
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




The Weldability of Nickel-Chromium Filler 


Metals Used in Nuclear Power Plants


Bechtel Marine Propulsion Corporation


Pittsburgh PA and Schenectady NY


Douglas G. Baldrey, Cathy M. Brown, Thomas E. Capobianco, Marvin L. Carpenter, 
Lisa L. D’Amore, John V. Mullen, Terrance K. Nolan, Alan J. Silvia,


Jonathan K. Tatman, Julie D. Tucker, and George A. Young







2


Stress Corrosion Cracking vs. WeldabilityBulk Chromium (wt.%)
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Ductility Dip Cracking: M23C6 precipitation via alloying (form 


MC first) or nucleate M23C6 off the grain boundary on 2nd phase 
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Cr23C6-type carbide nucleating off Ti(C,N), 


not grain boundary, in Sanicro 68HP
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Experimental Methods


• Differential thermal analysis for melting range


• Transvarestraint testing to rank solidification 


cracking


• Automatic GTAW and manual SMAW 


dissimilar metal, carbon steel to SS weld


– Primary 


• Automatic GTAW narrow groove A690 weld


– Solidification cracking
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Nominal Compositions


Typical wire compositions in wt.% 


Alloy Cr Fe Mn Nb Mo Notes


EN82H 20 1 3 2.5 --- SMAW: 15Cr-9Fe-6Mn-1.5Nb


EN625 22 0.5 0.1 3.6 9


EN52i 27 2.5 3 2.5 ---
SMAW = Wire.  Previously 


“MLTS-27Cr or MLTS-2”


EN52 30 9 0.3 --- --- SMAW: 30Cr-9Fe-3Mn-1.5Nb


68HP 30 8.5 0.7 --- ---
Wire ~300 ppm nitrogen


SMAW: 30Cr-9Fe-1.7Nb-1.5Mn


EN52M / 


EN52MS
30 8 0.7 0.9 ---


Nb, B, and Zr additions 


relative to 52


EN52MSS 30 8 0.2 2.5 4 SMAW=Wire
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Actual Compositions
 


 


 


 


1 Per MIL-E-21562E(SH) 
2 This is not a commercial specification a target composition 
3 Per AWS A5.14/A5.14M, 2009 
4 Not reported but estimated as 3.8 wt.% via mass balance 
5 Possible typo on certification (should likely be < not >) 
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Differential Thermal Analysis


DTA Curves for EN82H (on heating)
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DTA Results
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Transvarestraint Testing
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High Speed Video of Transvarestraint Test 


(slowed by 1/250)


Weld Puddle


Solid
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Transvarestraint Testing
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Welds Evaluated for Cracking


Carbon Steel to Stainless Steel


Both automatic GTAW and


Manual SMAW


A690 Narrow Groove Weld


Automatic GTAW


After welding, take 


multiple metallographic 


cross sections, polish, 


etch, and count cracks
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A-GTAW Carbon Steel to SS Weld Results
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Narrow Groove Weld Results (Hot Wire Region)
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Correlation of Melting Range with Transvarestraint 
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Good correlation between transvarestraint test 


and hot cracking observed in GTA welds


melt range, 25oC/min, oF vs MCD 5% strain (in) 
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EN52MSS: Oxide on edge 


of puddle


EN52i (EN82H, 68HP): 


Oxide floats on puddle
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Summary


• Very good correlation between solidification 


cracking in A690 narrow groove weld and ranking 


based on transvarestraint maximum crack distance


• Wide range in weldability in ’52’-type alloys


– Nb free prone to DDC


– Primary carbide formers (Nb, Mo) mitigate DDC but 


increase susceptibility to solidification cracking


– SMAW often different than wire (solidification cracking vs. 


DDC)


• Need to balance weldability with SCC resistance
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Attributes Concerns


EN82H / 182
Established, acceptable 


weldability


Primary water SCC 


resistance (esp. E-182)


EN52 / 152 Excellent SCC resistance
DDC, sluggish weld pool 


at low heat input


EN52MS / 152MS
Improved flow & tie-in, 


Very good SCC
Hot cracking and DDC


68HP / 69HP
Clean wire, excellent SCC 


resistance


Hot cracking in SMAW, 


sluggish weld pool at low 


heat input, some DDC


EN52MSS / 152MSS
Very resistant to DDC, 


Very good SCC


Hot cracking, oxides at 


edge of puddle can cause 


irregular flow & tie-in


EN52i / 152i
Very resistant to DDC, 


Very good SCC
Hot Cracking


Summary
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SCC of Alloy 690 
Base Metal & HAZ in 
PWR Primary Water
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GE Global Research Center
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Alloy 690 SCC
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10-6 mm/s


2 S-L specimens 


3 S-L, 1 S-T specimens


Bettis = Small data


5 T-L specimens


Some 690 – not necessarily with microstructure banding –
exhibits growth rates higher than sensitized SS in BWR water.


Origin of 1000X increase from CW needs to be understood.
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Parallel Issues in Bettis J-R Cracking Data


KJC In 130°F water degraded for S-T orientation in cold worked Alloy 690


Strong driving force to crack in rolling plane even with apparent high KJC
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Key Issues in SCC of Alloy 690
Key questions associated with high growth rates in 690:
1. Are all high growth rate materials inhomogeneous?


Bettis found no banding in one case.
But no other good explanation exists for high CGRs.


2. Are specific product forms of 690, such as extrusions or billet,
guaranteed to be homogeneous and to exhibit low CGR?


Examples of inhomogeneity exist in all forms, but it’s
less likely after extensive processing, e.g., extrusion. 
But high CGRs are observed in some homogeneous 690.


3. Are weld HAZ shrinkage strains able to produce high CGR?
Observed in dozens of cases in SS and A600.


4. Can the “tensile” weld shrinkage strain or forging produce
the same high growth rates in 690 as cold rolling <likely>
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Inhomogeneity in Bettis 690


Composition & microstructural banding affects 
grain size and grain boundary carbide decoration.


Severe banding only occurred in 1 of 3 high CGR heats.
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Inhomogeneity in 26% 1D-CR ANL 690


Specimen c372


Composition and microstructural banding affects 
grain size and grain boundary carbide decoration
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Inhomogeneity in ENSA Plate, WP547


Composition and microstructural banding affects 
grain size and grain boundary carbide decoration







Alloy 690 SCC


Weld residual strains 
typically peak at 
>20% equivalent room 
temperature strain


Weld Residual Strain Effects on SCC
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High SCC Growth 
Rates in SSs in 


Both Cold Worked 
and Weld HAZ


Crack plane naturally 
aligns along plane of 
weld HAZ  shrinkage 


strain and yields 
high growth rates


11.2


11.3


11.4


11.5


11.6


11.7


11.8


11.9


0 100 200 300 400 500 600 700 800


Time, hours


C
ra


ck
 L


en
gt


h,
 m


m


0


0.05


0.1


0.15


0.2


0.25


0.3


0.35


0.4


C
on


du
ct


iv
ity


, u
S/


cm
 o


r P
ot


en
tia


l, 
V s


he


288 C, 1500 psi
2000 ppb O2, Pure Water


3.16 x 10-7 mm/s


Constant K = 27.5 MPa/m


SCC of c111 - 0.5T CT of HEW 
Nb-SS 1.4550S* FLW Pipe, HAZ Aligned


Corrosion Potential of CT


Outlet Conductivity


Corrosion Potential of Pt


2.18 x 10-7 mm/s


To
 2


00
 p


pb
 O


2 
at


 5
65


h


11.7


11.75


11.8


11.85


11.9


11.95


12


12.05


12.1


12.15


12.2


500 700 900 1100 1300 1500 1700 1900


Time, hours


C
ra


ck
 L


en
gt


h,
 m


m


-0.6


-0.5


-0.4


-0.3


-0.2


-0.1


0


0.1


0.2


0.3


0.4


C
on


du
ct


iv
ity


, u
S/


cm
 o


r P
ot


en
tia


l, 
V s


he


288 C, 1500 psi
2000 ppb O2, Pure


2.18 x 10-7


mm/s


Constant K = 27.5 MPa/m


SCC of c111 - 0.5T CT of HEW 
Nb-SS 1.4550S* FLW Pipe, HAZ Aligned


Corrosion Potential of CT


Outlet Conductivity
To


 2
00


 p
pb


 O
2 


at
 5


65
h


To
 9


5 
pp


b 
H


2 
at


 7
43


h


<1 to ~5 x 10-9 mm/sPo
w


er
 o


u
ta


ge
at


 1
02


0h


U
n


lo
ad


 t
o 


ch
ec


k 
 lo


ad
 c


el
l a


t 
16


73
h


2.69 x 10-7 mm/s


To
 2


00
 p


pb
 O


2 
at


 1
31


3h







Alloy 690 SCC


10


Alloy 600 Weld HAZ 


G.Young et al.


Weld HAZ can have 
degraded structure, 


weld dilution and high 
residual stresses & 


strains
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Testing Approach
Crack growth rates conditions for alloy 690 and 152/52 welds:
 690 cold worked by forging or 1-D rolling at 25 ºC 


• by 20, 26 and 40% reduction in thickness
• S-L, S-T and T-L orientations, ~10 heats, ~32 specimens
• cold work broadly simulates weld residual strain in HAZ
• 152/52 weld:  T-S orientations, ~6 heats, 6 specimens
• used resistivity coupon for dcpd correction


 0.5T CT specimens in 360 ºC (290–340ºC) PWR primary water 
 testing at 25 – 35+ ksi√in, including “Varying-K”
 H2 level designed to be near Ni/NiO at the test temperature
 good water chemistry: ~2 volume exchanges per hour, 
full-flow demineralization, and active H2 sparging 
 measured potentials of 690 & Pt vs. Cu/Cu2O/ZrO2
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Alloy 690 Base Metal Options
Options for materials (see EPRI / Willis data base)
 EPRI Alloy 690 plate (1800, 2000F anneal)
 Duke Alloy 690 CRDM
 B&W Canada Alloy 690 from weld (small)
 ~15 lb piece from KAPL (2 x 2 x 12 inch)
 ~150 lbs of Alloy 690 purchased by GE GRC
 ATI Wah Chang plate; 26% 1D rolled from ANL
 ENSA plate; 20% 1D rolled or forged available
 T-K plate; 20% 1D rolled or forged available
 Thick-wall Valinox CRDMs at PNNL and EPRI
 Doosan solid billet ~6 – 8” in length (from T-K)
 MHI, Sumitomo materials to come?
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GE Research Alloy 690 SCC Data
CT Material Orientation Condition Hours Max CGR


690 base metal No Cycling
c482 Plate 114092 S-L 21% F 4000 5.00E-09
c481 Plate SP547 S-L 21% F 4000 5.00E-09
c480 Plate 114092 S-L 21% 1D 4100 4.00E-09
c479 Plate SP547 S-L 22% 1D 4100 5.00E-09
c472 CRDM  RE243 CM S-L 31% 1D 5800 4.00E-09
c471 CRDM  RE243 S-L 31% 1D 5800 6.00E-08
c413 Billet B25K S-L 20% 1D 14155 2.00E-08
c412 Plate NX2865HK S-L 19% 1D 14155 5.20E-08
c401 Billet B25K S-L 20% 1D 4276 1.10E-07
c400 Plate NX3297HK12 S-L 26% 1D 4276 8.00E-07
c394 Plate NX2865HL S-L 19% 1D 18341 8.00E-09
c393 Billet B25K S-L 20% 1D 18341 8.00E-09
c373 Billet B25K S-T 20% 1D 4618 3.00E-08
c372 Plate NX3297HK12 S-L 26% 1D 4618 5.70E-07
c286 CRDM  WN415 T-L 20% 1D 4515 3.00E-09
c285 CRDM  WN415 T-L 20% 1D 4515 6.00E-09
c280 CRDM  WN415 T-L 41% F 16564 3.00E-09
c249 Plate NX8244HK T-L 20% F 5135 8.00E-09
c248 Plate NX8244HK T-L 25% F 5135 5.00E-09


TOTAL = 146444 Hours
Post-test correction may increase CGRs
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20% Cold Forged Alloy 690 CRDM


SCC#2 - c286 - Alloy 690, 20%RA, WN415 CRDM
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c285/c286 SEM Fractography
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20% 1D-Cold Rolled GE GRC Alloy 690
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Very homogeneous microstructure
1D cold rolled = “1.5D” due to spreading 


Orientation is relevant 
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20% 1D-CR GE CRD Alloy 690 – Test #2


Similar data in second test on same material
No effect of dissolved H2


Specimen c401


SCC#2a - c401 - Alloy 690, 20%RA 1D, S-L Orientation, Heat B25K


11.56


11.58


11.6


11.62


11.64


11.66


11.68


11.7


11.72


1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400


Test Time, hours


C
ra


ck
 le


ng
th


, m
m


-1.1


-1


-0.9


-0.8


-0.7


-0.6


-0.5


-0.4


-0.3


-0.2


-0.1


0


0.1


0.2


0.3


C
on


du
ct


iv
ity


, µ
S/


cm
 o


r P
ot


en
tia


l, 
V s


he


Outlet conductivity x 0.01


CT potentialPt potential


c401 - 0.5TCT of 690 + 20%RA 1D, 360C
27.5 MPa√m, 600 B / 1 Li, 26 cc/kg H2


Est. pH at 360C = 8.2 used for φc
At 340C, pH = 7.53.  At 300C, pH = 6.86 


T
o 


C
on


st
an


t 
K


 @
 8


02
h


~4 x 10-8 


mm/s


T
o 


80
 c


c/
kg


H
2 


@
 1


85
8h







Alloy 690 SCC


18


Specimen c373


SEM Fractography of 20% 1D-CR GE 690


Very homogeneous 
microstructure – forged bar.  
Double melted:  VIM-VAR
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26% 1D-Cold Rolled ANL Alloy 690


High CGR in S-L orientation
Inhomogeneous microstructure
1D cold rolled = “1.5D” due to spreading 


Specimen c372
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26% 1D-Cold Rolled ANL Alloy 690
No temperature 
effect; would be 


12X normally


Specimen c372


High CGR in S-L orientation
Inhomogeneous microstructure
1D cold rolled = “1.5D” due to spreading 
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26% 1D-CR ANL Alloy 690 – Test #2


Specimen c400


High CGR in S-L orientation
Inhomogeneous microstructure
1D cold rolled = “1.5D” due to spreading 


SCC#1a - c400 - Alloy 690, 26%RA 1D, S-L Orientation, NX3297HK12, ANL
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26% 1D-CR ANL Alloy 690 – Test #2


Similar data in second test on same materials; 
Fast growth, no effect of dissolved H2.


Similar to SERCO data; ANL & PNNL ~7-10X lower CGR.


Specimen c400


SCC#2 - c400 - Alloy 690, 26%RA 1D, S-L Orientation, NX3297HK12, ANL
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26% 1D-Cold Rolled ANL 690


Specimen c372


Fractography is “granulated” but not highly intergranular,
not unlike what is observed in some cold worked stainless steels


Crack appears to follow bands 
of high carbide density
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20% 1D-CR 690, NX2865HK – S-L Orientation


This heat of 690 behaves similar to GE GRC 690.
Only ANL 26% 1D-cold rolled grows very rapidly (5~10X faster)


Specimen c394


SCC#3 - c394 - Alloy 690, 19%RA 1D, S-L Orientation, Heat NX2865HK
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19% 1D-CR 690, NX2865HK – S-L Orientation


This heat of 690 behaves similar to GE GRC 690.
Only ANL 26% 1D-cold rolled grows very rapidly (5~10X faster)


Specimen c412
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20% 1D-CR 690, B25K – S-L Orientation


This heat of 690 behaves similar to GE GRC 690.
Only ANL 26% 1D-cold rolled grows very rapidly (5~10X faster)


Specimen c413
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31% 1D-CR 690, CRDM, RE243 – S-L


Moderately high growth rates, very stable SCC response,
“normal” (but somewhat low) temperature dependency.


Very good agreement with PNNL data.


Specimen c471


-1


-0.8


-0.6


-0.4


-0.2


0


0.2


0.4


0.6


12.26


12.28


12.3


12.32


12.34


12.36


12.38


12.4


2000 2200 2400 2600 2800 3000 3200


C
on


du
ct


iv
ity


, µ
S/


cm
 o


r P
ot


en
tia


l, 
V s


he


C
ra


ck
 le


ng
th


, m
m


Test Time, hours


SCC#5 - c471 - 690, RE243  As-Rec'd, 31% 1D Cold Rolled, S-L


Outlet conductivity x 0.01


CT potentialPt potential


c471 - 0.5TCT of 690 AR, 31% 1D CR, S-L
25 ksi√in, 360C 600B/1Li, 26 cc/kg H2


At 325C, pH = 7.74.  At 300C, pH = 7.40 


T
o 


C
on


st
an


t 
K


 @
 2


0
0


4
h


1.3 x 10-8 mm/s


4.7 x 10-8 


mm/s


T
o 


3
2


5
C


 &
 1


0
.5


 
cc


/k
g 


H
2


@
 2


3
1


1
h


T
o 


3
6


0
C


 &
 2


6
 


cc
/k


g 
H


2
@


 2
6


2
3


h


6.0 x 10-8 


mm/s







Alloy 690 SCC


28


31% 1D-CR 690, CRDM, RE243 – S-L


Moderately high growth rates, very stable SCC response,
“normal” (but somewhat low) temperature dependency.


Very good agreement with PNNL data.
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31% 1D-CR 690, CRDM, RE243 – S-L


~10X lower growth rates (C Modified = 1100C/1h/WQ), 
~ stable SCC response, “normal” temperature dependency


Carbide Modified Specimen c472
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21% 1D-Cold Rolled 690, ENSA Plate – S-L


Moderately low growth rate in banded ENSA plate


Specimen c479
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21% 1D-Cold Rolled 690, ENSA Plate – S-L


Moderately low growth rate in banded ENSA plate


Specimen c479
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21% 1D-Cold Rolled 690, T-K Plate – S-L


Low growth rate in banded T-K plate


Specimen c480
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21% 1D-Cold Rolled 690, T-K Plate – S-L


Low growth rate in banded T-K plate


Specimen c480
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SCC#6 - c480 - 690, T-K 114092, 21% 1D Cold Rolled, S-L


Outlet conductivity x 0.01
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c480 - 0.5TCT of 690, 21% 1D CR, S-L
25 ksi√in, 360C 600B/1Li, 26 cc/kg H2
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Summary of 690 Base Metal
• A wide range (>1000X) in growth rates is observed on 690. 
• Very high CGR of ~1 x 10-6 mm/s observed in ANL 690, 


which is consistent the Bettis data. 
• Two other banded plates (ENSA & TK) + 20% 1D rolled show


low-moderate growth rate of ~1 x 10−8 mm/s. 
• 690 billet + 20% 1D rolled shows moderate growth rate 


of ~5 x 10−8 mm/s
• 690 CRDM + 31% 1D rolled shows moderate-high growth 


rate of ~8 x 10−8 mm/s.
• PNNL shows annealed 690 base metal at ~3 x 10−10 mm/s.
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Alloy 690 HAZ Options
Options for Alloy 690 HAZ materials:
 Any 52/152 weld made with Alloy 690
 KAPL optimized 52i weld metal
 Bogdan’s 152 mock-up
Others:  EPRI Charlotte, Ciemat, Efsing, MHI…
 Create weld, including NG, e-beam, laser…
 Gleeble simulation at least 0.6 x 0.6”, >3 thermal cycles
 Perhaps Doosan billet (supplied by T-K, double melt)


to be used at Palo Verde
 Perhaps T-K 6 – 7” bar (from billet, triple melt)
 Sumitomo material
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Alloy 690 HAZ Specimen Fabrication
Fabrication of Alloy 690 HAZ specimens:
 Machine blank, etch both sides, find planar HAZ areas, 
align crack plane ~0.5 mm from weld fusion line. 
 Use laser or electron beam welding to create planar 
autogenous weld aligned where you wish. 


