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Presentation Topics


 CGR testing of Alloy 690 HAZ


- present microstructural analysis


- present CGR data


- present and discuss fracture surface 


 Cracked carbides – a possible explanation for the high rates observed 
in several heats of Alloy 690 in cold-worked condition
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Alloy 152 Welds on CRDM Nozzle (2541-Heat WP142) 


Alloy 152 Weld (B-P7)
specimen designation C152 


CR, LR 


Alloy 690 HAZ 
specimen designation CF690
CL, CR


 Alloy 152 Heat WC43E9 (Special Metals)
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CRDM Alloy 690 HAZ – microstructure vs. distance to fusion line


Alloy 690 HAZ 
specimen designation CF690


CL, CR


 Dislocation segments become longer, evolve as tangled dislocation network


Distance to fusion line (m): 131                                     326                   866 
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CRDM Alloy 690 HAZ – microstructure vs. distance to fusion line


Alloy 690 HAZ 
specimen designation CF690


CL, CR


 Microstructure: GB carbides, matrix carbides, carbide-free near fusion line 


Distance to fusion line (m): 131                                     326                   866 
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CRDM Alloy 690 HAZ – Microstructure near the fusion line


Alloy 690 HAZ 
specimen designation CF690


CL, CR


 Discrete (discontinuous) and continuous and GB carbides
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CRDM Alloy 690 HAZ - Hardness


Alloy 690 HAZ 
specimen designation CF690


CL, CR


 Hardness near the fusion line higher by approx. 13% vs. matrix
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CRDM Alloy 690 HAZ Specimens


Alloy 690 HAZ 
specimen designation CF690


CL, CR
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 Hardness near the fusion line lower than that of the mid-plane of cold-rolled 
plate by 10-17%
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CRDM Alloy 690 HAZ  - Strain by EBSD


 Approx. 10% at 200-300 m from the fusion line 
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CRDM Alloy 690 HAZ Specimens


Alloy 690 HAZ 
specimen designation CF690


CL, CR
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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)
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CRDM Alloy 690 HAZ


 Constant load CGRs  7.710-12 m/s (despite previous cycle + hold data 
suggesting that the SCC CGR would be larger)
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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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SCC CGRs vs. K for Alloy 690 HAZ


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


 HAZ CGRs similar or only slightly higher than as-received condition  
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CF690-CR-1 Lateral surfaces (post test)
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CF690-CR-1 Lateral surface 1
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CF690-CR-1 Lateral surface 1


 Crack seems to follow the fusion line


 Crack branching, possible IG and TG modes, 
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CF690-CR-1 Lateral surface 2
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CF690-CR-1 Lateral surface 2


 Crack is straight


 Limited crack branching, predominant TG modes 
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Fracture surface of Alloy 690 HAZ
 1st half                                                     1


 2nd half                                                  2
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Fracture surface of Alloy 690 HAZ
1 2


Pre-
cracking
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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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Fracture surface of Alloy 690 HAZ - region 1


 Mixed fracture mode: predominantly “granular” with dendrites, TG and IG 
secondary cracks
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Fracture surface of Alloy 690 HAZ - region 1


 “Granular” appearance is similar to that observed on 26% CR alloy – possible 
effect of cold work


CF690-CR-1, Alloy 690 HAZ A690WC-SL-1, 26% CR
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Fracture surface of Alloy 690 HAZ - region 1


 Particles on facets - rare - similar to those observed on 26% CR alloy –
possible cracked carbides


CF690-CR-1, Alloy 690 HAZ A690WC-SL-1, 26% CR
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Fracture surface of Alloy 690 HAZ - region 2


 Similar to the alloy in the as-received condition: predominantly TG with IG 
secondary cracks
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Fracture surface of Alloy 690 HAZ - region 2


 Similar to the alloy in the as-received condition: predominantly TG with IG 
secondary cracks
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Alloy 690 HAZ Summary


 Hardness, EBSD indicate low level of cold work in the HAZ (approx. 10%)


 GB carbide coverage non-uniform: discrete, continuous, carbide-free GBs


 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 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







29Work sponsored by the 
US Nuclear Regulatory Commission


Presentation Topics


 CGR testing of Alloy 690 HAZ


- present microstructural analysis


- present CGR data


- present and discuss fracture surface


 Cracked carbides – a possible explanation for the high rates observed 
in several heats of Alloy 690 in cold-worked condition


- summarize microstructural characteristics for susceptible heats


- explain how cracked carbides are consistent with a grain 
boundary deformation mechanism for SCC







30Work sponsored by the 
US Nuclear Regulatory Commission


Summary of microstructural features  
for heats with measured SCC CGRs > 110-11 m/s


1Anything unusual/unexpected except for banding and cracked carbides
2Not in the mid-plane that was tested 
3Observed by TEM or SEM
4Observed on fracture surface
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Cracked GB carbides in the mid-plane of 1-D Cold-Rolled 
Alloy 690 plate (ANL and GE)


 Cracked grain boundary carbides, fatigue properties during precracking
seem un-affected (ANL)


ANL, 26% CR GE, 20% CR
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Cracked carbides in Bettis Alloy 690 cold-rolled by 24%


 Paraventi et al. 2006  
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Cracked carbides in Bettis Alloy 690 cold-rolled by 24%


 Paraventi et al. 2006  
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Cracked GB carbides in INSS Alloy 690 cold-rolled by 20%


 Arioka et al. 2009  







35Work sponsored by the 
US Nuclear Regulatory Commission


Relationship between cracking and GB deformation in 
Alloys 600 and 690


Vaillant et al. 1999  


 Cracked carbides can affect cracking via the sliding rate


S = grain boundary sliding rate
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Relationship between creep and cracking in Alloys 600 and 690
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Cold-worked Alloy 690 – microstructure and SCC


 For all cold-worked heats showing relatively high SCC CGRs (>10-11 m/s) there is 
evidence of cracked carbides 


 Cracked carbides as a cause for the enhanced SCC CGRs are consistent   


with a grain boundary deformation mechanism for SCC


 Unresolved issues:


– show that non cold-worked variants do not have cracked carbides 


– demonstrate that non cold-worked variants do no crack


 Moving forward (approach similar to that for Alloy 600) 


– understand (mechanistically) the role of Cr in solution and as carbides


– determine the level of cold work that causes carbides to crack (and could 
potentially impact SCC behavior)


– investigate the effects on carbides at weld HAZ (combination of solutionized, 
discrete, continuous + cold work) 
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Alloy 690 Plate (Heat NX3297HK12)


 Carbide and grain size banding observed at the edges but not in the mid-plane  
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Cross section of specimen A690WC-SL-1 tested in PWR water 
(Heat NX3297HK12, cold rolled by 26%)


 Crack propagation appears straight
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Cross section of specimen A690WC-SL-1 tested in PWR water 
(Heat NX3297HK12, cold rolled by 26%)


 Crack propagation appears straight
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Cross section of specimen A690WC-SL-1 tested in PWR water 
(Heat NX3297HK12, cold rolled by 26%)


 Crack propagation appears straight
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Next Alloy 690 HAZ specimen: CF690-CR-3


 1.2 mm tall side grooves
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Next Alloy 690 HAZ specimen: CF690-CR-3 (side groove A)
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Next HAZ specimen: CF690-CR-3 (side groove A)
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Next HAZ specimen: CF690-CR-3 (side groove B)
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CF690-CR-1 Lateral surface 2
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Fracture surface of Alloy 690 as-received and HAZ
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Cyclic CGR data for Alloy 690


 Alloy 690 cold-rolled shows significant environmental enhancement, 


comparable to Alloy 600 from Davis-Besse (Nozzle #3)


 Cyclic CGR rates for as-received alloy lower than those for cold-rolled alloy
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Precracking in Davis-Besse Alloy 600 and Alloy 690 26% CR








Alloy 52 Filler Metal 
Weldability Testing


Preliminary Results
Solidification (hot) Cracking
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Research Collaboration Meeting


Rockville, MD
August 2009


Steve McCracken
EPRI Welding & Repair Technology Center







2
© 2009 Electric Power Research Institute, Inc. All rights reserved.


Evaluation of New Alloy 52 Filler Metals


• New formulations have been developed to improve 
resistance to ductility-dip cracking (DDC)


• New compositions may unfortunately increase 
susceptibility to solidification (hot) cracking


• Field experience indicates high dilution with stainless 
steel, high S & P, and high Si may increase propensity for 
solidification cracking


• Methods for evaluating solidification crack susceptibility
– Transverse varestraint test
– Cast-pin-tear test (CPTT)
– Solidification range measurement / simulation


• Single sensor differential thermal analysis (SS DTA)
• Scheil-Gulliver simulation (JMatPro / ThermoCalc)
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Alloy 52 Heats / Classifications in WRTC Test 
Matrix for Solidification Crack Evaluation


• MLTS-27 *
• EN52i ***  


(large production melt)


• 52M (ERNiCrFe-7A) * 
• 52MSS-A&B (ERNiCrFe-13) * 


(experimental melts)
• 52MSS-C (ERNiCrFe-13) **


(large production melt)


* Testing nearly complete  
** Testing in progress  
*** Testing in fall 2009
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Transverse Varestraint Test Specimens


• Machine GTAW 
used to install 
multi-pass 
groove weld on 
test specimen


• Bead placement 
& Alloy 600 plate 
used to minimize 
effect of dilution


• Test coupon is 
machined and 
cut to ¼”x3½”x9”
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Transverse Varestraint Test Setup


• Testing performed on 
MTV 2500 machine at 
Ohio State University


• Ram moves up to 
bend specimen during 
welding which applies 
augmented strain as 
autogenous weld 
solidifies


• Thermal couple is 
plunged into weld 
puddle to measure 
cooling rate
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Transverse Varestraint Testing


• Crack length reaches a maximum 
and is essentially constant above 
saturated strain


• Maximum Crack Distance (MCD) is 
maximum crack length (MCL) at 
saturated strain


MCD
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Solidification Crack Susceptibility Index 
Determined from Varestraint Data


