
 
 

June 15, 2011 
 
 
 
MEMORANDUM TO: Mirela Gavrilas, Chief 
 Corrosion and Metallurgy Branch 
 Division of Engineering 
 Office of Nuclear Regulatory Research 
 
FROM: Darrell S. Dunn, Materials Engineer  /RA/ 
 Corrosion and Metallurgy Branch 
 Division of Engineering 
 Office of Nuclear Regulatory Research 
 
SUBJECT: SUMMARY OF PUBLIC MEETING BETWEEN THE NUCLEAR 

REGULATORY COMMISSION STAFF AND REPRESENTATIVES 
OF THE NUCLEAR POWER INDUSTRY REGARDING ALLOY 690 
RESEARCH ACTIVITIES 

 
 
On June 6-7, 2011, Nuclear Regulatory Commission (NRC) staff met with representatives of the 
Electric Power Research Institute (EPRI), General Electric (GE) Company, GE-Hitachi,  
Westinghouse Electric Company, Dominion Engineering Inc. (DEI), Structural Integrity 
Associates (SIA), Bechtel Marine Power Corporation-Knolls Atomic Power Laboratory (BMPC-
KAPL), Pacific Northwest National Laboratory (PNNL), Argonne National Laboratory (ANL), 
Aalto University, Materials Design, Inc, and other industry and utility representatives in a public 
meeting in Rockville, Maryland.  The purpose of this meeting between the staff and industry 
representatives was to present and discuss the Alloy 690 research activities including primary 
water stress corrosion cracking (PWSCC) initiation and crack growth rate testing, modeling, and 
mitigation methods.  The presentations are publically available in ADAMS under accession 
number ML111660786. 
 
Meeting Summary 
 
Opening presentations and discussions were led by both NRC and EPRI staff. Mr. Darrell Dunn 
(NRC) provided an introduction on the purpose of the meeting and the desired outcomes which 
included an enhanced mutual understanding of the industry and NRC concerns and positions.  
The regulatory prospective was presented by Mr. Jay Collins (NRC).  Several outstanding 
issues for Alloys 690/152/52 were identified such as factors that influence crack growth rates, 
welding defects, dilution effects, PWSCC mitigation using the high chromium filler metals, and 
the amount of testing necessary to have sufficient data to generate crack growth rate disposition 
curves for alloy 690 and its weld metals.  Mr. Al Ahluwalia (EPRI) reviewed the history and 
motivation for conducting PWSCC research and the importance of discussions between the 
Industry and the NRC.  The organization and focus working groups on PWSCC initiation, 
PWSCC growth rate testing, and data application were reviewed.  
 
Mr. Darrell Dunn (NRC) summarized previously identified knowledge gaps.  High priority items 
included the PWSCC crack growth rates in weld heat affected zones (HAZ), the influence of 
weld defects on PWSCC initiation and growth, the effects of weld metal composition and weld 
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procedures, and the effects of welding and fabrication repairs.  The medium-high priority items 
included the effects of thermo-mechanical processing on Alloy 690, resolution of the large 
differences in reported crack growth rates for the weld metals, and the relevance of thermal 
processing mode.  Medium priority items included low temperature crack propagation, and the 
development of crack growth rate curves for Alloys 690/152/52.  Low to medium priority items 
included acquiring detailed information on PWR replacement components and crack initiation 
data on heterogeneously deformed Alloy 690.  Significant progress on several high and medium 
high priority knowledge gaps associated with the effects of cold work, testing of weld heat 
affected zones (HAZ), and crack growth rates in welded materials was noted.   
 