 


Laser 
welds


Banded 
Plate 
Thickness
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GE Research Alloy 690 HAZ SCC Data


CT Material Orientation Condition Hours
Max CGR


No Cycling


c489 114092 S-L Laser 3000 2.00E-09


c488 NX3297HK12 S-L Laser 3000 4.00E-09


c461 SS S-L V 8000 1.00E-08


c460 KAPL S-L NG 8000 1.00E-08


TOTAL = 22000 Hours


Post-test correction may increase CGRs
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Alloy 690 HAZ of 52M Narrow Gap - KAPL


Low growth rates observed at constant K


Specimen c460
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Alloy 690 HAZ of 52M Narrow Gap - KAPL


Low-medium growth rates observed at constant K


Specimen c460
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SS HAZ of 52M V-Groove - KAPL


Low-medium growth rates observed at constant K
on SS, although much higher rates during 9000s hold


Specimen c461
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Alloy 690 HAZ of Laser Weld, ANL NX3297HK21


Similar growth rate to other 690 HAZ during 9000s hold
Laser weld allows highly planar weld aligned with microstructure


Specimen c488
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Outlet conductivity x 0.01
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30 ksi√in, 360C, 600B/1Li, 26 cc/kg H2


At 325C, pH = 7.74.  At 300C, pH = 7.40 
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Alloy 690 HAZ of Laser Weld, TK 114092


Similar growth rate to other 690 HAZ during 9000s hold
Laser weld allows highly planar weld aligned with microstructure


Specimen c489
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SCC#2 - c489 - 690, T-K, 114092, Laser Weld HAZ


Outlet conductivity x 0.01


CT potentialPt potential


c489 - 0.5TCT of 690, Laser Weld HAZ
30 ksi√in, 360C, 600B/1Li, 26 cc/kg H2


At 325C, pH = 7.74.  At 300C, pH = 7.40 
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Summary of 690 Base Metal


Alloy 690 is clearly not immune, and can grow at moderate or 
high rates in PWR primary water under certain conditions. 
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SCC Response in Alloy 690
Alloy 690 is not immune, and cracks grow at moderate rates 


if 2 & 3 are present, and fast if 1 & 2 & 3 are present: 
1. Certain “rogue” microstructures (not just banded)
2. Cold work, esp. directional deformation
3. Crack plane orientation relative to structure & deformation


What constitutes a “rogue” microstructure and 
how a 1000X CGR increase develops must be understood


Weld residual strain and crack plane self-align in HAZ


Banding is not rare, but is variable, and high growth rates 
are observed in only about half of the CW, S-L specimens
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Conclusions
• A wide range (>1000X) in growth rates is observed on 690. 
• Microstructural inhomogeneity + cold work + aligned crack 
appears to be responsible, but some contrary data exist. 


Crack preference for high carbide density & small grain size.
Inhomogeneous material is ‘inhomogeneous’, so to date 


growth rates in the same material vary by >5X. 
• Homogeneous materials can also exhibit moderate crack 
growth rates, e.g., ~5 x 10−8 mm/s when cold worked.
• Cold work is a consistent SCC accelerant.  It exists in the 
HAZ and self-aligns as an S-L crack orientation.  But CW can 
act synergistically with banding to produce very high CGRs. 
• HAZ of Alloy 690 show elevated growth rates, but so far 
only to medium-low levels of ~1 x 10-8 mm/s.
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10-6 mm/s


2 S-L specimens 


3 S-L, 1 S-T specimens


Bettis = Small data


5 T-L specimens


Some 690 – not necessarily with microstructure banding –
exhibits growth rates higher than sensitized SS in BWR water.


Origin of 1000X increase from CW needs to be understood.
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Weld residual strains 
typically peak at 
>20% equivalent room 
temperature strain


Weld Residual Strain Effects on SCC


3
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Residual shrinkage strains obviously also occur in welds


Weld Residual Strains in Weld Metal
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52/152 Weld Metal Concerns
•Weld cracking of various types can provide an “initiated defect”.


• SCC growth rates must therefore be “acceptably low”, 
perhaps below ~ 5 x 10–9 mm/s.


Must have “inherent resistance” to crack advance. 


The applicability of initiation to large welded structures is 
unclear, as weld defects, folds, etc. may circumvent initiation.
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MRP-115 Analysis on Alloy 82 & 182/132 in PWRs


Alloy 82 only shows 2.6X CGR difference vs. Alloy 182.


Expect PWR primary ≈ BWR low potential, with correction for T & H2


George Young (KAPL) SCC Data







Alloy 152/52 SCC


Little difference between Alloy 182 and 82 weld metal (1TCT)


Alloy 182, Charge E  vs.  Alloy 82, Charge A
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SCC#3a - c406 - Alloy 82 Weld Metal, Charge A
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SCC Response of 82 vs. 182 in BWR Water
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Similar growth rates for Alloy 182 & 82 weld metals


Alloy 182, Charge E  vs.  Alloy 82, Charge B
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SCC#4a - c453 - Alloy 82 Weld Metal, Charge B
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SCC Response of 82 vs. 182 in BWR Water


Alloy 82 shows no significant benefit vs. Alloy 182
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Testing Approach
Crack growth rates conditions for alloy 690 and 152/52 welds:
 690 cold worked by forging or 1-D rolling at 25 ºC 


• by 20, 26 and 40% reduction in thickness
• S-L, S-T and T-L orientations, ~10 heats, ~32 specimens
• cold work broadly simulates weld residual strain in HAZ
• 152/52 weld:  T-S orientations, ~6 heats, 6 specimens
• used resistivity coupon for dcpd correction


 0.5T CT specimens in 360 ºC (290–340ºC) PWR primary water 
 testing at 25 – 35+ ksi√in, including “Varying-K”
 H2 level designed to be near Ni/NiO at the test temperature
 good water chemistry: ~2 volume exchanges per hour, 
full-flow demineralization, and active H2 sparging 
 measured potentials of 690 & Pt vs. Cu/Cu2O/ZrO2
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Alloy 52/152 Weld Metals Options
Options for 52/152 materials:
 B&W Alloy 52 / 152 weld:  tested
 GENE Alloy 52 weld:  in test
 MHI/NMC/Charlotte Alloy 52 / 152 welds:  152 in test
 Areva Alloy 152 weld (small pieces):  not tested
 KAPL MLTS-27 NG & DM welds:  not tested
 KAPL 52i weld metal:  EPRI weld about to start
 Bogdan’s  152 mock-up
 PG&E mock-up
 MHI – 52 long. weld along CRDM, & 2” plate with 152
 CIEMAT / ENSA - two commercial welds
 Others:  EPRI Charlotte, Efsing, MHI…
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GE Research Alloy 52/152 Weld SCC Data
CT Material Orientation Condition Hours Max CGR


Weld metal No Cycling
c502 52  NX6133JK T-S As-Welded 300 --
c501 152  747136 T-S As-Welded 300 --
c500 152i  187775 T-S As-Welded 1000 --
c499 52i  187775 T-S As-Welded 1000 --
c337 52  NX0B05TS T-S As-Welded 5553 2.00E-09
c336 152  307380 T-S As-Welded 5553 5.00E-10
c301 52  NX2578JK T-S As-Welded 10278 4.00E-10
c300 152  WC10E7 T-S As-Welded 10278 1.00E-09


TOTAL = 34262 Hours


Post-test correction may increase CGRs
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Summary of 52/152 Metal


• A wide range (>1000X) in growth rates is observed on 690. 


• But the CGR for all weld metals evaluated at GE Research 
have been very low,  < ~1 x 10-9 mm/s at static load.


• The only exception is the ANL weld, which showed CGRs as 
high as ~6 x 10–8 mm/s.
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Alloy 152 Weld Metal, WC10E7


Very low growth rates — not at fully static load


Specimen c300
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Alloy 152 Weld Metal, WC10E7


Low growth rates — not at fully static load


Specimen c300
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Outlet 
conductivity x 0.01


CT potentialPt potential


c300 - 0.5TCT of 152 As-welded, 360C
25 ksi√in, 550 B / 1.1 Li, 18 cc/kg H2


T
o 


R
=0


.7
, 0


.0
0


1
 H


z 
+ 


9
0


0
0


s 
h


ol
d 


@
 4


1
7


0
h


6 x 10-9 


mm/s


S
ys


te
m


 c
oo


le
d 


to
n


ew
 lo


ca
ti


on
 @


 6
3


8
7


h


2 x 10-9 mm/s


8.5 x 10-9 


mm/s


P
ow


er
 lo


ss
 &


 le
ak


; 
co


ol
 &


 r
e-


h
ea


t 
@


 8
1


9
7


h


Est. pH at 360C = 8.2 used for φc
At 340C, pH = 7.60.  At 300C, pH = 6.93 


Overall Average 
6 x 10-9 mm/s


E
N


D
 O


F
 T


E
S


T
 @


 1
0


2
7


8
h







Alloy 152/52 SCC


16


Alloy 52 Weld Metal, NX2578JK


Very low growth rates — not at fully static load


Specimen c301
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SCC#3 - c301 - Alloy 52 As-welded - heat NX2579JK


Outlet conductivity x 0.01


CT potentialPt potential


c301 - 0.5TCT of 52 As-welded, 360C
25 ksi√in, 550 B / 1.1 Li, 18 cc/kg H2


T
o 


R
=0


.7
, 0


.0
0


1
 H


z 
+ 


9
0


0
0


s 
h


ol
d 


@
 8


5
2


h


4 x 10-9 


mm/s


T
o 


R
=0


.7
, 0


.0
0


1
 H


z 
+


8
5


,4
0


0
s 


h
ol


d 
@


 1
5


2
6


h


2.8 x 10-9 mm/s


~4 x 10-10 mm/s


T
o 


R
=0


.7
, 0


.0
0


1
 H


z 
+ 


9
0


0
0


s 
h


ol
d 


@
 4


1
7


0
h


3.7 x 10-9 


mm/s


Est. pH at 360C = 8.2 used for φc
At 340C, pH = 7.60.  At 300C, pH = 6.93 







Alloy 152/52 SCC


17


Alloy 152 Weld Metal, 307380


Low growth rates — not at fully static load


Specimen c336
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SCC#2 - c336 - Alloy 152 As-welded - heat 307380 - EPRI/MHI


Outlet conductivity x 0.01


CT potentialPt potential


c336 - 0.5TCT of 152 As-welded, 360C
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Alloy 152 Weld Metal, 307380


Low growth rates — not at fully static load


Specimen c336
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SCC#4 - c336 - Alloy 152 As-welded - heat 307380 - EPRI/MHI


Outlet conductivity x 0.01


CT potentialPt potential


c336 - 0.5TCT of 152 As-welded, 360C
25 ksi√in, 600 B / 1 Li, 26 cc/kg H2
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Alloy 52 Weld Metal, NX0B05TS


Very low growth rates — not at fully static load


Specimen c337
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SCC#2 - c337 - Alloy 52 As-welded - heat NX0B05TS - GENE


Outlet conductivity x 0.01


CT potentialPt potential


c337 - 0.5TCT of 52 As-welded, 360C
25 ksi√in, 600 B / 1 Li, 26 cc/kg H2


6 x 10-9 


mm/s


Est. pH at 360C = 8.1 used for φc
At 340C, pH = 7.53.  At 300C, pH = 6.86 


R
=0


.7
, 0


.0
0


1
 H


z 
+


9
0


0
0


s 
h


ol
d 


@
 1


0
3


5
h


R
=0


.7
, 0


.0
0


1
 H


z 
+


3
0


0
0


s 
h


ol
d 


@
 7


4
6


h


1.1 x 10-8 


mm/s


5 x 10-9 mm/s







Alloy 152/52 SCC


20


Alloy 52 Weld Metal, NX0B05TS


Very low growth rates — not at fully static load


Specimen c337
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SCC#4 - c337 - Alloy 52 As-welded - heat NX0B05TS - GENE


Outlet conductivity x 0.01


CT potentialPt potential


c337 - 0.5TCT of 52 As-welded, 360C
25 ksi√in, 600 B / 1 Li, 26 cc/kg H2


Est. pH at 360C = 8.1 used for φc
At 340C, pH = 7.53.  At 300C, pH = 6.86 
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Alloy 52i Weld Metal, 187775


KAPL Narrow Gap weld with Alloy 52i


Specimen c499
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Alloy 52i Weld Metal, 187775


Low growth rates — not at fully static load


Specimen c499
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SCC#2 - c499 - Alloy 52i, NG As-welded - heat 187775 - KAPL
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Alloy 152i Weld Metal, 187775


KAPL SMAW weld with Alloy 152i


Specimen c500
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Alloy 152i Weld Metal, 187775


Low growth rates — not at fully static load


Specimen c500
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Alloy 152 Weld Metal, 747136


Low growth rates — not at fully static load


Specimen c501
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Alloy 152 Weld Metal, 747136


Low growth rates — not at fully static load


Specimen c501


-1


-0.8


-0.6


-0.4


-0.2


0


0.2


10.78


10.8


10.82


10.84


10.86


10.88


10.9


10.92


150 170 190 210 230 250 270 290 310


C
on


du
ct


iv
ity


, µ
S/


cm
 o


r P
ot


en
tia


l, 
V s


he


C
ra


ck
 le


ng
th


, m
m


Test Time, hours


SCC#2 - c501 - Alloy 152, SMAW, As-welded - heat  747136 - CIEMAT
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Alloy 52 Weld Metal, NX6133JK


Low growth rates — not at fully static load


Specimen c502
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Alloy 52 Weld Metal, NX6133JK


Low growth rates — not at fully static load


Specimen c502
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Alloy 152 Weld Metal from ANL


This ANL weld is the only weld to show other than very low 
growth rates, and its microstructure is therefore very interesting







Alloy 152/52 SCC


30


Summary of Recent 52/152 Weld Metal


Alloy 52/152 weld metal is clearly not immune but, with one 
exception, grows at slow rates in PWR primary water.
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Options for Future Testing
• ANL weld that was recently completed
• Other new welds?
• Repeat of tested welds to sample different areas
• Welds with 20% rolling or forging to simulate repair, 
starts-stops, grinding, impact damage….
• Dilution zones
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Conclusions
• A wide range (>1000X) in growth rates is observed on 690. 
• To date, all weld metals evaluated exhibit very low to low 
crack growth rates, e.g., < ~2 x 10−9 mm/s at static load.
• The only exception to such low rates is the ANL weld – but 
this should not be discounted unless anomalies in its 
microstructure or composition can be identified. 
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!   Alloy 152/52/52M Weld Metal (17 tests) 
!   Alloy 152 Mockup Weld (3 tests complete):  two tests in as-welded 


condition and one after LAS stress relief. 
!   Alloy 52 Mockup Welds (4 tests complete):  two tests each on MHI 


U-groove and AREVA butt welds. 
!   Alloy 52M Mockup Welds (4 tests ongoing): two tests on KAPL 


narrow gap weld with hot cracks, one each on KAPL narrow gap 
and V-groove mockups. 


!   Alloy 52M Inlay & Overlay Mockups (6 tests complete):  four tests 
on Ringhals overlay, two on Ringhals inlay. 


!   Alloy 690 CRDM Tube and Plate (12 tests) 
!   Alloy 690 CRDM Tubing (8 tests complete, 2 tests ongoing):      


(1) 3 heats evaluated in as-received TT condition and (2) 1 heat 
in both TT and carbide modified (CM) conditions with 0%,    
17% (S-L) or 30% (T-L and S-L) cold rolled (CR). 


!   Alloy 690 Plate (2 tests complete):  ANL 26%CR and GEG 20%CR 
in the S-L orientation. 


PNNL SCC Crack-Growth Testing Update 







!   Alloy 52/52M - 6 specimens complete 
!   Alloy 52M from Ringhals alloy 82/52M inlay mockup: CT030 & 


CT031 both in AW condition (completed) 


!   Alloy 52: specimen CT032 is AREVA mockup in AW condition, 
specimen CT033 is MHI mockup in AW condition (completed) 


!   Ringhals alloy 182/52M overlay mockup:  CT034 & CT035 both in 
AW condition (completed) 


!   Alloy 52M - 4 specimens ongoing 
!   Alloy 52M mockups welds from KAPL:  CT042 (narrow gap) and 


CT043 (V-groove) in AW condition 


!   Alloy 52M narrow gap weld with known hot cracks from KAPL: 
CT040 (through hot cracks) and CT041 (adjacent to hot cracks) 
in AW condition 


New Results for Alloy 52/52M 
SCC Crack Growth Tests 







Consistently higher crack-growth rate in the V-groove weld at 350°C, 30 MPa√m 


Alloy 52M V-Groove and Narrow Gap 
Mockup Welds (KAPL):  Constant K 







Higher crack-growth rate reproduced in the V-groove weld at 360°C, 40 MPa√m 


Alloy 52M V-Groove and Narrow Gap 
Mockup Welds (KAPL):  Constant K 


Ongoing test 







Alloy 52M KAPL Narrow Gap 
with Hot Cracks 


Attempt is being made to assess the influence of pre-existing weld 
cracks on SCC crack growth.  Metallography of both sides of CT 
samples revealed a “moderate” density of small IG cracks closer 
to the fusion line with no obvious cracks near center of the weld. 







Moderate 
density of 
IG cracks 
(2-200 µm)  
in selected 
weld metal 


regions 


KAPL Alloy 52M 
Narrow Gap Weld 
with Hot Cracks 







Specimen with pre-existing weld cracks has not shown enhanced SCC rates  


Alloy 52M Narrow Gap Mockup Weld with 
Hot Cracks (KAPL):  Overview 


Ongoing 
test 







Final constant K evaluation, similar very slow SCC growth rates. 


Alloy 52M Narrow Gap Mockup Weld with 
Hot Cracks (KAPL):  Constant K 


Ongoing test 







Summary of Alloy 152/52/52M 
Measurements of SCC Growth Rates 


!   PNNL tests on alloy 152, 52 and 
52M weld metal show limited 
IGSCC and low average growth 
rates, <~3x10-9 mm/s at constant K. 


!   Fractography indicates engaged 
(IG) CGRs can be ~3x the average 
CGRs.  Maximum CGRs are up to 
6x higher, “conservative maximum” 
rates are <~2x10-8 mm/s. 


Constant K 
Data 


PNNL 6/10 
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alloy 152 MHI (PNNL) 


alloy 52 MHI (PNNL) 


alloy 52 AREVA (PNNL) 


alloy 52M Ringhals IL (PNNL) 


alloy 52M Ringhals OL (PNNL) 


alloy 52M VG KAPL (PNNL) 


alloy 52M NG KAPL (PNNL) 


alloy 52M NG HC aligned KAPL (PNNL) 


alloy 52M NG HC non-aligned KAPL (PNNL) 


alloy 152 (ANL) 


MRP-55 alloy 600 


MRP-115 alloy 182/132 


underlined tests are unadjusted 







!   IGSCC crack advance observed in most alloy 152, 52 
and 52M weld metals in 350-360°C simulated primary 
PWR primary water.  However, only partial IG 
engagement is observed resulting in low average growth 
rates of <3x10-9 mm/s.  On selected samples, estimated 
local maximum SCC rates may reach ~2x10-8 mm/s. 


!   Alloy 52M from the Ringhals overlay and KAPL V-groove 
mockups show somewhat higher crack growth rates.  
Initial results indicate no influence of pre-existing weld 
cracks on dcpd-measured SCC propagation rate. 


!   Next tests planned on alloy 52MSS (Special Metals), 
152M (KAPL), 152 (ANL) and 52i (KAPL) welds. 


Alloy 152/52/52M Summary 







!   Alloy 690 CRDM Tube Materials 
!   Tests ongoing for heat RE243, specimen CT038 in a TT + 31%CR 


condition and specimen CT039 in CM + 31%CR condition, S-L 
orientation.  Crack-growth rates determined at 360, 325 and 
290°C with H2 at Ni/NiO line; evaluating H2 effects at 325°C. 


!   Alloy 690 Plate Materials 
!   Tests completed for alloy 690 Plate from ANL (heat NX3297HK12), 


specimen CT036 in 26%CR condition, S-L orientation; alloy 690 
Plate from GE Global (heat BK25), specimen CT037 in 20%CR 
condition, S-L orientation. 


New Results for Alloy 690  
SCC Crack Growth Tests 


!   Alloy 690 Characterization Activities 
!   Optical metallography, SEM and TEM of CR materials. 


!   SEM and TEM of SCC cracks, crack walls and crack tips. 


!   Atom Probe Tomography of SCC crack-wall oxidation. 







As-Received, Alloy 690TT CRDM Tibing 


  Equiaxed grain dimensions (70-120 µm) 
at midwall and ID, smaller at tube OD 


  Specimens cut from tube mid-thickness 
or closer to tube ID 


  High density of nearly continuous, grain 
boundary carbides 


  Low density of matrix TiN particles 







Microstructure of Alloy 690TT CRDM Materials 


 


Rolling 
Direction 


  


discrete 
Cr23C6 


carbides 


discrete 
Cr23C6 


carbides 
cellular 
carbides 


cellular 
carbides 


Nearly continuous 
Cr23C6 carbides along 
high-energy grain 
boundaries with 
regions of cellular ppt. 


Cold rolling produces 
well-spaced voids 
between carbides and 
some cracked ppts.  


high 
dislocation 


density 


voids voids 







Moderate-to-high crack-growth rates in 31%CR alloy 690TT 


Alloy 690 CRDM Heat RE243 31%CR S-L 
Constant K 


-10 


-5 


0 


5 


10 


15 


20 


25 


30 


35 


40 


0.000 


0.020 


0.040 


0.060 


0.080 


0.100 


0.120 


0.140 


0.160 


0.180 


0.200 


400 500 600 700 800 900 1000 1100 1200 1300 1400 


o
u


tl
e
t 


co
n


d
u


ct
iv


it
y
 (
!