• Solidification crack temperature 
range (SCTR) is a relative index 
of crack susceptibility 
– SCTR determined graphically
– Wide SCTR indicates potential 


for hot crack susceptibility
• Maximum crack distance (MCD) 


is crack length determined 
measured at saturated strain


• Velocity (V) is weld travel speed 
during varestraint testing


• Cooling curve is determined by 
plunging thermal couple in the 
weld puddle
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Introduction


MLTS-27 at 5% Augmented Strain52M at 5% Augmented Strain


52MSS-A at 3% Augmented Strain 52MSS-B at 3% Augmented Strain


DDC Back filling


Transverse Varestraint Cracks 


MCLMCL
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Transverse Varestraint Data 
Maximum Crack Length vs Augmented Strain
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Cast Pin Tear Test (CPTT) Description


• CPTT evaluates solidification and liquation crack 
susceptibility


• Alloy charge is cast into a 3/8” diameter mold
• Charge may be adjusted for weld metal dilution
• Longitudinal tensile strain occurs in pin as it 


solidifies and cools
• Strain increases as pin length increases


OSU cast pin tear test apparatus


3/8” diameter pins are cast from 3/8” to 2-1/8”
gauge length in 3/8” 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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Set of Cast Pin Tear Test Specimens


• Circumferential 
crack size (% of 
360) is 
measured for 
each pin length


• % crack size 
versus pin 
length is plotted


• Different heats 
of Alloy 52 are 
indexed
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Introduction
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Introduction


MLTS-27


52MSS-A


52M


52MSS-B


CPTT Fracture Surface Morphology
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Introduction


Maximum Circumferential Cracking (MCC) Response Curves
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Introduction


 


Single Sensor Differential Thermal Analysis 
(SS DTA) Procedure


• SS DTA method 
developed at OSU


• Simulates GTA weld 
microstructure 
– Epitaxial growth from 


base material
– Columnar dendrite 


microstructure
– Interdendritic 


precipitation
– Dendrite arm spacing


• SS DTA can be used to 
simulate weld dilution 
compositions
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Introduction


1g Test 
Button 


20g Base 
Button 


SS DTA Button  (52MSS-A) Transverse Varestraint  (52MSS-A)


Comparison of SS DTA 1g Test Button and 
Varestraint Specimen Microstructure


SS DTA method accurately replicates GTA weld microstructure
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Introduction


144232192192Solidification Range, oC


N.D.174113132Eutectic Range, oC


52MMLTS-2752 MSS-B52 MSS-A


Comparison of SS DTA Solidification Behavior  
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Comparison of Crack Susceptibility


• CPTT (cast pin tear test) results
– 52MSS-A > 52MSS-B > MLTS-27 > 52M


• Transverse varestraint results
– 52MSS-A > 52MSS-B > MLTS-27 > 52M


• Solidification temperature range evaluation results
By SS DTA (single sensor differential thermal analysis)
– MLTS-27 (232 ºC) > 52MSS-B (206 ºC) > 52MSS-A 


(192 ºC) > 52M (144 ºC)
By ThermoCalc / JMatPro calculation
– MLTS-27 (231 ºC) > 52MSS-B (272 ºC) > 52MSS-A 


(267 ºC) > 52M (145 ºC)
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Adequate Volume % Liquid at End of 
Solidification May Heal / Backfill Cracks


• Wide solidification 
temperature range 
indicates higher volume 
fraction liquid at end of 
solidification


• MLTS-27 has widest 
solidification range but 
is less susceptible to 
cracking


• Reduced susceptibility 
to cracking is likely due 
to adequate volume 
fraction of liquid to 
cause crack ‘healing’
(back filling)
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• Solidification and Eutectic Ranges
– Widest in MLTS-27, Nb rich eutectic
– 52MSS-A wider than 52MSS-B, higher C & Nb
– Narrowest in 52M


• New SS DTA Procedure
– Accurately simulates Ni-base GTA welds
– Solidification temperature range for MLTS-27 & 52M by SS 


DTA are in close agreement with Scheil-Gulliver simulations
• Solidification Crack Susceptibility Ranking


– 52M least susceptible 
– MLTS-27 less susceptible than 52MSS, potentially due to 


crack healing
– 52MSS-A more susceptible than 52MSS-B, higher C & Nb
– Close agreement between CPTT and Transverse Varestraint 


Conclusions
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Continuing Work


• LOM & SEM
– crack healing, eutectic phases


• Determine Solidification Cracking Temperature Range (SCTR)
• Complete 52MSS-C & 52i testing:


– Solidification Behaviour
• SS DTA
• Thermal Simulation


– Cast Pin Tear Testing
– Transverse varestraint test and determine SCTR


• Strain-to-Fracture (DDC) testing of 52M, MLTS-27, three heats of 
52MSS, and 52i
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Future Work


• Evaluate influence of dilution on heats and classifications of Alloy 52
– Level of dilution with stainless steel that causes solidification 


cracking
– wt% of S & P that cause solidification cracking
– Influence of Si on dilution and potential for increasing risk for 


solidification cracking
– Solidification range
– Solidification cracking / CPTT & varestraint test
– SS DTA & thermal simulations / calculations


• Test new heats / formulations of Alloy 52
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Approach to A690/52/152 Archive System


• Acquire as many as possible A690/52/152 samples that 
are representative of product forms that will become 
components in NPPs


• Effort is made to obtain as much details as possible about 
materials processing for each sample


• CMTRs and mechanical properties are available for most 
samples in the archive


• Baseline microstructure is available for all samples in the 
EPRI archive
– Longitudinal and Transverse cross-section examined


• Etched and Non-etched condition
• 25X,50,100,500,1000X photomicrographs taken
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Alloy 690 (SB-167) Tubular CRDM Materials


RF802
(CP38)


Extruded Tubing
4.5 OD. x  2.3 ID.


10


WQ618
(CP38)


Extruded Tubing
4.5 OD. x  2.3 ID.


9


RF798
(EPR France)


Extruded Tubing
4.9 OD. x  2.8 ID.


8


WP785
(Qinshan)


Extruded Tubing
4.6 OD. x  2.2 ID.


7


RE244
(Salem U2)


Extruded Tubing
4.5 OD. x  2.3 ID.


6


WQ208
(Diablo Cyn)


Extruded Tubing
4.5 OD. x  1.8 ID.


5


WQ075
(Diablo Cyn)


Extruded Tubing
4.5 OD. x  1.8 ID.


4


WP787
(CP35/37)


Extruded Tubing
4.5 OD. x  2.3 ID.


3


WQ199Extruded Tubing
6.1 OD. x  2.9 ID.


2


RF103
(Ling Dong)


Extruded Tubing
4.4 OD. x  2.3 ID.


1


Heat No.Product FormSample 
No.


Processing Details


• Material melted by Aubert&Duval


•Electric arc +ESR


•Round bar as forged and peeled


• Extruded and thermal treatment by 
Valinox


•Annealing 1904-1940 F


•TT 1324-1342 F for 6hrs/air cool
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Alloy 690 Tubular CRDM Materials Typical 
Microstructure


Longitudinal Transverse


All material supplied by Valinox


Typical Microstructure Heat No.RE244


Magnification 200X, Electrolytic nital
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Alloy 690 Tubular CRDM Materials Typical 
Microstructure


Longitudinal Transverse


Typical Microstructure Heat No.WP793


Magnification 200X, Electrolytic nital
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Large Diameter Alloy 690 Billet Stock


X87N-1“ “ “2


X58K-36.8” OD Billet 
surface ground


1


Heat No.Product FormSample 
No.


Both heats of material were supplied by Allvac


Processing Details


• Round bar as forged and ground


• Final Heat Treatment


Heat Treatment Temp (oF) Time @temp/cooling


Anneal 1885 4hrs,water quenching


TT 1340 5hrs, air cooling
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Large Diameter Alloy 690 Billet Stock


Typical Microstructure Heat No. X58K-3 


Longitudinal Transverse


Magnification 200X, Electrolytic nital
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A690 Tubular and Bar Heat Sleeve Stock


Special Metal
(forged by 


Coulter 
Steel)


NX0643HG1Bar round
1.75” OD.


3


Special MetalNX3189HKBar round
1.75” OD.


2


Special MetalNX3677HKTubing 1.75”
OD. x 
0.192t


1


SupplierHeat No.Product 
Form


Sample 
No.


NX3677HK supplied by APS (Palo Verde)


Both heats supplied by SONG (San Onofre)
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Tubular Heat Sleeve Stock Microstructure


Longitudinal Transverse


Typical Microstructure for Heat No. NX3677HK (tubing)


Processing details:  Melting practice (VIM + electroslag remelt)


CMTR list material as Annealed and Stress relieved


Continuous furnace anneal at 1970 for 3.6 min, air cool 


No stress relief information given in CMTR


Magnification 200X, Electrolytic nital
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Tubular Heat Sleeve Stock Microstructure


Longitudinal Transverse


Typical Microstructure for Heat No. NX0643HG1 (Bar)


Magnification 200X, Electrolytic nital
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Tubular Heat Sleeve Stock Microstructure


Longitudinal


Transverse


Typical Microstructure for Heat No. NX3189HK (Bar)


ID


OD Magnification 200X, Electrolytic nital
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Alloy 690 Plate


ThyssenKrupp114092Hot rolled plate
2”X18”X48”


1


SupplierHeat 
No.


Product 
Form


Sample 
No.


