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Coupling and scale effects:
two main issues to begin to understand intergranular stress
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SCC cracks in Alloy 82 welds in J-
Groove weld of Ringhals Steam
Generator [2]

Stress corrosion cracking of Alloy
600 formed on U bend specimen
at 325° C during 1200 hr [1]
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[2] P. Efsing, B. Forssgren, R. Kilian, Proceedings of 12t International Conference on
X Y Environmental Degradation of Materials in Nuclear Power Systems — Water Reactors”,
. : TMS 2005.

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



Cumulated number of cracked welds
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Nickel-base welds used in PWRs

Ni-base welds used in primary circuit of PWRS

Hozzles
Safe ends
’,/ 7
. . [ 4
( Nominal primary water: \ R : Steam Genetator
2 ppm Li as lithium hydroxide Hozzles
1000 ppm B as boric acid
Hydrogen (30 cm?®.kg* H,0) Pregsurjzer /)
Temperature: 290° C and 350° C REV Head Nozztes |
\ ) - Thermocouple
Ingtrument
Hozzles | 56 Tubes
: —J’ Tubesheet F
Sur’iﬁ:;l"; 4 cladding ] /
Safe-end
HL F :
swoenss  folLed ozzies
Cold leg 'J
Hozzles

Bottom head
nozzles

Scott, P.,, PWSCC of nickel base alloys & mitigation in PWRs, INL Seminar (2013)
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SCC initiation /f/j/f

MINTESh
eC
/1 Environment \ /2 Environment \
Primary water Primary water
Surface Surface
Grain boundaries \ Intergranular attacks /

l Critical oxide depth

itiation = cracking of "
Initiation = cracking Critical stress

Intergranular oxide a

3 Environment \
Primary water

Surface

N >

Cracking of

\ intergranular oxide J




Cracking scenario

Alloy 600
After 2000h in primary water at 360° C, DH= 30 mL H,/kg H,O

4 SCC stages |
Incubation | |
SCC depth (IG oxidation kinetics) |
Slow crack
| growth '/ Fast crack
| ' growth
/-/ ! —
R Initiation (cracking of oxidized GB) Time
Iv'
>
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Intergranular stress corrosion cracking (IGSCC) results from the local interaction between
microstructure, oxidation and mechanical loading

§ =
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N

Intergranular oxidation seems to be a limiting step in the initiation of IGSCC



Environnemental conditions

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

" 25 - 50 cm3.kg
2 (TPN)
O, <5 ppb
PH300 ¢ ~ 7




Materials f//j
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wt.% of the main elements

Name Ni Cr Fe
A182 > 59 13-17 6-10 weld metal S
A600 >72 14-17 6-10 base metal g
A82 > 67 18-22 <3 weld metal || @
A690 >58 28-31 7-10 base metal '?"
A152 / A52 bal. 28-31 8-12 weld metal || b

A82

E. Chaumun, PhD thesis

Possible |G niobium and chromium carbides
Possible IG chromium carbides




Microstructure features gsso)

WI B/AW _' A82, 18%C, FCA as-welded Weld AJAW : A2, 19%Cr G

2)

TAW, as-
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welded

o
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Pole Figures
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-> Crystallographic texture for weld B/AW, local texture for weld A/AW and no texture for weld A/HT

- Morphology : Heterogeneous grain size and elongated grains along the S direction




Materials

Cr content: 13to 17 wt. % (Alloy 182) and 18 to 22 wt. % (Alloy 82)
Microstructural hetero
o SO

P

ener’;ﬁes

Alloy 182 or 82

Base Metal (A600) Figure (axis: L)
B Nickel
3 B Chromium
% N Intergranular
Microprobe EFTEM maps
Intragranular precipitation Intergranular precipitation
Niobium carbides (NbC) Niobium carbides (NbC)
<&~ Titanium carbonitrides (Ti(C, N)) Chromium carbides
—
—
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SCC initiation TESTs

v' Initiation tests

= In an autoclave
- Interrupted at 500 hours, 1500 hours, 2500 hours and 3500 hours

U-bend specimen

Samples dimensions :
50mm x 9mm

— Test environment: hydrogenated steam

_

Temperature 400° C
Total pressure 188 bar
Hydrogen partial 0.7 bar

pressure




Ligne d’amarrage
]

Autoclave Machine de fluage




EHT=1000kVv Signal A=QBSD
WD= 7mm Photo N° = 6378

304 Stainless Steel, 5 dpa, 10%

Courtesy of M. Le Millier, chaire AREVA

Laminographie : résolution = 0,77um.pixel!