S
/


cm
) 


o
r 


E
C


P
 (


V
sh


e
x
1


0
) 


"
a
 f


ro
m


 4
0


0
 h


rs
 (


m
m


) 


time (hrs) 


CT038 & CT039 CGR, 0.5T CT Valinox Alloy 690 Heat RE243  TT/CM+31% CR S-L 
27.5 MPa#m, 1000 ppm B, 2.0 ppm Li 


Pt ECP CT ECP 


Alloy 690 CRDM 
CM+31% CR S-L 
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Results show a strong 
effect of test temperature 
in the 31%CR alloy 
690TT CRDM material. 
Moderate-to-high SCC 
growth rates at 360oC, 
~10X lower at 290oC. 


More SCC-resistant alloy 
690CM material also 
reveals CGR decreasing 
with test temperature.  
Very limited crack 
growth rate at 325oC and 
no growth at 290oC. 


Temperature Effects on SCC Growth 
Rates for 31%CR Alloy 690TT 
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SCC Crack-Growth Rates Increase with 
1D Cold Rolling for CRDM Alloy 690TT 


Non-CW CRDM alloy 690 heats 
show rates less than ~2x10-9 mm/s 
(most <5x10-10 mm/s) with isolated 
regions IGSCC. Higher crack 
growth rates (~100X) and IGSCC 
in 31%CR S-L 690TT, only small 
increase for 17%CR S-L. 
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Alloy 690TT CGR vs K  -  Effect of CR 


RE243 TT CRDM (PNNL) 
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MRP-55 (alloy 600) 


MRP-55 curve 
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Data 
Only 


~100X 
 increase 


with CR for 
Alloy 690TT 


As Received 
0%CR 


Tests in-progress, 
rates are uncorrected 
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Microstructure, Hardness and Crack-Growth 
Rates for Cold Alloy 690TT CRDM Materials 


Sample Microstructure Mid-Plane 
Hardness 


PNNL  
CGRs 


(0) PNNL CRDM 
alloy 690TT; Test 


sample CT014 


Nearly continuous (small 
discrete + cellular) carbides on 
GBs, occasional TiN in matrix; 
homogeneous equiaxed grains 


 
175 


kg/mm2 
  


<5x10-10 
mm/s 


(1) PNNL CRDM 
alloy 690TT 


17%CR; Test 
sample CT020 


Nearly continuous (small 
discrete + cellular) carbides on 
GBs, occasional TiN in matrix; 


slightly elongated grains 


250 
kg/mm2  


~6x10-10 
mm/s 
(S-L)  


(2) PNNL CRDM 
alloy 690TT 


30%CR; Test 
sample CT022  


Nearly continuous (small 
discrete + cellular) carbides on 
GBs, occasional TiN in matrix; 


slightly elongated grains 


300 
kg/mm2 


1.2x10-8 
mm/s 
(T-L)  


(3) PNNL CRDM 
alloy 690TT 


31%CR; Test 
sample CT038 


Nearly continuous (small 
discrete + cellular) carbides on 
GBs, occasional TiN in matrix; 


slightly elongated grains 


Not yet 
measured  


4-8x10-8 
mm/s 
(S-L) 


 







Grain Boundary Microstructures in Alloy 690 
Thermally Treated (TT) versus Carbide Modified (CM) 


Nearly continuous GB carbides for the as-received alloy 690TT 
material and only discontinuous TiN particles in the carbide-
modified (1100oC & water quenched) alloy 690CM material.  


CT022 - 30%CR alloy 690TT CRDM CT023 - 30%CR alloy 690CM CRDM 


  


grain 
boundary 
carbides 


Isolated TiN 
particles 







Higher crack-growth rate (~10X) in 31%CR alloy 690TT, reproduced at lower temps. 


Alloy 690 CRDM Heat RE243 31%CR S-L 
Constant K 
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constant K 
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Crack-Growth Rate Comparisons for CR 
CRDM Alloy 690TT and CM Materials 


Consistent reduction in SCC growth rates for solution-annealed, carbide-
modified (CM) alloy 690 CRDM material than for as-received, thermally 
treated extruded alloy 690 CRDM tubing. Behavior reproduced at GEG. 
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RE243 CM+30% CR TL CRDM (PNNL) 
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RE243 CM+31% CR SL CRDM (PNNL) 


WN415 20% CF TL/LT CRDM (GE) 


WN415 41% CF TL/LT CRDM (GE) 


RE243 TT+31% CR SL CRDM (GE) 


RE243 CM+31% CR SL CRDM (GE) 


MRP-55 (alloy 600) 


MRP-55 curve 


290°C-360°C 
CRDM Heats 


Tests in-progress, rates 
are uncorrected 


31%CR  
S-L TT 


31%CR  
S-L CM 


31%CR  
S-L TT 


31%CR  
S-L CM 


~10X 


Constant K 







Microstructure, Hardness and Crack-Growth 
Rates for Cold Alloy 690 CRDM Materials 







!   Materials, Microstructure and Cold Rolling Effects 
!   Unidirectional rolling to high reductions produces complex 


dislocation structures, localized high strains, spaced voids and 
cracked carbides on grain boundaries for CRDM alloy 690TT.  


!   31%CR promotes IGSCC and higher CGRs (~200X) in CRDM alloy 
690TT tested in the S-L orientation, small effect for 17%CR. 


!   CM treatment (1100oC/WQ) removed most IG carbides, altered grain 
boundary deformation and decreased formation of IG voids/cracks. 
SCC growth rates were reduced for the CM material by ~10X in the 
~30%CR condition (both T-L and S-L orientations).   


!   Grain boundary carbides may be detrimental for SCC resistance in 
alloy 690 materials after high levels of unidirectional cold work.  
Additional research is needed to isolate the effects of heat 
treatment, cold work type and material microstructure on grain 
boundary damage and IGSCC behavior. 


Cold Rolling Effects on IGSCC 
in Alloy 690 CRDM Materials 







Higher Crack-Growth Rates Measured for CR 
Alloy 690 Plate Heats in S-L Orientation 


PNNL results for 20-26%CR 
alloy 690 plate materials are 
comparable to the 31%CR alloy 
690TT CRDM and higher than 
for the alloy 690CM.  


Cold Rolled 
CRDM Tube 
and Plate 


(4) GEG 
20% S-L 


(5) ANL 
26% S-L 


CRDM 
31% S-L 


PNNL 
Data 
Only 


(3 - TT) 


Alloy 690 CGR vs K
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(3 - CM) 
26%CR ANL SL Plate (PNNL) 
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SEM examinations at higher magnifications and different imaging 
conditions can identify most features, however several features show 


characteristics of both a cracked carbide and an adjacent void. 


ANL 26%CR materials shows the highest degree of “permanent” grain 
boundary damage with the minimum spacing between voids and 


cracked carbides.  EBSD also indicates higher local strains. 


Grain Boundary Voids and Cracked Carbides 
in ANL 26%CR Alloy 690 Plate 


Moderate density of cracked Cr23C6 carbides and voids at 
grain boundaries, minimum crack/void spacing estimated at 


~1 µm for boundaries with highest damage density. 







Microstructure, Damage and SCC for Cold-
Rolled Alloy 690 CRDM & Plate Materials 


Grain boundary carbides promote “permanent” damage in the form of IG 
voids and cracked carbides consistent with much higher CGRs for as-received 
alloy 690TT versus solution-annealed alloy 690CM.  However, GEG plate also 
has lower GB carbide density but shows similar CGRs to TT materials. 







 SCC crack-growth results show that extruded alloy 690 tubing 
with homogeneous initial microstructures are susceptible to 
IGSCC and exhibit moderate-to-high crack-growth rates in 
PWR primary water after sufficient unidirectional cold rolling 
(similar to plate materials).  


 Conflicting results whether GB carbides are detrimental to SCC 
in CR alloy 690.  As-received CRDM 690TT clearly shows higher 
growth rates that the 690CM after ~30%CR.  However, GEG 
20%CR alloy 690 plate exhibits a moderate-to-high propagation 
rate with a lower density of GB carbides. 


 SCC testing and characterizations will continue of thick wall 
CRDM (and selected plate) heats with controlled microstructures 
after cold rolling, tensile straining and forging.  


 Extensive characterization work is also being performed to 
evaluate CR effects on microstructure and examine SCC cracks 
and crack tips for insights into propagation mechanisms.  


Material and Cold Rolling Effects on IGSCC 
in Alloy 690 CRDM and Plate  







Summary of SCC Crack-Growth Test Results 
for Alloy 690 CRDM and Plate Materials 


Recent data supports initial Bettis observations and show range of SCC growth 
rates for 1D CR alloy 690 heats up to ~1000X higher than as-received alloy 690 
CRDM results. Need to investigate other deformation modes and strain levels. 


All Constant K 
(Simplified) 
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Bettis, EdF (no SCC) 


MRP-55 curve 


Tests in-progress, rates are uncorrected 







!   Alloy 690 CRDM Tube Materials 
!   Tests ongoing for heat RE243, specimen CT038 in a TT + 31%CR 


condition and specimen CT039 in CM + 31%CR condition, S-L 
orientation.  Crack-growth rates determined at 360, 325 and 
290°C with H2 at Ni/NiO line; evaluating H2 effects at 325°C. 


!   Alloy 690 Plate Materials 
!   Tests completed for alloy 690 Plate from ANL (heat NX3297HK12), 


specimen CT036 in 26%CR condition, S-L orientation; alloy 690 
Plate from GE Global (heat BK25), specimen CT037 in 20%CR 
condition, S-L orientation. 


New Results for Alloy 690  
SCC Crack Growth Tests 


!   Alloy 690 Characterization Activities 
!   Optical metallography, SEM and TEM of CR materials. 


!   SEM and TEM of SCC cracks, crack walls and crack tips. 


!   Atom Probe Tomography of SCC crack-wall oxidation. 
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SCC Crack Tips in Alloy 690 CR Plates 


IGSCC in both cases with semi-continuous GB carbides for the ANL sample 
and only isolated GB carbides for the GEG material. Cracks are open to tips, 
but contain crystallites and needle-shaped filaments as fill material.  


CT036 - ANL 26%CR Heat  CT037 - GEG 20%CR Heat  


Cr23C6 


Cr23C6 


Cr23C6 







SEM Images at SCC Crack Tips 


SCC propagates along grain boundaries and 
carbide/boundary interfaces, no evidence for 


enhanced crack/void formation ahead of crack tips.  
Tips often blunt/branched, ending near carbides. 
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SCC Crack Oxides in 30%CR Alloy 690TT 


TEM shows that primary oxide in the SCC cracks is Ni/Fe-rich spinel or MO 
crystallites along with regions containing Ni/Fe/O-rich filaments that best 
match hydroxide phase.  No continuous oxide film identified on crack walls.  


 


epoxy 


fine-grained 
spinel 


Spinel 
or MO 


Cr23C6 
carbides 


alloy 690 
matrix 


 


oxide or 
hydroxide 
filaments 
in crack 







Matrix Attack Along 30%CR Alloy 
690TT Crack Wall Behind SCC Tip 


Nanometer corrosion/oxidation “tunnels” 
off crack walls into alloy 690 matrix, 
appear to follow dislocation substructure. 


Cr2O3 and MO 
oxide-filled tunnels	



Cr23C6 


Cr2O3	



50 nm	



color composite image: 
green: Cr carbide 
orange: Cr-rich oxide 
blue: Ni-Cr-Fe matrix 


No evidence for 
protective wall oxide	








IGSCC Crack Tip in 30%CR Alloy 690TT 


Crack path follows grain boundary, open to tip with loose oxide 
and spinel/MO crystallites in crack; non-porous Cr2O3 at carbide 
interfaces; penetrative oxidation off metal walls to tips. 
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As expected, complex carbide and dislocation 
structure and difficult to image tip on edge. 







IGSCC Crack Tip in 
30%CR Alloy 690TT 


No evidence has been 
found for enhanced void or 
crack formation ahead of 
the oxidized IGSCC tips. 


Grain boundary characteristics 
have been examined ahead of 
IGSCC crack tips after further 
ion milling. Extremely high 
dislocation densities are present 
along with isolated voids.  
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!   High-resolution SEM has effectively documented rolling-induced 
grain boundary damage. No evidence for enhanced IG voids or 
cracked carbides ahead of crack tips during IGSCC propagation. 
Cracks are open, reasonably tight and often blunted at tips with 
shallow TG branching. Crack walls consistently show penetrative 
attack that becomes deeper with distance behind the SCC crack 
front. (Wall attack has been seen in non-CR 600 and 52M samples.) 


!   High-resolution TEM exams have confirmed that a continuous, 
protective oxide layer is not present on crack walls and has shown 
the penetrative oxidation “tunnels” contain Cr2O3 nanoparticles.  
Crack-tip structures have been more difficult to characterize, oxide 
is present at deepest tips.  No evidence of enhanced void formation 
ahead of crack tips. 


!   Lack of additional voids/cracks ahead of SCC tips suggests that 
propagation mechanism is not solely mechanical driven by creep. 
Does internal oxidation of dislocation structures off crack walls 
indicate that grain boundaries are a path for penetrative oxidation? 
Examinations continuing …… 


Crack and Crack-Tip Examinations on 
Cold-Rolled Alloy 690 Materials 
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Tomography 


Alloy 690 Crack Wall Oxidation  
in PWR Primary Water 
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Base 
Metal 


SCC 
Crack 


Penetrative 
Oxidation 


Depth from crack wall 


APT research conducted under DOE-BES and Rolls Royce funding 


Penetrative oxidation routinely seen by 
SEM in alloy 690 and weld metal SCC 
samples off crack walls. TEM shows Cr-
rich oxide tunnels/filaments appear to 
follow dislocation substructures.  APT 
offers a unique method to further assess 
atomistic compositional distributions. 







Atom Probe  
Tomography 


Alloy 690 Crack Wall Oxidation  
in PWR Primary Water 
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Base 
Metal 


SCC 
Crack 


Penetrative 
Oxidation 


APT not only measures individual atomic 
elements (e.g., Ni, Cr, Fe), but ions such as 
NiO, CrO and FeO.  Can effectively identify 
that the tunnels contain Cr-rich oxide (Cr2O3) 
with adjacent mixed oxide. Observed 
distribution of ions depends on the atomic 
removal parameters.   Depth from crack wall 


Depth from crack wall, nm 
APT research conducted under DOE-BES and Rolls Royce funding 
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background enriched 


Location of Li enrichment corresponds to Cr oxide filaments 
Depth from crack wall, nm 


Evidence for Li Enrichment in Cr-Rich 
Oxide Close to Crack Surface 


APT research conducted under DOE-BES and Rolls Royce funding 







Oxide “tunnel” is ~ 7 nm wide  
125 nm (from surface) 


APT Composition Profiles at Depth 
of 125 nm from SCC Crack Wall 


CrO iso-surface 
highlighting “core” 
regions of 3D oxide 
tunnels. Composition 
profile is obtained 
across tunnel indicating 
Cr-oxide core (Cr2O3) 
with mixed (Ni-Cr-Fe) 
oxide shell. CrO 


FeO 


NiO 


Fe 


Ni 


Ni 


O 


O 


Cr 


Li 


B 


Li is clearly enriched in Cr-rich oxide, B may also be 
slightly concentrated in the oxide tunnels.  







!   Complex and continuous nm-scale, tunnel-like oxidation is 
elucidated with a Cr2O3 core surrounded by a mixed Ni-Cr-Fe 
oxide shell with adjacent islands of remaining alloy 690 metal. 
Near the crack wall, the oxide fraction is extremely high and 
transitions to isolated penetrations with depth into the metal.  


!   Li from the PWR primary water was found to be enriched in the 
oxide tunnels below the crack wall, slight enrichment of other 
elements (B, Mn, Si) in the oxide also present.  


!   Selective oxidation of Cr to Cr2O3 along dislocation structures 
appears to drive the penetrative attack and occurs by a solid-
state, internal oxidation process.  No evidence yet that grain 
boundaries are preferentially oxidized.    


!   Complementary TEM and APT examinations continuing on alloy 
690 and alloy 52M crack wall with new work focused on SCC 
crack-tip regions to determine whether grain boundary oxidation 
occurs leading IGSCC propagation.  
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Preliminary Results on Wall Oxidation 


APT research conducted under DOE-BES and Rolls Royce funding 
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Alloy 690 HAZ Testing


 Status


• One test completed (CF690-CR-1)


• One test in progress (CF690-CR-3)


• Preparations for the next test


 Alloy 152 Heat WC43E9 (Special Metals)


Alloy 690 HAZ 


specimen designation 


CF690 CL, CR


Alloy 152 Weld (B-P7)


specimen designation C152 


CR, LR 
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CRDM Alloy 690 HAZ


 Constant load CGRs 7.7 10-12 m/s
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CRDM Alloy 690 HAZ


 Approach: minimize mechanical fatigue component + preserve 


environmental enhancement, allow the crack to find weakest path


 Constant load with periodic unloading (6 h) CGR 1.2 10-11 m/s initially
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Fracture surface of Alloy 690 HAZ - region 1


 Mixed fracture mode: predominantly “granular” with dendrites, TG and IG 


secondary cracks


 Possible particles on facets 
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Cyclic CGR data for Alloy 690 HAZ 


 Cyclic CGR rates for Alloy 690 HAZ (CF690) appear slightly higher than those 


for the as-received condition (same orientation, CR)


 Cyclic rates from the current test are similar to those obtained previously
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SCC CGRs vs. K for Alloy 690 HAZ


 As-received condition: lower CGRs than those for cold-rolled alloy


 HAZ CGRs are similar or only slightly higher than as-received condition
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SCC CGRs vs. K for Alloy 690 HAZ – current test (CF690-CR-3)


 Currently measured CGRs are similar to the previous ones


 HAZ CGRs are similar or only slightly higher than as-received condition  
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Alloy 690 HAZ – Next Test (CF690-CR-4)


 Aligned to ensure intersection with the HAZ    
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Alloy 690 HAZ - Summary


 The cyclic CGRs of Alloy 690 HAZ appear to shows slight difference vs. 


as-received Alloy 690


 The SCC CGRs for Alloy 690 HAZ appear to be slightly higher that those 


for the as-received condition tested


 Fracture mode of Alloy 690 HAZ appears to depend on the proximity to 


the fusion line:


• granular appearance (dendritic features), with TG facets, IG 


secondary cracks near the fusion line


• predominantly TG with occasional facets, IG secondary cracks away 


from the fusion line
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Alloy 52M/182 WOL Testing


 Status 


• One test in progress


• Preparations for next test


 Alloy 52M (Special Metals, Heat NX75W1TK ) welded at ANL Central Shops


 CGR test objective: attempt to transition an SCC crack from Alloy 182 into 52M


• transition to an SCC crack in Alloy 182


• observe the behavior of cyclic and SCC CGRs as the crack approaches the interface


• advance the crack in 52M


• attempt to transition to SCC in Alloy 52M 


Alloy 600


Alloy 182


1
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Alloy 52M/182 Weld Overlay


 52M WOL appears to have an effect on crack propagation (2 mm away) 


 The effect needs to be isolated (effect of ligaments on measured CGR needs to 


be minimized), hence, 


 Exp. approach: advance crack by a succession of cyclic (control), cycle + hold, 


CL + periodic unloading 
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Alloy 52M/182 Weld Overlay – Cyclic and SCC CGRs in Alloy 182 
vs. distance to the interface


 Control cyclic rates decrease as the crack approaches the interface


 SCC CGRs decrease by a factor 10 in 2mm, then by another factor 10 near 


the interface
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Alloy 52M/182 Weld Overlay –Transitioning in Alloy 52M
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 Crack was advanced 0.5mm in Alloy 52M


 Cyclic rates for Alloy 52M appear smaller than those for Alloys 182 and 52


 Cyclic rates for Alloy 52M show environmental enhancement, behavior is 


similar to Alloy 152: R=0.7 and rise 1000s shows no enhancement
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Alloy 52M/182 WOL - Summary


 Test was initiated in Alloy 182 and both cyclic and SCC known conditions 


were reproduced


 The 52M/182 interface seems to affect crack propagation in Alloy 182 


ahead of the interface


• environmental enhancement of cyclic rates decreased


• SCC CGRs decreased by a factor 10 in 2mm, then by another factor 


10 near the interface


 Cyclic rates for Alloy 52M appear smaller than those for Alloys 182 and 


52, behavior is similar to Alloy 182


 Currently effort model and measure the residual stress profile  
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Alloy 152 Weld Testing


 Status


Three tests completed, one recently 


 Objectives for the third test


1. Confirm previous results


2. Obtain SCC CGR vs. K


3. Obtain SCC CGR vs. T (activation energy for SCC crack growth) 


 Preparations for the next tests, status of the new weld
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Alloy 152 Weld


