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PRESENTATION TOPICS

Focus on recently-completed testing:

SCC CGR response of Alloy 52M WOLs
= Alloy 52M WOL-182 by KAPL
= Alloy 52M WOL-182 by EWI

SCC CGR response of 1st layer Alloy 52M weld specimens from the “double-
repair” Alloy 52M weld

= Alloy 52M butter — 508 LAS interface

UCHICAGO Ar) Ui DeamTus or  Arganne National Leboratory ls & o
ARGONNE... \%JENERGY ... 0irseiti i e Argonne



SCC CGR RESPONSE OF ALLOY 52M WOLS
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SCC CGR RESPONSE OF ALLOY 52M WOLS

Earlier work involved an ANL-produced Alloy 52M-182 WOL (NUREG/CR-7226 2018)

M In addition to the typical TS orientations, ST orientations were tested to avoid crack
deflection at the interface and have the ability to measure growth at the interface and 1st

layer

m Key findings (ANL WOL): interface is the most susceptible, followed by the 15t 52M layer,
followed by the Alloy 182 in compression under the WOL

B Additional testing in TS orientation on KAPL and
EWI WOLs — test management is key:

B [ocation of the SCC CGR determinations is
critical for the desired SCC CGR vs. distance info

B Objective: 1 mm of straight, continuous,

free of ligaments IG SCC front ahead of the interface
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EARLY WOL TESTING: ANL ALLOY 52M 182 WOL

B Location is critical

| Requwement for sound results (SCC CGR vs distance): straight, fully-engaged SCC crack front in Alloy 182
ead of WOL
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EARLY WOL TESTING: ANL ALLOY 52M-182 WOL

B Crack deflection at the interface, mm-size consistent with 10-1° m/s CGRs

B Consistent with other observations on the susceptible-to-resistant alloy transition [Seifert et al. in
the Journal of Nuclear Materials (2008)]

or
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-182 WOL

o~

EARLY WOL TESTING: ANL ALLOY 52M

T 7

Side 2 1e v R eSO i R

..-»;.;._.._‘ Side 1

B Some SCC penetration of the WOL, some substantial, mm-size (consistent with 10-1© m/s CGRs)
B 25.4 wt. % Cr along crack path
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ALLOY 52M-182 WOL ST SPECIMENS

S.‘pecimen
WOL-ST-2

B Understood early on that the interface and 1st layer 52M have potential for 10-1° m/s CGRs

B ST orientation: obtain SCC CGRs in Alloy 52M and along the Alloy 52M-182 interface
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ALLOY 52M-182 WOL SPECIMEN WOL-ST-1
SIDE SURFACES

v

B Rationale: if interface if more susceptible than WOL and the compressed Alloy 182, then SCC will follow it
B Specimen alignment is critical
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ALLOY 52M-182 WOL SPECIMEN WOL-ST-1
SIDE SURFACES

\

B Preferred path: interface, 18-20 wt% Cr
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ALLOY 52M-182 WOL SPECIMEN WOL-ST-1
FRACTURE SUFAC

> N

-
PR /182

orface
-

B2
P8
P3

B Interface growth: 2.9 mm (8.2x higher than anticipated)
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600/182 interface
182/52M interface

9 End of test
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ALLOY 52M-182 WOL SPECIMEN WOL-ST-1
FRACTURE SURFACE

600/182 interface
182/52M interface

=% End of test

B Interface growth: 2.9 mm (8.2x higher than anticipated)
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SPECIMEN WOL-ST-1 - FRACTURE

Magn F——— 1 500 m
259X WOL-ST-1

H lLoc.7 H Loc.8

B |G interdendritic growth in ST orientation
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ALLOY 52M-182 WELD OVERLAY SPECIMEN WOL-ST-2
SIDE SURFACES

WM Rationale: if 15t layer on Alloy 52M is so susceptible (10-1° m/s), then it would transition to IG SCC before
the crack reached the interface. At the interface, it would follow it as the compressed Alloy 182 is relatively
resistant (10" m/s) .
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ALLOY 52M-182 WELD OVERLAY SPECIMEN WOL-ST-2
SIDE SURFACES

