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Whatis IASCC?

By definition: IASCC is actually inter-granular SCC assisted by irradiation

- ~ W Change in stress/strain due to creep &

Neutron & photon
radiation

¢  Mechanical stress relaxation under neutron irradiation
loading

Susceptible

+ material

-
Material property changes by neutron -~ Change in water chemistry by

irradiation and radiation-induced diffusion

/ radiolysis under irradiation

The susceptibility to SCC increase with irradiation
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How Is SCC measured?

Measure the time to failure
as a function of the applied

;To smooth siress.

samples
CG

Constant load &}
\

Measure the crack length as da

dr

\ a function of time. CGR in
\ To pre-cracked

samples

function of K.

1
KISC‘C' ‘&If_"

K Stress intensity

Inert environment alloys A.B

Measure of elongation,
reduction of area (ductility)
and TG/IG fracture.

Alloy B aggressive
environment

Ductility
(elongation, reduction in area,

SSRT Smooth or pre-
cracked

Alloy A aggressive
environment

fracture energy, Yonon-1G fracture)

109 Strain rate (s71) 102
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SCC morphology (316 AuSS)

B D. Du et.al
e INM456
(2015) 228

=~
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Cavities in the BFBs Tihange 1

Cold worked 316SS after service in PWR condifions

: Max. Temperature ;

Max. dose Min. dose
1mm | 25mm§ 55mm§
Region 1 Region 2 Region 3

75d
19.5 dpa 12.2 dpa opa
320°C 343°C 333°C
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Helium & IASCC SOTERIA

100 T g B0
03 316CW (Tube] 20C moflE] ) 4 0 FIECW [Tube) i 11] , '
: s Shudy HP31BCI This Study
BO[  © J16CW Tube) 05 il - PWR Ja — : i, 1 &
< FIBCW [Tube) 340 wilE) | %/ £ 600 T This Sty I FBR
F | & FTTIIECW 3400 This Shudy Fi = W CPIBCW This Sudy
£ & HPZIECW MO0 Thas Shdy ) — i
e BlF g cRamcW s Theskdy - FER A o s =] /
gé | W HignCCW 360 This Sy ot B % ano b ,
* Iner gan feai 4
&= ag = :h-_-f:_/ § | F.",‘.:_/‘:Q
by - 5
i E
= f,,/ FBR | & a0 | A o
20 {}f'___.-'“- 9-#.__.-- .____R E .-"""...._'_: P FBR
G -~ h '.. ‘ lll{ {::‘ "',I i __ﬂ-" - _.-"-... . ‘.\._
0 e oy g B gt h ) SN NN W I
0 1 10 S 100 0 1 10 I 100
Radiafion Dose (dea, displacement per atom) Radiation Dose (dpa) K Fujimoto. 2005,

= For given dpa, FBR-irradiated SS show much lower IASCC susceptibility than
PWR-irradiated SS in spite of similar irradiation hardening and GB
segregation
= He effect might be one of the main reasons for this large difference
PWR ~ 10 appm He/dpa >> FBR ~ 0.1 appm He/dpa
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Selected studies on helium effects

Artificially implanted HELIUM Irradiated in Halden reactor (BWR) 300°C
Tested in vacuum T T .

SINGLE GB POLYCRYSTAL* TESTIN HWC |} TEST IN NWC

>20’000 appm He >10’000 appm He few tenths appm Hei ~few tenths appm He
Bubble spacing < 5 nm 1 dpa ~1 dpa . >0.45-5 dpa

GB coverage =7 % TG-C (<2%) + TG-D IG (3-30%) + TG-D

0.95 dpa :
IG fracture Irradiated in BOR-60 (FBR) 320°C

TEST IN HWC TEST IN NWC
~0 appm He
~48 dpa

TG-C (<2%) + TG-D

~0 appm He
~5 dpa
IG (0-50%) + TG-D

[
1
]
]
.
L]
]
]
]
'
1
1
]
]
]
]
]
]
I
1
]
]
]
]
1
]
]
I
1
]
1
]
L]
1
1

-----------------

NO IG— | HE ?