 Weld in double-J geometry prepared at ANL Central Shops


 Electrode heats: NX168IJK (52, 3/32), WC96D8 (152, 1/8), 


WC43E9 (152, 3/32), WCO4F6 (152, 1/8)


 Complete set of tensile data in the 25-870°C temperature range


 1-T CT specimens cut in TS orientation (T= long transverse, S = short 


transverse); Crack growth is along the direction of dendrites
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Fracture surface of A152-TS-5
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Alloy 152 specimen A152-TS-5


 CGRs consistent with those measured previously
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Alloy 152 specimen A152-TS-5


 Smooth transition from constant load with periodic unloading to constant load
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Alloy 152 specimen A152-TS-5 (high K)


 Smooth transition between constant load with periodic unloading and constant 


load
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Alloy 152 specimen A152-TS-5 – Effect of Temperature


 SCC CGR responds to the temperature change 


25.20


25.30


25.40


25.50


25.60


25.70


30


40


50


60


70


80


16000 16500 17000 17500


C
ra


c
k
 L


e
n
g
th


 (
m


m
)


K
m


a
x
 (


M
P


a
 m


0
.5


)


Time (h)


Alloy 152 SMA Double–J Weld
Specimen # A152-TS-5
320°C, Simulated PWR Water


71


K
max


Crack Length


4.0 x 10–11 m/s


Period 72


4.1 x 10–11 m/s
CL 


Period 73


4.9 x 10–11 m/s
CL  (4h)


Period 74


6.5 x 10–11 m/s
CL  (2h)


3
0


0
°C


Period 75


1.5 x 10–11 m/s
CL  (2h)


Period 76


7.3 x 10–12 m/s
CL







Work sponsored by the 
US Nuclear Regulatory Commission 24


Cyclic CGR Data for Alloy 152 Weld


 Select conditions show environmental enhancement


 R=0.7 and rise 1000s shows no enhancement; the behavior seems to suggest 


a K effect (and is consistent with other Alloy 690/152 observations)


 Hold times (open red symbols) preserve environmental enhancement if 2-4h
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Alloy 152 SCC CGRs vs. T and K 


 Activation energy similar to Alloy 182


 Alloy 152 appears to be a factor 17 more resistant to SCC growth than 


generic Alloy 182 
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Alloy 152 - Summary


 Select loading conditions show environmental enhancement of cyclic 


CGRs for Alloy 152


 Fracture surfaces were straight for Alloy 152 weld specimens;


the experimental approach facilitated transitioning to SCC


 The SCC CGRs in simulated PWR water at 320 C are in the 10-11 m/s


range for as-welded Alloy 152, 17 more resistant to SCC growth than 


generic Alloy 182 


 Similar activation energy for SCC crack growth as Alloy 182
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New Alloy 152 Weld


 Objectives: 


- Alloy 690 HAZ 


- Alloy 152/LAS dilution


- Alloy 152 as-welded


 Alloy 690 plate Heat NX3297HK12 (ATI Wah Chang)


 Alloy 533-Gr B Heat A5401 (Midland reactor lower head)


 Alloy 152 Heat WC0F6 (Special Metals)


 







Work sponsored by the 
US Nuclear Regulatory Commission 28


New Alloy 152 Weld


 Status


• Qualification 1.5”-thick weld 


produced


• Qualification of welding 


procedure to ASME IX 


completed


• New weld is completed


• RT inspection 


 Delamination issues in LAS 


(Midland reactor lower head) 


• initial observations were made 


during inspection of the 


buttered LAS piece, failed UT 


exam;  


• initial piece was scrapped and 


the whole process was started 


all-over 








INL activities and 


capabilities


Sebastien Teysseyre


July 15th, 2010







• ATR and associated hot cells have capabilities 


and capacity for nuclear fuel and materials 


research that are not currently being utilized 


by industry, universities, and regulatory 


agencies


• DOE and INL will make it easier and more cost 


effective to use ATR to:


– Help reestablish the U.S. research 


capability needed to support the nuclear 


industry 


– Help reassert U.S. leadership in nuclear 


science and technology


– Strengthen nuclear engineering education 


in the U.S.


• Strong support from Naval Reactors and 


Office of Science


• ATR NSUF key in supporting Strategic Plan for 


LWR R&D


April 2007- ATR designated as a national scientific user facility


Background







Background


Partners







INL and PWSCC 


Develop testing capabilities for 


irradiated materials in environment 


(IASCC, fracture toughness)


Develop testing capabilities 


for unirradiated materials


Develop Post, and Pre, 


Irradiation Examination 


capabilities.


Support related 


projects







Collaborations


• Studsvik Nuclear AB
– Systems used for CGR testing provide model for INL
– Insight from experience with testing of irradiated CGR specimens


• GE Global Research Company
– Overall system design and validation
– Technical guidance for testing protocol


• Argonne National Laboratory (ANL)
– Omesh Chopra – technical guidance for testing


• Pacific Northwest National Laboratory (PNNL)
– Assistance in system design and construction
– Possibly some Post Irradiation Examination (FEG-STEM)







SCC testing capabilities


• CAES is a collaboration between INL and 


Idaho Universities


• CAES facility owned by State of Idaho


• CAES will house high-end equipment for 


use with lower activity samples ( Atom 


Probe, FIB, SEM, TEM, nano-indenter)


• NRC licensed facility


• Material quantity limits sufficient for atom 


probe and TEM on fuel


Center for Advanced Energy Studies (CAES)







SCC testing capabilities


Unirradiated samples


2 SCC tests rigs:


- One rated for BWR


- One rated for PWR


Construction of a third SCC 


system expected for next fiscal 


year


Systems set up for CGR 


measurement using 


dcpd technique


Construction of a Titanium loop 


next fiscal year







SCC testing capabilities


Unirradiated samples


Test loop#1 Test loop #2


Construction 


material


SS 316 Ti


Temperature/ 


pressure rating


360C/ 3000 psig 288C/1500 psig


Water chemistry 


control


• Inlet & outlet 


conductivity


• Dissolved oxygen 


content


• Impurity injection


• ECP measurement


• Inlet & outlet conductivity


• Dissolved oxygen content


• Impurity injection


Loading • Servo hydraulic 


actuator:


22000 lbs capability


• Constant K, fatigue, 


CERT


• Servo electric actuator:


22000 lbs capability


• Constant K, fatigue, CERT







SCC testing capabilities


Unirradiated samples


• Software:


• currently AT5 from GE for dcpd testing


• PHSC4, ion-calc, … for water chemistry preparation


• Facility:


• Water composition analysis: ion chromatograph, mass spectroscopy, 


optical emission spectrophotometer


• Online monitoring capability


• Material analysis:


• Optical microscope


• SEM


• Atom Probe, FIB, SEM, TEM, nano-indenter (being installed)







IASCC testing capabilities


• INL is committed to building capability for Stress Corrosion Cracking testing 


of irradiated LWR materials.


• The initial plan is to build four test systems.


– Potential for additional if demand is high


• Tied to the ATR-NSUF and utilizes onsite capability for irradiation of 


samples.


– Also can accept materials from other sites


• Intended to supplement current capability for characterization of irradiated 


materials.


Irradiated samples







IASCC testing capabilities


Material source:
•ATR


•Other facilities


Reception, inspection
•Hot Fuel Examination Facility


Testing
•Radiological facility







IASCC testing capabilities


Floor Layout


Test Cell


Utility Cell


HPU


Water Boards


Fly Wheel


UPS


Grated Floor


Two test cells and one utility cell
•Each test cell has two autoclaves and 


two actuators


•Three manipulators in test cell


•Utility cell contains small SEM and 


camera for fractography


•Cask transfer through bottom of utility 


cell


Initially one test cell and the utility 


cell
To be followed within one year by second 


test cell


Designed to handle up to 1T-CT
Normal operation with 0.4T-CT or 0.5T-


CT


Shielding designed for 40000 R/hr 


source


Validation test: Q4 FY11







Leaded Class Windows


AutoclavesAccess doors


IASCC testing capabilities


SEM







Support facilities


In-cell machining


• Small, 3 axis mill


– Currently used for disassembly of


experiments


– Up to 6 inches of travel in each direction


– Tolerances to 0.001”


• CNC mill


– 40 inches in x-direction and 8 inches in


y-z directions


– Tolerances to 0.003”


• Electro Discharge Machine


– 6 inches in x-y directions, 5 inches in   


zdirection


– Tolerances to 0.001”


– Resolving some performance issues


– To be installed at INL in 2010







FY 10-FY12 : New PIE capabilities


• Mechanical properties


• Nanoindenter/AFM


• Analysis at micro- and nano-scale


• FEG-STEM-chemical and structural


analysis at the nano-scale


• Atom Probe- maps single atoms in


3 dimensions (few in world


available for use on radioactive


material, none on fuel)


• Raman spectroscopy


• SEM hot stage-real time analysis of


changes in structure due to


temperature and strain


• Sample Preparation


• Dual-beam FIB #2


Support facilities







Current projects


• EPRI pilot program for testing alloys X-750 and XM-19


– Unirradiated baseline testing


• Tensile, CGR, J-integral


– Irradiated specimen testing


• INL will irradiate specimens in ATR


• Transfer of specimens


• Post Irradiation Examination


• Tensile, CGR, J-integral


• Development of in-situ Raman and laser acoustics 


measurements capability







Working with INL/ATR-NSUF


- Support for University lead experiments: ATR-NSUF proposals


- Rapid turn around experiments, access to archive materials












Status of MRP Alloy 690/52/152 
Collaborative Research Program 


Data Application Working Group


Stephen Fyfitch, Technical Consultant, AREVA NP, Inc.


Eric Willis, EPRI


K. (Al) Ahluwalia, EPRI 


Alloy 690 PWSCC Research Industry/NRC Meeting


The Legacy Hotel and Meeting Centre


July 14-15, 2010
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Outline


Background and objectives


Materials and configurations in operating PWRs and 


configurations in new PWR designs


EPRI Alloy 690/152/52 material archive and characterization


Materials and configurations currently being tested and 


configurations still needed for testing


Additional work
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Background


PWSCC degradation of Alloys 600/82/182/132 
continues to plague plants 


Current/planned use of high chromium replacement 
materials (Alloys 690/52/152) requires 
understanding of PWSCC degradation mechanism


A review of existing knowledge of PWSCC in Alloys 
690/52/152 identified substantial gaps that need to 
be addressed (MRP-237, Rev 1)
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Objective


Understand PWSCC degradation 
mechanisms and develop predictive tools 
to:
Support utility asset management decisions 


Optimize inspection requirements


 Identify improvements in material production/processing, 
component installation (including welding) to minimize 
degradation during service


Develop recommendations


MRP program focused on thick-wall 
sections (not SG tubes)
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Alloy 690/52/152 Collaborative 
Research Program


Data Application Working Group


Scope: WG will focus on data application for 


PWSCC of Alloys 690/52/152


Leader: S. Fyfitch (AREVA NP Inc., USA)


Current Membership:


 P. Efsing (Ringhals, Sweden)


 C. Marks (DEI, USA)


 D. Dunn (NRC-RES, USA)


 E. Willis (EPRI, USA)


 T. Yonezawa (Tohoku University, Japan)


G. Young / E. Richey (KAPL, USA)


M. Morra (GEGRC, USA)
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Alloy 690/52/152 Collaborative 
Research Program


Data Application Working Group


Vision for the Group


Initial Task: Discuss and decide what 


materials and material conditions still need 


to be tested to ensure that the experimental 


data generated (for both initiation and 


growth) are properly understood


Later: Group will take the lead in assessing 


the practical relevance of PWSCC data for 


thick-walled Alloy 690 and its weld metals
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Alloy 690/52/152 Collaborative 
Research Program


Data Application Working Group


Questions to be addressed


Microstructure (grain size, banding, etc.)


Heat treatments (annealing, thermal treatments)


Chemical composition (C, Cr, Fe, Ni, Al, etc.)


Cold-rolling (e.g., 1D, 2D, 10%, 20% and higher)


Material form (plate, rod/bar, extrusions, forgings, etc.)


Weld metals (52, 52M, 52MS, 52MSS, 52i, 152, etc.)


 Weld defects (Liquation and Ductility Dip Cracking, LOF, etc.)


Welding processes (GTAW conventional and narrow groove, SMAW, 


GMAW, etc.)


Weld configurations, overlays, and inlays


 Representative mockups and configurations 


 HAZ
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Alloy 690/52/152 Collaborative 
Research Program


Data Application Working Group


Needs


Compile information


Materials and configurations that have been tested


Materials and configurations that still need to be tested


Identify relevant materials and 


configurations to ensure current plans are 


adequate to properly understand initiation 


and growth or provide listing of additional 


work to be conducted







MRP Data Application WG – S. Fyfitch – July 14-15, 2010 - p.10


Alloy 690/52/152 Materials Applications 
in Operating PWRs
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Alloy 690/52/152 Materials Applications 
in Operating PWRs


Application locations


 Reactor pressure vessel


Upper head penetration nozzles


Lower head penetration nozzles


 Pressurizer 


Heater penetration nozzles


Instrument penetration nozzles


 Primary loop piping


Instrument penetration nozzles


 Steam generator 


Channel head drain lines 


All applications utilize


 pipe/tube


 J-groove weld


Note: pipe/tube may have occasionally 


been fabricated from rod/bar
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Alloy 690/52/152 Materials Applications 
in Operating PWRs


Primary loop piping


Bi-metallic welds between low-alloy steel and stainless steel 


piping


Weld types


FP


V-groove


Double U-groove (possibly?)
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Alloy 690/52/152 Materials Applications 
in Operating PWRs


Half Nozzle Repair (Example: RV Head Vent Nozzle)


• Alloy 52*/152 weld pad


• Alloy 52*/152 J-groove weld


• Alloy 690 rod/bar


• LAS


Full Nozzle Replacement (Example: HL/CL Thermowell Nozzle)


• Alloy 52*/152 weld pad


• Alloy 52*/152 J-groove weld


• Alloy 690 rod/bar


• C/LAS


*Note: Could be Alloy 52 weld metal or variants 52M, 52MS, etc.)
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Alloy 690/52/152 Materials Applications 
in Operating PWRs


Weld Overlay (Example: HL/CL RV-Piping DM Weld)


• Alloy 52* Weld


• Stainless Steel or CASS


• Alloy 82/182


• Type 308/309 (L) Cladding


• C/LAS


Weld Onlay (Example: Core Flood Nozzle DM Weld)


• Alloy 52* Weld


• Stainless Steel


• Type 308/309 (L) Weld


• Alloy 82/182


• C/LAS


*Note: Could be Alloy 52 weld metal or variants 52M, 52MS, etc.)







MRP Data Application WG – S. Fyfitch – July 14-15, 2010 - p.15


Alloy 690/52/152 Materials Applications 
in Operating PWRs


Nozzle Replacement (Example: HPI Nozzle and DM Weld)


• Alloy 52*/152 Weld


• Stainless Steel or Alloy 690


• Type 308/309 (L) Cladding


• C/LAS


Weld Replacement (RCP Discharge DM Weld)


• Alloy 52* Weld


• Stainless Steel


• Type 308/309 (L) Cladding


• C/LAS


*Note: Could be Alloy 52 weld metal or variants 52M, 52MS, etc.)
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Alloy 690/52/152 Materials Applications 
in New PWR Designs
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Alloy 690/52/152 Materials Applications 
in New PWR Designs


AP1000


 Reactor pressure vessel 


Clevis blocks (core support blocks or lugs) [plate or forging]


Flow skirt support lugs [plate or forging]


CRDM penetration tubes [pipe/tube]


Instrument penetration tubes [pipe/tube]


Vent penetration tube [rod/bar]


 Lower Internals


Radial support clevis inserts [plate or forging]


 PRHR (passive residual heat removal) heat exchanger


C-tubes [tube]


Note: material forms still need to be verified
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Alloy 690/52/152 Materials Applications 
in New PWR Designs


AP1000


Steam generator


Divider plate [plate]


U-tubes [tube]


Thermal sleeve [pipe/tube, rod/bar]


Distribution nozzles [pipe/tube]


Blowdown piping and fittings [pipe/tube, rod/bar]


Steam outlet flow restrictor [pipe/tube, rod/bar]


Note: material forms still need to be verified







MRP Data Application WG – S. Fyfitch – July 14-15, 2010 - p.19


Alloy 690/52/152 Materials Applications 
in New PWR Designs


APWR


Reactor pressure vessel 


Radial supports [plate, forging]


CRDM penetration nozzles [pipe/tube]


In-core instrumentation nozzles [pipe/tube]


Vent pipe penetration [rod/bar]


Lower internals


Radial support key clevis inserts [plate, forging]


Note: material forms still need to be verified
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Alloy 690/52/152 Materials Applications 
in New Reactor PWR Designs


APWR


Steam generator


U-tubes [tube]


Divider plate [plate]


Thermal sleeve [pipe/tube, rod/bar]


Distribution nozzles [pipe/tube, rod/bar]


Blowdown piping and fittings [pipe/tube, rod/bar]


Steam outlet flow limiter [pipe/tube, rod/bar]


Note: material forms still need to be verified
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Alloy 690/52/152 Materials Applications 
in New PWR Designs


US EPR


Reactor pressure vessel 


Radial guide (forging)


CRDM adaptor (pipe/tube)


Instrumentation adaptor (pipe/tube)


Vent pipe penetration (rod/bar)


Dome thermocouple penetration (rod/bar)


Dome thermocouple guide (rod/bar)


Instrumentation adaptor funnel (rod/bar)
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Alloy 690/52/152 Materials Applications 
in New PWR Designs


US EPR


Steam generator 


Partition plate (plate)


Sheath for channel head drain (tube)


Sheath for primary manway drain (tube)


Steam outlet nozzle flow limiter (rod/bar)


S/G tubing (tube)


Blowdown pipe (pipe/tube)


Anti-vibration bar assembly (rod/bar)
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Alloy 690/52/152 Materials 
Applications in 


New PWR Designs


Welds in US EPR


Expect similar weld


locations and 


materials in other


designs


Material A Material B Filler Metal


ASME SA-508 


or


ASME SA-533


Austenitic 


Stainless Steel


Alloy 52* 


or 


Alloy 152


Alloy 690 ASME SA-508 Alloy 52* 


or 


Alloy 152


Alloy 690 Austenitic 


Stainless Steel


Alloy 52* 


or 


Alloy 152


Clad Alloy or 


Carbon Steel 


(in contact with 


primary 


coolant)


N/A Type  308L/309L 


austenitic 


stainless steel,


or 


Alloy 52* 


or Alloy 152*Note: Could be Alloy 52 weld metal or 


variants 52M, 52MS, etc.)
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Alloy 690 Material 
Characterization


Banding has been shown to significantly increase the CGR in Alloy 690


Banding can be defined as:


 Inhomogenities in grain size and MC carbide distribution


 Large variation in grain boundary carbide decoration, stringers or sheets of oxide, and 
carbonitride inclusions


Efforts underway to determine if banding structures are present in Alloy 
690 material product forms used for fabrication of CRDM penetrations


Banding in other Alloy 690 product forms (plates and billets) is also being 
examined


Work-in-progress:


 Samples examined with optical microscopy


 Quantitative metallography used to quantify degree of banding in each heat of Alloy 690


 Additional samples of Alloy 690 being obtained


Extrusions


Billets


Plates
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Banding and Rolling Effects 
on Alloy 690


Rolling mill


Rolling mill


Crack growth direction


Crack growth direction


Rolling mill


Rolling mill


Crack growth direction


Crack growth direction
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Microstructural Examples


Valinox, Alloy 690 Extrusion (Heat WQ 787)


Longitudinal direction Transverse direction
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Microstructural Examples


Longitudinal direction Transverse direction


Special Metals, Alloy 690 1-inch thick plate (Heat NX8244 HK11)
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Alloy 690 Material 
Characterization


Preliminary conclusions:


Phases found in the Alloy 690


 M23C6


 Ti[C,N]


Inclusions identified


 TiN


 MgO encapsulated with TiN


Preliminary examination showed no banded structures in several 
heats of extruded Alloy 690 material


Preliminary examination showed banded structures present in 
several heats of Alloy 690 in the following product forms


 2-Billets


 1-Plate
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Alloy 690/52/152 Materials Applications 


Summary of Applications in Operating and New Designs PWRs


Pipe/tube with J-groove weld


Rod/bar (made into pipe/tube) with J-groove weld


Plate with fillet weld


Plate with full penetration weld


Forging with fillet or FP weld (possibly)


Weld pads


Full penetration DM welds


 V-groove


 Double U/V-groove?