Processing Details


Melting practice: IM +VOD with argon stirring


Hot rolled and ground both sides


Final Heat Treatment


Anneal Temp (oF) Time @temp/cooling


1880 1hr,water quenching


1328 10hrs, air cooling
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PG&E CRDM Mock-up


• Supplied by PG&E (Diablo 
Canyon)


• MU performed during 
replacement head 
fabrication with typical 
material
– Shell (SA-508) 
– CRDM (SB-167)
– J-weld (Alloy 152)


• Documentation package is 
in transit
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Alloy 690 Weld Samples


To be 
completed 


by 1 Nov 09
E-152i


To be 
completed 


by 1 Nov 09Obtain SCC data on new filler 
metal with improved weldability


relative to EN52/EN52M


EN52i


In transit to 
EPRIE-152M


In transit to 
EPRIObtain SCC data from A690 


weld metal that has seen 
extensive commercial use and 


known to be susceptible to SCC


EN52M


Provide SCC 
samples from a 


constrained, 
dissimilar metal 


weld to investigate 
the effects of dilution 


on SCC rates


12” long 
x 2.5” x 
6” wide


Dissimilar 
Metal v-
groove
weld


(304SS 
and ASTM 
516 Grade 
70 Base 
Metal)


To be completed by 1 Nov 09


Obtain SCC data on new 
filler metal with improved 


weldability relative to 
EN52/EN52M


In transit to 
EPRI


Obtain SCC data from A690 
weld metal that has seen 


extensive commercial use and 
known to be susceptible to SCC


EN52M
24” long 


x 2.5”
high


In transit to 
EPRI


Baseline data to help normalize 
data from different laboratoriesEN82H


EN52i


18” long 
x 2.5”
highNarrow 


Groove
Weld
(A690 
Base 
Meta)l


StatusIntent for SCC testingFiller MetalsPurpose of 
WeldmentSizeWeldment


Type
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Alloy 690 Weld Samples


DJI 19508A – EN52M Narrow Groove Weld 
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Alloy 690 Weld Samples


DJI 19508B – EN82H Narrow Groove Weld 
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Alloy 690 Weld Samples


DJI 19008A – 152M Dissiimilar Metal v-groove Weld 
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Alloy 690 Weld Samples


DJI 19008B – EN52M Dissimilar Metal v-groove Weld 








Alloy 690 Metallurgical 
Characterization 


EPRI/MRP Mitigation & Testing ITG
November 10-11, 2008
Eric Willis
Sr. Project Manager WRTC
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Alloy 690 Metallurgical 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 carbo-nitride inclusions 
• Survey 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 being 


examined
• This is work-in-progress


– 9 samples have been examined with optical microscopy 
– Quantitative metallography is being used to quantify degree of banding in 


each heat of Alloy 690
– Additional samples of Alloy 690 are being obtained


• Extrusions
• Billets
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Alloy 690 Sample Set


727C1025C/1hr
A.C.


Commercially 
forged


Not listed 
in CMTR


Billet slice 
half moon


NX8244 HK14Production
heat


6


727C for 
5hr


1029C/4 hr
Water 


quenched


Press + rotary 
forge


VIM+ 
ESR 


6.8 OD. billetX58K-3/
75176-A


Production 
heat


5


727C982C/1hr
A.C.


Hot rolledNot listed 
in CMTR


1 x 4 x 5”PlateNX8244 HK11Production
heat


4


700C for 
15hrs


1075C for 
30 min
Water 


quenched


ExtrudedAOD
or


VOD


4.41 OD x 
2.33 ID pipe


D272007-A02-1CRDM in 
Westinghouse 
replacement 


heads


3


700C for 
15hrs


1075C for 
30 min
Water 


quenched


ExtrudedAOD
or


VOD


4.41 OD x 
2.33 ID pipe


D272007-A01-2CRDM in 
Westinghouse 
replacement 


heads


2


720C for 
10hrs


1100CForged
Extruded


Electric 
Arc


+ ESR


4.3 OD x 2.3 
ID pipe


WIN 415CRDM at 
Oconee NPP


1


TTAnnealingPrimary
Hot Working


Melting
Practice


Form & Size 
(in.)


Heat No.ApplicationSample 
No.
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Alloy 690 Sample Set


715C for 
6hrs
Air


cooled


1040/1060CForged
Extruded


Electric 
Arc 


Furnace 
+ESR 


WQ 787CRDM material 
supplied for to 


EPRI for 
Research


9


716C for
10hrs 


1140C
quenched


Forged
Extruded


Electric 
Arc 


Furnace 
+ESR 


4-1/4”OD X 2-
1/6ID (107.5 
mm OD. X 
52.39 ID.)


RE242CEDM from 
Calvert Cliff 


NPP


8


ForgedRod 
3ft long


¾in diameter


NX8541HK131Production 
heat


7


TTAnnealingPrimary
Hot Working


Melting
Practice


Form & Size 
(in.)


Heat No.ApplicationSample 
No.
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Alloy 690 Microstructure Sample 1 (Extrusion)


Longitudinal direction


Aubert & Duval, Alloy 690 (Heat WIN 415) 


Transverse direction


Magnification 200X, Electrolytic nital


Possible broken carbide banding
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Alloy 690 Microstructure Sample 2 (Extrusion)


Longitudinal direction Transverse direction


Magnification 200X, Electrolytic nital


Sumitomo, Alloy 690 (Heat D272007-A01-2), 
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Alloy 690 Microstructure Sample 3 (Extrusion)


Longitudinal direction Transverse direction


Magnification 200X, Electrolytic nital


Sumitomo, Alloy 690 (Heat D272007-A02-1), 
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Alloy 690 Microstructure Sample 4 
(1in. (t) Plate)


Longitudinal direction Transverse direction


Magnification 200X, Electrolytic nital


Special Metals, Alloy 690 (Heat NX8244 HK11), 


Carbide banding


Carbide banding
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Alloy 690 Microstructure Sample 5 
(6.7 in. dia. Billet)


Longitudinal direction Transverse direction


Magnification 200X, Electrolytic nital


Allvac, Alloy 690 (Heat X58K-3/75176-A B5-B-3), 


Carbide banding


Prior grain boundaries  
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Alloy 690 Microstructure Sample 6 
(8 in. dia. Billet)


Longitudinal direction Transverse direction


Magnification 200X, Electrolytic nital


Special Metals, Alloy 690 (Heat NX8244 HK14), 


Carbide banding


Carbide banding







11© 2008 Electric Power Research Institute, Inc. All rights reserved.


Alloy 690 Microstructure Sample 7
(¾” dia. Rod)


Longitudinal direction Transverse direction


Magnification 200X, Electrolytic nital


Special Metals, Alloy 690 (Heat NX8541 HK131), 


Grain size and carbide banding
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Alloy 690 Microstructure Sample 8 (Extrusion)


Longitudinal direction Transverse direction


Magnification 200X, Electrolytic nital


Valinox, Alloy 690 (Heat RE242), 
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Alloy 690 Microstructure Sample 9 (Extrusion)


Longitudinal direction Transverse direction


Magnification 200X, Electrolytic nital


Valinox, Alloy 690 (Heat WQ 787), 
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Preliminary Conclusions


• Additional Phases found in the Alloy 690
– M23C6
– Ti[C,N]


• Inclusions identified
– TiN
– MgO encapsulated with TiN


• Preliminary examination showed no banded structures in the 5 heats of 
extruded Alloy 690 material


• Preliminary examination showed that banded structures were present in 4 
heats of Alloy 690 in the following product form
– 2-Billets, 
– 1-Plate 
– 1-Rod


• Extrusions for CRDMs are typically produced from sections of billets and it 
appears that the extrusion process may break up the banded structures if 
present, but additional investigation is required to confirm this theory
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Future Work


• Four additional heats of Alloy 690 extruded tubing are 
being shipped to EPRI for examination


• Effort is being made to obtain additional billet stock used 
to fabricate CRDM extrusions
– This will be used to determine the effect of the 


extrusion process on banding that may be present in 
the billet product form.


• The entire sample set will be examined using quantitative 
image analysis to quantify the level of banding in heat of 
Alloy 690








New Plants: Stress 
Corrosion Cracking of 
Alloys 690/52/152


Industry/NRC Alloy 690/52/152 Meeting
Rockville, MD
August 6-7, 2009


Al Ahluwalia, EPRI MRP
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U.S. Replacements Completed & Planned


U.S. RPV upper head replacements completed/planned by outage 
season
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34 Heads Replaced


10+ Replacements Planned
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SCC of Thick-wall A690/52/152 RCS Components
Existing versus New Plants


• EPRI MRP focus on existing plants (primarily 
RPVH CRDM Penetrations in replacement heads)


• EPRI ANT focus on new plants (CRDM and 
other?)


• MRP and ANT objectives are complementary
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SCC of Thick-wall A690/52/152 RCS Components
Issue for New Plants


• Ongoing EPRI (MRP/PSCR) research demonstrates general SCC 
superiority of A690/52/152 over A600/82/182 (primarily for RPV CRDM 
penetrations) but it also indicates that:
– some microstructures and thermo-mechanical processing (cold work, HAZ) 


can reduce SCC superiority of A690 significantly
– ductility dip cracking (DDC) and hot cracking of Alloy 52 (and 52M) can be 


confused with SCC in operating plants. Also, there is concern if such 
cracking can promote SCC.