1. Miura et al., 2015. H. Ulimaier, 2003 Y Chen et al., 2014
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Apprcgch SOTER'A

o Potential concern for some PWR internals & LTO > 50 a
o SA (baffle formers) and CW SS (baffle bolts)

o Separation of He and displacement damage effects

— He implantation (100 to 1000 appm, 0.016 to 0.16 dpa only)

o Simulation of He bubble structure in baffle bolts & variation of He
bubble size and GB He bubble coverage

— post implantation annealing study
— critical He concentrations or GB coverage for IG (IA)SCC

o Characterization of IG (IASCC) susceptibility by SSRT tests with
smooth sample in hydrogenated HTW

— fracture & deformation mode by SEM & TEM
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Methodology — Materials & sample

316 L
Cr Ni Mo Mn S Co N V C P W A Ti Sn Nb S

17.61 1232 2.379 1.768 0.466 0.164 0.0673 0.036 0.0275 0.024 0.023 0.018 0.007 0.006 0.003 <0.003

. SA at 1050°C for 30’ quenched in water ~+ Tensile specimens (ASTM standard)
M5
- 45MeV =250 ym M4

te_,
S
t 3 !
—>0.2 X |
w ™ i

Standard sample

|
|
|
|
I
|
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Methodology - Helium implantafion

Irradiation parameters |
aenergy =45 MeV Cooling water
T-Irradiation = 300 °C ‘
Fluence =2.17 x 1018 He cm™
He-concentrations = 100, 300, 1000
appm

damage =0.016, 0.05, 0.16 dpa

Cooling water

Beam scanner

- -o- - Helium concentration
—#— Vacancy production densi

/
4-quadrant
aperture

fl )
F 3.6x10"

= 2.4x10%

= 1.2x10™

. . .3
Helium concentration (He/cm™)

. . 3
Vacancy production density (Vac/cm”)

50 100 150 200 250
Thickness (um)
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Methodology - Post implantation

annealing
C Objective: Reproduce BFB microstructure & increase GB coverage )
1 | 1-2h furnace condit. 2 1hin furnace at T. 3 | Cooling in vacuum

Vacuum tube 650°C 750°C
Sample 800°C 850°C
T<100°C
900°C 950°C
1000°C
Used for He ' S 22 GER X :
implanted plates and Q e ey
miniaturised samples ‘ st i
05/04/2018
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Methodology - Mechanical festing

Water loop Diagram

Cutlei control

Load actuator

—
Heat exchanger

Analog gas
Flow

contrallars
4 I 1

Autociave
haating
system

|
v

Electro-chemical
H: -generator

T=290°C T=25°C
= 90 bar P =1 bar

Normal water conditions (NWC) with 500ppb and 8ppm O
Hydrogenated water conditions (HWC) with 2.2 ppm H>
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Methodology - Mechanical testing @ERlA

Water loop device located at Hot lab at PSI
/(/» /.
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Representative engineering stress-strain

CUIVeS

600 ' ' RTA 5343
s HTA M452
—®— HTA 5315
500 n :
Different
= tensile
S 400 - machines
; |
L
® |
£ Effective
= gauge length
£
E‘J —
L
| For all conditions,
similar YS, UTS &
. | | US
0 0.1 0.2 0.3 04 0.5 06

Strain
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Overview of engineering stress-strain results SOTERIA

Sample type Temperature (°C)  Environment - UTS (MPa) m
558

Miniaturised (5) [P RTA 281 041 082

Standard (4) 25 RTA 290 577 0.41 0.83
REL. ERROR RTA 3.0% 3.3% 0.85% 1.42%
Miniaturised (7) WLt HTA 216 500 029 0.79
Standard (5) 288 HTA 204 509 032 070
REL. ERROR HTA 5.9% 1.7% 8.2% 12%
Miniaturised (1) WLE] NWC (500 ppb 0;) 224 499 034 071
Standard (1) 288 NWC (500 ppb 0;) 208 527 0.38 0.68
REL. ERROR NWC 500 ppb O: 7.8% 5.4% 89% 5.1%

standard and miniaturized flat dog-
bone samples are almost identical !