B Transitioned 1.0 mm from the
interface

MB Cr: 27.1%
Avg. MA Cr: 24.2%
B “1” major crack direction
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ALLOY 52M-182 WOL SPECIMEN WOL-ST-2

18.00 T T I T T T | T T T | T T T I T T T I T T T | T T T | T T T | T T 100
- Alloy 52M Specimen WOL-ST-2 33f ' )
- PWR environment 5.1 x 10-1° m/s
i ‘ 442MPam®s,” 1]
17.60[~ Period 33 Alloy 52M/182 interface 5180
. B 3.0 x 1070 m/s T T _—— -2
1S B Constant load - —
E B 3.8x1071%m/s = <
£17.20! 43.1 MPa m®S V\ €760 o
=) X 9]
c o g o
e N 33 Crack Length ® =3
% - 1.6x1071°m/s . §
®© |
(!_—) 16.80 32.3 MPa m%5 —40 X
16.40 20
o max |
: L | 1 ! ! | ! I ! | L 1 | ! ! M| ! ! ! | ! I ! | ! ! 1 | L

6400 6600 6800 7000 7200 7400 7600 7800
Time (h)

B Alloy 52M WOL SCC CGR = 1.6E-10 mm/s (calculated on the first 0.46 mm of growth,
average distance to the interface is 1 mm)

B SCC CGRis 5X higher as it lands on the interface
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ALLOY 52M-182 WELD OVERLAY SPECIMEN WOL-ST-2
FRACTUREA

1 mm

L]

| SCC’E: . mm (4.2x higher than anticipated) End precracking/transitioning
182/52M interface
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ALLOY 52M-182 WELD OVERLAY SPECIMEN WOL-ST-2
FRACTURE A

Magn F——— 100um
237 WOL-5T-2 _

B Fracture A(loc. 1)

B |G interdendritic growth in ST orientation
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Magn ———— 200um

120%

WOL-ST-2

B Fracture A (loc. 5)
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ALLOY 52M-182 WELD OVERLAY SPECIMEN WOL-ST-2
FRACTURE B

Magn FH——— 100pm : Magn F——— 100pm
234y  WOL-ST-2 VT 234x  WOL-ST-2

B Fracture B (loc. 2) B Fracture B (loc. 3)

B |G interdendritic growth in ST orientation
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EARLY WOL TESTING: CGR

! T ! T T T T ! T T T T i
A52M-182-TS-3 -
! A52M-182-TS-1
109 poeeenennnns et EEEE WOL-ST-1 =
- . WOL-ST-2 ]
i Solid symbols: CL ]
@ : : : i
Eo0 L A i
& [ o° | | .
o EJ ]
1oL ........................ ........... .
- ST: PaA ]
. ; A .
o i
10'12 I 1 i L1 F N N | i F N N | i 11 1l
-2.0 -1.0 0.0 1.0 2.0 3.0

Distance from the 52M WOL interface (mm)

B Factor 10x decrease in SCC CGR in 1 mm ahead of the interface (response reproduced on two
specimens); the existence of a compressive stress was demonstrated (PVP 2011)

B Fast (107 m/s) SCC CGRs in the first layer and along the interface [NUREG/CR-7226]
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EARLY WOL TESTING: SCC CGR DATA

B Fast (107 m/s) SCC CGRs in the first layer and along the interface [NUREG/CR-7226]

Experimental CGR (m/s)

10

10-10

10-11

10712

1013

- Alloy 52-182woL:  WRP-115 b
3200 ! Alloy 182 Do
, 75 Percentile

25.4% Cr® m

.................. P A L T T
' h ! '

interfacé

'MRP-386 ___
Alloy 52/152
75 Percentile

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

B WOL-ST-1
® \WOL-ST-=2

Solid symbols: CL

10

B Good correlation with Cr level
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KAPL ALLOY 52M-182 WOL: K52M-ST-1