• These technical gaps need to be addressed by:
– improvement of material specifications (re-melting, sampling, heat treatment 


etc.)
– guidance on fabrication/installation procedures (straightening, welding, 


grinding, weld repair )
– development of improved (SCC and DDC resistant) weld materials and 


welding methods
– Conducting SCC research to demonstrate resulting A690/52/152 superiority 


• MRP/PSCR have a key role in above work (SCC research and resulting 
guidance), in coordination with WRTC
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SCC of Thick-wall A690/52/152 RCS Components
Needed Work for New Plants


Base Metal Alloy 690
• Characterize material forms (billets, rods, plates, tubes) and conduct SCC tests to 


identify deleterious microstructures (e.g. banding) and thermo-mechanical 
processing


– Identify material production steps (e.g. re-melting) that influence SCC resistance
– Quantify effect of fabrication/installation induced cold work on SCC resistance 
– Test vulnerability of HAZ to SCC (and improved welding processes)
– Establish relevance of factors affecting SCC resistance to new plants
– From above, revise guidance for material procurement and component 


fabrication/installation


Weld Metals Alloys 52 and 152
• Characterize welds and conduct SCC tests to


– Examine role of weld defects in SCC initiation and growth
– Establish SCC resistance of evolutionary A52 compositions to alleviate DDC 


and hot cracking
– Investigate effect of welding procedures (and repairs including grinding) on SCC 


(e.g. minimize residual stresses and hot cracking)
– From above, identify compositions and welding and repair procedures to 


maximize SCC resistance
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SCC of Thick-wall A690/52/152 RCS Components
New Plants: Value


Deliverables
– Technical basis for inspection intervals 
– Improved guidelines for material specification (base and weld 


metal) and for fabrication/installation/repair of thick-wall Flaw 
disposition curves 


– Life prediction models to facilitate asset management 


Highly Leveraged Research
– International collaboration in partnership with EPRI, NRC RES, 


US Naval Reactors contractors, EDF, UNESA, Rolls Royce, 
Ringhals, KAERI and more (multimillion dollar annually)


– New Plants personnel from NRC part of the collaboration
– DOE/EPRI Long Term Operation (80 year life) program
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SCC of Alloy 690, SCC of Alloy 690, 
690690--WeldWeld--HAZ, andHAZ, and
Alloy 52/152 Weld MetalAlloy 52/152 Weld Metal


Peter Andresen and Martin Morra
GE Global Research Center


Rockville, MD August 2009







SCC of 690 & Welds


2


SCC in Alloy 690, Weld HAZ & Weld MetalsSCC in Alloy 690, Weld HAZ & Weld Metals
• This EPRI program will examine Alloy 690 base metal, 
weld HAZ-aligned 690, and Alloy 52/152 weld metal.


• Recently started two weld HAZ-aligned specimens of KAPL 
EN52M welds:  one narrow-groove HAZ, one V-groove HAZ. 


• Considering HAZ-aligned electron beam welds of 690 plate


• Awaiting additional plate, billet and CRDM materials, 
as well as various weld metals.


• Characterization will be done in a parallel program by Morra
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HAZHAZ--Aligned Specimens of KAPL EN52M Aligned Specimens of KAPL EN52M 


Narrow-groove HAZ


V-groove HAZ
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HAZHAZ--Aligned Specimens of KAPL EN52M Aligned Specimens of KAPL EN52M 


0


0.2


0.4


0.6


0.8


1


1.2


10.3


10.4


10.5


10.6


10.7


10.8


10.9


11


11.1


11.2


0 2 4 6 8 10 12 14


C
on


du
ct


iv
ity


, μ
S/


cm
 o


r P
ot


en
tia


l, 
Vs


he


C
ra


ck
 le


ng
th


, m
m


Test Time, hours


Air precrack c460 - 690 HAZ of KAPL EN52M Narrow Gap Weld


24
 k


si
√i


n
, R


=0
.4


, 1
 H


z
@


 4
.6


h


25
 k


si
√i


n
, R


=0
.6


, 1
 H


z
@


 8
.2


h


23
 k


si
√i


n
, R


=0
.2


, 1
 H


z
@


 0
.3


h


7.4 x 10-6 mm/s


1.9 x 10-5 


mm/s


4.0 x 10-5 


mm/s


0


0.2


0.4


0.6


0.8


1


1.2


10.3


10.4


10.5


10.6


10.7


10.8


10.9


11


11.1


11.2


0 1 2 3 4 5 6 7


C
on


du
ct


iv
ity


, μ
S/


cm
 o


r P
ot


en
tia


l, 
Vs


he


C
ra


ck
 le


ng
th


, m
m


Test Time, hours


Air precrack c461 - 690 HAZ of KAPL EN52M V-Groove Weld


24
 k


si
√i


n
, R


=0
.4


, 1
 H


z
@


 2
.9


h


25
 k


si
√i


n
, R


=0
.6


, 1
 H


z
@


 4
.5


h


23
 k


si
√i


n
, R


=0
.2


, 1
 H


z
@


 0
.5


h


1.5 x 10-5 mm/s


4.2 x 10-5 


mm/s


6.6 x 10-5 


mm/s


Narrow-groove HAZ


V-groove HAZ


Now transitioning to IGSCC







SCC of 690 & Welds


5


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.


High Growth Rates in 690High Growth Rates in 690


24% Cold Rolled 690, PWR Water
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Limited CGR Difference Compared to CW 600 Limited CGR Difference Compared to CW 600 


The 3 – 4 mils/day (~1 x 10-6 mm/s) upper range of the 
CW 690 data within about 2 – 3X of CW 600 data
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Parallel Issues in Parallel Issues in BettisBettis LT Cracking DataLT 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


0.8”


T


SL


Rolling plane parallel to T direction.
Loading direction out of page.


T


SL


Rolling plane parallel to T direction.
Loading direction out of page.


24% cold rolled, L-T
Rising Load Test


K
JC


 - 
ks


i-s
qr


t(i
n)


0


50


100


150


200


250


300


HTA1 (Lot 5-1)
HTA1 + 12%CR  (Lot 5-6)
HTA1 + 24%CR (Lot 5-7)
HTA2 + 12%CR (Lot 5-8)
HTA2 + 24%CR (Lot 5-9)


L-T
50 cc/kg


S-T
17 cc/kg


S-T
0 cc/kg


S-T
50 cc/kg


Relevant orientation for 
a crack in a weld HAZ


12% CW







SCC of 690 & Welds


8


Introduction to SCC in Alloy 690Introduction to SCC in Alloy 690
• 690 is a 30% Cr alloy that can have good SCC resistance. 
• Its high (30%) Cr content causes more pronounced 
segregation during solidification – that is, 
inhomogeneity of Cr, Nb, carbide distribution and grain size. 


• The inhomogeneity may not be eliminated by standard 
processing – such as cogging, forging, extrusion, etc. 


• ~1000X higher SCC growth rates have been observed in 
cold worked “rogue” heats – some without inhomogeneity


• Many weld heat affected zones have peak residual strain 
in the range of 20 – 25% equivalent 25C tensile strain


1000X is an unprecedented CGR increase that must be understood
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Key Issues in SCC of Alloy 690Key Issues in SCC of Alloy 690
Key questions associated with high growth rates in 690:
1. Are all high growth rate materials inhomogeneous?


Careful Bettis exam showed banding in 1 or 2 of 3 cases.
But no other good explanation exists for high CGR.


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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Weld residual strain 
often peaks at >20% 


equivalent room 
temperature strain


Weld Residual Strain Effects on SCCWeld Residual Strain Effects on SCC
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High SCC Growth High SCC Growth 
Rates in Rates in SSsSSs in in 


Both Cold Worked Both Cold Worked 
and Weld HAZand Weld HAZ


Crack plane naturally 
aligns along plane of 
weld HAZ  shrinkage 


strain and yields 
high growth rates
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Alloy 600 Weld HAZ Alloy 600 Weld HAZ 


G.YoungG.Young et al.et al.


Weld HAZ can have 
degraded structure, 


weld dilution and high 
residual stresses & 


strains
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Testing ApproachTesting 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, 5 heats, 12 specimens
• cold work broadly simulates weld residual strain in HAZ
• 152/52 weld:  T-S orientations, 4 heats, 4 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







SCC of 690 & Welds


15


20% Cold Work Alloy 690 CRDM20% Cold Work Alloy 690 CRDM
SCC#2 - c286 - Alloy 690, 20%RA, WN415 CRDM
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c285/c286 SEM c285/c286 SEM FractographyFractography
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1D, 20% Cold Worked GE GRC Alloy 6901D, 20% Cold Worked GE GRC Alloy 690
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Medium CGR in S-L orientation
Very homogeneous microstructure
1D cold rolled = “1.5D” due to spreading 


Orientation is relevant 
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1D, 20% CW GE CRD Alloy 690 1D, 20% CW GE CRD Alloy 690 –– Test #2Test #2


Similar data in second test on same material
No effect of dissolved H2
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Specimen c373Specimen c373


SEM SEM FractographyFractography of 1D, 20% CR GE 690of 1D, 20% CR GE 690


Very homogeneous 
microstructure – forged bar.  
Double melted:  VIM-VAR
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1D, 26% Cold Worked ANL Alloy 6901D, 26% Cold Worked ANL Alloy 690


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


Specimen c372Specimen c372


-1


-0.8


-0.6


-0.4


-0.2


0


0.2


0.4


12.5


12.7


12.9


13.1


13.3


13.5


13.7


13.9


500 600 700 800 900 1000 1100 1200 1300 1400 1500


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


Outlet conductivity x 0.01


CT potentialPt potential


c372 - 0.5TCT of 690 + 26%RA 1D, 360C
27.5 MPa√m, 600 B / 1 Li, 26 cc/kg H2


To
 R


=0
.7


, 0
.0


01
 H


z 
+ 


90
00


s 
ho


ld
 @


 4
97


h


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


To
 C


on
st


an
t 


K
 @


 6
47


h


1.7 x 10-7 mm/s


8.4 x 10-7 


mm/s


Corrected data


To
 C


on
st


an
t 


Lo
ad


@
 1


33
9h


4.1 x 10-7 


mm/s


5.7 x 10-7 


mm/s







SCC of 690 & Welds


280


290


300


310


320


330


340


350


360


370


15.6


16.1


16.6


17.1


17.6


2300 2500 2700 2900 3100 3300 3500 3700 3900 4100 4300


Te
m


pe
ra


tu
re


, C


C
ra


ck
 le


ng
th


, m
m


Test Time, hours


Temperature


c372 - 0.5TCT of 690 + 26%RA 1D, 360C
27.5 MPa√m, 600 B / 1 Li, 26 cc/kg H2


After ~1.2 mm of growth
by cyclic loading from 
prior constant K data


2.8 x 10-7 


mm/s


2.8 x 10-7 


mm/s


To
 C


on
st


an
t 


K
 


@
 1


63
5h


To
 R


=0
.7


, 0
.0


01
 H


z 
+


90
00


s h
ol


d 
@


 1
54


0h


To
 2


90
C


 @
 3


47
3h


To
 3


25
C


 @
 2


82
1h


Corrected data


21


1D, 26% Cold Worked ANL Alloy 6901D, 26% Cold Worked ANL Alloy 690
No temperature 
effect; would be 