Miniaturised (2) [P HWC (2.2 ppm Hz) - 478 0.32 067
Standard (2) 268 HWC (2.2 ppm Hz) 234 501 0.29 0.51
REL. ERROR HWC % 4.6% 1%  30%
Miniaturised (1) P2 NWC (8 ppm 05 192 498.8 029 072
Standard (2-3)  [BLL] NWC (8 ppm 0;) 203 512 0.38  0.67
REL. ERROR NWC 8 ppm 0; 5.3% 2.6% 2%  6.4%
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Fracture surface

go;
QO
N
| -
29
S Q
€ E
E 8 RTA 25°C (M116) i HTA 288°C (M453) NWC 288°C (M424) HTW 288°C (M113)

Q

o

£

O

(7]

ro

}

O

O

c | [ sum

;,E’ RTA 25°C (S343) i HTA 288°C (S315) H NWC 288°C (S342) ? HTW 2838°C (S333)

RTA 25°C (S343) HTA 288°C (S315) NWC 288°C (S342)
HWC 288°C (S333)
TG-D & TG-C
( TG-D fracture )
fracture (< 3%)
05/04/2018
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Metallography investigation

Axial cuts

RTA 25°C (S343) HTA 288°C (S315) NWC 288°C (S342) HWC 288°C (S333)

v

Increasing temperature Decrease the reduction of area
No oxygen effect
Hydrogen effect —— Cracks initiating in the sample surface
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Bubble distribution after PIA (1000 appm) @ERV\

at 750°C

120 nm

at 900°C

200 nm |
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Bubble average spacing and GB

coverage

Temperature (°C) Temperature (°C)
1156 97T 838 727 636 560 1043 977 917 863 814 TE9 V27 689 653 620
SDD | 4(} T T T T T T T I T I T 10
i 4  (Grain boundary 1 —A— Radii GB -
m  Grain interior 36 [~ CB coveragef- 9
250 . K . - =
£ 32 ; 8 R
< | 28 - ! I 7 &
= 200 ~ T TN i §
S ] " E o LY 6 2
g - | A = 5]
w m iy
o 150 ¢ 20 % 5 2
o e — | ) L L.
= i)
g i g 16 l. x.\\ 4 5
Z 100 | o T / \ . 8
12 . 3 p=
d J .il\ L E
8 ST ] = = 2 o
50 1 # ] + h —~ I
F =l
| 4 + = 1
T * ] ] T AL & L
0 . ; ; . . 0 +— . . . . . : ———+0
7 8 9 10 11 12 76 80 84 B8 92 96 100 104 108 112
10000/Temperature (I{"} 10000/ Temperature (K")

Limited of GB coverage, hence limited GB weakening
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Bubble growth mechanism during PIA @ERlA

Migration & Coalescence Ostwald Ripening (dissociation)

-----

>
-~
Cre (1
: He( ) \ EHeEq.
. \6He(r2)
?]}:: O DxC‘HeI
surface diffusion (sd), n=5-6 Fy o kTDyeKyet  Helium dissociation

volume diffusion (vd) . , o
vapor transport through the bubble (g) v (7Q2/kT)Dyt Vacancy dissociation
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Helium bubble evolution SOTERIA

Temperature (°C)

1156 977 838 727 636 560
1005 it A Bulk (or cold implantation) radii
. B Surface (or hot implantation) radii The Thermo' Oc-l-lvc-hon
;\\ @ This study: Grain interior .
. O This study: Grain boundary analysis shows that the He
N =8 bubbles grow according to
= e the dissociative mechanism
S 1 EmEa | b e (Ostwald Ripening) both, for
= a=\u. L =le . . . .
S S ‘; EK . GB and grain interior. This
14 I S SN _f‘_ﬁ»_x\ mechanism occurs at least
] aoo 300°C below the one reported
in RT implantation.
VIN. Chernikov et al, Journal of Nucl.
Mat. 170 (1990) 31-38
0.1 T T T T r
7 8 9 10 11 12
10000/Temperature (K'1)
Cold implant. Hot implant. Grain interior Grain boundary
Ea (eV) 0.25 1.03 1.07 1.11 1
Q (eV, = Ean) 1.26 - 1.51 2.06 - 3.07 2.14-3.21 2.22-3.33
Mechanism Surf. diffusion Dissociation Dissociation Dissociation
05/04/2018
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Helium bubble hardening SOTERIA

@ Models for YS increase _ —
d - hardening coefficient = ?

