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Wednesday, August 5, 2009:    8:00 am – 5:15 pm   
 

 
Time 

 
Topic Description 

8:00 am – 8:15 am Welcome 
Introductions 
NRC Purpose, Outcomes, Process Statement 

Al Csontos - NRC

8:15 am – 8:30 am Review of Meeting John Wilson - Exelon 

8:30 am – 9:00 am Regulator’s Perspectives on PWSCC 
Mitigation 

Robert Hardies - NRC

9:00 am – 9:30 am Plant Owner and Utility Perspectives on 
PWSCC Mitigation 

Jim Cirilli - Exelon 

9:30 am – 10:00 am Inlays Dave Rudland-NRC
Bud Brust – Emc2

10:00 am – 10:10 am Break 

10:10 am – 10:50 am OWOL, FSWOL and MRP-169 Lee Fredette – Battelle
Robert Hardies - NRC

10:50 am – 11:30 am OWOL, FSWOL and MRP-169 Pete Riccardella – Structural Integrity
Eric Willis – EPRI

11:30 am – 12:00 pm High Deposition Welding Technology  Dave Waskey – AREVA

12:00 pm – 1:00 pm Lunch All

1:00 pm – 1:30 pm Laser Welding Technology Bruce Newton – Westinghouse

1:30 pm – 2:30 pm Welding Residual Stress FEA Validation 
- Intro, Int Round Robin/Phase II 
- Phase I and III 
- OWOL - Phase IV 

Howard Rathbun – NRC
Paul Crooker – EPRI 

Greg Frederick – EPRI

2:30 pm – 3:15 pm MSIP Lee Fredette - Battelle

3:15 pm – 3:30 pm Break All

3:30 pm – 3:50 pm Ongoing NDE Research Related to Mitigation Mike Anderson – PNNL

3:50 pm – 4:35 pm Reactor Cooling Pump DM Weld Inspection 
and Analysis 

Warren Bamford – Westinghouse

4:35 pm – 5:15 pm xLPR Project Dave Rudland – NRC
Craig Harrington – EPRI

5:15 pm Adjourn until Thursday at 8 am All

 



Industry-NRC 2009 Meeting on PWSCC Mitigation – August 5-6, 2009 Page 3 

Thursday, August 6, 2009:    8:00 am – 12 noon 
 

 
Time 

 
Topic Description 

8:00 am – 8:10 am Review Agenda and Meeting Objectives John Wilson- Exelon

8:10 am – 9:00 am Zinc Mitigation Technology Rich Jacko – Westinghouse

9:00 am – 9:50 am Elevated Hydrogen Technology Rick Reid – EPRI

9:50 am – 10:20 am Surface Stress Mitigation Technology TG Lian – EPRI

10:20 am – 10:30 am Break All

10:30 am – 11:00 am MRP-169 Review and Approval Process Joint Industry NRC Discussion

11:00 am – 11:40 am  Chemical Mitigation TBD Submittal and 
Roadmap to Approval and Implementation 

Joint Industry NRC Discussion

11:40 am – 12 noon Surface Stress TBD Submittal and Roadmap to 
Approval and Implementation  

Joint Industry NRC Discussion

12 noon Adjourn Meeting All
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• Background:
– Component integrity analyses in dissimilar metal (DM) welds showed that 


PWSCC results are highly dependent on weld residual stress (WRS) profiles
– Memorandum of Understanding (MOU) regarding nuclear safety research 


signed in 2007
– Addendum specific to WRS program currently under review


• Purpose:
– Refine WRS (finite element analysis) FEA modeling methods for 82/182 DM 


welds through sequential development from Phase I to IV
– Develop reasonable assurance that WRS FEA models are defensible through a 


blind validation using well controlled mockups of various WRS measurement 
techniques


• Expected Outcomes:
– Blind validation of WRS FEA models using well controlled mockups focusing on 


through-wall axial & hoop stresses
– Improved validated FEA DM weld models that can applied to future structural 


integrity analyses
– Develop uncertainty distributions in WRS modeling


Phase IPhase I--IV WRS FEA IV WRS FEA 
Model Validation ProgramModel Validation Program
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Overview of Phase IOverview of Phase I--IV IV 
WRS Validation ProgramWRS Validation Program


• Phase I: EPRI Simple Plates & Cylinders
– EPRI Lead: Mockup fabrication, WRS measurements
– Purpose: Refine WRS FEA model development by varying welding 


parameters and validate models to ND and DHD techniques


• Phase II: NRC PZR Mockups (Intn'l. WRS & FSWOL)
– NRC Lead: Mockup fabrication, WRS measurements
– Purpose:  Blind validation of mockups to XRD, IHD, DHD, and ND


• Phase III: EPRI WNP III PZR Safety & Relief Nozzles
– EPRI Lead: Mockup fabrication, WRS measurements, & project aims
– Purpose: Blind validation of plant components to XRD, IHD, and DHD


• Phase IV: EPRI WNP III Cold Leg OWOL Validation
– EPRI Lead: Mockup/OWOL design and fabrication, WRS 


measurements, FEA modeling, and project direction and planning
– Purpose: Blind validation of OWOL process to XRD, IHD, and DHD


3
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Overview of Phase IOverview of Phase I--IV IV 
WRS Validation ProgramWRS Validation Program
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Item Geometry Description Variable Tested
Overall
Length Width OD