. ; /'f,_'.{j. E
’| A -

B TS orientation: propagate a crack from Alloy 182 into Alloy 52M WOL
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KAPL ALLOY 52M-182 WOL: K52M-TS-1

FRACTURE SURFACE

g o

v
o’ \'1. i

whbA i iw Al ol SN | il PR AN B8 “A"""L”\ R W SO L 3
-

B 1.8 mm extension — 2 layers - into the WOL (10x the DCPD measurement) over 4,300 hrs at CL

m 22 wt. % Cr measured along crack path, however, the crack also clearly extended into the 2nd
layer (22 wt. % Cr)




EWI ALLOY 52M-182 WOL: E52M-TS-1

FRACTURE SURFACE

B There is crack advance past the interface, but there is no IG SCC crack advance
B 24 wt. % Cr along crack path
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EWI ALLOY 52M-182 WOL: E52M-TS-1

FRACTURE SURFACE

i E = z
! 1EE
[ T T U I O I I I B [ I I I

ANL 15.0kV 12.0mm x70 SE(M) 500um ANL 15.0kV 12.0mm x300 SE(M) 100um

B Example of crack deflection at the interface
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ANL AND KAPL ALLOY 52M-182 WOL

J ] 1 rrrrrrrrrrrr | rrj T 1 1 T ] “ T I LI I LN N AN B N BN B B B B B 1T T L |

L ANL 52M-182 WOL : : : ] L KAPL 52M-182 WOL A SCCCGR (CL, PPU)

: A SCCCGR (CL, PPU) . - b O  estSCC CGR (cycle + hold)
O  estSCC CGR (cycle + hold) : K=31 A Control cycle (R=0.5, 1000/1Z
109 oo A Control cycle (R=0.5, 1000/12) "3 1079 o Booooeee & ; ; y
- A | K=27-38 : ' 1 - E : 1
B LA ] i (28, first part with jumps) |
A ' , LA : ]
Q : A i ; ; @ ; ; ;
E qom0 L T [ R S . £ 1010 : : . a
x o H A H H E ! ]
8 C ] % ' (28, final part) ]
o C A g ] O : a | 1
- A 5 i : © ]
Q é H A T
- A A — | ! -
. . o . : O
-1 H H H H '

10 Eo SRR IR Pttty E 10" 764.5 44444444444 L Enrr TTTEETPES Femmeenens e =
- ' ' OR ] Eo ]
- : : A N ]
- Alloy 182 Alloy 52M ] i : : ]
o : I . 1 - iAlloy 182 | Alloy 52M : T

el b b i S P P S DA S B

2.0 1.0 0.0 1.0 2.0 3.0 >0 0 00 10 20 3.0
Distance from the 52M WOL interface (mm) Distance from the 52M WOL interface (mm)
[NUREG/CR-7226]

B Moderate SCC CGRs ahead of the WOL
B KAPL: fast (10-1° m/s) SCC CGRs beyond the first layer
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KAPL AND EWI ALLOY 52M-182 WOL

L L I L B L B L BB AL B B e s s e
- KAPL 52M-182 WOL A SCCCGR(CL, PPU) - EWI 52M-182 WOL A SCCCGR (CL, PPU)
- ' : o O est SCC CGR (cycle + hold) - ' ' @] est SCC CGR (cycle + hold)
10°9 : (=3 " A Control cycle (R=0.5, 1000/12 109 ' ' A Control cycle (R=0.5, 1000/12
Fo 1 E D K=31 |Kk=33 ]
r 1 K=29 ' ' ] I ' H Al A ]
B N 1K=29 (28, first part with jumps) | [K=29 K=31 A : : ]
K=26 N ' i H A A B B
Mot : LA : : L O ! ! ' : i
@ Ay : : : @ : : : :
E 010 L S - E o0 i A Ol UUUUOON S i
p S : : " E s E : @, : : E
0] F | ! (28, final part) o o Q: A 1
o o : A ] o - P00 d .
- © - - post i
L § A i L 1A power i
1 o) i i i failure |
10" LA R B . L | 101 A [ — i R . -
; : o |
B EAIon 182 | Alloy 52M T i : AIk:oy 182 Alloy SZM : 1
10-12 11 ; 11 11 ; TR | I n n 11 ; 11 [ ; 1 | 10'12 11 1 1 ; | I ; ) I 'A' 11 ; ) I ; ) I
2.0 1.0 0.0 1.0 20 3.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
Distance from the 52M WOL interface (mm) Distance from the 52M WOL interface (mm)