12X normally


Specimen c372Specimen c372


High CGR in S-L orientation
Inhomogeneous microstructure
1D cold rolled = “1.5D” due to spreading 
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1D, 26% CW ANL Alloy 690 1D, 26% CW ANL Alloy 690 –– Test #2Test #2
Specimen c400Specimen 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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1D, 26% CW ANL Alloy 690 1D, 26% CW ANL Alloy 690 –– Test #2Test #2


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


Specimen c400Specimen c400
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1D, 26% Cold Rolled ANL 6901D, 26% Cold Rolled ANL 690
Specimen c372Specimen c372


Fractography is “granulated” but not highly intergranular,
not unlike what is observed in some cold worked stainless steels
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Crack Path on c400Crack Path on c400


Crack appears to follow bands of high carbide density


Optical cross-section        Back-scattered electron image
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10-6 mm/s


2 S-L specimens from ANL material


3 S-L, 1 S-T specimens from GE &
other materials


Bettis Labs


5 T-L specimens from Duke CRDM & EPRI
materials


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


Comparison Comparison 
of GE & of GE & 
BettisBettis
DataData
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1D, 20% CW 690, NX2865HK 1D, 20% CW 690, NX2865HK –– SS--L OrientationL Orientation


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


Specimen c394Specimen c394


SCC#3 - c394 - Alloy 690, 19%RA 1D, S-L Orientation, Heat NX2865HK
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1D, 20% CW 690, B25K 1D, 20% CW 690, B25K –– SS--T OrientationT Orientation


Specimen c393Specimen c393
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2 x 10-9 mm/s is a very low growth rate of no concern
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1D, 19% CW 690, NX2865HK 1D, 19% CW 690, NX2865HK –– SS--L OrientationL Orientation


Specimen c394Specimen c394


4 x 10-9 mm/s is a low growth rate of no concern
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1D, 19% CW 690, NX2865HK 1D, 19% CW 690, NX2865HK –– SS--L OrientationL Orientation


Specimen c412Specimen c412


3.5 x 10-8 mm/s is a growth rate of some concern
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1D, 20% CW 690, B25K 1D, 20% CW 690, B25K –– SS--L OrientationL Orientation


2 x 10-8 mm/s is a growth rate of threshold concern


Specimen c413Specimen c413
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MetallographyMetallography of Alloy 690 CRDM, c285/6of Alloy 690 CRDM, c285/6


This extrusion shows very uniform & homogeneous microstructure
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MetallographyMetallography of Alloy 690, c248of Alloy 690, c248


Microstructure of plate with 1800F anneal
shows compositional and carbide banding


Shows relative orientation of banding vs. crack plane
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InhomogeneityInhomogeneity in in BettisBettis 690690


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


This banding only occurred in 1 or 2 of 3 high CGR heats.
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InhomogeneityInhomogeneity in 1D, 26% CR ANL 690in 1D, 26% CR ANL 690


Specimen c372Specimen c372


Composition and microstructural banding affects 
grain size and gb carbide decoration
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InhomogeneityInhomogeneity in High Cr Niin High Cr Ni--AlloysAlloys


Composition & microstructural banding affects 
grain size and gb carbide decoration


Alloy 82 composition  -- Alloy 52 composition
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InhomogeneitiesInhomogeneities
Inhomogeneity results from melting & processing: 
• dendritic segregation during solidification is inherent
• more pronounced in highly alloyed (Nb,C):  690,718…
• single melting – vs. double or triple melt
• air melting gives more inclusions & perhaps loss of Cr
• not achieving critical strains of ~70% during processing


Inhomogeneities can include:
• compositional banding – gives rise to gs & MC banding
• large variation in carbide content, including gb carbides
• stringers or sheets of oxide or C,N inclusions
• large variation in grain size


Processing causes uneven deformation & poor properties
• SCC and toughness are both affected
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SCC Response in Alloy 690SCC 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
SCC at relevant K, no cycling, temp., H2, water chemistry
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Key Unresolved IssuesKey Unresolved Issues
Key unresolved issues in high growth rates in 690:
• What causes high CGR if not at least subtle inhomogeneity?


Requires careful studies on tested & new heats
• Can such microstructures exist in billets and extrusions?


Very difficult to guarantee that they don’t exist.
• Can forging (compression) or weld shrinkage strain (tension) 
produce the same high growth rates in 690 as cold rolling?


Comparisons needed on different heats of 690, but
they act in a similar fashion in SS and Alloy 600. 


• Are weld HAZ shrinkage strains able to produce high CGR?
Test feasibility by creating specially aligned 690 welds
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Alloy 152/52 Weld MetalsAlloy 152/52 Weld Metals
One significant vulnerability is weld cracking, from which 


SCC has been shown to nucleate (in Alloy 182)
• the KAPL 27% Cr weld metal is vastly superior


To date, no large vulnerability in SCC resistance of 
52/152 weld metal has been observed at GE GRC.  


• the ANL weld should be tested & characterized to 
identify the origin of the ~10X higher growth rates


• other welds should be procured or fabricated,
including a repeat of the ANL weld
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“Specimen was 
transitioned to SCC twice, 
maintained growth under 
constant load conditions 
only in 2 of 7 attempts”


SCC of 52/152 SCC of 52/152 
Weld MetalWeld Metal


Moderate growth rates, 
but 10X lower than worst 


Alloy 690 base metal
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Alloy 152 & 52 Weld MetalAlloy 152 & 52 Weld Metal
SCC#4 - c300 - Alloy 152 As-welded - heat WC10E7
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Growth rates are very low, < 2 x 10–9 mm/s
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Alloy 152 Weld MetalAlloy 152 Weld Metal


Growth rates are high 
enough to transition to IG,
but remain low at long hold 
times or constant K


 
SCC#1 - c336 - Alloy 152 As-welded - heat 307380 - EPRI/MHI
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SCC#4 - c336 - Alloy 152 As-welded - heat 307380 - EPRI/MHI
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Alloy 52 Weld MetalAlloy 52 Weld Metal


Growth rates are very low
< 2 x 10–9 mm/s


SCC#4 - c337 - Alloy 52 As-welded - heat NX0B05TS - GENE
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SCC#2 - c337 - Alloy 52 As-welded - heat NX0B05TS - GENE
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Evaluation of Alloy 52/152 Weld MetalsEvaluation of Alloy 52/152 Weld Metals
Characterization of welds for macro- and micro-cracking, 
compositional variations in dendrites, and EBSD strains
Characterization of ANL weld to determine origin of 
moderately high CGRs, and comparison to lower CGR welds
Re-creation of additional ANL weld metal, if possible
SCC evaluation of KAPL 25 & 27% Cr weld metals
Acquisition of additional plant and archive welds for 
microstructural characterization and SCC evaluation
*Dissimilar metal welds & dilution to CS/LAS and SS (SG)
*OIM, EBSD, SEM for segregation, TEM for ID/ppt structures
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Proposed Matrix of
Critical Tests on 
Alloy 690 & Weld Metal


Peter Andresen
GE Global Research


NRC / EPRI Meeting   August 2009
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Alloy 690 Base Metal – Key SCC Issues
Microstructural Origins of “1000X” increase in growth rates


- not all heats have been characterized as “banded”
- initial indication that cracks grow preferentially in 


fine grained, high carbide density bands.


Deformation Level and Equivalence of rolling vs. forging vs. 
tensile straining vs. HAZ residual strain.


Crack Orientation vs. Deformation for banded & homogeneous 690
- will CGR be elevated in all materials in S-L, S-T orientation.


Dependencies on K, Temperature, Dissolved H2, etc. as a function of
heat, deformation and banding/CGR. 


Must adopt a guideline on “threshold growth rate”, ~1 – 2 x 10-8 mm/s







Proposed Test Matrix


•* 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 relative orientation of deformation and crack plane/direction. 
•** 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) 3


Base Metal Evaluation* (Default = S-L Orientation)
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HAZ Evaluation*  (Default = S-L Orientation)


Test Heat # V-groove Narrow 
gap


Electron 
beam


High 
constraint


NG / e-
beam + 
banded


HAZ #1 * X X X X X
HAZ #2 * X X X X X


*   S-L orientation defined by relative orientation of deformation and crack plane


** 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 welded with S-L alignment between banding 
and weld residual strains
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Orientation terminology describes the relative orientation of the 
plane and direction of deformation with the
plane and direction of crack growth. 


Alloy 690:  Orientation Terminology


 


Rolling mill


Rolling mill


Crack growth direction
Crack growth direction


Rolling mill


Rolling mill


Crack growth direction
Crack growth direction


Plane is expressed as its orthogonal vector, 
so rolling or forging plane is “S”


FORGE


Orientation relative to microstructure  
& banding is also important and can be 
expressed as “coincident” or “not coincident”
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• Ingot melting practice, including cleanliness and chemical 
homogeneity.


• The efficiency of the conversion route used to fully transform the 
cast ingot to an equiaxed structural material in terms of grain 
size, grain size homogeneity, chemical homogeneity, and carbide 
distribution uniformity. 


• Heat and product form (e.g., billet vs. plate) variability due to very 
different ingot conversion routes.


Alloy 690:  Other Parameters for Evaluation
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• Effect of thermal treatment (TT), e.g., at 705 C for ~8 hours, 
designed to produce a high density of grain boundary carbides. 


• Effect of deformation and crack orientation.  The worst case is 
typically material cold rolled in one direction, with the crack plane 
oriented along the rolling plane.  Some spreading occurs during 
rolling, so there is undoubtedly a continuum among 1D cold 
rolled, cross-rolled and forged materials.  In turn, SCC response 
in tensile strained and HAZ-aligned specimens is also important. 


Alloy 690:  Other Parameters for Evaluation







Proposed Test Matrix
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1. ~250 pounds each of two double-melted heats of 4 – 7 inch 
diameter Alloy 690 billet


2. ~250 pounds each of two double-melted heats of 2 – 4 inch thick 
Alloy 690 plate


3. We would like to have some of the plate cold rolled in one-
direction to 10, 20 and 30% reduction


Accumulating more forms/heats and types/orientations-of-
deformation will eventually be necessary to have confidence
in our understanding of material and deformation effects. 