Welds typically Alloy 52 (and variants)


 Weld overlay


 Weld onlay/inlay
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Materials And Configurations 


Currently Being Tested
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Materials And Configurations 
Currently Being Tested


Crack Growth Rate CT Specimens


Alloy 690 Material


 CRDM Tubing


 Plate


 Bar


 Billet


Alloy 152 Material


 U-groove


 Double J weld


 Single V-groove


Alloy 52 Material


 Single V-groove


Weld overlay
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Materials And Configurations 
Currently Being Tested


ANL CRDM and Weld
GE Weld Specimens
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Materials And Configurations 
Currently Being Tested


PNNL Valinox CRDM Tubes


GE Weld Metal Specimens
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Materials And Configurations 
Currently Being Tested


GE Weld Metal Specimens
GE Weld Metal Specimens
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Materials And Configurations 
Currently Being Tested


PNNL Weld Specimens
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Materials And Configurations 
Currently Being Tested


Westinghouse CRDM Specimens Westinghouse Weld Specimens
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Materials And Configurations 
Currently Being Tested


GE Weld Specimen


GE Weld Specimen
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Materials And Configurations 
Currently Being Tested


CIEMAT Specimens


Alloy 52 Alloy 152
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Materials And Configurations Still 


To Be Tested
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Materials And Configurations 
Still To Be Tested


Group working toward following:


 Clear and detailed understanding of materials and configurations 
tested


 Clear and detailed understanding of materials and configurations in-
service and for new reactor designs


 Clear and detailed understanding of materials and welding processes 
in use and to be used


More representative mock-ups


Additional heats of material


Additional Alloy 52/152 HAZ


Effect of variations in weld metal compositions (52, 52M, 52MSS, 
etc.) on cracking?


Characterization of weld repairs








NRC Alloy 690 PWSCC 


Research Meeting


Darrell Dunn


U.S. NRC


July 14-15, 2010


Rockville, MD







Research Motivation


• PWSCC of Alloy 600/182/82 continues to be an issue in 
operating plants
– Component repair and replacement 


– Plant downtime and worker dose radiation exposure


• Current and future use of Alloy 690/152/52 
– Replacement materials


– New reactors 


• Gaps in existing knowledge for Alloy 690/152/52 
– Factors that affect PWSCC susceptibility


• Effects of material processing


• Fabrication and welding 


– Development of new weld metals


• Component life predictions


• Evaluation of mitigation processes
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Benefits of Cooperative 


Research


• Mutual understanding of Industry and NRC objectives 
and needs


• Comprehensive assessment of technology gaps


• Effective coordination of research


• Evaluation of a wider range of materials


• Comparison of results from multiple laboratories
– Crack growth rates


– Posttest analyses  


• Address challenges to PWSCC testing of higher Cr 
alloys that are more resistant to cracking
– Appropriate test methods 


– Transitioning to intergranular cracking 
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Accomplishments


• Identification and prioritization of knowledge 
gaps


• Testing guidelines 


• Working groups to address specific topics
– Crack initiation


– Crack growth 


– Data application


• Identification and acquisition of test materials 


• Confirmation of cold work effects on Alloy 690


• Future data needs
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Meeting Expectations


• Test results and materials characterization 


– Focus on recent results  


– Identify issues for discussion


• Meeting organization 


– Time allocation for presentations 


– Public comments
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Outcomes


• Progress towards filling data gaps 


• PWSCC susceptibility of Alloys 690/152/52
– Test material characterization


– Alloy 690 processing, cold work, and microstructure


– Welds, weld defects, and HAZs


– Environmental effects


• Weld metal development


• Prioritize future research
– Identification of new materials needed


– Outstanding data and updated test plans 
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Alloy 690 Experts Panel Meeting 


Alloy 690/52/152 Characterization
July 14, 2010


Eric Willis


EPRI MRP/WRTC


Dr. Martin Morra


GE Global Research Center
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Presentation Topics


• Purpose of Alloy 690 Characterization


• Types of Characterization perfromed


• Scope of work for 2010/2011


– Base metal 


– Weld metal
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Purpose of Alloy 690 Characterization


• Quantify the metallurgical characteristic of the Alloy 
690/52/152 use for the assessment of the PWSCC 
resistance


– Base Metals


• Degree of banding


• Grain size


• Carbide distribution


• Composition of inclusion present in the material


– Welds


• HAZ carbide dissolution


• Strain in the HAZ & weld
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Typical Locations of Characterization for Thick 
Product Forms
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Banding Assessment
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Band Examination Results


Heat NX8244 HK11 (plate) is highly banded (large delta in number of intercepts) 


while extruded heats RE242 and P1A WIN415 are less so. 
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Inclusion Identification
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Chemical Composition Analysis of Inclusions


Spot 1


Spot 2
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Strain Measurements in HAZ and Welds


• Strain measurements planned


• Shortcut to Pages from J-Groove Measurement 
Locations[1].pdf.lnk



Shortcut to Pages from J-Groove Measurement Locations%5b1%5d.pdf.lnk

Shortcut to Pages from J-Groove Measurement Locations%5b1%5d.pdf.lnk

Shortcut to Pages from J-Groove Measurement Locations%5b1%5d.pdf.lnk

Shortcut to Pages from J-Groove Measurement Locations%5b1%5d.pdf.lnk
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Weld Metal Characterization


Sample 


Name


GS & 


Carbide 


Banding


HAZ Carbide 


dissolving


Strain in 


Weld & 


HAZ


DDC 


density


Note


MHI CRDM 


test weld 


(52)


X X Fabrication of welds in process


MHI Plate 


weld


(152) 


Compound 


bevel


X X Fabrication of welds in process


EPRI 52MSS 


weld


The effect of significant change in chem. 


Composition on CGR


EPRI 152 


weld


X The effect of typical SMAW procedures on 


carbide dissolving


EPRI 52


DDC sample


X X High density DDC sample, The effect of 


typical GTAW procedures on carbide 


dissolving


EPRI 52i 


DDC


Samples 


X Develop DDC examination procedure


SG Divider 


Pt


MU 


X Very large double vee-groove weld
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Base Metal Characterization


Sample 


Name


GS & 


Carbide 


Banding


HAZ 


Carbide 


dissolving


Strain in 


Weld 


& 


HAZ


DDC 


density


Note


Dossan 


billet


X Material used for Fab of 


monolithic CRDM


Sumitomo 


CRDM 


(1)


X Material produced by Asian 
steel maker


Sumitomo 


CRDM 


(2)


X Material produced by Asian 
steel maker


TK 


second 


billet


X Possible material used for 


Fab of monolithic CRDM
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Comments and Questions???








Alloy 690/52/152 PWSCC 
Research Meeting


July 14-15, 2010


Rockville, MD


Bernie Rudell, Chairman


MRP Mitigation & Testing ITG
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Research Motivation


• PWSCC degradation of Alloy 600 and its weld metals continues to 
plague plants 


– Requires component repair or replacement 


– Results in plant downtime and worker radiation exposure


• Current/planned use of high chromium replacement materials (e.g. 
Alloy 690/52/152) requires data (on PWSCC at this time) to allow:


– Understanding of degradation mechanism


– Reliable predictions on component life (initiation and growth), 
especially for long-term operation


• New plant construction relying on Alloy 690


• 2008 review of existing knowledge of PWSCC in Alloys 690/52/152 
identified substantial gaps that need to be addressed (later slide)
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Industry Research Objectives


• Understand PWSCC degradation (initiation/growth) mechanisms in 
thick-wall RCS components to:


– Develop data to support predictive tools (xLPR)


– Support utility asset management decisions (LTO and new 
plants)


– Optimize/validate inspection requirements


– Identify improvements in material production/processing, 
component installation (including welding) to minimize 
degradation 


– Asses repair and mitigation methods 


• Alloys 690/52/152 PWSCC research identified as the highest 
priority gap in the 2010 PWR Issue Management Table 
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Research Collaboration Objectives


• Higher Cr alloys are generally much less susceptible to PWSCC than previous 
generation of Ni-based alloys (i.e., Alloys 600, 82, 182).


– Transition to intergranular cracking more challenging


– CGR testing takes longer and is more costly


• Some benefits of collaboration


– Provides broader understanding of existing knowledge base 


– Allows more comprehensive assessment of technology gaps


– Maximizes the amount of high-quality research information


– Proactively identify and resolve PWSCC-related safety issues


– Allows evaluation of a wider range of materials and key variables


– Reduces cost and schedule to individual participants 


• Some challenges


– Ensuring acceptable test and analysis procedures among participants


– Optimizing the degree of redundancy in the test matrix


– Effectively coordinating among research partners and stakeholders


• The objective is to maximize the benefits while addressing the challenges
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Knowledge Gaps


1. PWSCC susceptibility of HAZ (H)


2. Effect of weld defects in 52(M)/152 on PWSCC susceptibility (H)


3. Effect of weld composition & welding procedure (including dilution effects) on 
PWSCC and LTCP (H)


4. Welding fabrication and repair effects on defect population, residual stresses 
and susceptibility (H)


5. Reduced resistance to PWSCC due to thermo-mechanical processing of 
A690 (e.g. 1-D rolling) (M-H)


6. Resolution of contradictory CGR findings among labs for 52(M)/152  (M-H)


7. Relevance of thermo-processing modes (e.g. 1-D rolling) to plant installations 
(M-H)


8. Importance of LTCP to operating plants for A690 and welds (M)


9. CGR flaw disposition curves for A690/52/152 (M)


10. Detailed information on actual replacement components in the field (L-M)


11. Crack initiation data on heterogeneously deformed A690 that has shown high 
CGR values (L-M)
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Meeting Expectations


 Review knowledge gaps


 Exchange results of current research and discuss future direction


 Review status of research collaboration


 Continue dialogue on research activities (test procedures, materials, 
action items); supplement or modify those items, as needed 


 Review test materials inventory and test matrix


 Plan December A690 collaboration meeting


 This is a working meeting so presentations should:


 Describe new results and next steps


 Identify difficult and unresolved issues


 Identify needed support from others 


 Discuss priorities and schedules 


 Stimulate discussion







7© 2010 Electric Power Research Institute, Inc. All rights reserved.


Agenda – Wednesday July 14
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Agenda - Thursday July 15
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Together…Shaping the Future of Electricity








RES Alloy 690 PWSCC Research Meeting


Rockville, MD


July 14th, 2010


Jay Collins


Division of Component Integrity


Office of Nuclear Reactor Regulation


U.S. Nuclear Regulatory Commission


Regulatory Perspective 


Regarding Alloy 690 And 


Associated Weld Materials
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PWR Ni-base Alloy 


Regulatory Actions
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Transitioning Requirements


Area Current Transitioning To


Upper Head
ASME CC


N-729-1


Pressurizer
MRP-139


ASME CC N-722


ASME CC


N-722-1 & N-770


Lower Head ASME CC N-722
ASME CC


N-722-1


DM Welds
MRP-139


(TI 2525/172)


ASME CC


N-770 + others
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Outstanding Issues


• Alloy 690/152/52


– SCC Growth Rates


– Environmental Fatigue Crack Growth Rates


• Weldability of Alloy 152/52/52M


– Hot Cracking / Ductility Dip Cracking


• Mitigation Techniques


– Using Alloy 52


• Overlays / Inlays / Onlays / Excavations


– Chemistry Effects
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Research Topics


• Sufficient number of heats being tested for 


CGR curve distribution


– How many heats do we need for a good 


distribution?  MRP-55, MRP-115


– Consider also needing a reasonable sample 


from each manufacturer of heats in the field


• Alloy 690


– Heat Affected Zone testing


– Manufacturing Issues (i.e., Banding)
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Research Topics (con’t)


• Alloy 152


– ANL 152 Testing


• 5.4 x 10-11 m/s for 


Kmax = 30.2 MPa/m


• Approximate rate 


of 0.07 inch/year


• New weld testing


– Dilution layer with 


low alloy steel 


(CRDM buttering)
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Research Topics (con’t)


• Alloy 52


– Dilution layer testing


• Mitigation interfaces (Alloy 82/182, SS)


• Low alloy steel (buttering and narrow groove 


effects)


• Consider effects of hot cracking and ductility dip 


cracking


– Testing on 52, 52M, 52MSS, 52i, and new 


combinations







Going Forward


• Expert panel meetings


– Do we have good communications?


– Are we meeting our goals?


• Use of international resources


• Testing capabilities


– Expanding ANL and PNNL testing facilities
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Status of Alloy 690/52/152 
PWSCC Research 
Collaboration


July 14-15, 2010


Rockville, MD


Al Ahluwalia


EPRI MRP
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Alloy 690 Expert Panel & Research Collaboration  


• Started in 2006/2007 as an expert panel to determine 
knowledge gaps (MRP-237, Rev 1 published in 2008)


• Transitioned to a collaboration to conduct research to 
address knowledge gaps


• Data from collaboration for subsequent consideration by 
one or more expert panels to develop usable products 


• Current format is of a collaboration to conduct PWSCC 
research


– Working Groups with designated experts established in 
2008 to focus on key aspects of the topic
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Collaboration Objectives


• Consolidate knowledgebase on Alloy 690/52/152 PWSCC


• Address knowledge gaps using:


– Generally-accepted test methods


– Well-characterized test materials


• Reach the end-point quicker and at a lower cost to each 
participant


• A near-term goal is to obtain consensus from this group on 
test matrices for base (including HAZ) and weld metal 
PWSCC initiation and growth testing


– This includes definition of test materials
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Alloy 690/52/152 Collaborative Research Program
Organizational Structure


• Coordinating Committee ("C"): 


– K. Ahluwalia (EPRI)


– D, Dunn (NRC RES)


– J. Hickling (Technical Secretary)


• Working Group #1: Crack Initiation ("I"):


– Leader: F. Vaillant (EDF R&D, France)


• Working Group #2: Crack Growth ("G"):


– Leader: P. Andresen (GE-GRC, USA)


• Working Group Group #3: Data Application ("A"):


– Leader: S. Fyfitch (AREVA NP Inc., USA)
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Alloy 690/52/152 Collaborative Research Program
Working Group #1: Crack Initiation ("I")


• Scope: WG#1 will focus on PWSCC initiation in 690/52/152


• Leader: F. Vaillant (EDF R&D, France)


• Current Membership:


– T. Allen (Uni. of Wisconsin, USA) /  G. Was (Uni. Of Michigan, USA)


– S. Bruemmer / M. Toloczko (PNNL, USA)


– H. Hänninen / U. Ehrnsten (HUT / VTT, Finland)


– S. Kim (KAERI, Korea)


– D. Morton (KAPL, USA)


– D. Tice  (SERCO TAS, UK)


– T. G. Lian (EPRI)


• Initial Task: assess what types of studies are required and 
how best they should be carried out.
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Alloy 690/52/152 Collaborative Research Program
Working Group #2: Crack Growth (“G")


• Scope: WG#2 will focus on PWSCC crack growth rate in 
690/52/152


• Leader: P. Andresen (GE-GRC, USA)


• Current Membership:


– B. Alexandreanu (ANL, USA)


– D. Gomez-Briceno (CIEMAT, Spain)


– R. Jacko (Westinghouse, USA)


– A. Jenssen (Studsvik, Sweden)


– D. Paraventi (Bettis, USA)


– M. Toloczko / S. Bruemmer (PNNL)


– K. Arioka (INSS)


• Initial Task: review data currently being generated, 
determine gaps and optimize further testing activities.
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Alloy 690/52/152 Collaborative Research Program
Working Group #3: Data Application (“A")


• Scope: WG#3 will focus on data application for PWSCC of Alloys 
690/52/152


• Leader: S. Fyfitch (AREVA NP Inc., USA)


• Current Membership:


– P. Efsing (Ringhals, Sweden)


– C. Marks (DEI, USA)


– D. Dunn (NRC-RES, USA)


– M. Morra (GE-GRC, USA)


– E. Willis (EPRI, USA)


– T. Yonezwa (Tohoku University, Japan) / K. Fujimoto (MHI)


– G. Young / E. Richey (KAPL, USA)


• Initial Task: discuss and decide what materials and material conditions 
need to be tested to ensure that the experimental data generated (for 
both initiation and growth) are properly understood. Later, this group will 
take the lead in assessing the practical relevance of PWSCC data for 
thick-walled Alloy 690 and its weld metals.
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Collaboration Participants


• Current participants


– EPRI


– NRC


– Bettis/KAPL/BPMI


– DOE/INL 


– EDF/MAI 


– INSS


– KAERI


– MHI


– Ringhals


– Rolls Royce/SERCO


– VTT


– UNESA


Potential participants


– AREVA/FROG


– CEA


– CRIEPI 


– Doosan


– Sumitomo


– Tohoku


– Westinghouse/Toshiba
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Together…Shaping the Future of Electricity








Knowledge Gaps


Darrell Dunn


U.S. NRC


July 14-15, 2010


Rockville, MD







High priority


1. PWSCC susceptibility of HAZ
– Current testing indicates CGR are not as fast as cold worked 


materials but IG engagement can be high


2. Effect of weld defects in 52(M)/152 on PWSCC 
susceptibility
– Initial testing underway


3. Effect of weld composition & welding procedure 
(including dilution effects) on PWSCC and LTCP
– Limited data for 52 and 52M, no data for 152M, 52MSS and 52i 


production heats  


4. Welding fabrication and repair effects on defect 
population, residual stresses and susceptibility
– Progress on residual stresses


– Effect of welding and repairs on defects 
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Medium-high priority


5. Reduced resistance to PWSCC due to thermo-


mechanical processing of A690 (e.g. 1-D rolling)


– Data on 1-D rolling; plans for evaluating forging and tensile 


staining; initial results on thermal processing 


6. Resolution of contradictory CGR findings among labs for 


52(M)/152 


– New weld produced by ANL


– Effects of welding parameters 


7. Relevance of thermo-processing modes (e.g. 1-D rolling) 


to plant installations


– Little information obtained to date; difficult to resolve 


significance of CGR for cold worked materials
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Medium priority


8. Importance of LTCP to operating plants for A690 and 


welds 


– Concern for welds under dynamic staining conditions in 


environments with H2


– No new data 


9. CGR flaw disposition curves for A690/52/152 


– Introduction of additional welding alloys


– Test methods
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Low-medium priority


10. Detailed information on actual replacement 


components in the field


– Limited information on processing and fabrication parameters


– How representative are industry mockups and materials that 


have been collected?


11. Crack initiation data on heterogeneously deformed 


A690 that has shown high CGR values


– Testing requirements 


– How will data be used?
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2010 Revision of PWR 


Issue Management Tables


— 80-Year Operations


TG Lian, EPRI


Wayne Lunceford, Alliance Engineering


Industry-NRC 2010 Meeting on Alloy 690 Research


July 13-14, 2010


Rockville, MD







2© 2010 Electric Power Research Institute, Inc. All rights reserved.


US Industry Materials Degradation and Issue 
Management Initiative


 To assure safe, reliable and efficient operation of U.S. nuclear 
power plants in the management of materials issues.


 To provide consistent management process through


 Prioritization of materials issues


 Proactive, integrated and coordinated approaches


 Oversight of implementation


 To require industry’s actions on resolving issues through


 Effective management 


 R&D


 Implementation 


 Compliance to regulations


Materials Degradation Matrix (MDM) and Issue Management Tables 


(IMT) are effective materials aging management tools in support of 


industry’s Materials Degradation and Issue Management Initiative 
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EPRI MDM & IMT — Living Documents


Materials Degradation Matrix (MDM)


– Lists all materials within the scope of the industry’s Materials 
Degradation and Issue Management Initiative 


– Identifies potential degradation mechanisms for applicable 
materials


– Information obtained from materials experts, laboratory R&D, and 
operating experience


Issue Management Tables (IMT)


– Addresses significance of material degradation on applicable 
materials


– Defines where materials are used and consequences of failure


– Identifies existing programs/guidance available for effective 
management: Assessment, inspection/evaluation, mitigation, 
repair/replacement
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2010 MDM & IMT Revisions


2010 Revisions of the MDM (Rev-2) and PWR 
IMTs (Rev-2) address:


– 80-year operations (Long-Term Operations or “LTO”)


– Updates on identifying degradation mechanisms


– Recent operating experience


– Industry progress in addressing LWR materials issues


– Gap restructuring to improve linkage with work plan 
tasks


– Most Gaps revised to keep contents up to date
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Summary of MDM Revision-2 (preliminary)


• 2010 MDM expert panel meeting held in Feb at EPRI - Palo Alto 
offices. Focus Included:


– Long-Term Operations - “LTO” (2nd 20-year license renewal term)


– Recent research program results


• Major LTO issues identified include:


– Increased EOL Neutron Fluence 
(RPV integrity, high fluence effects on austenitic stainless steels, expanded regions of neutron 
effects)


– Increased Fatigue Cycles (with focus on environmental effects)


– Late-Life SCC Initiation and Stress Improvement Technique Stability


– Steam Generator Fouling / Corrosion / Long-Term Management


• Other major issues include:


– Effect of environment on fracture properties


– SCC initiation factors (cold work, welding effects, PWR system oxygen ingress)
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Preliminary MDM Results with LTO Considerations 
— PWR Pressure Boundary Component Materials


MATERIAL & ENVIRONMENT
DEGRADATION MECHANISMS


SCC Fatigue RiFR Irradiation Effects


P
rim


a
ry


 W
a


te
r


Low Alloy Steel & Welds
For 80Y operation,  the 


impact of fatigue 


environmental effects 


becomes more 


significant; 


multiple component 


locations will exceed a 


calculated CUF of 1.0 


Need in modeling 


realistic strain patterns 


and rates, complex 


fatigue cycle 


sequences, and 


chemistry effects.