B Similar evolution as the to the KAPL WOL until the interface
B No SCC growth past the WOL interface
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EWI — ORIGINAL AND REPEAT TEST- ALLOY 52M-182 WOL

L e e e e e B o e s e e e e s | AL L
EWI 52M-182 WOL A SCCCGR(CL, PPU) - EWI 52M-182 WOL A SCCCGR (CL, PPU)
- ; ; O  estSCC CGR (cycle + hold) - Specimen E52M-82-TS-2 | O est SCC CGR (cycle + hold)
109 : A Control cycle (R=0.5, 1000/12 : : A Control cycle (R=0.5, 1000/12
; | K=31 |K=33 § 3
Fk=20 K=31 | a8 1 : ]
A A :
- B AA ' 1 —_ I H _ b
Q : Q v K=30
Eo0L N O | E 10M L .. RIS S VN I [ HE— ~,
g SN ] A N E
o B X o i o Ca o OA ;
B ; post ! i L ! .
| 1A power | | A i ]
‘ ‘ i el : o
: : . failure
101 L A L S [ - 101 e R [ o [ H |
Fo ] N
3 Alipy 182 | Alloy 52 1 r : Alioy 182 | Alloy 52M : ]
ol b b e b goe i i g
-3.0 20 -1.0 0.0 1.0 2.0 3.0 -3.0 2.0 -1.0 0.0 1.0 2.0 3.0
Distance from the 52M WOL interface (mm) Distance from the 52M WOL interface (mm)

B Similar evolution as the prior specimen until the interface
B Maintained at the interface with CL and gentle cyclic for 4,336 hrs
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EWI ALLOY 52M-182 WOL: ES2M-TS-2

SIDE SURFACES

T ————
S00um

B There seems to be some advance (0.4 mm) past the interface advance
B 26.1 wt. % Cr along crack path
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EWI ALLOY 52M-182 WOL: E52M-TS-2

FRACTURE SURFACE

B There is crack advance past the interface, but there is no IG SCC crack advance
m 26.1wt. % Cr along crack path
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EWI ALLOY 52M-182 WOL: ES2M-TS-2

Wi & I X 4 r ‘ @ ¥
Element 20.0kV 61.6mm x100 SE 8/17/2020 10:17

z

B There is crack advance past the interface, but there is no |G SCC crack advance
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'SCC CGR RESPONSE OF ALLOY 52-508
IN THE DOUBLE REPAIR WELD

onne National La|
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EPRI DOUBLE REPAIR WELD } ’ ‘mﬂ ‘
The double-repair weld — slice OP (40%+20% repair) "

ABCD EFGHIIJIJKLMNOPQRSTUVWXYZAMBCC

@

A

o

B Priority was 15t layer Alloy 52M-508



TEST MANAGEMENT

5.00 T T T T T T T T T T T T T T T T T 7T

: Alloy 52M WOL |

| Specimen WOL-ST-2

B + R=0.5, 120/12 — 10-10
4.00[ Alloy 182 | Alloy 52M —&— R=0.5,600/12 ]

: —@— SCC ]

- »
3.00 i E

- N E:B

I 410"
2.00[ 1 3

- 1 %]
1.00[ |

B = 10-12
0.00 | Lo TR TR TR AN NN NN NN NN N R L0 ]

-0.2 0 0.2 0.4 0.6 0.8

Distance from the 52M WOL interface (mm)

B Test management based on specimen response: crack is advanced with “known” conditions,
response is compared with that of known “IG, forward propagation”, then is set at constant
load when that comparison is favorable