Alloy 690:  Key Materials







Proposed Test Matrix
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1. Compositional variations among 52, 52M, 52MS, 52MSS…
are expected to affect weld cracking, not SCC. 


2. SCC 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 52 and 152 welds as possible should be 
evaluated, and demonstrating reproducibility and identifying the
origins or high CGR welds is a priority. 


Alloy 152/52 Weld Metal:  Materials
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Objective


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


Background 
PWSCC FOI for Alloys 690/52/152 is a high MRP knowledge gap
No PWSCC 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 
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Approaches


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


• Crossing this phase boundary brings with the question of whether the degradation 
mechanisms will be altered, given that SCW has some very different 
characteristics.


2. Use interrupted CERT test to assess severity of cracking and   
to quantify crack initiation


• 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


3. Additional tests of U-bend/O-ring samples to assure statistic  
confidence
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Main Rationale of Testing at Higher Temperatures


• Assume no disconnect of cracking behavior across the 
subcritical-supercrticial regime:  
– Confirmed by the limited amount of data in the crack depth as 


determined from CERT tests [Teysseyre 2006, Jacko 2007]
– Characterization of the oxide films also shows similarity in the


oxide phase structure and morphology [Was 2006, Was 2007]
• To establish a correlation between crack initiation and 


temperature
• To extrapolate the result to realistic operating conditions 


through the established temperature dependence
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Previous Data: Crack depth as a Function of 
Temperature for Alloy 690


Teysseyre & Was, 2006


– Alloy 690 tested in CERT
– Pure water containing < 10 ppb O2


– Extension rate of 3 x 10-7 s-1


– Activation energy 90 kJ/mol 
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MRP 225 ---- Comparison of Crack Growth in Alloys 600 
and 690 in Subcritical and Supercritical Waters


Temperature


Jacko 2007, SCW environment had introduced no extraneous effects
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Proposed: To Establish Temperature Dependence 
for Predicting Alloy 690 PWSCC Susceptibility
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Table I.  Summary of Welds that KAPL will Supply to Support EPRI MRP on Alloy 690 and its Weld Metals 
 


Weldment 
Type Size Purpose of 


Weldment 
Filler 


Metals Intent for SCC testing Status 


Remnant 
from existing 


CS to SS 
weld 


~4” long x 
1” high x 3” 


wide  


(Previous KAPL 
Weldability Studies) E-152M 


Complete.  Delivered to Andresen 
/ Bruemmer with cert. and weld 
record 


Remnant 
from existing 


narrow 
groove weld 


~5.5” long 
x 2” high x 


2” wide 


(Previous KAPL 
Weldability Studies) EN52M 


EPRI scoping work on 
material with hot cracks 


Complete. Delivered to Andresen / 
Bruemmer with cert., weld record, 
and UT map of hot cracks 


~21” long x 
2.5” high  EN82H 


Baseline data to help 
normalize data from different 


laboratories 


Weld complete, sectioned, will 
be shipped to EPRI, GE, PNNL  


EN52M 


Obtain SCC data from A690 
weld metal that has seen 
extensive commercial use 


and known to be susceptible 
to SCC 


Weld complete, sectioned, will 
be shipped to EPRI, GE, PNNL  


A690 
siderail 
Narrow 
Groove ~24” long x 


2.5” high 


Provide SCC samples 
from a highly 


constrained weld and 
its heat affected zone 


EN52i 


Obtain SCC data on new filler 
metal with improved 
weldability relative to 


EN52/EN52M 


To be completed by 1 Nov 09 


EN52M Weld complete, sectioned, will 
be shipped to EPRI, GE, PNNL  


E-152M 


Obtain SCC data from A690 
weld metal that has seen 
extensive commercial use 


and known to be susceptible 
to SCC 


Weld complete, sectioned, will 
be shipped to EPRI, GE, PNNL  


EN52i To be completed by 1 Nov 09 


Carbon 
Steel to 


Stainless 
Steel  


v-groove 


~12” long x 
2.5” x 6” 


wide 


Provide SCC samples 
from a constrained, 


dissimilar metal weld 
to investigate the 


effects of dilution on 
SCC rates 


E-152i 


Obtain SCC data on new filler 
metal with improved 
weldability relative to 


EN52/EN52M To be completed by 1 Nov 09 







DJI 19508A – EN52M / A690 Narrow Groove Weld 







DJI 19508B – EN82H / A690 Narrow Groove Weld 
 







DJI 19008A – 152M Carbon Steel to Stainless Steel v-groove Weld 
 







DJI 19008B – EN52M Carbon Steel to Stainless Steel v-groove Weld 
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Meeting Objectives


– Collaboration membership
– Update from working groups
– Review of knowledge gaps
– Review test material inventory and identify 


needs
– Recent test results
– Test planning (test matrix)
– Plan December 2009 meeting
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Meeting Agenda (1/2)


Thursday, August 6
– 01:00 PM Opening remarks Tregoning/Ahluwalia
– 01:15 PM Collaboration status Tregoning/Ahluwalia
– 01:30 PM Review of knowledge gaps Ahluwalia
– 01:45 PM Test materials Fyfitch/Willis
– 03:00 PM Break
– 03:15 PM KAPL weld samples Young
– 03:45 PM A52 weldability issues McCracken
– 04:00 PM Working Group Updates
– 05:00 PM Adjourn for the day
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Meeting Agenda (2/2)


Friday, August 7
– 08:00 AM Research results/plans


EPRI MRP Research Andresen
NRC RES Research Alexandreanu
NRC RES Research Bruemmer
A690 R&D for new plants Ahluwalia/Reichert


– 10:00 AM Break
– 10:15 AM Other presentations


Proposed test matrix Andresen
Test matrix discussion All


– 12:00 PM Lunch
– 01:00 PM Open items All
– 02:00 PM Planning of Dec 2009 meeting All
– 03:00 PM Adjourn
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Collaboration Participants


• Current participants
– EPRI
– NRC
– Bechtel Bettis, Inc.
– BPMI 
– EDF/MAI 
– KAERI
– KAPL 
– Ringhals
– Rolls Royce/SERCO
– UNESA


Potential participants
– AREVA/FROG
– CEA
– CRIEPI 
– DOE
– Doosan
– INSS
– MHI
– Tohoku
– VTT
– Westinghouse/Toshiba
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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)








Alloy 690/52/152 in New Reactors


Industry/NRC Alloy 690/52/152 Meeting
Rockville, Md


August 6-7, 2009


Eric Reichelt
Senior Materials Engineer


Division of Engineering
Office of New Reactors
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PWR Designs


– AP1000
• COLs


– Bellefonte 3 & 4, Harris 2 & 3, Lee 1 & 2, Levy County 1 
& 2, Summer 2 & 3, Turkey Point 6 & 7, Vogtle 3 & 4


– EPR
• COLs


– Calvert Cliffs 3, Bell Bend, Callaway, Nine Mile Point 3


– US-APWR
• COL


– Comanche Peak 3 & 4
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Primarily used in…


• A690
– CRDM nozzles


• Alloy 52/52M/152
– RPV (Vessel Head to CRDM) Low Alloy Steel (LAS) 


to Alloy 690
– RPV (Safe End Welds) LAS to SST
– Steam Generator (Safe End Welds) LAS to SST
– Pressurizer ( Safe end Welds) LAS to SST
– Pressurizer (Heater Sleeves) LAS to SST
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Topics of 
Concern for New Reactors


• In-process welding
– Interpass cleaning
– Start/stop cleaning
– Defect removal
– In-process informational inspections


• Ductility Dip Cracking & Other Welding 
Defects


• Experiences of Hot Cracking of Alloy 52
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NRO Activities


• ASME Code Committee Participation
– Section III, IX and XI


• Sub-Group on New Reactor Issues
• ASME Welding Best Practices Committee
• Expert Panel Meetings on Nickel 


Development & Welding Alloys
• EPRI Sponsored Welding Conferences
• Vendor Inspections
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• Continue NRO/RES/NRR interactions to 
ensure technical consistency








SCC Crack Growth Testing and
Characterization of Alloy 690
and its Weld Metals at PNNL


Mychailo Toloczko, Matt Olszta and Steve Bruemmer
Pacific Northwest National Laboratory


Research Supported by the
U.S. Nuclear Regulatory Commission


NRC Project Manager:  Darrell Dunn


NRC/Industry Alloy 690/52/152 Collaboration Meeting
August 6-7, 2009      Rockville, MD







Crack Growth Testing Methodology


Alloy 690/152/52 are very resistant to stress corrosion
cracking in nearly all material conditions, has been very
difficult to obtain stable crack growth.


As a means to assess constant K growth rates and obtain
maximum SCC crack front engagement, different transitioning
methods have been investigated and are routinely used.


Varied R from 0.5 to 0.7
Varied hold time
Varied length of time at each step during transitioning
Varied cyclic loading waveform rise time and fall time


Transition to constant K several times in each test.


If possible, examine crack growth response at two K levels.







