+ 8.0 25
Plasticity 74 MPa 33 420+ 10 105

Diffusion at 350°C
, Strain rate Dapp Enhanced diffusion

Mechanical state (107 s) (107 cm?s) Doop /Dy (350
Without plasticity [1]

(400°C, 1616 hrs) ] 0.003 )

Plasticity 74 MPa 0.3 5.7+2.0 8.10°

Plasticity 84 MPa 1.2 11+0.1 1.10°

Plasticity 100 MPa 3.3 20+ 1.6 2.10°

[1] Chetroiu, B. “Stress corrosion cracking of Alloy 600 in primary water of PWR: study of chromium diffusion” Thesis MINES ParisTech 2015

D /D

10’

10°

1000

10

0,1
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plasticity-enhanced diffusion

?ﬁ/?/ /temperature\

b

350°C__ -~

—
—
—

And/or

strain rate /
500°C ’f -

—
—
—
—
—
—
—
—
—

—
—
—

0

5x107 1x10° 1,5x10° 2x10° 2,5x10° 3x10° 3,5x10°

de/dt [s™]

Accelerating factor

Dapp/Dy < B.&,

B =f(1/T)

J. Nguejio | PAGE 23
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MET CHARACTERIZATIONS AFTER HEAT TREATMENT AT 500°C

TEM bright field (BF)
image

Original GB

Migrated GB .~

|
\

Migrated grain
boundary leaves in
its wake a Cr-
depleted area.

R

EDX spectrum images of the
migrated GB.

DIGM Mechanism

Cr,0,

Migrated GB

Cr depleted area Dislocation climb

dislocations
Original grain boundary (GB)

Alloy 600 : Ni-15Cr-Fe

Steps of mechanism :

1. Intergranular diffusion

2. Kirkendall effect (vacancies flow) along the
GB

3. Lead to the self-sustaining climb of GB
dislocations

4, Steps of climb cause the GB migration

5. Depleted area is formed during the
migration

J. Ngusgiiio | PAGE 24
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Mecanismes physiques de la déformation plastique

Fluage - Dislocation

Fluage - Diffusion

Glissement Restauration - e s
: o Diffusion Diffusion
thermiguement contrélée parla . . .
Ay ) intergranulaire transgranulaire
activé montée
Augmentation de la température
Augmentation de la contrainte
TEMPERATURE . (C)
o300 Q9 200 400 600 800 1000 1200
— IOEALT SHEAR sTRENGTH T PURE NICKEL
[ Td=0lmm '
ANNEALED ;
R ~I0) o~
" 0 r - ' ' nE
. | ~
v) ' z
v PLASTICITY Z
w
& —— >
g e —— —t
s 0%~ e pt— OBEA i 8
< : - - ™
lf \ (LY 2acke ' /‘ :
& ‘ NN powg? LAW G EEPY i
o | \ S vy
rE | | — \__ N v m;r\‘,c\né:‘.p > 10 w
gs W B 7
\ J 0.
[+ 4 e ~
& NSh 3
z | 1 \ 0 1 X
(o o 1 ' iy [

B |
'°7‘ onnus;om}(_ FLOW

\ \ \

|

uognonvb.,_

e

j (Latnce)
1 }'0‘

o2 04

0.4

o8 10

HOMOLOGOUS TEMPERATURE, '/‘u
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Cr-depletion in one grain

M. Sennour, P. Laghoutaris, C. Guerre, R.
Molins, Journal of Nuclear Materials, 393
(2009) 254-266

Grain with higher
deformation — defects

C‘r/ack GB

Ce ™

Grain with lower
deformation

GB

\ J

Step time of cracking ~ time of oxidation = 6300 sec

Summary : Chromium depletion of 20 nm in 6300 sec

J. Nguejio | PAGE 26