Weld 
Thickness


1 Plate Dissimilar Metal Slot Weld Unrestrained Test Weld 14" 8" - 0.60"
2 Plate Dissimilar Metal Slot Weld Material Prop./Strain-Free Ref. Sample 14" 8" - 0.60"
3 Plate Dissimilar Metal Slot Weld Plate Base Case 14" 8" - 0.60"
4 Plate Dissimilar Metal Slot Weld Decrease Travel Speed 14" 8" - 0.60"
5 Plate Dissimilar Metal Slot Weld Increase Amperage and Wire Feed Rate 14" 8" - 0.60"
6 Plate Dissimilar Metal Slot Weld Decrease Amperage and Wire Feed Rate 14" 8" - 0.60"
7 Cylinder Dissimilar Metal Butt Weld SS to SS Test Weld 9" - 6.510" 0.47"
8 Cylinder Dissimilar Metal Butt Weld Cylinder Base Case 9" - 6.510" 0.47"
9 Cylinder Dissimilar Metal Butt Weld Buttered CS to SS Test Weld w/SS 9.46" 6.510" 0.47"
10 Cylinder Dissimilar Metal Butt Weld Effect of Butter 9.46" - 6.510" 0.47"
11 Cylinder Dissimilar Metal Butt Weld Effect of PWHT 9.46" - 6.510" 0.47"
12 Cylinder Dissimilar Metal Butt Weld Plus SS Weld w/ Repair Effect of SS Weld and Effect of Repair 11.76" - 6.510" 0.47"


13 Type 8       
PZR Surge International WRS Round Robin Mockup Protoypic Materials & Design               


Controlled 82 Welds (nonprototypic) 31.30" - 15.00" 1.86"


14 Type 8       
PZR Surge Weld Overlay Mockup Protoypic Materials, Design, & Stick 182 Weld 


Followed by Full Structural Weld Overlay 34.75" - 15.00" 1.51"


15 Safety&Relief WPS-3 S&R (no vessel) - Need SS pipe Fully Prototypic - Destructive Investigation TBD - 8.0" 1.41"
16 Safety&Relief WPS-3 S&R (w/ vessel)  - Need SS pipe Fully Prototypic TBD - 8.0" 1.41"
17 Safety&Relief WPS-3 S&R (w/ vessel) - Need SS pipe Fully Prototypic TBD - 8.0" 1.41"
18 CL Nozzle Cold Leg Nozzle from WPS-3 Large Diameter Prototypic Overlay Mockup TBD - 36" ~3"Phase IV


Phase II


Ph
as


e 1
A


Ph
as


e 1
B


Ph
as


e 
I


Phase III
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Phase I: EPRIPhase I: EPRI 
Plates & CylindersPlates & Cylinders
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Phase 1A:
- 0.6" thick SS plate
- 0.4" weld


Phase 1B:
- 0.47” thick SS/CS pipe
- 6.51” OD


• Simple Geometries
• Investigate effect of 


welding parameters on 
WRS profiles
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Typical U.S. Typical U.S. PressurizerPressurizer 
Dissimilar Metal Butt WeldsDissimilar Metal Butt Welds


Surge Nozzle-to-Safe End
Dissimilar Metal Weld


Safety/Relief Nozzle-to-Safe 
End Dissimilar Metal Weld
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Phase II: NRC Phase II: NRC 
PZR MockupsPZR Mockups
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Weld Overlay Mockup (Long)International WRS Mockup (Short)
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Phase III: EPRI Safety & Phase III: EPRI Safety & 
Relief PZR ComponentsRelief PZR Components
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6” OD Safety & Relief  Nozzle to Safe-End DM Welds
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Phase IV: EPRIPhase IV: EPRI 
Hot Leg MockupsHot Leg Mockups
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36” OD Cold Leg Nozzle to Safe-End DM Weld
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International WRS FEA ModelInternational WRS FEA Model


Validation ProgramValidation Program
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Howard J. Rathbun, Ph.D, P.E.
Component Integrity Branch


Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission


August 5, 2009
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Phase II: UpdatePhase II: Update


• Overview
• Mockups: 


– Design and Fabrication
– Fabrication input data for modelers


• Problem Statement/Data Package:
– Website and expectations


• WRS Measurements Plan:
– Techniques, Locations, & Logistics


• Timeline/Logistics
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OverviewOverview


• Project team:
– PNNL/EWI/Battelle:  Mockup Design/Fabrication
– Emc2: Material properties data generation
– ORNL: Incremental hole drilling, x-ray and neutron diffraction
– Veqter: Deep hole drilling WRS measurements 


• Blind Study: no WRS measurements will be provided 
to the FEA modelers until the comparison of data to 
models is complete


• Website for downloading/uploading:
– Design/fabrication data
– FEA analyses


12
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Design ConsiderationsDesign Considerations


• Minimum weld thickness 1.18” (30mm):  Actual >1.5”
• More constraint with larger ferritic nozzle:  Prototypic Nozzle
• Minimum length of ~12” for SS end:  Actual 18”
• No ID partial arc flaw:  Typical 360° ID backchip and reweld
• Random start/stops, but, identify locations:  Laser Profilometer
• Identify last pass weld start and stop: Laser Profilometer
• Automated Alloy 82 weld:  Yes
• Backchip/reweld last pass should be done 360°:  Yes
• Prefer to use the wrought stainless pipe:  Prototypic
• Access window after DHD measurements for Do sample and 


metallurgical samples (get axial WRS measurements prior to 
cutting access window) and then strain gauge a lot:  Yes