Alloy 690 CRDM Heats WP140, WP142
SCC Test Overview


Multiple attempts to assess
constant K response







Alloy 690 CRDM Materials


  Alloy 690 CRDM tubing obtained 
from Valinox Nucléaire


Six different heats, seven tubes
Several different tubing dimensions


  Alloy 690 CRDM Compositions
RE243: 10.4Fe, 28.9Cr, 0.02C, 0.31Mn, 0.35Si, 0.14Al, 0.23Ti, Bal Ni
WP142: 10.5Fe, 29.0Cr, 0.02C, 0.31Mn, 0.35Si, 0.18Al, 0.27Ti, Bal Ni
WP140: 10.4Fe, 29.0Cr, 0.03C, 0.31Mn, 0.33Si, 0.18Al, 0.30Ti, Bal Ni


  Alloy 690 Plate Materials
EPRI NX8625HG21 (supplied by Al McIlree)
ANL NX3297HK12 (supplied by Bogdan Alexandreanu)
GEG B25K (supplied by Peter Andresen)


 







Alloy 690 Crack Growth Tests in
Simulated PWR Water at PNNL


Alloy 690 Testing - 8 specimens complete, 2 on-going


Valinox CRDM Heat RE243: specimen CT014 in a carbide-modified (CM)
condition, specimen CT015 in the as-received thermally treated (TT) condition


Valinox CRDM Heat: specimen CT026 is heat WP142 in TT condition and
specimen CT027 is heat WP140 in TT condition


Valinox CRDM Heat RE243, specimen CT019 in TT + 17% cold-rolled (CR) in
S-L orientation and specimen CT020 in CM + 17% CR (S-L) condition


Valinox CRDM Heat RE243, specimen CT022 in a TT + 30% CR (T-L)
condition and specimen CT023 in CM + 30% CR (T-L) condition


Cold-Rolled Plate:  specimen CT036 - ANL heat in 26% CR (S-L) condition and
specimen CT037 - GEG heat in 20% CR (S-L) condition; on-going







Alloy 690 TT Heats WP140, WP142
Constant K


Propagation rates are the same as
the first instance of constant K


Similar very low growth rates measured after four separate transitioning attempts


5 µm







Alloy 690 Heat RE243 (TT/CM)
350oC Crack Growth Surface


IG cracking limited to isolated grains







Very Low SCC Crack-Growth Rates
Measured for CRDM Alloy 690 Heats


Non-CW CRDM alloy 690
heats show rates less
than ~2x10-9 mm/s (most
<5x10-10 mm/s) with only
isolated regions of IGSCC


PNNL
Data
Only


CRDM







Alloy 690 Crack Growth Tests in
Simulated PWR Water at PNNL


Alloy 690 Testing - 8 specimens complete, 2 on-going


Valinox CRDM Heat RE243: specimen CT014 in a carbide-modified (CM)
condition, specimen CT015 in the as-received thermally treated (TT) condition


Valinox CRDM Heat: specimen CT026 is heat WP142 in TT condition and
specimen CT027 is heat WP140 in TT condition


Valinox CRDM Heat RE243, specimen CT019 in TT + 17% CR (S-L)
condition and specimen CT020 in CM + 17% CR (S-L) condition


Valinox CRDM Heat RE243, specimen CT022 in a TT + 30% CR (T-L)
condition and specimen CT023 in CM + 30% CR (T-L) condition


Cold-Rolled Plate:  specimen CT036 - ANL heat in 26% CR (S-L) condition and
specimen CT037 - GEG heat in 20% CR (S-L) condition







Alloy 690 Heat RE243 30% CR T-L
Constant K


2 µm


Higher crack-growth rate in 30% CR alloy 690TT, reproduced at higher K levels







Alloy 690 Heat RE243 30% CW T-L
350oC Crack Growth Surface


CM + 30% CR T-L: IG cracking limited to isolated
grains similar to non-CR TT and CM material.
TT + 30% CR T-L: higher fraction of IG cracking
consistent with higher observed crack growth rate.


IGSCC







Alloy 690 Heat RE243 30% CW T-L
350oC Crack Growth Surface


CM + 30% CR T-L: IG cracking limited to isolated
grains similar to non-CR TT and CM material.
TT + 30% CR T-L: higher fraction of IG cracking
consistent with higher observed crack growth rate.


  


Most IG cracks on grain boundaries parallel to rolling plane. 







Very Low SCC Crack-Growth Rates
Measured for CRDM Alloy 690 Heats


Slightly higher crack growth rates
(<5X) in 30% CR T-L CRDM
material, similar rates for 17% CR
S-L to non-CR CRDM alloy 690.


PNNL
Data
Only


CRDM
+ 1D CR







Low SCC Crack-Growth Rates Measured
for CW CRDM Alloy 690 Heats


Higher crack growth rates and
increased IGSCC in 30% CR T-
L CRDM alloy 690TT are
consistent with forged alloy 690
CRDM tested at GE-GRC (still
less than ~7x10-9 mm/s).


CRDM
Data
Only







High SCC Crack-Growth Rates Measured
for Many 1D-CR Alloy 690 Heats


Recent data show range of crack
growth rates for 1D CR alloy 690
plate, 10-500X higher than initial
1D CR CRDM results.  Need
more CRDM CR heats in S-L/S-T.


CRDM Tube
and Plate







Extremely High SCC Crack-Growth Rates
Measured for Many 1D-CR Alloy 690 Heats


All
Data


High SCC susceptibility of many 1D CR alloy 690 plate heats has now
been well documented, however root cause has not been determined.
Therefore, implications for alloys in LWR service remain uncertain.







Alloy 690 SCC Crack-Growth Summary


Both as-received TT and carbide-modified CRDM materials
were evaluated in non cold-rolled and cold-rolled conditions.
Extremely slow but generally stable propagation rates in alloy
690 CRDM materials (three different heats).


Non cold-rolled materials have constant K CGRs of <1x10-9 mm/s.
Carbide modification treatment does not increase crack growth rate.
17% CR S-L has same crack growth rate as non cold-rolled material.
TT + 30% CR T-L showed ~5X higher growth rates (~3x10-9 mm/s),
may have been significantly higher if tested in S-L orientation.


Transgranular cracking dominates in as-received alloy 690
CRDM heats with only isolated IG regions.  More extensive IG
cracking was observed in 30% CR T-L alloy 690.
Limited results on the CR CRDM materials reveal much lower
crack-growth rates (10-500X) than for 1D CR alloy 690 plate.







Alloy 690 Characterization Activities


Optical metallography, SEM, EBSD and ATEM
Alloy 690 CRDM Heats


As-received TT condition has similar grain size and GB carbides.
Carbide modification treatment slightly reduces GB carbide density.
Limited microstructure and hardness change after 17% CR,
noticeable after 30%.


Alloy 690 Cold Rolled Plates
26% 1D CR ANL heat shows grain elongation in rolling plane, high
matrix and GB strains, extensive cracking of matrix Ti-nitride particles,
>~1 µm spaced cracks/voids at semi-continuous IG carbides.


20% 1D CR GEG heat shows high matrix and GB strains, limited Ti-
nitride particles or IG carbides, only isolated GB cracks/voids.


Rolling-induced damage can create a pre-cracked microstructure,
however far from a continuous path and mechanism remains unclear
to explain the ~100+X increase in SCC propagation rates.







Focused ion beam (FIB) and TEM has been used to
evaluate nm-scale damage along grain boundaries in
1D-rolled alloy 690 that show high IGSCC crack-
growth rates during tests in PWR primary water.
Nanoscale cracks and/or voids found by TEM at
grain boundary carbide interfaces.


 


GB  carbides


1D Rolled Alloy 690
CT Sample C372


GB 
carbides


cracks/voids at
carbide interfaces


deformed
alloy 690
matrix


alloy 690
matrix


FIB has removed
samples from
regions far from
the CT fracture
surface. Samples
cut from several
different section
orientations to
assess the 3D
grain boundary
characteristics.


RD


Grain Boundary Damage
in 1D CR Alloy 690 Heats







  


  


High matrix
dislocation density


cracked carbides


Alloy 690 Plate 26% Cold Rolled


voids







Alloy 690 Plate 26% Cold Rolled


TEM image from third series of FIB samples (two orientations); voids
separating carbides, high local strain at voids and at carbide interfaces.


RD M23C6


voids
M23C6


M23C6


M23C6
high local strain







Alloy 690 Characterization Activities


Optical metallography, SEM, EBSD and ATEM
Alloy 690 CRDM Heats


As-received TT condition has similar grain size and GB carbides.
Carbide modification treatment slightly reduces GB carbide density.
Limited microstructure and hardness change after 17% CR,
noticeable after 30%.


Alloy 690 Cold Rolled Plates
26% 1D CR ANL heat shows grain elongation in rolling plane, high
matrix and GB strains, extensive cracking of matrix Ti-nitride particles,
>~1 µm spaced cracks/voids at semi-continuous IG carbides.


20% 1D CR GEG heat shows high matrix and GB strains, limited Ti-
nitride particles or IG carbides, only isolated GB cracks/voids.


Rolling-induced damage can create a pre-cracked microstructure,
however far from a continuous path and mechanism remains unclear
to explain the ~100+X increase in SCC propagation rates.







PNNL Alloy 690 Plans 2009-2010


Evaluate effects of 1D cold rolling, tensile straining and
forging on SCC in alloy 690 CRDM and plate heats.


Complete tests on ANL and GEG 1D CR plate for crack-tip exams.
New tests on 1D 30%CR CRDM heat 243 plus 2nd CRDM heat.
New tests on tensile-strained plate materials (EPRI or from
collaborative program), compare response to 1D CR and to forged.


Evaluate alloy 690 HAZ SCC response (KAPL narrow gap
weld) and correlate with respect to deformation effects.


Continue low-to-high resolution characterizations linking
matrix and grain boundary microstructure-microchemistry to
SCC response and help determine root cause for high
susceptibility including crack-tip examinations.