Thermal aging??


80Y fluence 


increases strength 


and the env effects 


on fracture property


Embrittlement of low neutron 


dose beyond beltline


Late occurring damages by 


SMF and UMD


Stainless Steels:


Base Metals


LTO late in life SCC 


initiations


Off normal water 


chemistry: O ingress, 


lack of de-aeration, 


impurities, 


Stainless Steels:


Welds & Clad


CASS
SCC susceptibility 


of aged CASS??


Ni-Alloy:


Base Metal (A600)


Ni-Alloy:


Base Metal (A690)


LTO late in life 


SCC initiations


Ni-Alloy:


Welds & Clad (A82/182)


Ni-Alloy:


Welds & Clad (A52/152)


LTO late in life 


SCC initiations
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Preliminary MDM Results with LTO Considerations
— PWR Reactor Vessel Internals Component Materials


MATERIAL & ENVIRONMENT


DEGRADATION MECHANISMS


SCC/IASCC Wear Fatigue RiFR Irradiation Effects


P
rim


a
ry


 W
a


te
r


Stainless Steels:


– 300 Series Base 


Metals


– 300 Series Welds & 


Clad


•Late life initiation


•Need additional data 


on IASCC


–Higher fluence


–He-LWR neutron


HC Fatigue:


•Increased vibration 


due to irradiation 


creep and stress 


relaxation, with 


increased neutron 


fluence in 80-y 


operation 


LC Env Fatigue:


•Lack of data on 


effects of neutron 


fluence on fatigue 


life


•LTO exacerbates 


thermal aging


•(Base): cold work 


and irradiation induce 


higher strength and 


increase env effects


•(Weld): Hardening 


effect of fluence, and 


synergism with hi-Mo 


•80Y fluence to neutron 


embrittlement & impact of 


He bubbles


•Void swelling 


•Interaction of irradiation 


creep with void swelling 


on stresses in complex 


structural


CASS


•Synergetic effects of 


thermal and irradiation 


aging??


•Regulatory concerns in 


license renewal


•Synergism with 


thermal aging or 


irradiation embritt


•Limited capabilities 


to detect flaws


•Synergism of radiation 


doses with thermal aging


•80Y expands scope of 


component exceeding 


fluence threshold


Ni-Alloy:


Base Metal (A600)


Ni-Alloy:


Base Metal X-750


•Late life initiation


•80y fluence??


•B-> He bubbles??


•LTCP


•Synergism with 


PWSCC


•80y fluence ~2dpa, near 


the range concerning 


irradiation embrittlement?


•B-> He bubble effects??


Stainless Steels:


– Precipitates hardened    


(A-286)


– Martensitic


•Late life initiation


•80Y may exceed 


3dpa threshold for 


IASCC of A-286


(A-286): Wear 
due to additional 
stress relaxation


•Concern of env 


effects due to high ?


•Need more data on 


thermal aging 


embrittlement


•Irradiation embrittlement 


of A-286: 80Y may 


exceed 3dpa threshold


•A-286: irradiation creep 


and irradiation enhanced 


stress relaxation
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2010 Revision of PWR IMT Gaps


 2010 Revision of the PWR IMT Gaps Addresses:


– New MDM Version 


– 80-year operations (LTO)


– Recent operating experience


– Industry progress


Most gaps are revised to keep content up to date


 PI and EPRI PMs provided initial draft of gaps


 Utilities reviewed, revised and approved the gaps


 Utilities ranked the gaps into three categories: 
High Priority, Medium priority, and Low priority
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Overview of PWR IMT Rev-2 Gaps


 Total of 76 PWR IMT Gaps


– 52 MRP-related, 23 SGMP-related, and 1 MRP/SGMP joint


– 30 High Priority, 25 Medium Priority, 21 Low Priority


 12 New MRP Gaps (in addition to 7 new SGMP gaps)


– 6 New Gaps associated with 2010 MDM / LTO Issues


– 6 Gaps associated with issue progression / restructure


 LTO Impact – Creates / Affects 21 MRP Gaps (in 


addition to 8 LTO gaps for SGMP )


– 6 New Gaps


– 15 Existing (2008 rev-1) Gaps Affected 


 9 MRP gaps Closed 
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2010 PWR IMT High Priority Gaps


High-Priority Gaps High-Priority Gaps


P-AS-12 PWSCC FOI for Alloys 690, 52, and 152 P-AS-13 Therm & Irrad Embrit on CASS & SS Welds


P-AS-14 Fluence Impact on SCC of Stainless Steels P-AS-27 Alternative ASME XI Appendix G Methodology


P-AS-02 Environmental Effects on Fatigue Life: PBC P-MT-04 SG Tubing ODSCC Mitigation (water chemistry)


P-AS-09 SCC of SS Exposed to Primary Water P-AS-01 Boric Acid Corrosion of Carbon and LAS


P-I&E-21 Reactor Internals Generic Accept. Criteria P-I&E-07 NDE Qualification for RI Bolting


P-I&E-02 NDE Qual. for Upper Head Ni Penetrations P-I&E-15 SG Tubing Eddy Current Technology


P-I&E-12 NDE Technology for Examination of CASS P-I&E-22 Appendix VIII Compliance


P-AS-26 SG Tube Damage due to Loose Parts P-AS-34 SG Improved Tubing Leak Rate Modeling


P-I&E-20 SG Foreign Object Detection and Evaluation P-I&E-16 NDE - Tools for SG Tubing Integrity Assess


P-AS-30 ODSCC of Therm. Treated A600 SG Tubing P-I&E-13 NDE for Sizing SG Tubing ODSCC Indications


P-I&E-11 NDE Accessibility Evaluation for RI P-AS-35 SG Sludge Deposits and Scale Buildup


P-RG-09 Pipe Rupture Probability (xLPR) P-AS-11 PWSCC CGR for Alloys 600, 82, and 182


P-I&E-03 NDE Technology for J-Groove Locations P-AS-19 PWSCC Management for Ni-Alloy RI


P-RG-06 NDE Qualification for RI Inspection P-AS-31 Significance of Cracks in SG Divider Plate


P-MT-01 PWSCC Mitigation via Chemistry Controls P-AS-17 Flow-Induced Vibration and Wear of RI


Black – MRP gaps Gray – SGMP gaps
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Medium-Priority Gaps Medium-Priority Gaps


P-AS-15 Void Swelling of Stainless Steels P-MT-09 PWSCC Mitigation via Surface Treatments


P-AS-38 Fluence Impact on SS Mechanical Properties P-AS-20 PWSCC of TT Alloy 600 SG Tubing


P-AS-22 SG Tubes & Internals Wear & HC Fatigue P-DM-09 Environment Effects on Fracture Resistance


P-RG-05 Section XI, Appendix VIII Flaw Sizing Criteria P-RR-05 SG TT Tubing SCC Alternate Repair Criteria


P-RG-10 Management of License Renewal Issues P-AS-25 SG Flow-Accelerated Corrosion Assessment


P-I&E-08 NDE of  Baffle & Former IASCC P-AS-04 Neutron Embrittlement of RPV Steels


P-AS-37 80-Year RPV Material Surveillance Program P-RR-06 Repair Guidelines for Reactor Internals 


P-AS-05 Fluen. Spectra and Dose Rate Effects on LAS P-AS-16 Fatigue Environmental Effects in RI


P-RG-08 SG Eddy Current Noise Mea & Monitoring P-RR-04 Improved Weldability of Ni-Alloy Weld Metal


P-AS-28 Nu-Embrit. of Nozzle Forg & Up Shell Course P-MT-02 PWSCC Mitigation via Surface Treatment


P-I&E-23 NDE for Socket Welded Configurations P-RR-03 Irradiated Materials Welding Processes


P-AS-24 Denting & SCC in Tubesheet (TTS) Region P-RR-08 Alternate Materials for RI Repair/Replacement


P-I&E-18 SG Tube Eddy Current Data Analys. Software


2010 PWR IMT Medium Priority Gaps


Black – MRP gaps Gray – SGMP gaps
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Low-Priority Gaps Low-Priority Gaps


P-AS-36 Issues of Thermal Fatigue of ASME Cl 1 
Piping


P-DM-14 Long Term Stress Stability


P-AS-39 RI Aging Management Program 80-Year 
Evaluation


P-AS-41 ODSCC of Alloy 800 SG Tubing and Sleeves


P-AS-40 Low Temp. Crack Propagation Assessment P-DM-12 Increased Fastener SCC Susceptibility due to 
Long Term Aging


P-I&E-05 I&E Guidance for Alloy 600 "Orphan" 
Locations


P-DM-13 Long Term SCC Susceptibility (late Life SCC 
Initiation)


P-RR-09 RR Guidelines for Therm Fat. of  Cl 1 Piping P-AS-32 SG Safety Evaluation for other A600 
Components


P-AS-29 HC Fat. at RPV Safety Inj and Core Flood 
Line


P-I&E-19 NDE Technique for Implementation of Section 
XI Radiography


P-DM-11 SCC (and Thermal Aging) of CASS PBC P-MT-07 SG Startup Chem. Excursions after SG 
Replacement


P-AS-06 Pressurized Thermal Shock Re-Evaluation P-DM-10 Thermal Embrittlement of LAS RPV 


P-AS-42 ODSCC of TT Alloy 690 SG Tubing P-DM-16 Thermal Embrittlement of Martensitic SS (SG)


P-AS-43 PWSCC of TT Alloy 690 SG Tubing P-I&E-14 NDE Capability for Exam. of Hidden Welds


P-DM-15 Thermal Embrittlement of Martensitic SS


2010 PWR IMT Low Priority Gaps


Black – MRP gaps Gray – SGMP gaps
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What We Do With it?


 A collective understandings on issues associated 
with plant operation 


– Issue ownership by technical committees


– Immediate need as well as proactive approach


– Issue resolution strategy (including Roadmaps)


 A collective understandings on prioritization


– Safety – Regulation – Asset Management - Economics


– Immediate as well as LTO


 Re-evaluate R&D priority 


– Project planning


– Resources re-allocation 
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Open IMT Gaps Significantly Affected by LTO
or 2010 MDM


Gap ID Title
2008 


Rank


2010 


Rank


P-DM-10 Thermal Embrittlement of Low-Alloy Steels Low Low


P-DM-11 Effect of Therm. Aging / Irr. Embrittlement on CASS SCC Resistance Low Low


P-DM-12 Effect of Thermal Aging on Fastener SCC Resistance Low Low


P-AS-02 Environmental Effects on Fati. Life: Pressure Boundary Components High High


P-AS-04 Neutron Embrittlement of Reactor Pressure Vessel Steels Low Med


P-AS-05 Fluence Spectra and Dose Rate Effects on LAS RPV Materials Med Med


P-AS-06 Pressurized Thermal Shock Re-Evaluation Low Low


P-AS-13 Therm. & Irr. Embrittlement Synergistic Effects on CASS & SS Welds High High


P-AS-14 Neutron Fluence Impact on SCC of Stainless Steel High High


P-AS-15 Void Swelling Med Med


P-AS-16 Environmental Fatigue of Reactor Internals Med Med


P-AS-19 Ni-Alloy PWSCC Management - Reactor Internals Med High


P-AS-27 Alternative ASME Section XI Appendix G Methodology High High


P-AS-28 Neutron Embrittlement of Nozzle Forgings and Upper Shell Course Med Med


P-RR-03 Irradiated Materials Welding Processes Low Med
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New MRP LTO Gaps 


Gap ID Gap Title


P-AS-37
80-Year Reactor Vessel Material Surveillance Program 
Management


P-AS-38
Neutron Fluence Impact on Stainless Steel Mechanical 


Properties (fracture toughness, tensile)


P-AS-39 80-Year Reactor Internals Program Assessment


P-DM-13 Late-in-Life SCC Initiation


P-DM-14 Long Term Stress Stability


P-DM-15 Martensitic SS Thermal Aging / Influence on SCC
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Summary


 2010 MDM revision updates the understanding of the 
potential materials degradation mechanisms for primary 
components, in the context of 80-year operation


 The identified major LTO degradation mechanisms in 
primary system materials  


 2010 revision of Issue Management Tables (IMTs) has 
incorporated the MDM results at a component level and 
from an operational significance perspective


 New IMT gaps have been identified and open IMT gaps 
have been updated to address LTO concerns  
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EPRI MDM and IMT Are Available to You


 MDM Rev-2 is in final review by expert 


panel, will be published in August 2010


 PWR IMT Rev-2 has completed gap review 


and ranking, and is in the final draft. Both 


PWR IMT and BWR IMT will be published 


before November 2010


 EPRI MDM, PWR IMT & BWR IMT are 


available to general public (at no cost), 


through www.epri.com



http://www.epri.com/
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Background and Objective


Background 


 PWSCC FOI for Alloys 690/52/152 is a high MRP knowledge gap


 No PWSCC of Alloy 690 has been reported in plant operations


 It is difficult to initiate SCC in Alloy 690 in PWR environment


 Crack initiation is difficult to quantify and to define


 Few effective methodologies in studying SCC initiation for Alloy 690 


Objective


• Quantitatively compare the performance of Alloy 690 vs. Alloy 600, 
in resisting PWSCC initiation


• Develop an effective testing methodology in studying SCC initiation 
of Alloys 690/52/152
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EPRI Alloy 690 Initiation Study


 The experiment proposal was discussed in 2009 at 


NRC Alloy 690 meeting and Alloy 690 Expert meeting


 The proposal was approved in 2009 as a new project 


starting in 2010


 R&D contracts with University of Michigan and 


University of Wisconsin have been signed recently


 The focus of the 1st year is on methodology validation 


(Re-evaluation after 1st year)
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Approach


1. Increase temperature to accelerate the cracking. The kinetics of cracking 
in supercritical water (SCW) regime is expected to increase significantly


2. Establish a correlation between crack initiation and temperature and 
extrapolate the result to realistic operating conditions through the 
established temperature dependence


3. Use interrupted CERT test to assess severity of cracking and to quantify 
crack initiation (University of Michigan)


• To observe cracking in the “early” stages (<10um)


• To assess extent of cracking at a set value of strain 


• To compare cracking severity among different material conditions


4. Introduce ring samples to gain statistical  confidence (University of 
Wisconsin)


5. Develop more sensitive crack initiation detection techniques
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Planned Analysis of SCC Samples in SCW


1. Evaluate the SCC susceptibility of Alloy 600 and 690 in supercritical water 


based on the 3 proposed SCC tests: constant strain, constant load and 


uniaxial tensile specimen


2. Evaluation of the fracture surface by SEM/EBSD. Measurement of 


intergranular (IG) and transgranular (TG) cracking and ductile fracture or 


brittle fracture transitions


3. Evaluation of factors affecting the SCC susceptibility : microstructure, grain 


boundary composition and segregation, intergranular carbide distribution, 


processing orientation


4. Evaluation of effects of water chemistry (hydrogen addition) on SCC in 


supercritical water.


5. Limited analytical TEM of the cross-sectioned samples to study the oxidized 


zones along grain boundary exposed to or near the open cracks.
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• Test Environments:
– PWR water at 320oC, 360oC


– Supercritical water (SCW) at 400oC, 450oC, 500°C


– H added to SCW


• Test Materials:
– MA 600 


– Alloy 690 


– Alloy 52, Alloy 152


• Test methodologies:
– Interrupted CERT at strains of 5%, 10% 25%, etc. (UM)


– Ring samples (UW)


– Develop DCPD for CERT samples (UM, UW)


Proposed Experiments
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Interrupted CERTs (at U. Michigan)


• Strain to fixed values - 5%, 10%, 15%


• Measure crack density, crack length, crack length per unit 


area


• At max. strain (end of expt.) determine crack depth by cross-


section SEM
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SCC Tests in Supercritical Water (at U. Wisconsin)


constant strain 
ring sample


constant load 
ring sample


uniaxial tensile specimen 
(straight or tapered) 


ring sample
straight


tapered


schematic installation 
of different samples in 
SCW loop


ceramic screwAlloy 625 frame


tapered pin
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• Alloy 600


– Heat 93510 


– Mill annealed condition 


– known to be susceptible to IGSCC in PWR conditions


• Alloy 690 


– Heat D272007-A02-1


– Thermally treated: 1075°C:30 min + W.Q. + 700°C:900 min + air cooled


• Alloy 690


– Heat NX3151 HK (Special Metals)


– Solution annealed


Alloys


 


Alloy/heat C Mn Fe S Si Cu Ni Cr Co P Mo Al Ti 


Alloy 690  


#NX3151 HK  


0.03 0.18 10.0 0.001 0.03 0.01 Bal 29.40   0.01 0.22 0.34 


Alloy 690  


#D272007 -


A02-1 


0.021 0.30 9.00 0.001 0.30 0.05 60.02 29.8 0.014 0.012 0.01  0.02 


Alloy 600  


#93510 


0.047 0.23 8.94 0.002 0.30 0.01 74.43 15.42 0.057 0.005    
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Plan of Work


Year Michigan Wisconsin


Year 1 Specimen fabrication and 
characterization of alloys


Interrupted CERT Tests on 600MA:


–PWR at 320, 360°C (+H at 360°C)


–SCW at 400, 450, 500°C (+H at 400°C)


Specimen fabrication and 
characterization of alloys


Tests of Ring specimens of 600MA:


–PWR at 360°C  


–SCW at 400°C


Year 2 Interrupted CERT Tests on Alloy 690:


–PWR at 320°C, 360 C


–SCW at 400, 450, 500 C


Tests of Ring specimens of Alloy 690:


–PWR at 360 C


–SCW at 400


w/ H addition


Year 3 & 4 Continued tests from year 2


Effect of H addition


–Alloys 690, 52, 152


DCPD development


Continued tests from year 2


Effect of H addition


–Alloys 690, 52, 152
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Together…Shaping the Future of Electricity
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Action Plan on CGR Testing of Alloy 690 


Peter Andresen – December 12, 2009 
 


 


This action plan represents the output from the Alloy 690 Experts Meeting in Tampa, FL on 


December 2 and 3, 2009.  In the last month or so, there has been extensive progress in obtaining 


materials that are appropriate for the most critical tests, as well as a suite of materials that can 


address many of the foreseeable needs.  


 


While the plate form is not representative of most PWR components (for now, only the steam 


generator divider plate), the nature of banding in Alloy 690, when it exists, is relatively 


consistent across product forms.  Banding in Alloy 690 primarily takes the form of areas of 


higher carbide density and associated fine grain size, although its presence and severity varies.  


The advantage of plate form is that the banding is more common and consistent, and exists in a 


planar geometry vs. cylindrical or variable geometry in most other product forms.  


 


Banding was once thought to be rare in Alloy 690, perhaps because only limited characterization 


was performed.  When it was seen in several plates, there was significant doubt that it would 


exist in billets or extrusions.  It has now been routinely observed in billets.  Steam generator 


tubing undergoes dramatically more reduction and processing than thick-walled components, and 


banding is observed in some Alloy 690 tubing.  Banding is more likely in Alloy 690 than in 


Alloy 600 or Alloy 800 or stainless steel because of its higher Cr content, which increases 


segregation during solidification.  


 


Three plates are now in hand, and all are banded.  Only one (NX3297HK12 from ANL) has been 


shown to yield high SCC growth rates in the cold rolled condition, but the other two plates 


(Thyssen Krupp heat 114092, and ENSA/Albert&Duval heat WP547) have been forged or rolled, 


and specimens are being machined, and it is expected that high growth rates will be observed on 


these materials.  The current plan is to focus on these latter two materials, which are available in 


larger quantity.  Other materials, including the heat B25K, may also be tested in multiple labs.  


 


In interpreting laboratory results, it should be recognized that only a small fraction of plant 


components ever exhibit SCC, and those obviously represent the upper end of the distribution of 


susceptibility (microstructure, stress, etc.)  Just considering weld residual strain, George Young 


showed that an average residual strain of 16%, but the highest value was 30%.  So one or two 


individual measurements of microstructure, stress, strain, etc. must be viewed in the context of 


inherent variability, and the conditions of concern should be considered the most severe 1 – 5% 


of conditions.  


