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PNNL Weld Metal SCC Crack-Growth

Testing Summary

» Alloy 52 Mockup Welds

m 2 tests on an MHI U-groove weld
m 2 test on an AREVA butt weld

» Alloy 52M Inlay & Overlay Mockup Welds

m 3 tests on Ringhals overlay, new post test analysis
m 2 tests on Ringhals inlay

» Alloy 52M Mockup Welds

m ] test on KAPL V-groove weld, new post test analysis
m ] test on KAPL narrow gap weld
m 2 tests on KAPL NG weld with hot cracks

» Alloy 52MSS Mockup Weld

m Ongoing test on Special Metals weld

» Alloy 152 Mockup Welds
m 3 tests on an MHI U-groove weld (one with LAS SR)
m Ongoing tests on ANL V2 weld and 20%CF MHI weld
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Summary of Alloy 152/52/52M

SCC Growth Rates at PNNL

Alloy 52/152 CGR vs K
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PNNL 11/2010 alloy 152 MHI (PNNL)

alloy 52 MHI (PNNL)
alloy 52 AREVA (PNNL)

alloy 52M Ringhals Inlay (PNNL)
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alloy 52M Ringhals Overlay (PNNL)
alloy 52M VG KAPL (PNNL)
alloy 52M NG KAPL (PNNL)

alloy 52M NG HC aligned KAPL (PNNL)
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CGR (mm/s)
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alloy 52M NG HC non-aligned KAPL (PNNL)
-——MRP-55 alloy 600

-—MRP-115 alloy 182/132

PNNL A » ~15x range of CGRs for
Constant K - A various alloy 152/52/52M
Data welds.
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w10 15 20 25 30 35 40 45 50 P All but one show low CGRs,
K (MPavm) <5x10° mm/s
. . _./
—  New post-test characterization results on the alloy —
52M tests with the two highest crack growth rates. \3?//
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Alloy 182/52M Ringhals Overlay Mockup

» Main part of test evaluated SCC growth from alloy 182
into the alloy 52M interface.

» Crack was advanced by aggressive cycling after
~4400 h and the alloy 52M crack growth response

was measured at 350°C, 20 cc/ kg H, (Ni/ NiO line).
nghals’A182/ 52M overlay
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Ringhals Alloy 182/52M Overlay

Mockup: Alloy S52M

CT035 CGR, 0.5T CT Ringhals Alloy 182/52M Overlay, Alloy 52M

5.00 350°C, 30 MPaVm, gimjated PWR primary water, increasing K

i transitioning Alloy 52M Overlay furth(_al: ) constant K
Weld Material transitioning 5.20-08 1.0e-08
8.00 ] S mm/s mm/s
E | l‘ '
E i
= 7:00 | To.oo1 Hz, 1
S i R =0.7
o
c
E i 0.1 Hz,
A . € R=-0.5
=
o 1 Slightly elevated CGRs observed
f 5.00 1 Loy 182/52M -~ during transitioning steps in the -
§ [ interface location alloy 52M overlay, stable SCC
© propagation at constant K.
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corrected values
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 Crack rapidly advanced deep into alloy 52M weld material starting at about 4350 .
hours. Various transitioning steps performed, eventually reaching constant K.
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Ringhals Alloy 182/52M Overlay

Mockup: Alloy S2M Constant K

CTO035 CGR, 0.5T CT Ringhals Alloy 182/52M Overlay, Alloy 182->52M Traverse
350°C, 49 MPavm, 1000 ppm B, 2 ppm Li, 20 cc/kg H,

7.870 60
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CT ECP Pt ECP corrected values
7-800 T T T T T T -10
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time (hrs) —

" Rate of ~1x108 mm/s observed over ~700 hours at high K value. /
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IGSCC in Alloy 52M Overlay Mockup
CTO35 - Alloy 182/52M Overlay (Ringhals)
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Extensive IG cracking in the final ~1-1.5 mm o B -
/ SCC testing (transitioning and constant K). Pacs O et
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IGSCC in Alloy S2M Overlay Mockup
‘Side\Surface Optical
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IG crackzng in ﬁnal ~1-1.5 mm conﬁrmed in side surface examznatzon
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IGSCC in Alloy 52M Overlay Mockup
Side Surface Weld Layer Compositions