Notch tip




INITIATION TEST : RESULTS

Number of cracks / number of
perpendicular grain boundaries

0,035

0,03

0,025

0,02

0,015

0,01

0,005

Time (hr)

—— Alloy B/AW : A82 18%Cr, FCAW, as-welded
= Alloy A/AW : A82 19%Cr, GTAW, as-welded
— Alloy A/HT : A82 19%Cr, GTAW, heat-treated

- B/AW is more susceptible to SCC than
A/AW

- A/HT : less susceptible than A/AW
(benefic effect of the heat treatment :
formation of intergranular chromium
carbides [Sennour2013])

[Sennour2013] M. Sennour, E. Chaumun, J. Crépin, C. Duhamel, F. Gaslain, C. Guerre, I. de Curiéres, JNM, 2013



Chromium content and SCC %
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= |ncreasing the chromium content decreases the SCC susceptibility

7500 ,‘ : : ‘
W IGSCC
6000+ @ NosCC | ‘ 4
3
=
o 4500+ A % T
E
X
o 4 1
= 3000 ‘ ‘ ‘
E
=
1 10% pre-strained |
el ‘ ? ! ‘ RUB specimens
01— : ' :

0 5 I:I‘l] 30
Chromium (W/g)

Modifed fram the onginal by ANT Intemational, 2011




Grain boundary character T
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— LAGB (A8515° ) =™ HAGB (A0>15° )

N 2/20/2015 HV | det [ mag g3 | tilt
ﬁ 1:11:41 AM | 5.00 kV |ETD | 6 000 x | 58
—

>
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FIB/SEM tomography £

Pénétration d’oxyde
_~ intergranulaire

Acquisition geometry




Alloy 600

Oxidation and chromium carbides 325° C— 100N

30 mL H,/kg H,0

= Formation of Cr,0O5 around the carbide

Emerging carbide
| S

Intergranular
carbide

Oxygen

mmm Chromiu
Nickel

Ll O)AYs[SIg - Chromium
5 nm

J. Caballero, PhD thesis




Alloy 600

Emerging vs. non emerging carbides 360° C- 1000h

20 mL H,/kg H,0

= Enhanced reactivity at the interfaces between carbide and matrix

= For long oxidation times , intergranular oxidation depth seems shorter in case
of emerging carbides.

1000h

_Emerging carbide

g ; #: ol ‘ i

r i

J. Caballero, PhD thesis



Alloy 182

Grain boundary character and oxidation 360° C—1000h

30 mL H,/kg H,0

= Higher intergranular oxidation depth along HAGB than along LAGB

0.40

0.35 660 +/- 210 nm 1810 +/-260 nm———
0.30

0.25

0.20

OHAGB
BLAGB

0.15

0.10

0.05

0.00 .

| |
Q Q Q Q) Q Q
Q Q Q Q’ Q’ Q’ Q’
™ © Q Q Q Q
v S WS R W

Intergranular oxidation depth (nm)