13
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Phase II Mockup Phase II Mockup 
Design & Fabrication:Design & Fabrication:


• Pressurizer Surge Nozzle Mockups:
– Mockup #1:  International WRS Mockup
– Mockup #2:  Full Structural Weld Overlay Mockup


• Mockup fabrication drawings, specifications, and 
material properties to be provided in data package


• Ferritic nozzles & SS piping from cancelled plant
• Forged SS safe-ends procured and heat treated
• DM & SS welding to be completed by EWI


14
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Mockup Design & Mockup Design & FabFab: : 
FerriticFerritic NozzlesNozzles


PZR Surge Nozzle-to-RCS
from WNP-3 (CE Plant)


Safety Injection Nozzle
From Battelle #210 


Weld Overlay Mockup (Long)Weld Overlay Mockup (Long)International WRS Mockup (Short)International WRS Mockup (Short)
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Mockup Design & Mockup Design & FabFab:: 
Manufacturing DrawingsManufacturing Drawings
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Weld Overlay Mockup (Long)International WRS Mockup (Short)
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Recorded Fabrication Recorded Fabrication 
ParametersParameters


• Welding data being generated during fabrication
– Amperage, voltage, & weld travel speed
– Weld bevel/groove geometry before welding
– Weld pass location and laser profilometry for each pass 
– Location of each start/stop
– Welding procedure
– Location and description of any in-process repairs
– Inter-pass cooling and pre-heat temperatures
– Annealing conditions for buttered layer


• Non-Destructive Examinations:
– Butter:  dye penetrant (PT) and radiograph (RT)
– Machined Butter:  PT
– DMW:  RT
– Fill-in Weld:  PT


• Shrinkage, weld pass maps, and thermocouple data
• Video of welding processes
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Problem Statement &    Problem Statement &    
Data PackageData Package


• Model Calculations:
– Stress and strain components 


• After DM weld
• After SS safe end weld


– The circumferential location will correspond to the actual 
measurement locations


– Study #1– Modeler defined material properties
– Material property libraries or literature values


– Study #2 – NRC supplied material properties:
– Provided in data package


– Optional Studies


18
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Reporting RequirementsReporting Requirements


• All EXCEL format
• Details on:


– Analysis package used, modeling approach, FE mesh, 
element type, imposed BC, material properties, material 
behavior model (hardening creep, phase transformation),    
and heat load assumptions


• Residual stress & strain line plots at specified locations
– Axial, hoop, and radial
– Contour plots


• Temperature history at thermocouple locations
• Punch mark displacement measurements
• Any additional info that may illustrate unique features
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WRS Measurement WRS Measurement 
StrategyStrategy
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Method Category Depth Penetration Vendor(s)


Neutron 
Diffraction (ND)


Nondestructive / 
Semi-destructive Through Thickness Oak Ridge National 


Laboratory


Deep Hole Drilling 
(DHD) Semi-destructive Through Thickness VEQTER / University of 


Bristol (U.K.)


Incremental Hole 
Drilling (IHD) Semi-destructive Surface to 2mm Oak Ridge National 


Laboratory


X-ray Diffraction 
(XRD) Nondestructive Surface Oak Ridge National 


Laboratory & EPRI


• Most interested in the through-wall WRS profile:
– Axial and hoop stresses


• Measurement strategy
– Multiple techniques to accurately develop full profile
– Use diffraction and strain relief based techniques
– Surface, sub-surface, & through-thickness techniques 
– Use redundant techniques to verify data measurements
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IntInt’’l WRS Mockup l WRS Mockup 
Measurement PlanMeasurement Plan


• Effect of SS Weld 
on DM Weld is well 
documented


• IHD/XRD/ND/DHD
• WRS Measurement 


Locations:
– Pre-SS Weld


• 0° and 180°
– Post-SS Weld


• 90° and 270°
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PrePre--SSSS


PostPost--SSSS


PrePre--SSSS


PostPost--SSSS


00ºº


9090ºº


180180ºº


270270ºº
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IntInt’’l WRS Mockup l WRS Mockup 
Measurement PlanMeasurement Plan


2222


XRD


IHD


DHD


0.700.70””


2.502.50””


304


308


82


SA105
Grade II


Through-Wall ND


0.400.40””DD


0.060.06””DD 0.380.38””
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WRS Validation Program WRS Validation Program 
Tentative ScheduleTentative Schedule


2009 
International WRS Mockup
– Fabrication and DM weld
– WRS measurements pre-SS weld
– SS weld
– Study #1 FEA analyses
– Post-SS IHD/XRD measurements


Weld Overlay Mockup
– Pre-overlay Fabrication


23* Estimate
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2010
– Post-SS WRS DHD measurements for Int WRS Mockup
– Study #2 FEA analyses
– Post-SS ND measurements
– Draft reporting of Study #1 and #2 results
– Post-overlay Fabrication
– WRS measurements for Overlay mockup
– Optional study data packages and FEA analyses


WRS Validation Program WRS Validation Program 
Tentative ScheduleTentative Schedule
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• Backup Slides


25
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Phase II Mockup Phase II Mockup 
Design & Fabrication:Design & Fabrication:


26


Description Variable Tested
No. 