-2.3Mn-1.5Nb

-~

SEM-EDS examination of side surface reveals a weld layer (not just a

single weld pass) with significantly off-normal composition. Cr level

drops to 24%, most IG cracking corresponds to this weld pass but SCC
- propagates into the 30% Cr layer at several locations across the front.
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Summary of Alloy 152/52/52M

SCC Growth Rates at PNNL

8 Alloy 52/152 CGR vs K
1
1]
i PNNL 11/2010 ® alloy 152 MHI (PNNL)
A alloy 52 MHI (PNNL)
- A alloy 52 AREVA (PNNL)
® S e — @ alloy 52M Ringhals Inlay (PNNL)
— O alloy 52M Ringhals Overlay (PNNL)
- ~24Cr © alloy 52M VG KAPL (PNNL)
~
E ® \ O alloy 52M NG KAPL (PNNL)
: i T O @ alloy 52M NG HC aligned KAPL (PNNL)
- 1
3 8 o, O alloy 52M NG HC non-aligned KAPL (PNNL)
o © ——MRP-55 alloy 600
Q @) e A m/ ~——MRP-115 alloy 182/132
1] 'e) o A
- PNNL A A » ~15x range of CGRs for
A .
Co'gt‘;”t K = various alloy 152/52/52M
ata
o welds.
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10 15 20 25 30 35 40 45 50 3 ngheSt Ualue Of ~1x1 0—8
K (MPavm)
mm/ s corresponds to weld
overlay layer with off-normal —
composition and high K.
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PNNL Weld Metal SCC Crack-Growth

Testing Summary

» Alloy 52 Mockup Welds

m 2 tests on an MHI U-groove weld
m 2 test on an AREVA butt weld

» Alloy 52M Inlay & Overlay Mockup Welds

m 3 tests on Ringhals overlay, new post test analysis
m 2 tests on Ringhals inlay

» Alloy 52M Mockup Welds

m ] test on KAPL V-groove weld, new post test analysis
m ] test on KAPL narrow gap weld
m 2 tests on KAPL NG weld with hot cracks

» Alloy 52MSS Mockup Weld

m Ongoing test on Special Metals weld

» Alloy 152 Mockup Welds
m 3 tests on an MHI U-groove weld (one with LAS SR)
m Ongoing tests on ANL V2 weld and 20%CF MHI weld
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Alloy 52M KAPL V-Groove

and Narrow Gap Welds

» Fabricated at KAPL from the same wire (NX5285TK)

» Data obtained at
m 350°C, 20 cc/ kg H, (Ni/ NiO line)
m 360°C, 25 cc/kg H, (Ni/ NiO line)
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Alloy S52M V-Groove and Narrow Gap

Mockup Welds (KAPL): Overview

CT040 & CT041 CGR, 0.5T CT KAPL Alloy 52M Narrow Gap and V-groove Welds
350-360°C, 30-43 MPavm, 1000 ppm B, 2.0 ppm Li, 20 cc/kg H,

16.00 — 45
T transitioning and dK/da from 30 | retransition; 1
T constant K at 350°C to 35 MPavm; to 360°C; T
1550 ‘retransition; - -y constant K ----- 4.2e-09 - T 40
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15.00 - - o geeem————T ... I35
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~ T >
~ 14.00 B R - 25 =
= T 2
2 1.6e-09 8e-10 B
£13_50 Mmm/s* - e mm [ s * * , 20 .E
® KAPL alloy 52M NG weld T S
Y 13.00 D iy gl - §
* Rate decreases after ~600 h =
I ** Rate decreases after ~1000 h I o
corrected data |
11-50 T T T T T T T T T T o
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
time (hrs) —

- Consistently higher crack-growth rate in the V-groove weld ?//
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Alloy S52M V-Groove and Narrow Gap

Mockup Welds (KAPL): Constant K

CT040 & CT041 CGR, 0.5T CT KAPL Alloy 52M Narrow Gap and V-groove Welds
350°C 1000 ppm B, 2.0 ppm Li, 20 cc/kg H,

0.020 50
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to 34 MPavm Ak !
il N 1
0.016 | 4 . Ll IR - 40
4 P "
0.014 1 5 ---oovvvsnreeeee e w 4 | EREEEELE T TP TP EPPEEPPEEPREEPREE -
T 9 4.6e-09 T
T |l L) ' mm/s T
0.012 |-~ f W o1 30
T \ 10 microns of growth T