M. Wehbi, PhD thesis (2014)



Alloy 600

Grain boundary character and oxidation 360° C—1000h

20 mL H,/kg H,0

= Higher intergranular oxidation depth along HAGB than along 23

0.35
3 different heats of Alloy 600 >3
: B HAG
N -
} g
{680 +/- 290 nm
N |
0.25 \ =
\
} §
N
N N N | |
c - | 856 +/-376 nm
N N | |
T 015 § NI . N
At B S N R
- Yy § NS E 0§
Y il NN \
010 U N -\
SN \= - NS D R
} & N E 3
N NS N E 3
N v \ |
\ \ E )
005 w \ 3 E _\
TE O E Y §:)
E _ % & N y = .
EeE E = ) E =
‘b - :
EE S N g NS
0.00‘7 = S T = T T T T T N
Q Q Q Q Q Q O O ) \\) ) N\ N\ O O
A XS LTSS P ’\9@ '»“'QQ 'ﬁ/@
Q Q Q Q Q Q Q . Q' . o Q' ) Q . ] o L & o
RO R R P N S SIS (P LR LR N LS P S RS P AN
N N N N N N Y N N N v Vv
intergranular oxidation depth (nm)
3

J. Caballero, PhD thesis



What about GB with no carbides? ;/j
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= Need for model microstructures

= Model microstructures prepared from a commercial heat of Alloy 600

SOLUTION-ANNEALED SOLUTION-ANNEALED + THERMALLY TREATED

\ ‘.\ v 2 3, m";_\,

Quasi-continuous
carbides precipitation of intergranular

chromium carbide /
P. Laghoutaris, PhD thesis ENSMP (2009)

Dissolution of chromium




Alloy 600

Alloys with model microstructures 325° C- 1400h

30 mL H,/kg H,0

e Intergranular oxiﬂ/

TN S

Intergranular oxide

/

Intergranular carbide
(darker)




Alloy 600

Alloy 600 without carbides 325° C— 1400h

30 mL H,/kg H,0

FIB/SEM facility
Equipex MATMECA

Intergranular oxide
Surface oxide

H.T. Le, internship (2015)

F. Gaslain et al., 14th European Workshop on modern developments and applications in microbeam analysis (2015)



Alloy 600

Alloy 600 without carbides 325° C - 1400h

45%

40%

35%

u w
X 2

Frequency (%)
g

15%

10%

—— Mean depth

B0 mL H,/kg H,O

1.1+ 0.09 um

Mean depth——

32%

2.17 = 0.18 pm

L0870

Mean depth

27%

B GB1
m GB2

m GB3

11%

6%

%
1%

@@@@@@@«@%@Q@Q@@@&@@@

Q@'Q@ TS SIS S

Intergranular oxidation penetration (nm)




Alloy 600

Alloy 600 with carbide precipitation 325° C - 1400h

B0 mL H,/kg H,O

Work under progress

Intergranular oxide
Intergranular Cr carbides

FIB/SEM facility
Equipex MATMECA

H.T. Le, internship (2015)
F. Gaslain et al., 14th European Workshop on modern developments and applications in microbeam analysis (2015




Alloy 600

Alloy 600 with IG chromium carbides 325° C - 1400h

B0 mL H,/kg H,O

~ Mean depth
378 £.136 nm

35%
33%

35%
31%

> Mean depth
25% 430 £ 9 n mGB1
o Mean depth mes2

18%

661 + 183 nm mGB3

(Y
o
X

Frequency (%)
g

[y
3

v
X

g

Ny oy & &
% so A Sb
& > s> & S ‘b § ‘&&

Intergranular oxidation penetration (nm)




Oxidation kinetics at 325° C Aoy B0 A s o

30 mL H,/kg H,O

1800

300 . /.\
1600 ®

N
9]
o

€
= o
140077 -"g_ 200 ® no interaction oxide / carbide

—_ 3 150 @ interaction oxide / carbide
£ 1200 — ¢
= =) o o
= = 100 \/ .
| 1000 — T g
R 5 50 g
S 800 0o —> . | | |
el
:'9" 0 200 400 600 800 1000 1200 P
é 600

| time (h) / \
400 ®

Model microsthcture \/
200 -
8
0@ : : : : :
0 200 400 600 800 1000 1200 1400 1600
time (h)

Beneficial effect of intergranular Cr carbides on IG oxidation significant:
o for long oxidation times (t =2 1000h)
0 when compared to solution-annealed specimens (t = 100h)



Metallurgical factors: summary }/j/f
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= |G oxidation deeper along:
0 HAGB than LAGB
o HAGB than X3

Beneficial effect of intergranular chromium carbides on IG oxidation

What is the effects of carbide type (Cr,C;, Cr,3Cy), carbide
distribution, carbide size on IG oxidation?