Dr. Martin Morra (GE) presented the results of extensive characterization work on welded alloy 
690 including microstructural analysis and measurements of residual plastic strain in weld 
HAZs.  The weld HAZs in alloy 690 are significantly different for the HAZs in stainless steels or 
alloy 600.  In alloy 690, the location of maximum residual plastic strain is in the partially melted 
zone which contains a mixture of equaixed and dendritic grains.  The residual plastic strains in 
the partially melted zones typically vary from 5 to 15 percent although higher plastic strains 
above 25 percent have been observed in some welds.  The highest strains were observed near 
the root of a weld.  Dynamic recrystallation was also observed in alloy 52 weld metal and 
carbides have been observed in a control rod drive mechanism (CRDM) mockup weld. The 
characterization information suggests that the alloy 690 HAZ may not have enhanced PWSCC 
susceptibility as a result of the low residual plastic strains. The partially melted zone, where 
residual plastic strains are highest, has a complex microstructure. The results of the 
characterization at GE compare favorably with alloy 690 HAZ test results including tests 
conducted at ANL that showed only small increases in PWSCC growth rates compared to the 
base metal.  
 
Dr. Steve Bruemmer (PNNL) presented the results of NRC sponsored work including 
characterization and crack growth rate testing of alloy 690 and its weld metals.  In the thermally 
treated (TT) condition, alloy 690 has a Cr depleted zone at grain boundaries that ranges from 
200 to 400 microns [8 to 16 mils] wide. Minimum Cr concentrations can be as low as 21 percent. 
It should be noted that the specified Cr content of the alloy ranges from 27 to 31 percent.  
Carbide distributions were discussed in detail for different heat treatments.  Significant 
variations in both carbide distribution and damage at grain boundaries were found in two heats 
of mill annealed and cold rolled alloy 690 plate stock.  Solution annealed and cold rolled 
material had hardness values similar to the thermally treated and cold rolled material but much 
lower grain boundary damage as well as lower crack growth rates.  Thermally treated and cold 
worked material that was subjected to a recovery anneal (700°C [1,292°F] for 1 hour) reduced 
the crack growth rate from of 1 × 10−7 to 4 × 10−9 mm/s [4 × 10−6 to 1.6 × 10−7 mils/s].  Changes 
in strain distributions were observed particularly around grain boundaries following the recovery 
anneal.  Tests of welds showed low susceptibility to PWSCC with measured crack growth rates 
at or below 5 × 10−9 mm/s [2 × 10−7 mils/s].  A higher crack growth rate of 1 × 10−8 mm/s [4 × 
10−7 mils/s] measured on an alloy 52M weld overlay in a region of the weld with a chromium 
concentration less than 25 percent.  It is unclear why one region of the weld has a chromium 
concentration that is out of specification for alloy 52M however the most logical explanation 
seems to be the use of incorrect filler metal in one part of the weld.  
 
Mr. Steve McCracken (EPRI) presented updated information on Alloy 152/52 weldability issues 
that affect weld mitigation methods including a detailed description of both hot cracking and 
ductility dip cracking that have been known to affect the alloy 690 weld metals.  The results of 
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transverse varestraint, cast pin tear, and strain to fracture tests used to evaluate weldability 
issues were described.  The effects of weld metal dilution in dissimilar metal welds were 
evaluated using the cast pin tear test.  Dilution of the alloy 52M weld metal with more than 35 
percent iron from stainless steels increased the susceptibility to hot cracking.  The effects of 
sulfur, silicon, and phosphorous concentrations that promote solidification cracking were also 
discussed.  One method of avoiding these types of weld defects on weld overlays is the use of 
one or more buffer layers to minimize dissolution in the alloy 52 weld overlay.  A new Alloy 690 
filler metal was noted; however, the composition of the new alloy is still under development. 
 
Dr. Erich Wimmer (Materials Design, Inc) presented the results of ab-initio calculations of the 
thermal stability of weld metals.  The motivation for conducting the calculations was to 
determine the susceptibility to phase instability over long periods.  Long range ordering is a 
concern for nickel base alloys with chromium.  The formation of a Ni2Cr phase can increase 
yield strength, decrease ductility and significantly increase the susceptibility to hydrogen 
embrittlement.  Calculations indicated that Fe, Mn, and Nb impede long range ordering by 
thermodynamic destabilization of the ordered phase.  
 