0010 3 - o wiyve in VG at constant K~ |

ECP (VsheXlO)

N N
o ul
outlet conductivity (HS/cm) or
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——— Consistently higher crack-growth rate in the V-groove weld )f//
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IGSCC 1n Alloy 52M V-Groove Weld
' 71 | , '.fgihﬁgémld
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Specimen sectioned
along this edge prior
to air fatigue fracture
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M
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air precrack region

Undulating crack front with many areas of IG cracking. ific Northwést
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IGSCC in Alloy S2M V-Groove Weld
Side Surface Optical

CT041 - KAPL alloy 52M,V-groove weld

begin mixed IG and TG extension

precracking endsin
the middleiof a grain

(500 um  ;§%

» Long narrow boundaries in region of the crack.

» Boundaries are well aligned with direction of cracking.

» Crack intersects and mostly stays on a grain boundary
for ~2 mm of growth on this side surface.

» Constant K CGR of 2.8-4.6x10° mm/ s. I

Pacific Northwest
NATIONAL LABORATORY




y S2M V-Groove Weld
" oV 52%4%7‘{33%Id

Specimen sectioned
along this edge prior
to air fatigue fracture
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Undulating crack front with many areas of IG cracking. ic Northwest
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IGSCC in Alloy S2M V-Groove Weld
Crack Surface SEM
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Protusions are IGSCC in the middle and flanked by TG cracking,
estimated “maximum local” IGSCC rate of ~2x108 mm/s. hwest |
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Alloy 152/52/52M Summary

» IGSCC crack advance observed in nearly all alloy
152/52/52M weld metals in 350-360°C simulated
primary PWR primary water. However, only partial
IG engagement is observed resulting in average

growth rates of <5x10° mm/ s for prototypic
compositions.

» Some preference for IG cracking, but not strong.
Maximum IGSCC growth rates in local engaged
“fingers” may be 3-5x higher than average rates.

» Highest weld crack growth rate measured at PNNL

was in an overlay layer with off-normal (Cr level at
_ ~24 wt%) composition. —
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Summary of Alloy 152/52/52M

SCC Growth Rates

Alloy 52/152 CGR vs K

1.E-06

alloy 152 MHI (PNNL)

alloy 52 MHI (PNNL)

alloy 52 AREVA (PNNL)

alloy 52M Ringhals Inlay (PNNL)

alloy 52M Ringhals Overlay (PNNL)
alloy 52M VG KAPL (PNNL)

alloy 52M NG KAPL (PNNL)

alloy 52M NG HC alighed KAPL (PNNL)
alloy 52M NG HC non-alighed KAPL (PNNL)
alloy 152 ANL (ANL)

alloy 52M Studsvik (Studsvik)

alloy 52i NG KAPL (GE)

alloy 52i VG KAPL (GE)

alloy 152 Ciemat (GE)

T A A alloy 52 Ciemat (GE)

1T Constant K $ A -—== MRP-55 alloy 600

Data == MRP-115 alloy 182/132

+ PNNL 11/2010

1.E-07

CGR (mm/s)
1.E-08

POXxXxOoOOO60ooocer>P> N

1.E-09

underlined tests are unadjusted

1.E-10

10 15 20 25 30 35 40 45 50
K (MPavm)

Nearly all weld data (on completed tests) have shown ———
I SCC propagation rates below ~5x10° mm/s. \3/
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PNNL Weld Metal SCC Crack-Growth

Testing Summary

» Alloy 52 Mockup Welds

m 2 tests on an MHI U-groove weld
m 2 test on an AREVA butt weld

» Alloy 52M Inlay & Overlay Mockup Welds

m 3 tests on Ringhals overlay, new post test analysis
m 2 tests on Ringhals inlay

» Alloy 52M Mockup Welds

m ] test on KAPL V-groove weld, new post test analysis
m ] test on KAPL narrow gap weld
m 2 tests on KAPL NG weld with hot cracks