Passes
Overall
Length OD


Weld 
Thickness


Butter 
PWHT


Base
Metal 1


Base
Metal 2


Base
Metal 3


CS Butter
Metal


Butter Weld 
Process


Weld
Metal 1


WM 1 Weld 
Process


Weld
Metal 2


WM 2 Weld 
Process


Tie-in Weld 
Metal


Tie-in Weld 
Process


Repair Weld 
Metal


Int'l WRS Mockup
Protoypic Materials & Design               


Controlled 82 Welds (nonprototypic) - 31.30" 15.00" 1.86" Yes SA105 316L SS 316 SS Alloy 82 Auto GTAW Alloy 82 Auto GTAW 308 SS Auto SMAW Alloy 82
Manual   
GTAW No


FSWOL Mockup Protoypic Materials, Design, & Stick 182 Weld 
Followed by Full Structural Weld Overlay - 34.75" 15.00" 1.51" Yes SA182 


F1 316L SS 316 SS Alloy 182 Auto SMAW Alloy 182 Auto SMAW 308 SS Auto GTAW Alloy 182 Manual 
SMAW No
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Topics


•
 


Background & Objectives
•


 
Project Plan


•
 


Phase 1A Specimens
•


 
Phase 1A Status Summary


•
 


Neutron Diffraction Challenges
•


 
Conclusion


Example of Westinghouse 
Surge Type PWR Nozzle
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Background:
•


 


Analyses of MRP-216 identified that fracture mechanics models are 
sensitive to through-thickness welding residual stresses
–


 


Need to validate finite element RS models
•


 


Better understanding of uncertainties needed to avoid unnecessary 
overconservatism


 


in modeling assumptions
–


 


Through-wall stress distributions
–


 


Extent of axisymmetry


 


of welding residual stress patterns


Objectives:
•


 


Provide validated FEA methods for future use
•


 


Use prototypic dissimilar metal welds and components
•


 


Reduce uncertainty in the FEA calculations by validating models 
against measured residual stresses


Background & Objectives
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Project Plan 
Joint EPRI-NRC Phase Matrix


Design Approach Purpose Manufactured By RS Measurements
RS Meas 


Funded By


Phase 1a Restrained Plates Scientific Controlled welds under simple conditions to 
develop FEA model correlations EPRI EPRI


Phase 1b Small Cylinders Scientific More complex but still controlled welds for 
FEA model correlations EPRI EPRI


NRC (DHD)


Int'l Round 
Robin


Type 8 Surge 
Nozzles


Quasi-
Prototypic


Prototypic scale mockup made under 
controlled conditions for int'l model validation NRC NRC


Weld Overlay Type 8 Surge 
Nozzles


Quasi-
Prototypic


Prototypic scale mockup made under 
controlled conditions for investigation of effect 


of weld overlay. Compare A82 and A182.
NRC NRC


WNP-3 Safety & 
Relief PZR Nozzles Prototypic


Validate FE models from Phases I&II. 
Investigate RS of actual dissimilar metal 


weld.
EPRI


Neutron Diffraction
X-ray Diffraction


Surface Hole Drill
Deep Hole Drilling


EPRI
NRC (DHD)


WNP-3 CL Nozzles Prototypic Effect of overlay on ID surface stress in 
prototypic component. EPRI X-ray Diffraction


Deep Hole Drilling NRC


Phase III


Phase IV


Neutron Diffraction
X-ray Diffraction


Surface Hole Drill
Ring-Core


Deep Hole Drilling


Neutron Diffraction
X-ray Diffraction


Surface Hole Drill
Deep Hole Drilling


Phase I


Phase II


Contour Method
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EPRI/NRC Joint WRS Program 
Phase I – Weld Specimens


•


 


Phase I: Fabricate and measure RS in simple experimental specimens in 
order to develop and refine FE models. (Scientific approach)
–


 


Simple specimen geometries
–


 


Investigate how weld parameters and configuration affect RS profile
–


 


Automated welding for maximum control and precision
–


 


Record welding data after every weld pass for use as inputs in model


Phase 1A: Plate Weld Specimens
(0.6”


 


Thick, 0.4”


 


Deep, 14”


 


Long)


Phase 1B: Cylinder Weld Specimens
(6.51”


 


OD x 0.47”


 


thick)
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Phase 1A Status Summary


•


 


Residual Stress Measurements
–


 


Performed ND on all 4 plates
–


 


Performed X-ray Diffraction (XRD) on 2 plates, 
remaining underway


–


 


Performed Deep-hole Drilling (DHD) on 1 plate
–


 


Initiated Surface Hole Drilling (HD) and Ring-Core on 
plates


•


 


Finite Element Modeling
–


 


Developed 2D model
•


 


Internal heat generation
•


 


Weld bead geometry
•


 


Elastic-perfectly plastic hardening


–


 


Investigating effect of different hardening models
–


 


Developing 3D model


Laser Profilometry Data


ANSYS Mesh
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The ND RS Measurement Technique


•


 


Neutron diffraction (ND) works like an internal strain gauge
–


 


Crystal lattice plane spacings


 


will change when stress is applied
–


 


Tension will cause dhkl


 


to increase
–


 


Compression will cause dhkl


 


to decrease
•


 


Generate strain values by measuring a particular gauge 
volume in a component that is strained and in one that is 
strain-free