Coupled effect grain boundary character / |G carbide precipitation?

What is the nature of the oxide / carbide interaction?

a Change in the nature of the oxide: Cr,O4 rather than spinel-type
oxide?

a Change in the oxidation kinetics: slower at the oxide / carbide
interface rather than at the alloy GB?

m=) Need for more statistical data and model microstructures



T T 2%
Intergranular oxidation kinetics P g
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* Metallurgical factors
0 Grain boundary character

Q Intergranular chromium carbides

" Environment
aQ Temperature

0 Dissolved hydrogen content

= Mechanical factors
O Pre-straining

O Oxidation under stress



Alloy 182

Temperature 1000h

30 mL H,/kg H,0

SEM in cross-section

0.30
350 +/- 170 nm
0.25 -
104 G m360°C m320°C
770 +/- 260 nm
_ 020 30 mL H, /kg H,0
e 32 GB
Q
g 015
O
Q
S
L 0.10
0.05 I I
0.00 I | | Il Il Il I. I. |
© © & & & & & & & & & & & & &
SENG SIS S S S S S S SR SR S OISR
VTS T T FF PSS S
K A N

intergranular oxidation depth (nm)

Estimated activation energy for intergranular oxidation: Q = 57 kJ.mol*

M. Wehbi, PhD thesis (2014)



Environmental factors and SCC }/7
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Two main factors:

= Temperature Electrochemical potential (EcP)

= Dissolved hydrogen content
AEcP = EcP,, ., — EcP,,, =1000 (RT /2F)In([#, ], /[H,]s vo)

metal
60 | )| o :
ﬁq[ll_eegg? 55 O F!Im re-:lucti_on and/or no film formation
2 - ® Film formation
(sccfkg) 50 f — Thermodynamic model of the phase transition
45 f—[Hzl]M- / wio = Xl |4619.2[1,.|frx]+ 5,2|302),.ka
40 O O
35 |
30 | $ ! o
25 —— * My — Ni regime
20 | 5 ol =
15 | i O
10 | o o
5 | /-/

(| P— . | .9 PN S I
240 260 280 300 320 340 360 380
S.A. Attanasio and D.S. Morton, 11th Env. Deg. (2003) Temperature (C)



Crack nitiation tme h

Environmental factors and SCC }/j/f

MINES

= Activation energy for crack initiation: 30 —220 kJ.mol*? fech

Activation energy measured for a constant EcP: 140 = 33 kJ.mol?
Richey et al., 12th Env. Deg. (2005)

= Effect of H, content P. Andresen (2007)

INITIATION PROPAGATION
- ] 8.E07
25000 - o
j . 330 C 343C CGR based on a current
4 | 7E07 H; level of 35 ccikg and
il Alloy 82 (8X peak vs. H;
20000 : 6.E-07 ECP offset = 0, , = 20.2)
I o 5E07
d | £
! -
337 ! S 3p07 =
10000 : : £
o " 2.E07 u
5000 - 2 o: LIS 1.E07 R |
> :‘ * 0.E+00 4 e . &
A | 1 10 100 1000
6 i TS 1'0 BT 2TD 3]0 TR 4[0 X New H; Level, cclkg

Maximum crack growth
rate at the Ni/NiO
equilibrium

Hydrogen partial pressure kPa

A. Molander et al., 15 Env. Deg. (2011)



Alloy 182 - Alloy 600

Dissolved hydrogen content 325° C
100h
(o] ___
325" C-100h ‘ A Alloy 182 | ® Alloy 600
TEM observations A ECP (mV)
821 490 16.9 27.3 34.7 405 452
350 : : - - : :
b ]
]
300 |- I .
L ]
s A I g
£ 750 AN -
s | | =
5 'S
c 20 = I 0 =
&= K 12
© =
S 1 =
x 150 — | — -1
o o
c_éj 100 1 S i
@ = 1 S :
g | m |
= 50 |- : 4
| |
1 0
0 F | . . | . : L. B
M. Wehbi, PhD thesis (2014) 10 20 30 40 50 60