» Alloy 52MSS Mockup Weld

m Ongoing test on Special Metals weld

» Alloy 152 Mockup Welds
m 3 tests on an MHI U-groove weld (one with LAS SR) N

_ m Ongoing tests on ANL V2 weld and 20%CF MHI weld -
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Overview of ANL Alloy 152 V2 and

SM Alloy S2MSS Welds - Ongoing

CT049 & CT050 CGR, 0.5T CT ANL alloy 152 v2 & SM alloy 52 MSS
360°C, 30 MPavm, 1000 ppm B, 2.0 ppm Li, 25 cc/kg H,

13.0 47

transitioning transitioning

b wd
5o 584
12.8 oo g Y g St 44
5 X s X
&) (&)
12.6 41
/
. 5.7e-09 mm/s
12.4 decreasing 38
ANL Alloy 152 v2
12.2 35

T / 3.4e-09 mm/s

12.0 decreasing [ ] .,
1 / 1.7e-9 mm/s

11.8 N 29
T / / 2.1e-9 mm/s  SM alloy 52 MSS

11.6 decreasing

crack length (mm)

outlet conductivity (HS/cm)

26

11.4 23
W

11.2 T T T T T T T 20

0 400 800 1200 1600 2000 2400 —
_ time (hrs) — —~

Two transitioning and constant K attempts so far, low SCC growth rates.
Currently moving to new microstructural region.
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Overview of ANL Alloy 152 V2 and

SM Alloy S2MSS Welds - Ongoing (2)

CT049 & CT050 CGR, 0.5T CT ANL alloy 152 v2 & SM alloy 52MSS
360°C, 30 MPavm, 1000 ppm B, 2.0 ppm Li, 25 cc/kg H,

0.06 24
600/12s 600/12s Constant K
-+ 1 h hold + 2 h hold —_—
L.R=0.5 ————R=0.5 ~¥
0.05 20 -
'g ANL Alloy 152 v2 g
N
E 0.04 3.7e-08 2.7e-09 mm/s 16 a
g mm/s 5.7e-09 mm/s g
3 e
o 8
2 :
® 0.03 12 3
L c
= . 6.7e-08 8
S mm/s 1.7e-09 mm/s i
+ 0.02 8 ©
=
< (]
SM Alloy 52MSS
0.01 4
3.5e-08
mm/s
0.00 T T T T T 0
2000 2100 2200 2300 2400 2500
o time (h) e >

Second attempt examining constant K response after alternative transitioning.
Higher cycle + hold growth rates for 152, but again low constant K rates.
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Cold Forged MHI Alloy 152

Evaluation of Simulated High Strain Weld

CT051 & CT052 CGR, 0.5T CT MHI alloy 152 20%CF T-S and as-welded
360°C, 30 MPavm, 1000 ppm B, 2.0 ppm Li, 25 cc/kg H,

0.095 30
+ 0.001 Hz, 0.001 Hz, co||(1szt1a)nt
R=0.5+ R=0.5+
0.075 -
E §
& 0.065 Azass a
~ -1
(ll_) ~—r
3 0.055 z
= 2
wd
& 0.045 g
n | 1.1e-07 MHI Alloy 152 °
£ mm/s 20% CF T-S 5
S 0.035 12 S
- 1 / MHI Alloy 152 AW B
< 0.025 9 5
1 o
/ 1.9e-09 mm/s
0.015 6
{ / 7.4e-09 mm/s
R AN APV T T S N A o st
0.005 7 /me-k - 3
-0.005 1 1 1 1 1 1 1 1 1 1 0
600 650 700 750 800 850 900 950 1000 1050 1100 1150 .
_ time (hrs) —
Cold forged MHI alloy 152 weld shows higher propagation rates 7//
during cycle + hold transitioning, but low constant K rates. west
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Cold Forged MHI Alloy 152

Evaluation of Cold Work Effects

CTO051 & CT052 CGR, 0.5T CT MHI alloy 152 20%CF T-S and as-welded
360°C, 30 MPavm, 1000 ppm B, 2.0 ppm Li, 25 cc/kg H,

0.14 , 4
0.001 Hz + constant 001 Hz + 1 constant K (4)
2.5

0.
K (3) 2.5 hOld, W
- 22

0.13 .5h , h
. R'=0.5 \ 0.5 6.6e-09 mm/s
T NA N ——
0.12 ] / 20
. 18
0.11 MHTI Alloy 152
20% CF T-S
0.10 3 6o 08 16
mm/s
0.09 /- 14
0.08 12
7.9¢-08 /
3.7e-09 mm/s
0.06