Dr. Tiangan Lian (EPRI) described the results of PWSCC initiation tests conducted at the 
University of Wisconsin and the University of Michigan.  The results discussed were limited to 
tests conducted on alloy 600.  Alloy 690 was tested in parallel but these results were still under 
evaluation.  Interrupted constant extension rate testing of alloy 600 in 360°C [680°F] water 
showed that the length and density of intergranular cracks increase with strain.  Tests with alloy 
600 in supercritical water showed a large number of shallow cracks in bent beam specimens 
and a limited number of small cracks on constant load tensile specimens. The results of 
additional tests and tests on alloy 690 materials will be presented in future meetings. 
 
Dr. Peter Andresen (GE) discussed results of EPRI sponsored testing conducted at GE with on 
alloy 690, HAZ materials and weld filler metals.  For the base materials, the PWSCC 
susceptibility is influenced by the material microstructure, cold work and specimen orientation 
with respect to material processing.  One of the earlier misconceptions was that material 
processing would likely eliminate microstructural banding.  It is now known that banding can be 
in the final product form of materials after significant thermal-mechanical processing.  For the 
case where cracks are aligned with microstructural banding, the crack growth rate can increase 
with time.  Crack growth rates in forged material were comparable to those obtained in cold 
rolled material.  Materials in the thermally treated condition had crack growth rates that were 
approximately 10× higher than materials in the solution annealed condition.  Measured crack 
growth rates of weld HAZ materials were in the range of 4 × 10−9 to 1.2 × 10−8 mm/s [1.6 × 10−7 
to 4.7 × 10−7 mils/s].  The crack growth rates measured on weld filler metals including 152, 152i, 
52 and 52i were in the range of 4 × 10−10 to 4 × 10−9 mm/s [1.6 × 10−8 to 1.6 × 10−7 mils/s].  A 
152 weld subjected to 20 percent cold work had a slightly higher measured crack growth rate of 
7 × 10−9 mm/s [2.8 × 10−7 mils/s].  Experimental filler metals with 25 percent Cr had low crack 
growth rates of 2.5 × 10−9 mm/s [9.8 × 10−8 mils/s].  
 
Dr. Peter Andresen (GE) also presented the results of testing that has been conducted at 
SERCO (United Kingdom), Ciemat (Spain), and MHI (Japan).  Tests at SERCO were consistent 
with testing conducted at labs in the U.S. with the exception that a possible hydrogen 
concentration was observed with an ANL cold rolled alloy 690 plate that has previously been 
shown to be susceptible to PWSCC.  Tests conducted at Ciemat have shown higher crack 
growth rates and a larger fraction of intergranular cracking on cold rolled materials compared to 
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tensile strained materials.  Testing at MHI showed increases in crack growth rates for cold 
worked alloys 152 and 690. For the alloy 152 weld filler metal, the crack growth rate was also 
dependent on specimen orientation with respect to the dendrites.  
 
Dr. Bogdan Alexandreanu (ANL) presented the results of NRC sponsored testing at ANL on an 
alloy 52M weld overlay, alloy 152 weld metal, and alloy 690 HAZ samples.  Testing on the weld 
overlay showed a complex crack path as the crack approached and went through the alloy 
182/52M interface.  The specimen had measurable crack advance into the alloy 52M overlay as 
well as approximately parallel to the interface in a region where the chromium concentration 
was about 25 to 28 percent.  Discussion after the presentation was focused on determining 
whether or not the crack propagation observed may have been driven by cyclic loading.  
Additional discussion of this test as well as the approach used on future overlay tests was 
recommended.  Testing of a new alloy 152 weld using heat WC04F6 suggests crack growth 
rates of 2.5 × 10−8 mm/s [9.8 × 10−7 mils/s] which is consistent with previous tests with this heat 
of 152.  Samples of this weld are also being tested at PNNL and GE.  A comparison of the 
results for all labs will take place prior to the EPRI sponsored meeting in December 2011.  
Testing of alloy 690 weld HAZ revealed crack growth rates that were only slightly higher than 
the alloy 690 base metal.  Additional testing is planned for the HAZ material.  
 