•


 


Need to create a strain-free reference specimen by 
mechanical relieving strains to obtain d0


–


 


Cut small cubes or a comb out of the sample (or a companion 
sample)


•


 


Calculate stresses using Hooke’s Law:


–


 


Need to use elastic constants specific for the given plane that is 
measured, Ehkl


 


and vhkl


–


 


Need to know the three principal strains
–


 


Usually assumed to be the Normal, Transverse, and Longitudinal 
directions due to symmetry considerations
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0
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hkl d
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Initial Neutron Diffraction Results 
Strain-Free Lattice Spacing (d0 )


•


 


Initial d0 values:
–


 


Measured multiple points in the base metal (BM) and weld metal (WM) in all three 
principal orientations


–


 


Generated an average d0


 


value for both BM and WM for each principal direction
–


 


Calculated strains and stresses using measured d values


= Weld Metal Measurement Location


= Base Metal Measurement Location
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P-3 Residual Stress by ND (Line 1)
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Initial Neutron Diffraction Results 
Residual Stress in Base Metal (Plate P-3)
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Initial Neutron Diffraction Results 
Residual Stress at Weld Centerline (Plate P-3)


P-3 Residual Stress by ND (Line 4)
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Initial Neutron Diffraction Results 
Conclusion Summary


•
 


Initial weld metal ND results disagreed with prior art, finite 
element models, and intuition


•
 


Consistent agreement between ND and FE in SS base metal
•


 
Discrepancies in stress magnitudes in Alloy 82 weld metal


•
 


Disagreement between trends in ND and FE in weld metal
•


 
Measured stresses in weld metal were compressive in all 
three principal directions


•
 


Significant normal stresses measured in weld metal
–


 


Expected to be ~0 since plate is considered thin (0.6 in)
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Steps Taken to Resolve Phase 1A Initial ND Data


•


 


Independent review of stress measurement calculations
•


 


Confirmatory deep-hole drill (DHD) through-wall stress measurement on 
plate P-3


•


 


Performed surface XRD measurements on 2 specimens 
•


 


Additional prior art investigation 
•


 


Identified potential sources of RS uncertainty with ND
–


 


Calibration
–


 


Alignment
–


 


Spatial variability of d0
–


 


Anisotropy of d0
–


 


Elastic constants (texture, anisotropy, spatial variability)
–


 


Spatial variability of principle directions
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Investigation of Potential Sources of Uncertainty 
Spatial Variation and Anisotropy in d0


•


 


Residual stress is very sensitive to the 
strain-free lattice spacing (d0


 


) 
–


 


d0


 


variations of 1E-3 Ǻ


 


change the 
measured stress by 300 MPa


 


(44 ksi)
•


 


d0 was sampled on a refined grid of points 
in the Phase 1A comb with ND


–


 


Found continuous gradient in WM
–


 


Min d0


 


in WM: 1.07856 Ǻ
–


 


Max d0


 


in BM: 1.08398 Ǻ
•


 


Gradient consistent in all three principal 
directions


•


 


Slight anisotropy observed in d0


 


magnitudes between principal directions
•


 


Potential causes of spatial variation:
–


 


Plastic deformation
–


 


Weld Metallurgy (diffusion, solute change)
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Updated Neutron Diffraction Results 
Residual Stress in Base Metal (Plate P-3)
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Updated Neutron Diffraction Results 
Residual Stress at Weld Centerline (Plate P-3)
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Updated Neutron Diffraction Results 
Residual Stress at Weld Centerline (Plate P-3)
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Phase 1A – Preliminary Conclusions


•
 


There is significant spatial variability in the strain-free lattice 
parameter (d0


 


) in the weld metal of the Phase 1 specimens
•


 
Residual stress calculated using ND is very sensitive to d0


•
 


Using the proper d0


 


is critical to producing the accurate RS 
values with ND


•
 


The d0


 


variation needs investigation; further testing is in-
 progress to identify the main contributors


•
 


Accurate weld material elastic moduli
 


are necessary for 
producing accurate stresses with ND


•
 


Diffraction-based RS measurement techniques (ND & XRD) 
need to be benchmarked against mechanical relaxation 
techniques (DHD, Contour, etc.) in order to have confidence 
that the actual stress state of a weld specimen is known 
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Phase 1B – Welded Specimens - Cylindrical


•


 


Increasing geometrical complexity
•


 


Controlled A82 weld with automated GTAW
•


 


Fix welding parameters, vary geometry
•


 


4 specimens
-


 


C-2: SS to SS
-


 


C-4: Buttered CS-SS w/PWHT
-


 


C-5: Buttered CS-SS w/o PWHT
-


 


C-6: Add a safe-end and repair to C-4
-


 


Neutron diffraction WRS measurements
are in-progress
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Phase 3 – Safety Relief Nozzles from WNP 


•
 


Phase 3:
-


 


Nozzles have been 
cleaned and undergone 
characterization of 
apparent physical features


-


 


2 Deep Hole Drilling 
(DHD) measurements 
performed on Nozzle #1


-


 


Nozzle #1 sectioned for 
metallographic analysis


-


 


Nozzles #2 and #3 will be 
modeled and have WRS 
measurements in 2010 
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• Need
Address NRR questions concerning OWOL applications and the resulting stress profiles in 
large bore piping.   