1.DBH Ac, =0o,Mub(N.d,)" M - Taylor factor = 3

2/3 M - shear modulus = 76 GPa
2.FKH Ao, =0 M ubr,(N,y

n 1 / e D' 32| b - Burgers vector = 0.255 nm
3.8K8 Ao, =a,Mub(Nd;)™~ E{h{gﬂ {hl(?) i 0.?] Ni - Density of defects

di - diameter of defects
ri - radius of defects

% Tensile & microstructural data D'- Effective diameter
L
1000 appm 300 appm
750°C 1000°C  750°C 850°C 950°C
Delta YS tensile (MPa) 123 24 45 37 29
AVG. Radii (nm) 1.8 27.5 1.4 3.9 17.6

AVG. Density (bubble/nm3) 5.6x10%  1x107 2.6x105 1.6x10¢ 1x107

We can determine the hardening coefficient (a)
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DBH Model

Ao, =o,M ub(N.d)"”

04

m  DEBEH Cal. Hardening coefficient

5
S 0.3
b=
I - : = |
o] 950°C-300appm
=4 K >| | Tendsto 0.2
Sl | — + > ends to 0.
i)
2 : N |
E { 850°C-300appm | 1000°C-1000appm |
g 0.1 »4 739°C-1000appm | |
T 1
a
(] \\ 750°C-300appm |

0.0 - . . . H

0 15 30 45 60 75

Diameter (nm)
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FKH Model

Ao, = oM ubr(N,)*"

275
250
- T ® FKH Cal. Hardening coefficient
= 225
=
@ I
S 2.00
% 1 }
o 1.75
O 1
D150+
= ] 950*C-300appm
G125 | 850°C-300appm |  J i
s | — il = Tends to 1
T 1.00 - ‘ ‘
= 1 | e
o 0.1 ] ~{ 739°C-1000appm = & |
E 050 | [ 1000°C-1000appm ||
TR - \1 ?5[]°C-3DDappm|
0.25 }
0.00 - . . : .
[ 0 15 30 45 60 75
Diameter (nm)
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BKS Mod

el

AG, =0,Mub(Nd,)"

0.8

—1/2 . 372
L lu(i] 111[1— +0.7
2 b b )

=
-‘J

=
o

A BKS Cal. Hardening coefficient

=
n

| 739°C-1000appm |

=
w

| 850°C-300appm |

o
—£5—||

| 950°C-300appm |
':.._ 1

i
2 |.

K

=
P2

! 750°C-200appm

BKS Cal. Hardening coefficient (-)
=]
=Y

=
=

[Hen

| 1000°C-1000ap pml |

=
o

05/04/2018

15

30 45 60 75
Diameter (nm)

This suggests

to use BKS for
calculating the
He hardening
conftribution

Constant
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RIS on grain boundary

@ GB RIS with FEI TALOS F200X (200 kV)