Alloy 152/52/52M Materials


Weld metal sources (industry mockups)
Alloy 152 and alloy 52 U-groove mockups made by MHI for Kewaunee
Alloy 52 butt weld made by AREVA
Alloy 52M overlay and inlay mockups made by Ringhals


Compositions
MHI Alloy 152: 9.1Fe, 28.7Cr, 0.03C, 3.6Mn, 0.33Si, 0.15Al, 0.12Ti, Bal Ni
MHI Alloy 52: TBD
AREVA Alloy 52: 10.0Fe, 29.1Cr, 0.024C, 0.25Mn, 0.13Si, 0.71Al, 0.52Ti, Bal Ni
Ringhals Alloy 52M/182 Overlay, Alloy 52M: 8.42Fe, 30.0Cr, 0.020C, 0.81Mn,
0.03Si, 0.10Al, 0.21Ti, 0.85Nb, 0.15Zr, Bal Ni
Ringhals Alloy 52M/82 Inlay:  TBD


Thermomechanical conditions
All specimens but one tested in as-welded condition
One alloy 152 specimen heat treated at 610°C/12 h (LAS stress relief)







Alloy 152/52/52M Crack Growth Tests in
Simulated PWR Primary Water at PNNL


Alloy 152/52/52M - 7 specimens complete, 6 on-going
MHI alloy 152 mockup: specimen CT013 in as-welded (AW) condition


MHI alloy 152 mockup: specimen CT017 in AW + LAS heat treatment
(610°C/12 h/AC) condition, specimen CT018 in AW condition


Alloy 52: specimen CT024 is AREVA mockup in AW condition,
specimen CT025 is MHI mockup in AW condition


Alloy 52M from Ringhals alloy 182/52M overlay mockup:  CT028 &
CT029 both in AW condition


Alloy 52M from Ringhals alloy 82/52M inlay mockup: CT030 & CT031
both in AW condition (on going in alloy 52M)


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


Ringhals alloy 182/52M overlay mockup:  CT034 & CT035 both in AW
condition (on going in alloy 182 approaching alloy 52M interface)







Alloy 152/52 Weld Specimens


Notch and precrack positioned to allow SCC growth to begin
in the middle of a weld pass.
Crack oriented along dendrite direction as best as possible.
In some instances, specimens were machined to evaluate
different weld passes.







MHI Alloy 152 Test #2
Constant K at 350°C, 40 MPa√m


2 µm


Higher SCC growth rates at higher K, remains low (~1x10-9 mm/s)







MHI Alloy 152 Test #1
 350°C Crack Growth Surface


Approximately 35% IG engagement







AREVA Alloy 52 and MHI Alloy 52


Consistently different response for two welds, but very low crack growth rates


1 µm







Alloy 152/52/52M Crack Growth Rate vs K
Constant K or Constant Load Only


Possible K dependence for 152, but
rates at higher K are still very low.


Fractography indicates engaged
(IG) CGR for alloy 152 is ~3x the
average CGR. The maximum
CGR is up to 6x the average CGR.
Even the “conservative maximum”
rates are <~1x10-8 mm/s.


Constant K SCC data on alloy
152/52/52M remains very limited.







Alloy 152/52/52M Crack Growth Rate vs K
Expanded Data


More data available for gentle cycle
+ hold condition, supports low crack
growth rates (<1x10-8 mm/s) for
most alloy 152/52/52M welds.


Higher growth rates seen for certain
alloy 152 welds, more data needed.







Alloy 152/52/52M Summary


Very slow SCC propagation in weld metals for industry mockups
in simulated primary PWR primary water even when the crack is
oriented along dendrite boundaries in a single pass.


Stable IG crack advance observed at 350°C under gentle cycle +
hold and constant K conditions, but at very low growth rates.


Highest constant K rates (~2x10-9 mm/s) for MHI alloy 152 and inlay
alloy 52M (based only on dcpd).
Alloy 52 welds and alloy 52M overlay show lower rates.
Some weld-to-weld differences, no influence of LAS stress relief.


IG cracking produced during cycling at 50°C.
Alloy 152 most susceptible, different behavior for alloy 52 welds.
Significant IG engagement at 50°C did not promote more IGSCC at 350°C.







MHI Alloy 52 Crack Growth Surface
IG Cracking during 50oC Cycling, Limited IGSCC Growth at 350oC







Weld Metal Characterization Activities


Optical metallography, SEM, EBSD and TEM.
Alloy 152 and 52 Weld Mockups


IG weld cracks in alloy 52 weld associated with fit-up region for SS
plate, no cracks in alloy 152 weld or alloy 52 butt weld.
Limited solidification segregation, strong variation is GB carbides
Complex microstructures in dilution zones with 304SS


Alloy 182/52M Overlay and Alloy 82/52M Inlay Mockups
IG weld cracks in localized regions for alloy 52M


Limited solidification segregation, strong variation is GB carbides
Narrow dilution zones (~100 µm) with alloy 182 or 82.


304SS/Alloy 52 Overlay
Extensive dilution zone (~1 mm) between alloy 52 and stainless steel


IG weld cracks in dilution zone associated with elongated TiN at GBs







Weld Metal Defect Characterizations


 


 


 


Optical metallography of
serial sections used to
indicate distribution and
morphology of weld defects


More detailed examinations
by SEM, EBSD and TEM.







Weld Overlay Repair Mockup using Alloy 52 on
Stainless Steel:  Hot Cracks in Dilution Zone


 obtained from Pål Efsing and Björn Forssgren, Ringhals AB


Ti
TiN at GBs in
Dilution Zone


TiN on
crack walls


ATEM







PNNL Alloy 152/52/52M Plans 2009-2010


Expand evaluation of SCC response in weld metals
Complete tests on Ringhals overlay and inlay mockups, establish
alloy 52M response and propagation through dilution zone.
New tests on more susceptible alloy 152 weld metal (PNNL/ANL)
New tests on alloy 152/52/52M welds (e.g., from KAPL) and on new
mockups welds, overlays and inlays as possible.


Examine hot cracks and dilution zones in new KAPL welds
and evaluate effects of weld defects on SCC crack growth.


Continue low-to-high resolution characterizations linking
matrix and grain boundary microstructure/microchemistry to
SCC response and help determine root cause for high SCC
susceptibility including crack-tip examinations.
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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)
• Membership:


– P. Efsing (Ringhals, Sweden)
– C. Marks (DEI, USA)
– C. Moyer (NRC-RES, USA)
– E. Willis (EPRI, USA)
– T. Yonezawa (Tohoku University, Japan)
– G. Young / E. Richey (KAPL, USA)
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Alloy 690/52/152 Collaborative Research Program
Working Group #3: Data Application ("A")


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


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, 152, etc.)


– Weld defects (DDC, LAF, etc.)
• Welding processes (TIG, SMAW, narrow groove, etc.)
• Weld configurations, overlays, and inlays


– Representative mockups and configurations 
– HAZ
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Alloy 690/52/152 Collaborative Research Program
Working Group #3: Data Application ("A")


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
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Alloy 690/52/152 Collaborative Research Program
Working Group #3: Data Application ("A")


Review Of Action Item List Currently 
Assigned To WG#3
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Alloy 690/52/152 Collaborative Research 
Program
WG#3 Action Items (Data Application)


In progressS. Fyfitch and E. WillisAREVA to check if it will provide CRDM mock-ups available and check 
whether inlay samples are available for testing (property of Owners 
Group). Investigate possibility of getting mock-ups from power plants 
(e.g., Finnish plant) that are currently under construction 
internationally, possibly through nuclear steam supply system 
vendors.


In progressG. YoungPresent characterization information on narrow-groove weld materials 
at experts meeting and look at possibility of providing narrow-groove 
weld material from KAPL.


In progressS. BruemmerConsolidate weld material characterization data from previously tested 
specimens and identify gaps.


Chuck will create a 
version of the report to 
share


C. MarksLocate EMCC reports of CRDM fabrication practices and determine 
availability for dissemination to WG#3.


In progress, but approach 
on site visits is 
abandoned.


C. MarksContact vendors/manufacturers to request CRDM fabrication 
information and/or conduct site visit at a utility to review 
documentation; determine pertinent information that may be 
available for WG#3 use.


In progressE. WillisDevelop final list of information for site access team to evaluate by 
obtaining feedback on preliminary DEI list.


In progressE. WillisSend information on welding concerns and conditions that should be 
tested to P. Andresen, S. Bruemmer, and B. Alexandreanu. Ask for 
info on evolution of weld composition changes and associated 
microstructural characterization for Alloy 52M from Special Metals.


STATUSLEADACTION
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Alloy 690/52/152 Collaborative Research 
Program
WG#3 Action Items (Data Application) continued


Report at next meetingC. WillisCreate central repository of materials that exists


OpenC. WillisThyssen-Krupp will have 52I heat available in March/April. How much do 
we need?


On hold pending 
clarification of support for 
DEI work.


C. MarksAugment Alloy 690 implementation table to include SG replacement
applications, pressurizer replacement applications, and dissimilar metal 
weld mitigation applications.


In progressR. JackoSummarize fabrication geometry and configuration for replacement steam 
generator nozzle welds. Identify available mockups for characterization 
work from Westinghouse.


In progressE. WillisFollow up with Thyssen-Krupp (L. Paul) on possibility of obtaining testing 
material from new order


In progressG. Young/R. EtienContact Peter King to ask whether B&W Canada have available CRDM
mockup for characterization/testing. Investigate possibility of supplying 
safe-end mockup material for SCC specimens; may have preexisting 
agreement with EPRI.


STATUSLEADACTION
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Focus of WG#2 (CGR Studies) and the 
Immediate Tasks to Be Performed


1. SCC growth rate testing guidelines


2. SCC base metals, weld metals and HAZ testing
- availability of spectrum of key materials
- definition of key issues and tests 
- similarities/characteristics vs. differences in results→ resolution
- coordinated testing & comparison testing (identical materials)


3. Linkages between response of cold worked base metal and HAZ 
- residual stresses & strains in SS/600 vs. 690:  EBSD & SCC
- nature of welds & coincidence of banding, stresses, strains


4. Definition of a threshold growth rate of concern of ~2 x 10-8 mm/s 
to avoid the extended test times required to measure v. low CGRs
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Some Key Issues to Address in WG#2
1. Effect of various types of microstructural inhomogeneities


2. Effect of cold work on 690 with excellent microstructure 


3. Combined effect of cold work and inhomogeneity/banding


4. Linkages between response of cold worked base metal and HAZ 
- residual stresses & strains in SS/600 vs. 690:  EBSD & SCC
- nature of welds & coincidence of banding, stresses, strains
- SCC measurements on HAZs


5. Effect of K, temperature & dissolved H2 on above 690 variations


6. Perhaps extension to other materials, so that the synergistic 
effect of banding and cold work is more fully understood. 