 


This matrix reflects the following concerns for potential vulnerabilities of Alloy 690, including 


in base metal and heat affected zones (HAZ).  The largest vulnerability identified to date occurs 


in some microstructures that are cold worked and tested in certain crack orientations.  The most 


obvious issue is with banded microstructures (Figure 1) whose plane is aligned with the plane of 


deformation and with the crack plane (Figure 2).  However:  
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 High growth rates (~1000X above other 20% cold worked Alloy 690) have also been 


observed by Bettis in one microstructure that has only moderate banding, and in another 


microstructure that they report as unbanded.  It would be invaluable to perform SCC and 


characterization on those two Bettis materials, including cross-sectional evaluation of the 


crack path relative to microstructural features, but this may not be possible.  


 Very little is known about other types of deformation.  In limited testing, Bettis found 


moderately high growth rates in tensile strained materials, but perhaps 10X lower than in 


1-D cold rolled material.  But such limited testing provides very little insight into the 


range of microstructures, deformation types and crack plane orientations that are possible. 


Other orientations (of tensile straining relative to microstructure) should be evaluated, 


along with the effects of forging, cross-rolling and aligned HAZ (HAZ relative to 


microstructure and to crack plane).  


 Cold work typically increases the growth rate of stainless steel (Figure 3) and Alloy 600 


by ~10 – 20X, so it is crucial that the ~1000 – 10,000X enhancement in growth rates in 


Alloy 690 (Figure 4) be understood.  This produces growth rates that are within ~2X of 


equivalent cold worked Alloy 600 (Figure 5).  The much higher Cr content of Alloy 690 


means that greater segregation occurs, and more processing controls are required to 


ensure homogeneity.  


 The relative orientation of banding and deformation needs to be investigated.  In 


microstructures such as in Figure 1 will not deform homogeneously, no matter what the 


type or orientation of deformation is.  The orientation of the crack plane relative to 


microstructural inhomogeneity is probably more important, but this needs to be 


demonstrated.  


 


The matrix of experiments below can be evaluated efficiently if growth rates clearly below 10
–8


 


mm/s are considered of secondary relevance, although only a limited number of laboratories 


have the capability to reliably detect growth rates this level.  The matrix should address the 


following issues:  


1. Processing Microstructures on SCC Crack Growth.  Test several heats of each that are:  


clearly banded; material of uncertain microstructural homogeneity; and material of high 


homogeneity to clarify relationship between microstructure and growth rate.  These should 


include a range of processing forms; e.g., plate, billet and extrusion.  Use a standard, 


discriminating condition, i.e., 20% cold rolling oriented with the plane of banding, tested in 


the S-L crack orientation.  SCC testing should also be performed on “representative” CRDM 


alloy 690 tubing materials in the cold-worked condition that are documented to possess 


homogeneous, non-banded microstructures.  The preference is to use thick-wall tube 


materials where it is possible to test in the S-L orientation after ~20% deformation, although 


electron-beam or laser welding can be used to test materials that are otherwise too thin.  


2. Microstructural Characterizations on Cold-Worked Alloy 690.  Obtain and examine 


several cold rolled Alloy 690 heats found to give high SCC growth rates in simulated PWR 


primary water.  Determine if it is possible to obtain even small pieces of the three high SCC 


growth rate heats tested by Bettis for characterization and possible SCC testing including 


determining the crack path relative to the microstructure. Microstructural characterizations 


should be performed on the cold-worked materials using optical metallography, scanning 
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electron microscopy, electron backscatter diffraction and possibly transmission electron 


microscopy.  These results should be directly compared to damage characteristics in cold-


worked Alloy 690 found to give low-to-moderate SCC growth rates in simulated PWR 


primary water. 


3. Deformation and Crack Orientation on SCC Growth.  Select two heats that exhibit high 


growth rates in the 20% cold rolled condition, and evaluate them after rolling in one or both 


alternate orientations relative to the plane of banding (if present), and test them in the S-L 


orientation both with respect to the plane of banding and the plane of deformation.  Once this 


analysis is complete, these 20% cold-rolled materials should also be tested in the T-S and L-


T orientations.  


4. Type of Deformation and Crack Orientation on SCC Growth.  Select two heats that 


exhibit high growth rates, and at least one with moderate growth rates in the 20% cold rolled 


condition, and evaluate in the 10 and 30% cold-rolled condition; 10, 20 and 30% cold forged 


condition; and 20 and 30% tensile strained condition with all specimens tested in the S-L 


orientation.  Select two forged alloy 690 conditions and a tensile strained material from the 


above group that exhibit moderate-to-high growth rates, and evaluate them in the S-T, T-S 


and L-T orientations as possible. Selected characterizations of the cold-worked 


microstructures should be performed for key damage comparisons among the various types 


of deformation.  


5. Grain Boundary Microstructure Effects on SCC Growth in CW Alloy 690.  Select two 


or more heats that exhibit high-to-moderate SCC growth rates and alter grain boundary 


microstructures from a high-density of carbides (e.g., thermally treated) to a low density of 


carbides (e.g., solution annealed) before cold working.  As possible, keep other 


microstructural features (e.g., grain size) similar.  Cold roll and possibly tensile strain these 


materials to evaluate the initial microstructure effects on SCC growth.  Grain boundary 


microstructural variations should be examined in both plate and CRDM tube materials.  


6. Custom Weld HAZ in Alloy 690 with Different Processing Microstructures.  Select 


several heats that exhibit high growth rates in the 20% cold rolled condition and moderate-to-


high growth rates in the tensile-strained condition.  Create narrow gap welds whose fusion 


line is parallel to the non-homogeneous microstructure (if present) to determine whether weld 


HAZ strain can promote high SCC growth rates.  Selected characterizations of the cold-


worked microstructures should be performed for key comparisons of HAZ to other 


deformation types.  


7. Commercial Weld HAZ.  Evaluate SCC growth rate in several representative field welds 


and align the crack plane along the weld HAZ.  Different alloy 690 materials should be 


evaluated including CRDM tubing and plate.  


 


It is unlikely that all of these studies will be needed to understand the vulnerabilities of Alloy 


690.  For now, the key elements are:  


 Identifying the critical microstructure conditions/characteristics that can yield high CGRs.  


The discovery that, of three high CGR heats from Bettis, one was only moderately banded 


and another was at most slightly banded (and perhaps only at the surface) adds complexity 


and urgency to this element.  
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 Understanding the effects of relative orientation among microstructure, deformation and 


crack plane.  


 Understanding the effects of different types of deformation (forging, rolling, cross-rolling, 


tensile straining, weld shrinkage).  


 Evaluating whether high growth rates are, in concept, possible in HAZs should be pursued by 


welding with susceptible Alloy 690 in a susceptible orientation.  


 


 


TESTING PRIORITIES 


 


At the December 2009 Alloy 690 Experts Meeting in Tampa, the following testing priorities 


were identified.  In the last few months, key materials have been added to our inventory, and we 


are in an unusually strong position to make major headway on many of these issues.  Testing 


capabilities at the primary laboratories are relatively limited, totaling about a dozen systems in 


five laboratories.  The following items are all important, and there is no implied priority in the 


order of presentation.  


1. Post test characterization of test specimens from ANL plate, primarily by cross-sectional 


metallography, to determine the extent of banding and the location of the crack plane in 


relation to banding or other microstructural features.  GE Research and Serco observe very 


high growth rates, while PNNL and ANL observed only moderate growth rates.  


2. Test several representative CRDM tubing heats after ~20% reduction by cold rolling, with 


the specimens tested in the S-L orientation.  To date, only isolated, lower strain S-L tests 


have been done on cold worked CRDM material.  This is primarily because the CRDM wall 


thickness is typically inadequate, however selected heats of sufficient thickness have been 


identified and options are available to machine CT crack-growth samples from thinner wall 


tubing.  


3. Of the three primarily plates in inventory, only one has been tested.  The two plates of 


primary long-term interest (because of quantity) have not been tested, and should be 


evaluated as soon as possible in the ~20% cold rolled condition and S-L orientation.  


4. Evaluate one or both plates after ~20% reduction by forging and in the S-L orientation.  


5. Evaluate one or both plates using an alternative cold work orientation with the same S-L 


specimen orientation (relative to the original plate dimensions).  For example, ~20% forge 


the plate to reduce the width or length dimension rather the thickness dimension.  


6. Evaluate one or both plates after ~26% reduction by tensile straining and in the S-L 


orientation (along bands).  More tensile straining is needed produce the same reduction in 


thickness.  Tensile straining is more difficult because of the large machine needed and the 


material required for gripping, and initial tests may have to be strained in the T or L direction, 


which might not be as deleterious as the S (short transverse, or plate thickness) direction.  


However, efforts should be made to tensile strain and test in the S (short transverse, or plate 


thickness) direction.  


7. Evaluate one or both plates after ~10% reduction by rolling or forging if moderate-to-high 


crack growth rates are observed in the ~20% reduction condition.  
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8. All participating labs should provide feedback on which tests they plan to do, and which 


materials are needed.  


 


The attached tables incorporate a status of testing in relation to the overall matrix. 
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Table 1 – Base Metal Evaluation* Using S-L Orientation (unless indicated)  


At least 10 CRDM Tube Evaluations Should Be Evaluated for SCC Susceptibility 


Form** Heat # As-rec’d 10% F 20% F 30% F 10% R 20% R 20% T 


Plate 


GEG 


#1 ENSA 


WP547 


X X X, YY X X X X, YY 


T-L #1   X X  X  


Plate 


GEG 


#2 T-K 


114092 


X X X X X X X 


Plate 


ANL 


#3 
NX3297HK1


2 


  ?   26% - ANL, 


GEG, PNNL 


SERCO 


? 


Plate 


GEG 


#4 


BK25 


  ?   20% - GEG, 


PNNL, 


SERCO 


? 


CRDM 


(PNNL) 


#1  RE243, 


Tube 2360 


1.4” wall 


PNNL 


Complete 


(C-L) 


 X 


 


X PNNL 17% 


complete 


TT & SA 


GEG, PNNL 


31% in test 


TT & SA 


X 


T-L #1  RE243, 


Tube 2360 


1.4” wall 


  X X  PNNL30% 


complete 


TT & SA 


 


Billet #1   X   X X 


Billet #2   X   X  


CRDM 
(CIEMAT) 


#2   X   X CIEMAT in 


test 


CRDM 


(PNNL) 


#3  WP142 


1.2” wall 


PNNL, ANL 


complete 
 ?   ?  


CRDM #4 – #10      X  


F = Forged, R = Rolled, T = Tensile strained  


   YY listing on plate #1 represents banding oriented in the direction of deformation, e.g., along 


    tensile or compressive axis.  Crack plane remains S-L orientation relative to deformation, 


    although some evaluation of the S-T orientation is needed.  


   S-L orientation defined by microstructure and/or deformation  


** Plates #1 and #2, and Billet #1 should be banded and/or show high growth rates  


 


Key tests:  Banded 690 + Forging,  Banded 690 + Tensile Strain, Billet & CRDM Behavior 


       Crack Orientation vs. Deformation,  Banding Orientation vs. Deformation (YY)  
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Table 2 – HAZ Evaluation Using S-L Orientation*  


Narrow gap is the preferred weld for HAZ evaluation (fusion line planarity) 


Test Heat # V-groove Narrow gap Electron 


beam 


High 


constraint 


NG / e-beam 


+ banded 


HAZ #1 * X X X X X 


HAZ 


GE 


#2 ENSA * X X X X X 


HAZ 


GE 


#3 T-K *  X    


HAZ 


KAPL 


#4 * 


NX5285TK 


 X    


HAZ #5 *  X    


HAZ #6 *  X    


HAZ #7 *  X    


*   S-L orientation defined by microstructure and/or deformation  


** Heat #1 / #2 applies to each weld type, i.e., test two heats / welds with a V-groove prep  


     Last column (narrow gap or e
–
 beam + banded) means that a banded, high growth rate plate 


material will be used to create alignment between banding and weld residual strains  


 


Key Design and Test Evaluation Issues With HAZ Specimens:  


 Identify weld fusion lines that are as planar as possible.  Since the weld residual strains 


decay significantly in the first one or two millimeters, the optimal case is a fusion line 


that fluctuates less than 0.5 mm.  


 The crack plane on the specimen should be aligned by cutting a somewhat over-thickness 


blank (e.g., 0.6 inch for a 0.5T CT), polishing and etching both sides, then aligning the 


region of the crack plane where growth will occur where the fusion line is straightest, 


offset into the base metal by about 0.5 – 1 mm.  Doubling the radius of the side groove 


can help give the crack more flexibility to move to its preferred plane.  


 Several attempts to evaluate growth rates at constant K should be made during each test 


and multiple samples should be tested for each material/weld combination.  


 After testing, the trajectory of the crack and undulations of the weld in the interior of the 


specimen should be evaluated by sectioning the specimen in the quarter, middle and 


three-quarters, polishing and etching.  It is important to characterize the path of the crack, 


especially to make sure it hasn’t intersected the weld metal, but also to evaluate the 


distance of the crack from the weld fusion line.  Additional examinations by scanning 


electron microscopy and possibly electron backscatter diffraction are recommended.  


 The quarters should then be fatigued apart and the fracture surface examined.  
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Table 3 – SCC Characterization of Alloy 152/52 Weld Metal  


 


SCC in Alloy 52 and 152 weld metals is expected to be affected by:  


 Cr and perhaps Fe concentration  


 Carbide and other particles in the grain boundary  


 Residual strain in the weld metal (constraint, heat input…)  


 


As diverse a combination of Alloy 52 and 152 welds as possible should be evaluated, and 


demonstrating reproducibility and identifying the origins of moderate-to-high SCC crack-


growth-rate welds is a priority.  Perhaps two to three dozen welds should be evaluated.  Other 


evaluations should include weld dilutions zones, inlays and overlays.  


 


Test Heat # V-groove Narrow gap High 


constraint 


Additional 


Cold Work 


Alloy 52M 


weld (KAPL) 


#1 Heat 
NX5285TK 


PNNL in test  PNNL in test   


Alloy 52 weld #2 X X X X 


Alloy 52 weld 


mockup (MHI) 


#3 Heat 
NX2686JK 


U-groove 


GEG, PNNL 
  X 


Alloy 52M 


weld (KAPL) 


#5 with  


hot cracks 
 X 


PNNL in test 
  


Alloy 152 weld  #6 X X X  
Alloy EN152M 


(KAPL) 
#7 Heat 


WC83F8 
X    


Alloy 152 weld 


(ANL) 
#8 old + 


new 


prior ANL 


tests 
   


Alloy 152 weld 


mockup (MHI) 


#3 Heat 
307380 


U-groove 


PNNL 
  X 


Alloy 152M 


weld (KAPL) 


#9 with  


hot cracks 
 X   


52 weld 


variants 


#10..#16 ? X   


152 weld 


variants 


#17..#19 ? X   


Dilution zone #20..#23     


Inlay #24..#28     


Overlay #29..#33     


  * Note that some welds could be evaluated with additional cold work  


 


Testing highly resistant materials is very difficult, and a guideline has been written to provide 


assistance.  Even with the best techniques, limited interdendritic engagement may occur, and the 


average crack growth rate as indicated by DC potential drop or as estimated from the average 


crack depth should be compared to the average or maximum growth in engaged regions.  








Alloy 690 Experts Panel 
Meeting 


Alloy 690/52/152 Archive 
July 14, 2010


Eric Willis & Al Ahluwalia


EPRI WRTC and MRP Groups
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Presentation Topics


• Purpose of Alloy 690 Archive 


• Alloy 690/52/152 Material Archive


– Example of sample in database


• Documentation


• Baseline metallurgical characterization


– Base metal


– Welds


• New material being aquired in 2010


• Quantitative metallurgical examinations planned for 2010
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Purpose of Alloy 690 Archive System


• Collect, categorize, archive and distribute Alloy 690 base metal and 
Alloy 52 and 152 weld sample for evaluation of PWSCC resistance


• Alloy 690 product form available:


– 2” thick plate (two heats)


– Large diameter billets (4 Heats)


– Thick wall extruded tubing ( 16 Heats)


– Small diameter rods (1 heat)


– Small diameter tubing (3 heats)


• Mock-ups


– CRDM MU (1)


• Alloy 52/152 weld metal test plates


– Alloy 152 (3 test welds)


– Alloy 52/52M (2 test welds)


– Alloy 52i (1 test weld)
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Material Post Processed and Ready of CGR 
testing


• 2” thick Alloy 690 plate from ThyssenKrupp


– 20% CW


– 20% Forged


• 2” thick Alloy 690 plate from Aubert & Duval (ENSA)


– 20% CW


– 20% Forged


• Both materials have banded microstructures
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CRDM Mock Up (PG&E)


1"


1" thick sample


Cut Line #1


Cut Line #2


PG&E MU Cut Plan
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Alloy 690 Database Content


Alloy 600/690 Heats and 182/82/152/52 Weldments


ID Material Type Heat No.  Pieces Dimensions: Date Supplier/ C Cr YS UTS PWR


of Sample Thick width length Rec'd Fabricator Wt % Wt % ksi ksi


piece 3 600


Ann'd Plate 1600F, 


1800F-20% marked 


on plate NX8664 1 <1" 5" 14" Oct-93 HAI 0.074 15.8 46 98 NA


piece 9 600 Ann'd Plate 1600F NX8664 1 1" 6" 7" Oct-93 HAI 0.074 15.8 43 106 NA


A28 600 HW'd Plate NX8844 1 1" 6" 42" Apr-94 HAI 0.07 14.9 53 109 NA


A29 600 HW'd Plate NX8844 1 1" 6" 27" Apr-94 HAI 0.07 14.9 53 109 NA


A30 600 HW'd Plate NX8844 1 1" 6" 42" Apr-94 HAI 0.07 14.9 53 109 NA


B31 600 Ann'd Plate 1600F NX8844 1 1" 6" 11" Apr-94 HAI 0.07 14.9 49 109 NA


B32 600 Ann'd Plate 1600F NX8844 1 1" 6" 20" Apr-94 HAI 0.07 14.9 49 109 NA


C34 600 Ann'd Plate 1900F NX8844 1 1" 6" 44" Apr-94 HAI 0.07 14.9 37 102 NA


C35 600 Ann'd Plate 1900F NX8844 1 1" 6' 36" Apr-94 HAI 0.07 14.9 37 102 NA


C36 600 Ann'd Plate 1900F NX8844 1 1" 6" 42" Apr-94 HAI 0.07 14.9 37 102 NA


D37 600 HW'd Plate NX8844 1 1" 6" 42" Apr-94 HAI 0.07 14.9 44 105 NA


D38 600 HW'd Plate NX8844 1 1" 6" 27" Apr-94 HAI 0.07 14.9 44 105 NA


D39 600 HW'd Plate NX8844 1 1" 6" 44" Apr-94 HAI 0.07 14.9 44 105 NA


E40 600 Ann'd Plate 1600F NX8844 1 1" 6" 45" Apr-94 HAI 0.07 14.9 35 98 NA


E41 600 Ann'd Plate 1600F NX8844 1 1" 6" 45" Apr-94 HAI 0.07 14.9 35 98 NA


E42 600 Ann'd Plate 1600F NX8844 1 1" 6" 42 Apr-94 HAI 0.07 14.9 35 98 NA


E43 600 Ann'd Plate 1900F NX8844 0 1" 6" 43" Apr-94 HAI 0.07 14.9 36 102 NA


E44 600 Ann'd Plate 1900F NX8844 1 1" 6" 40" Apr-94 HAI 0.07 14.9 36 102 NA


E45 600 Ann'd Plate 1900F NX8844 1 1" 6" 40" Apr-94 HAI 0.07 14.9 36 102 NA


G2 600 HW'd Plate NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 52 101 NA


G8 600 HW'd Plate NX8844 1 1" 6" 13" Apr-94 HAI 0.07 14.9 52 101 NA


G9 600 HW'd Plate NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 52 101 NA


G10 600 HW'd Plate NX8844 1 1" 6" 11" Apr-94 HAI 0.07 14.9 52 101 NA


G11 600 HW'd Plate NX8844 1 1" 6" 11" Apr-94 HAI 0.07 14.9 52 101 NA


G14 600 HW'd Plate NX8844 1 1" 6" 11" Apr-94 HAI 0.07 14.9 52 101 NA


G15 600 HW'd Plate NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 52 101 NA


H1 600 Ann'd Plate 1600F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 51 100 NA


H4 600 Ann'd Plate 1600F NX8844 1 1" 6" 13" Apr-94 HAI 0.07 14.9 51 100 NA


H5 600 Ann'd Plate 1600F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 51 100 NA


H9 600 Ann'd Plate 1600F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 51 100 NA


H12 600 Ann'd Plate 1600F NX8844 1 1" 6" 13" Apr-94 HAI 0.07 14.9 51 100 NA


H16 600 Ann'd Plate 1600F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 51 100 NA


H17 600 Ann'd Plate 1600F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 51 100 NA


H18 600 Ann'd Plate 1600F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 51 100 NA


J13 600 Ann'd Plate 1900F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 43 101 NA


J20 600 Ann'd Plate 1900F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 43 101 NA


J21 600 Ann'd Plate 1900F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 43 101 NA


J22 600 Ann'd Plate 1900F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 43 101 NA


J23 600 Ann'd Plate 1900F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 43 101 NA


J24 600 Ann'd Plate 1900F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 43 101 NA


J25 600 Ann'd Plate 1900F NX8844 1 1" 6" 12" Apr-94 HAI 0.07 14.9 43 101 NA


1A 690 Ann'd Plate 1800F NX8244HK11 0 1" 7" 12" Mar-94 HAI 0.018 30 35 95 NA


2A 690 Ann'd Plate 1800F NX8244HK11 1 0.75" 6" 30" Mar-94 HAI 0.018 30 35 94 NA


3A 690 Ann'd Plate 1800F NX8244HK11 1 0.75" 6" 30" Mar-94 HAI 0.018 30 33 94 NA


4A 690 Ann'd Plate 1800F NX8244HK11 0.75" 6" 56" Mar-94 HAI 0.018 30 33 94 NA


1B 690 Ann'd Plate 2000F NX8244HK12 0 1" 7" 12 Mar-94 HAI 0.018 30 30 86 NA


2B 690 Ann'd Plate 2000F NX8244HK12 1 0.75" 6" 30" Mar-94 HAI 0.018 30 33 86 NA


3B 690 Ann'd Plate 2000F NX8244HK12 1 0.75" 6" 30" Mar-94 HAI 0.018 30 29 86 NA


4B 690 Ann'd Plate 2000F NX8244HK12 1 0.75" 6" 30" Mar-94 HAI 0.018 30 31 86 NA


1C 690 TT 1325-1340F NX8625HG21 2 1.34" 8" 12" Mar-94 HAI 0.027 30.3 39 96 NA
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Alloy 690 Database Content


• Material ID


• Type of sample


• Heat No.