Molybdenum Iron Chromium
27 67.0 195
| 68.5
. T 19.0
W 24 AR T AR r .
= ml kil 4 ‘[ |[-"-‘|- 1A - 8.0 1— = —r i
L= --|' U TP g i |." LLT TR = B A | ool glmm w FT = 8s VU LN 1 B
2| = JoTlll’rll |T| -'I.]l-.;l ¥ |-:|',|°,- ||T"'.°|I'.-'.TJ |'[| |‘| ; AU YA -2 S L ol LY, I ::.’ | LR Y TR A 1
= 21 . ! ! X 855 - u I TLArLs . ol ar
<| = FirEd 91 R B s M el m a1 L 27 [ - 1 2 = BT ] (IS T E T T A% 1
wle | J . ‘], | 4 "i K . Pl '|-'|-_;.-I'_ = "l _..-,-- 5 1m0l k 31T Ly :’I‘. .I-':‘T."
« I ! T et = - amme ! A L L * 1047
N 18 . . - 7
B45 7.8
GB 4 GB GB
2 5 -0 5 5 W0 15 20 2 a5 -0 s b § 10 15 20 o -5 -0 5 b 5 10 15 20
___ g H 85.0 - 200 -
- 8551 1 .
m wolts . 195 : 1
w . -f__ it - [ !- i -l.'.' 51. T
a b 5 E"T il e I N |
o = 40 lpm b e 1 i l. !T i .P J.'_‘- | — 1 | ] 4 I i L i i T
[ = s Belioae e N Dha (0 WEe 9 WY o rms iR i i o]
£ 635 = *&"-’ A | | g £ Fliat i LSS S e ek 4 2 ol . |
rd 2 _lr_ T LE o I = SRR ool a1+ ﬁ;zr-‘ ; R
< & g0 o= o f1e = . S B R TR R T A I
| a 2 |. ' " r- | 4 ‘I" |-. : ."I IF] ol R -f 3 '!.I!I'E;-:L:. uT‘?
o B25t i T 4 IR RS0 f 3] 4 T
= 820 1 '.i‘!- 11 HRRTE 1.
T ors 170 - |
m i
< 81.0 } 18.5 ee
— 25 2 5 -0 5 8 5 10 15 20 25 <25 -2 -5 -0 5 0 5 10 15 20 38 2% 20 -5 -0 £ 0 5 W 15 20 25
Distance to GB (nm) Distance to GB (nm) Distance to GB (nm)
Enrichment Depletion N bl
0 measuranle
2.1—3 % wi. 64.5—63.5 % wit. effect

Usually W shape Usually V shape
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SSRT to SA + 1000 appm samples

# 1000 appm with/out HT

600

300

©
=
=400 Transgranular dimple
E fracture is dominant,
‘g 300 |5 , some trans_granular
£ A ﬁ;;,ﬁg—’ ! Hardening produced by He bubbles cleavage in HTW
E [ ] |_/ | ]
2 00 fud —A— SA 1000 appm HTW
2 —u— SA 1000 appm Air 288°C
L —— SA 1000 appm PIA 1000°C HTW
100 —e— SAHTW
0 i ; .
0.0 0.1 02 0.3 04
Engineernng strain (-)
SA 1000appm 1000appm 1000appm PIA
HTW Air 288°C HTW 1000°C HTW
YS 178 383 418 198
UTS 492 547 594 513
gy (plastic) 0.28 0.23 0.26 0.27
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SSRT to CW + 1000 appm samples

# CW with/out 1000 appm

2007 —+— CW 1000 appm HTW-10"
800 .- —e— CW 1000 appm HTW-10"
e _ o 8
I fopendy —=—20% CWHTW-10 CW samples show tensile
=700 - e —e— 19% CW Air 288°C-10° -
& ] » = »| response similar to IASCC
= 500 d I K 'J_'." "n curves
g 1 B e e
£ 500 of e
w J .’ .. m
2400+ . _
5 1 of . Transgranular dimple
) . .
< 300 fracture is dominant, some
2 f transgranular cleavage in
W 200 4 HTW
100/
D III T T T T T
0.00 0.03 0.06 0.09 0.12 0.15
Engineering strain (-)
CW HTA CW HTW CW-1000appm CW-1000appm 10-7
YS 579 576 734 787
uUTS 631 641 740 790
gu (plastic) 0.08 0.08 0.013 0.001
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Metallography investigations

Surface of the samples tested in different environment and
marterial conditions

HTW SA HTW Hesz00 appm
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Fracture investigations

# Fracture surface: 1000 appm with/out HT

(SA—1000 appm + PIA 1000°C (HWCD

(SA-1000 appm (Air—288°CD

(SA-1000 appm (HWCD
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TEM investigation

& Deformation microstructure (all HTW)

=

3D deformation cells typical for high Ni 1 No apparent 3D deformation cells with random arrangement of dislocations.
contents. \J Microstructure that might be a precursor for SCC.