• Objectives
- To measure surface, near-surface and through-wall residual stresses in a prototypic 


large-bore mockup before and after application of an OWOL
- To compare the RS measurements with Residual Stress FEA model calculations 
- To use a high deposition welding process to apply the OWOL


• Mockup Concept
The mockup will consist of a large nozzle with existing dissimilar metal weld and safe-end.


• A stainless steel pipe section will be welded to the safe-end
• A representative ID root repair will be added to the DMW weld
• RS measurements will be taken before and after the OWOL is applied
• At a minimum the OWOL will meet all the requirements of ASME Code Case N-754


Introduction – Optimized Weld Overlay (OWOL) Mockup
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• Benefits:
The results will facilitate OWOL decisions and support active/future relief requests to the NRC


• Key Stakeholders and Participants:
NSSS and Welding Vendors, Utilities and the NRC


• Budget:
Collaboratively funded by NRC, EPRI-WRTC, and Areva


• Deliverable:
2009 Report on OWOL design, implementation, residual stress measurements and comparisons to FEA


Introduction – Optimized Weld Overlay (OWOL) Mockup
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Residual Stress Measurements and Other Data


• Residual Stress Measurements
– DHD (plus IDHD) – Through-wall
– XRD – Surface
– Incremental Hole drilling – Near Surface
– Strain (per layer)


• Other Measurements and Records 
– Temperature (per layer)
– Deposition rate and welding process
– Overlay Dimensions (ASME Code)
– Wire chemistry (52MS)
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Fabrication
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Large Bore OWOL – Stress Analyses 
(ID 4,5)


Review ID Micrographs and Develop WRS 
Measurement Plan 4/6/2009 8:00 4/6/2009 17:00 4 NRC/EPRI/Areva


Metallography of ID 3/6/2009 8:00 4/6/2009 17:00 5 EPRI
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Large Bore OWOL – Stress Analyses 
(ID 4,5)


Review ID Micrographs and Develop WRS 
Measurement Plan 4/6/2009 8:00 4/6/2009 17:00 4 NRC/EPRI/Areva


Metallography of ID 3/6/2009 8:00 4/6/2009 17:00 5 EPRI
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Large Bore OWOL – Stress Analyses (ID 5)


Between 0 and 270


Review ID Micrographs and Develop WRS 
Measurement Plan 4/6/2009 8:00 4/6/2009 17:00 4 NRC/EPRI/Areva


Metallography of ID 3/6/2009 8:00 4/6/2009 17:00 5 EPRI


At 0
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Large Bore OWOL – Stress Analyses 
(ID 6, 7 and 8)


Boat Sample of the 25% ID Repaired Section 3/6/2009 8:00 4/17/2009 17:00 6


Add 25% ID Repair 3/6/2009 8:00 4/17/2009 17:00 7


Metallography of 25% ID Repair Section 3/6/2009 8:00 4/17/2009 17:00 8


Original fabrication weld 
repairs on ID


90o


180o


270o


30° partial arc ID repair 
centered at 180° (~9-in. 
long


0o
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Large Bore OWOL – Stress Analyses 
(ID 6, 7 and 8)


Boat Sample of the 25% ID Repaired Section 3/6/2009 8:00 4/17/2009 17:00 6


Add 25% ID Repair 3/6/2009 8:00 4/17/2009 17:00 7


Metallography of 25% ID Repair Section 3/6/2009 8:00 4/17/2009 17:00 8


The mockup configuration will be a full scale mockup including vessel material, nozzle 
(with clad, butter, DM weld, safe-end and pipe section)


• DMW Weld will be left in the as-received condition


• Designated lD repair location at 180 (30-degree segment along the DMW weld 
root)


• ID repair will consist of a 25% Tw repair


• The safe end to pipe weld (similar weld) will be completed with 308L SS 
SMAW or FCAW process.


• Length of SS pipe section will be approximately 30-in.
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Large Bore OWOL – Stress Analyses 
(ID 6, 7 and 8)


Boat Sample of the 25% ID Repaired Section 3/6/2009 8:00 4/17/2009 17:00 6


Add 25% ID Repair 3/6/2009 8:00 4/17/2009 17:00 7


Metallography of 25% ID Repair Section 3/6/2009 8:00 4/17/2009 17:00 8


Weld Butter


Nozzle Base Material
Nozzle to Safe-End Weld


Safe-End


Safe-End to Pipe Weld


RCS PipeNozzle Cladding


25% Tw


ID Weld Repair Area
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Large Bore OWOL – Stress Analyses 
(ID 6, 7 and 8)


Boat Sample of the 25% ID Repaired Section 3/6/2009 8:00 4/17/2009 17:00 6


Add 25% ID Repair 3/6/2009 8:00 4/17/2009 17:00 7


Metallography of 25% ID Repair Section 3/6/2009 8:00 4/17/2009 17:00 8


180o
180o
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Large Bore OWOL – Stress Analyses 
(ID 6, 7 and 8)


Boat Sample of the 25% ID Repaired Section 3/6/2009 8:00 4/17/2009 17:00 6


Add 25% ID Repair 3/6/2009 8:00 4/17/2009 17:00 7


Metallography of 25% ID Repair Section 3/6/2009 8:00 4/17/2009 17:00 8


~3/4-in.