Mr. Chuck Marks (DEI) presented a probabilistic assessment of chemical mitigation methods for 
PWSCC.  A model was presented with 4 components including initiation, propagation, loading, 
and detection. Initiation is based on plant data with an activation energy term to account for 
temperature.  The effects of zinc additions are most significant for initiation whereas the effects 
of hydrogen additions are most significant for propagation.  Loads considered include axial and 
hoop stresses, pressure, thermal expansion, dead weight, and welding residual stresses.  The 
results of sensitivity analyses were presented and discussed.  The results of the study are 
documented in EPRI report MRP-263.  
 
Dr. David Rudland (NRC) presented an update and initial results from the pilot study using the 
Extremely Low Probability of Rupture (xLPR) computer code.  This presentation reviewed the 
results of the initial pilot study focused on a pressurizer surge nozzle dissimilar metal weld and 
the development of Version 1.0 of the code.  The conclusion from the pilot study was that it is 
feasible to develop a modular-based probabilistic fracture mechanics code within a cooperative 
agreement while properly accounting for the problem uncertainties. Work on Version 2.0 of the 
code, which will address primary piping, has been initiated.  
 
Dr. Hannu Hanninen (Aalto University) described the results from characterization of alloy 182, 
82, 152, and 52 welds.  Dissimilar metal weld joints of Ni-base weld metals showed segregation 
associated with Nb.  In the Nb-bearing alloys eutectic Laves and Nb(C, N) phases were formed 
along the dendrite boundaries, and in Ti-alloyed Alloy 52 TiN(C) phase forms, respectively. 
These segregated structures and second phases affected hot cracking, but were not found to 
enhance PWSCC initiation in 4-point bend specimens.  Pure weld metals of alloy 182 and 82 
were more susceptible to PWSCC initiation than pure weld metals of alloy 152 and 52, which 
did not show any crack initiation. 
 
Dr. Peter Andresen (GE) presented an update to the crack growth rate working group activities. 
The basis for quantifying crack growth rates as (very low, low, medium, high, or very high) was 
provided and based on a typical 25 mm (1 in) thick butt welded pipe section.   
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The estimated lifetime of with a very low growth rate of 4 × 10−9 mm/s [1.6 × 10−7 mils/s] would 
be greater than 80 years.  Areas of progress during the past year were discussed and included 
comparisons of data on test materials of interest, evaluation of rolled and forged materials, and 
characterization and testing of heat treated material to systematically evaluate the effects of 
microstructural features on PWSCC susceptibility.  Areas of emphasis in the near future will 
include HAZ testing taking into consideration the recent information on residual plastic strains 
and microstructural information, evaluate intermediate levels of cold work that may be more 
representative of HAZ material, additional heat treatments to examine the influence of 
microstructure and testing of dissimilar metal dilution zones.  
 
Mr. Al Ahluwalia (EPRI) announced the upcoming EPRI sponsored Alloy 690/52/152 research 
collaboration meeting. The EPRI sponsored meeting will be November 29 to December 2, 2011 
in Tampa, FL.  
 
There were 7 action items recorded: 
 

1. Review and discuss the residual plastic strain profile and dilution zone characteristics of 
dissimilar metal welds prior to testing.  

2. Additional discussion of the ANL weld overlay test results to determine the effect of 
loading on the crack paths and develop refined approaches for evaluating weld overlays. 

3. Review test results and test conditions for the alloy 152 weld that is currently being 
tested at ANL, PNNL, and GE. 

4. Additional discussion of phase stability modeling particularly for the development of weld 
metal compositions and evaluation of the phase stability of dissimilar metal welds. 

5. Obtain input from industry and NRC staff currently developing xLPR Version 2 on data 
needs. 

6. Reactivate the crack initiation working group and obtain an update on the data 
application working group activities at the EPRI sponsored meeting in December 2011.     

7. Determine interest in crack initiation or crack growth rate testing of available alloy 690 
materials removed from service.   

 
 
Enclosures:  
List of Attendees 
Presentations (20) 
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