Aa from 2250 hours (mm)
outlet conductivity (US/cm)

10

8

0.05 T T r T 6

2200 2300 2400 2500 2600 2700
time (hrs) [ ———

—_—

Cold forged MHI alloy 152 weld shows higher propagation rates /

during transitioning, but constant K rates still only ~7x10° mm/s. et
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Summary of PNNL Alloy 152/52/52M

Transitioning and SCC Growth Rates

CGR (mm/s)

1.E-06

1.E-07

1.E-09

1.E-10

CGR vs Test Condition for In-Situ Test Data
350-360°C, 20-25 cc/kg H,

material , lab, K (MPavm)

PNNL data only
OxX 20%CF MHI 152

X ANL 152 V2

1.E-08

O
~Q
o0Y
@)
800 6 ox Ringhals
X 52M Overlay
~24Cr
oDO
0800 @
@) X
8 x
Q O
-8
o O
OO
O
0.001 Hz, 0.001 Hz + constant K
R=0.5 2.5 h hold
R =0.5

Test Condition

oalloy 52 MHI, PNNL, 30
Oalloy 52 AREVA, PNNL, 30

oalloy 52M RHI, PNNL, 30

@alloy 52M RHO, PNNL, 49

oalloy 52M KAPL NG, PNNL, 30
oalloy 52M KAPL VG, PNNL, 30
oalloy 52M KAPL NG HCA, PNNL, 30
oalloy 52M KAPL NG HCNA, PNNL, 30
Dalloy 52MSS SM, PNNL, 30

Xalloy 152 V2 ANL, PNNL, 30

Xalloy 152 MHI 20% CF, PNNL, 30

==

——— Consistent final transitioning and constant K response for most -~

welds, slightly higher rates for 20%CF MHI and ANL V2 alloy 152.
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PNNL Weld Metal SCC Crack-Growth
Summary of Ongoing Tests

» ANL Alloy 152 V2 Mockup Weld

m Somewhat higher (~2X) cycle + hold crack growth rates
than for other alloy 152/52/52M weld metals

B Low and decreasing SCC growth rates (stable rate of
~3x10° mm/s) during constant K loading indicates
limited engagement

» 20%CF MHI Alloy 152 Mockup Weld

m Consistently higher (3-4X) cycle + hold crack growth
rates than for other alloy 152/52/52M weld metals

m However so far, SCC growth rates at constant K only
reach ~7x10° mm/s.

» Special Metals Alloy 52MSS Mockup Weld

m Low cycle + hold and constant K crack growth rates,
suggests limited SCC engagement.

m Stable constant K propagation rate of ~2x10° mm/s.

—
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PNNL Weld Metal SCC Crack-Growth

Near Term Dilution Zone Test Plans

Material Estimated
Weldment Condition Purpose Test Date
KAPL Alloy ISYLAS | Elj’ :‘S“i‘lt,;’ ?l"y 152- 1 01112
Mock-Up DM Weld s welde ilution zone
susceptibility
ANL Alloy 152/LAS | | EVAALe SOV IS2 = gy g5
Mock-Up DM Weld | ASWele FIon Zone
susceptibility
MHI Alloy 152/8S | Eval‘::,‘lte t’;‘“"y 152581 012
Mock-Up DM Weld | ASWelde TN LR
susceptibility
KAPL Alloy S2M/SS | Evg‘é“g.tle :‘.““y SIM- 1 012
Mock-Up DM Weld | A$Wel€ TN £One
susceptibility

o
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PNNL Weld Metal SCC Crack-Growth

Near Term HAZ Test Plans

Material Estimated
Weldment Condition Purpose Test Date
ngI/Eél;/([)AI\}‘ All(l(gr As welded Evaluate HAZ 2011-12
Welc(l)c P > welde susceptibility
s‘éﬁf;‘(,‘ﬁf Al‘(“%y A« welded Evaluate HAZ 2011-12
Wel(zlc P > welde susceptibility
Mock-Up Weld As welded susceptibility 2012
Mock-Up Weld | A¢™elded susceptibility 2012

o
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