J. Caballero, PhD thesis [H,] (mL/kg H,O)



Alloy 182 - Alloy 600

Dissolved hydrogen content 325° C
100h
(o] ___
325" C-100h ‘ A Alloy 182 | ® Alloy 600
TEM observations A EcP (mV)
221 19 16.9 27.3 347 40.5 45.2
350 . . . :
L |
|
300 |- | .
L |
E - |§
E 250 |- _
E [l =
§ S
22 = Im i
2 L 12
3 | =
< 150 |- = =
o | o=
T - I 3.
E = o
s 10~ | 3G oxidation at alloy / carbide interface T 7
(@]
2 -: /:/ \I ]
= 5 | | .
£ |
, M
0 |- | i i
M. Wehbi, PhD thesis (2014) 10 20 30 40 50 60

J. Caballero, PhD thesis [H,] (mL/kg H,0)



T T 2%
Intergranular oxidation kinetics P g
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* Metallurgical factors
0 Grain boundary character

Q Intergranular chromium carbides

" Environment
aQ Temperature

0 Dissolved hydrogen content

= Mechanical factors
O Pre-straining

O Oxidation under stress



Coupling between microstructure and strain fields &

ParigTech
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Strain field measurements
(Von Mises equivalent deformation)

* Microstructure,

e Crystallographic orientations,
e Grain boundary character,

e Schmid factor,...

*  Cracking features
* Oxidation

Cracking network (SEM observations) * Slip bands

— Application to IASCC of austenitic stainless steels
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5 dpa, 2% macroscop




Alloy 82
360° C -1000h

Effect of pre-straining
30 mL H, / kg H,0
e:1lmm
EI"B'K\ 2m,, o Tensile specimens — mirror finish
S P corgl ~—___ | Macroscopic deformation: 0, 7, 20%

EBSD orientation maps

8 fields (400 pm x 400 pum)
gold speckle (diameter : 1 um)

M. Wehbi, PhD thesis (2014)
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Alloy 82

Effect of pre-straining 360° C - 1000h

30 mL H, / kg H,0

Grain boundary D Grain boundary C
Grain boundary length: 6 um Grain boundary length : 3 um
Evon Mises - 0,13 —strain discrepancy: 0% €, vises - 0,06 — strain discrepancy: 6 %

green: IG oxide
blue: Ti(C,N)

Mean oxidation depth: Mean oxidation depth:
550 +/- 50 nm 1050 +/- 180 nm

A strain gradient between neighbouring grains seems to promote:
" |ntergranular oxidation

= Oxide depth scattering along the GB
FIB 3D Slicing performed by K. Rousseau, SERMA Technologies (Grenoble)



Effect of pre-straining

400
200
000
= 800
£ 600
400
200

0

Intergranular oxidation depth

max

Alloy 82

360° C - 1000h
30 mL H, / kg H,0

Tech

@ TEM observations
@ FIB Slice-and-View
C
moy @
mh
® P B ;moy
T D
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Mean local strain in the vicinity of the grain

boundary

FIB Slice-and-View analyses confirm TEM observations:

= No significant effect of the mean local strain

= Strong effect of the strain gradient on |G oxide depth and
scattering




T L 2%
Intergranular oxidation kinetics }/7
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= Metallurgical factors
0 Grain boundary character

Q Intergranular chromium carbides

= Environment
aQ Temperature

0 Dissolved hydrogen content

= Mechanical factors
Q Pre-straining

O Oxidation under stress



Coupling oxidation and stress f//j
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= Development of a device for studying oxidation under stress in situ in a ToF-SIMS