EPRI DOUBLE REPAIR WELD

The double-repair weld — slice QR (40%+20% repair) -

ABCD EFGHIIJIJKLMNOPQR STUVWXYZMmB
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EPRI DOUBLE REPAIR WELD ‘ “m
The double-repair weld — slice QR (40-20% repair) »

ABCD EFGHIIJKLMNOPQRSTUVWXYZAMEBCC

| Drlve crack through the eb-weld into bead “1” and at the “hump with bead “2”
AR




EPRI DOUBLE REPAIR WELD

The double-repair weld — slice QR (40-20% repair)

500 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
| Alloy 52M 1st dilution layer A R=0.5. 600/12 .
| Specimen ER52M-2R-QR-1 S R=0.5, 120/12
| PWR environment ' 10
4000 [ ] SCC CGR 4107
0L O  SCCCGRPPU .
B Solid symbols: CL ]
‘é - - —_
o - »
3.00 i =
3 - eb-weld | 1 E
o - H 1011
9 - 1 10 8
2.00 B (&)
L . ]
1.00 1
B fatigue response 41012
L = R
L ® ]
Lo THNm R ]
0.00 i
0 0.5 1 1.5 2 4

Crack advance from specimen notch (mm)

B Took 1.5 mm to obtain a reasonable “Ni-based weld” response
B Cyclic and SCC CGRs are low



EPRI DOUBLE REPAIR WELD

The double-repair weld — slice QR (40-20% repair)
| 1 mm . 52M -

B Took 1.5 mm to obtain a reasonable,

h ““““ T T “Ni-based weld” response because the eb-
: weld
,) " 1 more than expected
| ® Short crack on side 2
o4 J o
e Rme.. DER 1 mm
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EPRI DOUBLE REPAIR WELD

The double-repair weld — slice QR (40-20% repair)

A‘F \\\ %! I \ 1 ‘) “W"\ } Q x_... 22 ‘ R .\‘ \‘ Vi
\3 \ / ‘2 u ¥ 2 o T ) ?\

2‘. ,& %

'20 ‘\3 _,é.‘.ﬁ ¢

B Crack pinned at the eb-weld
B Despite the unfavorable loading, transitioning to IG SCC appears to have occurred



EPRI DOUBLE REPAIR WELD

The double-repair weld — slice QR (40-20% repair)

B Substantial IG SCC on the fracture surface '




EPRI DOUBLE REPAIR WELD B

The double-repair weld — slice G (40% repair), in area
with high deformation, blank received from PNNL

ABCDE EFGHIIJIKLMNOPQR STUVWXYZ AMBBCQ
EPRI DR DRW
Charecterization Slice G/H
(@0% Repair Weld)

ke

65 mm a8
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EPRI DOUBLE REPAIR WELD

The double-repair weld — slice G (40% repair)

ABCD EFGHIIJKLMNOPQR STUVWXYZAMBCC




EPRI DOUBLE REPAIR WELD

The double-repair weld — slice G (40% repair)

T AAHHX T AAHHX T AAHHX T AAAAHAX T T AAAHA)/
107 - Specimen EP52M40R-G-1  ------ e s
- Simulated PWR Water at 320°C NG d S
- : : : s SOl
108 [~ Best Fit Curve for Alloy 182 ; 2 AT g
“E 078" AR SRS ShREt ©--1--
F CGR,, +0.018 (CGR,;) Y i
- | | P 1
- : s .
€ 100 IR~ e R -
z = 7 : 3
v - 7 j : .
(D = v : -
Oyqptol [ 1 . N R i
g e E
- 0 ]
[ Y AR A N152-LAS-1 b
1 - : : O N152-LAS-11 ]
107 oo o e A JC152-H-2 =
i : : O  CI52M-LAS-1 3
: ®  EP52M2R-QR1 ]
- : : B EP52M40R-G-1 A
10'12 11 VVHHi 11 VVHHi L1 L L L1 L LIl 1L L 111l
10712 10 10710 10° 108 107

CGR,;, Ni-weld alloys (m/s)