~ 1 1/8-in.
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Large Bore OWOL – Stress Analyses 
(ID 6, 7 and 8)


Boat Sample of the 25% ID Repaired Section 3/6/2009 8:00 4/17/2009 17:00 6


Add 25% ID Repair 3/6/2009 8:00 4/17/2009 17:00 7


Metallography of 25% ID Repair Section 3/6/2009 8:00 4/17/2009 17:00 8


182 DMW


182 butter


Root
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Large Bore OWOL – Stress Analyses 
(ID 9 and 10)


WNP III CL Cleanup/Sectioning/Machining 3/5/2009 8:00 4/17/2009 17:00 9 EPRI


Weld SS SE Weld 4/20/2009 8:00 5/1/2009 17:00 10 EPRI
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Large Bore OWOL – Stress Analyses 
(ID 9 and 10)


WNP III CL Cleanup/Sectioning/Machining 3/5/2009 8:00 4/17/2009 17:00 9 EPRI


Weld SS SE Weld 4/20/2009 8:00 5/1/2009 17:00 10 EPRI
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Large Bore OWOL – Stress Analyses 
(ID 9 and 10)


WNP III CL Cleanup/Sectioning/Machining 3/5/2009 8:00 4/17/2009 17:00 9 EPRI


Weld SS SE Weld 4/20/2009 8:00 5/1/2009 17:00 10 EPRI
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Measurement Locations (azimuthal) 
(ID 11, 12, 13 and 14)


Incremental Hole Drilling (ORNL) 5/4/2009 8:00 5/8/2009 17:00 11 ORNL


XRD (EPRI/PROTO) 5/4/2009 8:00 5/8/2009 17:00 12 ORNLEPRI


4 DHD (plus IDHD) Measurements - 
Repair/Unrepaired (Veqter) 5/11/2009 8:00 5/31/2009 17:00 13 VEQTER


Emplace Strain Gauges 6/1/2009 8:00 6/5/2009 17:00 14 ORNL


90


0


270
180
180


Approximate locations 
for XRD, DHD  and 
Incremental hole 


drilling


30° partial arc ID repair 
centered at 180° (~8-in. 
long
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Measurement Locations (axial location) 
(ID 11, 12, 13 and 14)


Incremental Hole Drilling (ORNL) 5/4/2009 8:00 5/8/2009 17:00 11 ORNL


XRD (EPRI/PROTO) 5/4/2009 8:00 5/8/2009 17:00 12 ORNLEPRI


4 DHD (plus IDHD) Measurements - 
Repair/Unrepaired (Veqter) 5/11/2009 8:00 5/31/2009 17:00 13 VEQTER


Emplace Strain Gauges 6/1/2009 8:00 6/5/2009 17:00 14 ORNL


Location 1 at DMW/Root – multiple locations (in close 
proximity) along the circumference at 0, 90, 180 and 


270


Location 2 at some distance between the SS Weld and 
the DMW (IHD and XRD only)


All measurements will be taken with a 5-degree segment 
of designated location
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Measurement Locations (circumferential) 
(ID 11, 12, 13 and 14)


Sequence 1 (DHD)


1.00
1.00


2.50
2.50


0.06D


0.40D


0.70


0, 270
0.


76


1.
23


0.
62


DMW (root)
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Example of DHD at 0 location. 


Incremental Hole Drilling (ORNL) 5/4/2009 8:00 5/8/2009 17:00 11 ORNL


XRD (EPRI/PROTO) 5/4/2009 8:00 5/8/2009 17:00 12 ORNLEPRI


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 5/11/2009 8:00 5/31/2009 17:00 13 VEQTER


Emplace Strain Gauges 6/1/2009 8:00 6/5/2009 17:00 14 ORNL


Measurement Locations (layer evaluation) 
(ID 11, 12, 13 and 14)
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Example of DHD at 0 location. 


Incremental Hole Drilling (ORNL) 5/4/2009 8:00 5/8/2009 17:00 11 ORNL


XRD (EPRI/PROTO) 5/4/2009 8:00 5/8/2009 17:00 12 ORNLEPRI


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 5/11/2009 8:00 5/31/2009 17:00 13 VEQTER


Emplace Strain Gauges 6/1/2009 8:00 6/5/2009 17:00 14 ORNL


Measurement Locations (layer evaluation) 
(ID 11, 12, 13 and 14)
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Example of DHD at 0 location. 


Incremental Hole Drilling (ORNL) 5/4/2009 8:00 5/8/2009 17:00 11 ORNL


XRD (EPRI/PROTO) 5/4/2009 8:00 5/8/2009 17:00 12 ORNLEPRI


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 5/11/2009 8:00 5/31/2009 17:00 13 VEQTER


Emplace Strain Gauges 6/1/2009 8:00 6/5/2009 17:00 14 ORNL


Measurement Locations (layer evaluation) 
(ID 11, 12, 13 and 14)
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Measurement Locations (circumferential) 
(ID 11, 12, 13 and 14)


Sequence 2 (XRD)


1.00
1.00


2.50
2.50


0.06D


0.40D


0.70


0, 270
0.


76


1.
23


0.
62


DMW (root)







25© 2009 Electric Power Research Institute, Inc. All rights reserved.