• Number of pieces of material


• Dimensions of sample


• Date received


• Supplier/fabricator


• Mill certification (CMTR)


• Remaining quantity of 
material


• Steel making process (not all 
materials)


• Baseline metallurgical 
characterization


• Material supplied to


• Photograph of received 
material


• Original quantity of material


EPRI will be producing a CD  for distribution with all of the documentation 


and metallurgical characterization  for all of the archive material in 2010
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Example of One Base Metal Sample in Archive
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Baseline Metallurgical Examination for Base 
Metal (Large diameter billet)


CenterMidwayOutside


Photomicrographs taken at 25, 50, 100 and 500X magnification


Photomicrographs taken 500X magnification







10© 2010 Electric Power Research Institute, Inc. All rights reserved.


Baseline Metallurgical Examination for Weld 
Plate
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Baseline Metallurgical Examination for Weld 
Plate


Base Metal


25, 100, 200 and 500X 


magnification


Etched Non-Etched


500X magnification
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New Material to be Obtained in 2010


• Billets use for the fabrication of monolithic CRDMs 


Dossan/ ThyssenKrupp (2 heats) 


• 2.5” diameter billets use for the fabrication of instrument penetrations 
Valinox


• 1 heat of thick walled (Approx. 2”)  extruded tube Valinox


• Test welds from MHI


– Alloy 690 CRDM tubing with Alloy 52 single vee-groove welds


– DM test plate (SA-508 to SA-166) with Alloy 52 and Alloy 152 
welds


• Additional 2” thick Alloy 690 plate for welding test plates 
ThyssenKrupp


• Steam generator partition plate MU ENSA “Aubert & Duval”


• Alloy 52i filler metal from ThyssenKrupp
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Steam generator partition plate MU 
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Comments and Questions???








Welding and Joining Metallurgy Group


Welding and Repair Technology Center


Hot Cracking Study of High 


Chromium Nickel-Base Weld 


Filler Metals


NRC Alloy 690 PWSCC


Research Meeting


Rockville, Maryland


Wednesday, July 14, 2010


Steve McCracken


EPRI Welding and Repair Technology Center


Boian Alexandrov, John Lippold, and Adam Hope


OSU, Welding and Joining Metallurgy Group
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IntroductionOutline


• Introduction


• Industry Issue


• Objectives


• Filler Metals


• Experimental Procedures


• Scheil Calculation


• Single Sensor DTA (SS DTA)


• Cast Pin Tear Test (CPTT) 


• Test


• Results and Discussion


• Susceptibility to Solidification Cracking 


• Ranking by CPTT and Transvarestraint Testing


• Solidification Modelling and Formation of Eutectic Phases


• Conclusions and Future Work
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Nuclear Power Industry Issue


• Filler metal 182 (ENiCrFe-3) 


was used extensively in 


dissimilar metal welds for 


critical reactor coolant 


system components


• Over time 182 is degraded 


by primary water stress 


corrosion cracking (PWSCC)


• Filler metal 52M (ERNiCrFe-


7A) with ~30wt% Cr has high 


resistant to PWSCC and is 


currently filler metal used for 


mitigation, repair, and new 


fabrication
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PWSCC Mitigation and Repair


• Repair / mitigation of 182 may be done 


by weld overlay with 52M


• Overlay is structural reinforcement 


installed over OD surface of the 182 


weldment


• Mitigation is also done by weld inlay 


(clad) on the ID surface


Schematic of 52M Structural Weld Overlay


52M Overlay on Pressurizer Surge 


Nozzle-to-Safe End Joint
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• 52 (ERNiCrFe-7) and 52M (ERNiCrFe-7A):


• High Cr (28 – 31.5 wt%)


• Better resistance to SCC than 82 (ERNiCr-3) (18-22 % Cr)


• Susceptibility to ductility-dip cracking (DDC)


• 52MSS (ERNiCrFe-13)


• Higher Nb (up to 2.5 wt%) and Mo (4 wt%)


• High resistance to DDC


• Solidification behavior and solidification cracking susceptibility


• Modified 82 (MLTS-2 & 52i)


• Lower chromium (27 wt%)


• Higher Nb (2.7 wt %) and Mn (3 wt%)


• Solidification behavior and solidification cracking susceptibility


Evaluate Solidification Behavior of 52MSS & 52i
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Filler Metals in EPRI Test Matrix


(1) Composition from Certified Material Test Reports


(2) MLTS-27 (also MLTS-2) is a small  experimental heat of filler metal 52i
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Introduction


Index and compare 52MSS, 82, and 52i (MLTS-27) to 52M


• Solidification Behavior and Solidification Range


– Computational modelling


– SS DTA procedure for GTA welds


• Susceptibility to Solidification (Hot) Cracking


– Transvarestraint test ranking 


– Cast Pin Tear Test (CPTT) ranking


• Applicability of CPTT to High Chromium Ni-Base Filler Metals


– Sensitivity to small composition variations in 52MSS


– Correlation to  Test


Objectives of EPRI Test Matrix
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Introduction


• Introduction


• Industry Issue


• Objectives


• Filler Metals


• Experimental Procedures


• Scheil Calculation


• Single Sensor DTA (SS DTA)


• Cast Pin Tear Test (CPTT) 


• Test


• Results and Discussion


• Susceptibility to Solidification Cracking 


• Ranking by CPTT and Transvarestraint Testing


• Solidification Modelling and Formation of Eutectic Phases


• Conclusions and Future Work


Outline
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IntroductionCalculated Solidification Temperature Range
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Introduction


 


PC


DAS


TS(t)


SS DTA 


Software


TR(t) T(S)


 


1g Test 


Button 


20g Base 


Button 


52MSS-A SS DTA Button Sample 52MSS-A Transvarestraint Sample


• Epitaxial growth


• Columnar dendritic microstructure


• Interdendritic precipitation


• Dendrite arm spacing


SS DTA Procedure


SS DTA Procedure Replicates GTA Weld Microstructure
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• Determines enthalpy changes caused by phase transformations


• Utilizes single temperature sensor


• Applicable during actual and simulated processing


SS DTA Data Analysis
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Introduction
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Introduction


52M 52MSS-A 52MSS-B MLTS-2


Eutectic Range, oC not detected 113 132 174


Solidification Range, oC 144 192 192 232


SS DTA Summary of Solidification Behavior
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Cast Pin Tear Test (CPTT) Procedure


• Alloy charge is cast into 3/8” diameter pins


• Longitudinal tensile strain occurs in pin as it 
solidifies and cools


• Strain increases as pin length increases


• Charge may be adjusted for weld metal 
dilution


OSU cast pin tear test apparatus


3/8” diameter pins are cast from 3/8” to 2-1/8” 
gauge length in 1/8” increments. Head and 


foot of pin restrain gauge length during cooling


Button is melted 
by electric arc 
and cast into 


pin mold


Set of buttons is 
prepared for 
each heat
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Introduction
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Introduction


MLTS-2


52MSS-A


52M


52MSS-B


CPTT Fracture Surface Morphology
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Max Circumferential Cracking vs Pin Length


lower crack 


susceptibility


higher crack 


susceptibility
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Introduction


CPTT Ranking of Solidification Cracking Susceptibility


CPTT Ranking
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Introduction
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Introduction


MLTS-2   5% Augmented Strain52M   5% Augmented Strain


DDC


Solidification Cracks


52MSS-C   1% Augmented Strain52MSS-B   3% Augmented Strain52MSS-A   3% Augmented Strain
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52i


DDC


52i at 5% strain (10x)


Varestraint Test Results (DDC Resistance)


• DDC observed in 52M 


at 5% strain


– Expected behavior


• DDC observed in 82 at 


7% strain


– Expected behavior


• DDC observed in 52i 


at 5% strain


– Unexpected


behavior


• Solidification cracking 


occurs between Tliq


and Tsol


• DDC occurs between 


~0.75Tliq and 0.5Tliq


82


82 at 7% strain (10x)


(40x)


DDC
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IntroductionOutline
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Comparison of Crack Susceptibility


• Solidification temperature range evaluation results


JMatPro calculations


M52i (317ºC) > MLTS-27 (315ºC) > 82 (281ºC) > 52MSS-B (273ºC) 


> 52M (263ºC) > 52MSS-C (254ºC) > 52MSS-A (241ºC)


SS DTA (single sensor differential thermal analysis)


MLTS-27 (232ºC) > 52MSS-B (192ºC) > 52MSS-A (192ºC)


> 52M (144ºC)







27© 2010 Electric Power Research Institute, Inc. All rights reserved.


Comparison of Crack Susceptibility


• Cast pin tear test results (hot cracking)


52MSS-A > 52MSS-B > MLTS-2 > 52MSS-C > 52M


• Transvarestraint results (hot cracking 2% - 5% stain)


52MSS-A > 52MSS-C > 52MSS-B > 52i > MLTS-2 > 82 > 52M


• Transvarestraint results (DDC)


52i ~ 52M > 82 > 52MSS   (no DCC observed in 52MSS)


• Strain-to-fracture test results (DDC)


52 = 52M > 82 > 52MSS  (no STF test data for 52i)
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Crack Back Filling or Healing Mechanism


• Wide solidification 
temperature range 
indicates potential for 
high volume fraction 
liquid at end of 
solidification


• MLTS-27 has widest 
solidification range but is 
less susceptible to hot 
cracking


• May be due to higher 
volume fraction of liquid 
(NbC eutectic) that back 
fills the hot crack


• Back filling mechanism 
is known to occur in alloy 
625
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Transvarestraint Metallographic Analysis


52M


MLTS-27


52MSS


• Evidence of crack healing 
by liquid back filling at low 
1% augmented strain


• Largest amount of backing 
filling occurred in MLTS-27 
filler metal


1% Strain


1% Strain


1% Strain
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Introduction


Element Cr Mn Fe Ni Nb


Interdendritic 


Phase, wt.%


21.0 4.5 2.0 54 18.6


MLTS-27 
Composition, 


wt.%


26.9 3.2 3.0 63.8 2.7
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Partitioning from Austenite (FM 52M)
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Scheil Predictions 52M 52MSS-A 52MSS-B MLTS-27


Tliquidus 1394 1362 1360 1350


ΔT (fsolid = 0.98) 231 244 254 284


ΔT (fsolid = 0.99) 265 257 262 312


Fraction Eutectic 


(fsolid = 0.99)
5.3 14.8 12.4 16.1


SS DTA Results 144 192 192 232


ΔT Equilibrium 63 118 116 95


Solidification Calculation Summary


Thermo-Calc with Thermotech TTNI7 database


Courtesy of 


Jeffrey Sowards & John Lippold
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IntroductionOutline


• Introduction


• Industry Issue


• Objectives


• Filler Metals


• Experimental Procedures


• Scheil Calculation


• Single Sensor DTA (SS DTA)


• Cast Pin Tear Test (CPTT) 


• Test


• Results and Discussion


• Susceptibility to Solidification Cracking 


• Ranking by CPTT and Transvarestraint Testing


• Solidification Modelling and Formation of Eutectic Phases


• Conclusions and Future Work
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IntroductionConclusions


• SS DTA solidification temperature ranges were:                 


MLTS-2 (232 C) > 52MSS (192 C) > 52M (144 C)


• The  transvarestraint test ranked susceptibility to solidification 


cracking in the following order from most to least susceptible:        


52MSS > MLTS-2 (52i) > 52M


• The Cast Pin Tear Test ranked the susceptibility in same order: 


52MSS > MLTS-2 (52i) > 52M 


• The Cast Pin Tear Test can be used as a reliable alternative tool 


for ranking the solidification cracking susceptibility in high-Cr, Ni-


base filler metals – especially suited for dilution studies
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IntroductionConclusions


• The SS DTA technique is suited for evaluating solidification 


behavior of dilution weld metal


• Backfilling by eutectic liquid may influence solidification cracking 


susceptibility of MLTS-27 (52i)


Addition of Nb & Mo increase DDC resistance but seem to also 


increase solidification cracking


L  L +  L + + MC  L + + MC + (Laves)
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IntroductionFuture Work


• Compete testing and analyses of 52i and 82


• Test and evaluation new 52MSS with low 3% Fe content


• Optimize CPTT apparatus to improve sensitivity and 


repeatability


• Use optimized CPTT, SS DTA, and modeling to investigate the 


influence of stainless steel dilution on 52M, 52MSS, 52i


• Evaluate influence of DDC on SCC initiation
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52M equiaxed dendrites with eutectic precipitates


(Courtesy of Jeff Rodales and Adam Hope)
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Thank You – Questions or Comments


Welding and Joining Metallurgy Group


Welding and Repair Technology Center
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Production of First Commercial Heat


Element


52 52M 52MSS 52i


ERNiCrFe-7 ERNiCrFe-7A ERNiCrFe-13 ERNiCrFe-15


Min Max Min Max Min Max Min Max


C 0.04 0.04 0.03 0.045


Mn 1.0 1.0 1.0 2.5 3.5


Fe 7.0 11.0 7.0 11.0 Balance 2.0 3.0


P 0.02 0.02 0.02 0.020


S 0.015 0.015 0.015 0.015


Si 0.5 0.5 0.5 0.50


Cu 0.3 0.3 0.30 0.30


Ni 54.0 62.0


Co 0.12 0.10


Al 1.10 1.10 0.50 0.50


Ti 1.0 1.0 0.50 0.20 0.40


Cr 28.0 31.5 28.0 31.5 28.0 31.5 26.0 28.0


Nb + Ta 0.10 0.5 1.0 1.5 3.5 2.0 2.6


Mo 0.50 0.50 3.0 5.0


Other 0.50 0.50 0.50 0.50
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Production of First Commercial Heat


Element


52i


ERNiCrFe-15


Actual Min Max


C 0.040 0.045


Mn 3.0 2.5 3.5


Fe 3.0 2.0 3.0


P 0.002 0.020


S 0.001 0.015


Si 0.06 0.50


Cu 0.01 0.30


Ni Balance Balance


Co <0.02 0.10


Al 0.47 0.50


Ti 0.39 0.20 0.40


Cr 27.05 26.0 28.0


Nb + Ta 2.6 2.0 2.6


Other 0.07 0.50
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Production of First Commercial Heat


• Wire produced in 2009 (VIM + ESR)
– 0.045” and 0.035” spools


– Coated electrodes


• Samples supplied to 11 customers
– 4 OEM’s


– 2 weld overlay providers


– 2 research labs


– 3 fabrication shops


• Samples to Europe, Asia, North America







T
h
y
s
s
e


n
K


ru
p
p


A company 
of ThyssenKrupp


Stainless


ThyssenKrupp 


VDM
Presented at EPRI Welding and Fabrication Technology 


for New Power Plants, June 23, 2009


Agenda


Production of First Commercial Heat


Experience from Customers


Future Plans


Summary







T
h
y
s
s
e


n
K


ru
p
p


A company 
of ThyssenKrupp


Stainless


ThyssenKrupp 


VDM
Presented at EPRI Welding and Fabrication Technology 


for New Power Plants, June 23, 2009


Experience from Customers


Customer A


GTAW 95%Ar = 5%H2
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Experience from Customers


Customer A


GTAW 95%Ar = 5%H2
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Experience from Customers


Customer A


GTAW 95%Ar = 5%H2
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• Welding was good 


– No smoke


– Good weld pool


– Good bead appearance


– Good bead shape


– Good wetting


• No porosity of micro-fissures observed


• Physical testing underway


Experience from Customers


Customer A
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Experience from Customers


Customer B


FM52i – GTAW – Rolled Wire
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Experience from Customers


Customer B


FM52i – GMAW – Drawn Wire
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Experience from Customers


Customer B


MLTS-2 – GMAW – Drawn Wire
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Experience from Customers


Customer B


MLTS-2 – GTAW – Drawn Wire
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Experience from Customers


• Welding with FM52i in thick sections possible 


with both GMAW (MIG) and GTAW (TIG)


• Rolled wire is cleaner and produces less 


surface oxides on weld beads (but is very 


expensive).


• Drawn wire has some variability in surface 


oxides form spool to spool (wire drawing issue)


• No cracking or other defects observed during 


welding.


Customer B
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Experience from Customers


Customer C


Weld Wire Weldability


(100%Ar)


Weldability


(98%Ar = 2%H2)


FM52 – Vendor 1 Average Average


FM52 – Vendor 2 Average Average


FM52M – Vendor 2 Average Good


FM52i – Vendor 1 Good Good
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Experience from Customers


• FM52i produces the best welds when 
compared with FM52 and FM52M


• Adding small amounts of hydrogen (2%) to the 
cover gas reduces the amount of oxide islands 
and improves weld tie-in


• Mechanical properties of welds are similar with 
FM52i being slightly stronger and slightly lower 
ductility


• High temperature annealing has little effect on 
the tensile strength but improves ductility


Customer C
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The “Chabenat” Weldability Test


• GTAW process


(machine)


• Base metal:


– Base material or deposit 


metal


– Carbon steel, SS 


or Ni-Cr


• Circular groove


• Filler metal:


- Alloy 52


- 0.035” diameter


Customer D
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Cracks Observed


• “Type 1”Cracks 


– Very small


– Can be numerous


– Dispersed throughout weld


– Not generally present in first or last layers


Customer D
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Cracks Observed


• “Type 2” Cracks 


– Longer and wider than “Type 1”


– Typically close to fusion line and first layer deposits


– Generally appear when dilution is highest


Customer D
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Chabenat Test Results
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Future Plans


• Modify chemistry to reduce surface oxides


Standard 625 Optimized 625


Example: 


Reduction of 


surface oxide 


islands on Alloy 


625 for hot wire 


TIG cladding of 


oil & gas valves
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Future Plans


• AWS Coverage applied for


– AWS A5.11 ENiCrFe-15 for coated electrodes


– AWS A5.14 ERNiCrFe-15 for bare wire


• ASME code coverage in process


– Currently generating data package


• Additional heat now planned with 


adjusted chemistry for reduced oxides


• Continue customer evaluations







T
h
y
s
s
e


n
K


ru
p
p


A company 
of ThyssenKrupp


Stainless


ThyssenKrupp 


VDM
Presented at EPRI Welding and Fabrication Technology 


for New Power Plants, June 23, 2009


Agenda


Production of First Commercial Heat


Experience from Customers


Future Plans


Summary







T
h
y
s
s
e


n
K


ru
p
p


A company 
of ThyssenKrupp


Stainless


ThyssenKrupp 


VDM
Presented at EPRI Welding and Fabrication Technology 


for New Power Plants, June 23, 2009


Summary


• DDC cracking seen in standard FM52and 
FM52M welds but not in FM52i


• FM52i has less hot cracking tendency than all 
other “52” varieties, but still not immune


• Four customer successfully produced welds 
with good results


• General comment about dark surface color of 
weld beads – chemistry is being refined to 
address this issue (we already know how to do 
this)