= MAI-SN project in collaboration with Chimie ParisTech:
C. Poulain (post-doc), P. Marcus, A. Seyeux

ToF-SIMS chamber [LEM 14]

S. Lemaitre, internship (2014)
A. Guillemain, intership (2015)




= Stress imposed by differential thermal expansion using:
0 A molybdenum device (TEC = 5x10¢ K1)
o Alloy 600 specimens (TEC = 14x10¢ K1)

bottom view  (c)

. . grooves

Specimen size: 10x1x1mm3

S. Lemaitre, internship (2014)
A. Guillemain, intership (2015)

g
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Coupling oxidation and stress /Q/f
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Surface oxidation of Alloy 600 single-crystal
100 | | ! | | |
.l'."
— 80 _,/"’ i
g | 7
o Oxide penetration
g 60| Pt -
E /‘ —e— Alloy 600, No stress
. 40 / —a— Alloy 600, Under Stress,
g ad Barrier layer thickness
© > 4 —&— Alloy 600, Under Stress,
v yd Barrier layer +Oxide
© 20 - y 4l penetration thickness ]
3
° / — .- — & _
oL oo - < Surface oxide lays
| | | | | | |
0 50 100 150 200 250 300

Oxidation time (min)



Intergranular oxidation model: approach &
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[ —
1) The grain boundary is constituted of 3 phases with different oxidation kinetics:

nominal, chromium carbide, Cr—depled Zone.

Chromium carbide /I\/Iicrostructure: Limit conditions: \
'.' " Lo (nm) » time (h)
. e 2z (nm) « T O
-depl nominal GB cr ,
crdepletedzone * domee M)+ [Hl(ce/kg dH,0)
. Zer dcarbide Zer ~ e GBC (M)
b g \_ Le )
LGB

2) The model generates randomly one grain boundary (1D) with the given properties
(GBC’ dcarbide’ ZCr---)

3) Discretization (1 nm) and incremental calculation of the oxidation time of the
discretized GB



Intergranular oxidation kinetics s

Tech

Assumption: for a given phase i, the |G oxidation kinetics follows a log-type law. =

1
pi = a—Ln(l + b; X t) X f(AEcP) x g(T)
i 4

1 A

4
IG oxide depth/ \ | o i temperature
electrochemical potential
constant

400
Alloy 182 —325° C-30 mL H, / kg H,O : .
350 2 2 . Apominal AN D ming identified
using the maximum depths
= 300
{;250
o @
S 200
c
o
Eg 150
-g B (&) Acarbide and bcarbide identified
o 100 /-. using the minimum depths
o) 8 B
mmmmm no oxide / carbide interaction
0 B oxide / carbide interaction

0 200 400 600 800 1000 1200
time (h)



Application to Alloy 182

Predictedintergranular oxidation depth(nm)

800

700

600

500

400

300

200

100

» Random sampling of 100 GB
GBC = Grain boundary coverage with chromium carbides
| | | | | |
@ D1054 & D1156 - 320°C/325°C - 30 ml/kg - 10 min/ 100h / 1000 h
' AD1054-360°C- 30 ml/kg - 1000 h N
. ®D1054-325°C- 3ml/kg - 100 h
m D1054- 325°C- 60 ml/kg - 100 h
*, ¢
R A GBC(D1054) = 0,2
" GBC(D1156) = 0,5
¢
¢ ¢
o
0 100 200 300 400 500 600 700 800

Observed intergranular oxidation depth (nm)

ye .
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Crack initiation criterion : methodology

Alloy 182 1000 hours primary water at 360° C, 30 mL d’H./kg
d’H,O
Tensile test at 360° C (strain rate : 10 s1)

¥

Study of the length of the intergranular oxyde penetration
In relation with cracked or uncracked grain boundary

Surface
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EVP crystallographic constitutive equation
Virtual microstructure representative of the columnar
microstructure texture <001>

» Stress distribution along the
grain boundaries
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Development of a combined approach

Material

Stress state
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Thank you for your attention