B Cyclic response similar to that of previous 15t layer weldments — no apparent effect of repair
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EPRI DOUBLE REPAIR WELD

The double-repair weld — slice G (40% repair)

5.00 T T T T T T T T T T T T T T T T T T T
[ Alloy 52M 1st dilution layer 4
|  Specimen ER52M-40R-G-1
. PWR environment 17 44010
4.00[ o 18 ]
L ° ]
o ool 1 =
o 3.00[ i E
Q i 16 >
& - 410" O
© S0t —&— R=05,60012 ] 8
B —H— R=05,120/12 ] 2
i —H— fatigue 1/1 1
i ey @ SCCCGR
1.00 i \EE O  SCCCGRPPU
i Solid symbols: CL 1012
3 fatigue response m . 10
0.00‘ | ! ! ! ! | ! ! ! ! | 1
0 0.5 1 1.5 2

Crack advance from specimen notch (mm)

B Test period 12, response seems consistent with that of a Ni-based weld
B Test period 17 response suggests IG SCC - followed by PPU and CL
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EPRI DOUBLE REPAIR WELD

The double-repair weld — slice G (40% repair)

13.60 .~ 111~ 1 1111 11 . 1.1 1.t r 1 r r r Tt 1 T 1 A_ 70
" EPRI 52M Double Repair Weld i
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m At CL for 3,000
B Growth is well-behaved, no evolution to the response
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EPRI DOUBLE REPAIR WELD

The double-repair weld — slice G (40% repair)

B Side surfaces suggest the test took place in the desired region
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EPRI DOUBLE REPAIR WELD

G (40% repair)

The double-repair weld — slice

4 #

24.3
25.2 L5
241 x % TR
N 248 V\*:,,\ e
e
24.2 -
m Crack took 0.35 52M \
mm to meet the
expected e
response i
_ h 25.3
B Appears to be in S - e
the “dilution” zone . S
241 .'
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EPRI DOUBLE REPAIR WELD

The double-repair weld — slice G (40% repair)

contin
cycling

B Extensive |G SCC starting in diluted zone but ending in the second pass with 20-30 wt. % Cr;
no effect on CGR response

B Extension (0.65 mm) much larger than expected




EPRI DOUBLE REPAIR WELD

The double-repair weld — slice G (40% repair)

B Extensive |G SCC along the dendritic grains, similar to ANL specimen N152-LAS-1
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EPRI DOUBLE REPAIR WELD

The double-repair weld — 1st layer

10°

10-10

10-11

Experimental CGR (m/s)

10-12

B SCCyvs. K

- Alloy 52M-LAS 2R!

MRP-115
Alloy 182

320°C . 75 Percentile

R

)
______________________________ ' MRP-386
I , Alloy 52/152
L@ 75 Percentile
L@

EP52M2R-QR-1,
EP52M2R40R-G-1

Solid symbols: CL

20 30 40 50
Stress Intensity K (MPa-m1/2)

B “G” specimen meets criteria for MRP-115, FOI = 20



SUMMARY

B In WOLs, cracks can propagate from Alloy 182 past the interface into Alloy 52M. The
extent IG SCC transmission past the interface seems to correlate loosely with the dilution
of Cr in the first layers of Alloy 52M.

- In the KAPL WOL crack extends into the second pass (Cr is 29 wt. %)

- Crack deflection at the interface with the WOL, and off-plane propagation along or near
the interface in the diluted region of the Alloy 52M WOL was observed in all specimens.
The extent of this behavior seems be correlate with the resistance to SCC of the WOL

B Alloy 52/125 weldments in 1st layer configurations can be susceptible to IG SCC:

- High CGRs based on extensive IG SCC demonstrated for Alloy 152—-LAS, Alloy 152—-182
(NUREG/CR-7226)

- Alloy 52M-508 (from the double-repair weld) appears susceptible, a high CGR based on
extensive |G SCC and substantial growth (0.65 mm) was measured

- In one specimen the crack extended well into second pass (Cr is 29-30 wt. %) with no
observed effect on the SCC CGR response
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