\\) \/_\-} Post-implantation annealed
- R S PIA +1000 appm

L — As-implanted samples

As-implanted CW

Prior 3D deformation
microstructure still present.
No evident increase of
more planar deformation

Recover 3D deformation microstructure
J 26
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Discussion ERIA

H
@ Why don’t we see IASCC? — — IASCC PWR ——HeC,, /HeCy,. — Loop line saturation
—— Chromium depletion —— Cluster density saturation ——H Cﬁ qm.fH C. e |
100 — : 180
q Loop line | | : 1
/ :

HE"' I.." 1ASCC ‘\ L it i ‘E 180 -'_-
232 L lq Yo | iz g ]
™ ﬁ |8 p— Il-lemntent L | - "';/-:’ EE £ -

% s | f er density - ] ‘;/:/R.“ = g 120 He implantation profile — =
B L= gl L. H content 623 S
[Sﬁ_gi || - _,-'/ — Eﬁ-g"n—"‘lﬂﬂ ll‘. .-'t

D a0 e EB 00O ] \ <
= E O l #~ ll‘f.- ‘ // - =§ % O ol -
T ow I . | tE o w 80 7
O = < 40 A B s ks PO s ] i :
z £ 4 / - -5 £ 7 ’ICIL.rsterdensrtyI
o E _| ) ;_, Crdeplelmnl S = &0 -
-] 3 a3 // i 2 8 y 1" ~L .
58 wf{LeL e 2 ,
58 25 i58 R

© ¢ H ’ "

T . _{,-,/ I LA~

4 |L|TEEATuEE DATAl H ot ESTIMATED SCENARIO
':l ..I.. T T T T T T i T i T i T T T i T = u - T 1 1 T 1 T I
0 540, 15 20 25 30 35 40 45 S50 55 EDE D00 002 004 006 008 0410 042 014 0.16
Radiation-damage (dpa) : Radiation damage (dpa)

......
.................

V.

{Main differences}

. Black dots # of loops Hydrogen @
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Summary, conclusions & perspectives |

O Results of SSRT of 316L sample in air and different hot water (different chemical
water conditions) for standard and miniaturized flat dog-bone samples show that
the mechanical properties and fracture mode are almost identical for both
sample types.

O Optical microscope and SEM observations show 100% ductile fracture mode after
SSRT test for RT and HT in air, normal hot water conditions but 2% cleavage
appearances at hydrogenated hot water condition (288°C)

a Similar bubble size & distance in grain interior and on GB. PIA increases bubble size,
but does only moderately increase GB He bubble coverage.

O The activation energy of bubble evolution for GB and Matrix shows that in both
cases the bubble grows with dissociative mechanism (OR). This mechanism occurs
300°C below the one reported in RT implantation. The coarsening mechanism
might depend on both annealing T and bubble size.

O The hardening coefficient increases with the bubble size in the FKH and DBH

models but not in BKS model. This suggests to use BKS for calculating the He
hardening conftribution.

O Homogenized He implantation in SA and CW at 300°C up to 1000 appm results in
very limited RIS only (only Mo).
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Summary, conclusions & perspectives |l

O The deformation microstructure clearly changes from dislocation cells to random
distribution of dislocations in SA & He implanted samples, respectively. The formation
of deformation bands is enhanced in as-implanted condition.

0O Accelerated SSRT (10 - 107 s7") in HTW with 2.2 ppm DH at 290 °C did not induce
IG(IA)SCC initiation in smooth tensile specimens with homogenized helium
implantation at 300°C up to 1000 appm (<0.16 dpa) in SA, CW and PIA (< 1000°C)
condifions.

O However, the mechanically dominated short-term SSRT may be too short to exclude
SCC initiation and could overlook other more time-consuming (e.g. corrosion-
dominated) precursor and initiation processes.

O These results suggest that a helium concentration <1000 appm alone cannot induce
IASCC, therefore there has to be some synergy between irradiation damage and
helium concentration.

a The formation of irradiation-induced dislocation channels (at high dose) with high-
stress concentration on grain boundaries, together with the current helium bubbles
grain boundary coverage (~10%), could promote intergranular cracking.

O Further evaluations should thus include samples with high displacement damage
(besides of high helium concentration) and crack growth experiments with pre-
cracked specimens.
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