Incremental Hole Drilling (ORNL) 5/4/2009 8:00 5/8/2009 17:00 11 ORNL


XRD (EPRI/PROTO) 5/4/2009 8:00 5/8/2009 17:00 12 ORNLEPRI


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 5/11/2009 8:00 5/31/2009 17:00 13 VEQTER


Emplace Strain Gauges 6/1/2009 8:00 6/5/2009 17:00 14 ORNL


Measurement Locations (layer evaluation) 
(ID 11, 12, 13 and 14)
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Measurement Locations (circumferential) 
(ID 11, 12, 13 and 14)


Sequence 3 (IHD)


1.00
1.00


2.50
2.50


0.06D


0.40D


0.70


0, 270
0.


76


1.
23


0.
62


DMW (root)
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Incremental Hole Drilling (ORNL) 5/4/2009 8:00 5/8/2009 17:00 11 ORNL


XRD (EPRI/PROTO) 5/4/2009 8:00 5/8/2009 17:00 12 ORNLEPRI


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 5/11/2009 8:00 5/31/2009 17:00 13 VEQTER


Emplace Strain Gauges 6/1/2009 8:00 6/5/2009 17:00 14 ORNL


Measurement Locations (layer evaluation) 
(ID 11, 12, 13 and 14)
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Measurement Locations (layer evaluation) 
(ID 11, 12, 13 and 14)


Incremental Hole Drilling (ORNL) 5/4/2009 8:00 5/8/2009 17:00 11 ORNL


XRD (EPRI/PROTO) 5/4/2009 8:00 5/8/2009 17:00 12 ORNLEPRI


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 5/11/2009 8:00 5/31/2009 17:00 13 VEQTER


Emplace Strain Gauges 6/1/2009 8:00 6/5/2009 17:00 14 ORNL


90


0


270
180


Strain gauges for layer 
measurements – at 
original Incremental 


hole drilling 
locations
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Incremental Hole Drilling (ORNL) 5/4/2009 8:00 5/8/2009 17:00 11 ORNL


XRD (EPRI/PROTO) 5/4/2009 8:00 5/8/2009 17:00 12 ORNLEPRI


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 5/11/2009 8:00 5/31/2009 17:00 13 VEQTER


Emplace Strain Gauges 6/1/2009 8:00 6/5/2009 17:00 14 ORNL


Measurement Locations (layer evaluation) 
(ID 11, 12, 13 and 14)


DHD and IDHD Test Results


• Complete on pre-OWOL at 0, 90, 180 and 270 
locations


• Results consistent with past FEA modeling


• Post-OWOL measurements are in-progress
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Large Bore OWOL – Metallography 
(ID 15)


Metallography of the DHD Cores 6/1/2009 8:00 6/12/2009 17:00 15 EPRI


Additional metallography of Core from DHD based on 
work scope


31.94-in. to end of SS Pipe


1
.2


2.63


1.7


1.13


1.00


1.44


0.63


10°


37.5° 0
.7


5


1
.8


ID Repair
Boat sample


DHD


304 308L 316 182 182 P1
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Large Bore OWOL – Metallography 
(ID 15)


Metallography of the DHD Cores 6/1/2009 8:00 6/12/2009 17:00 15 EPRI


DHD Core – Approximately (3-mm Inner bore by 11-mm 
outer diameter (at 90)
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Large Bore OWOL – Metallography 
(ID 15)


Metallography of the DHD Cores 6/1/2009 8:00 6/12/2009 17:00 15 EPRI


DHD Core – Approximately (3-mm Inner bore by 11- 
mm Outer diameter) (1/3 Tw shown at 90)
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Large Bore OWOL – Metallography 
(ID 15)


Metallography of the DHD Cores 6/1/2009 8:00 6/12/2009 17:00 15 EPRI


DHD Core – Approximately (3-mm Inner bore by 11-mm 
outer diameter (at 180)


ID
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Large Bore OWOL – Welding Schedule 
(ID 16, 17 and 18)


EPRI to Ship Mockup to AREVA 6/8/2009 8:00
6/12/2009 


17:00 16 EPRI


Phase I/II/IV Modeling Meeting at AREVA Lynchburg 6/15/2009 8:00
6/19/2009 


17:00 17
BMI/EMC/DEI/SIA/W/A 
REVA/Intl.


AREVA OWOL 6/8/2009 8:00
7/17/2009 


17:00 18 Areva


– The OWOL will be applied with a high deposition 
welding process that is currently being proposed to 
industry (Areva)


– A FSWOL will not be applied unless follow up testing 
is proposed


– Hold points for inspection, stress analyses, surface 
preparation, interpass temperature, strain 
measurements will be pre-established for OWOL and 
included in weld traveler.







36© 2009 Electric Power Research Institute, Inc. All rights reserved.


Large Bore OWOL – Interlayer evaluations 
(ID 16, 17 and 18)


EPRI to Ship Mockup to AREVA 6/8/2009 8:00
6/12/2009 


17:00 16 EPRI


Phase I/II/IV Modeling Meeting at AREVA Lynchburg 6/15/2009 8:00
6/19/2009 


17:00 17
BMI/EMC/DEI/SIA/W/A 
REVA/Intl.


AREVA OWOL 6/8/2009 8:00
7/17/2009 


17:00 18 Areva


• Shrinkage Data (per weld layer)
– Axial (OD or ID)
– Diametrical (ID)


• Cooling condition – water backed will be 
evaluated during the initial weld layer.


• Temperature not to exceed 200F
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0


90


180


270


360


Large Bore OWOL – Stress Analyses 
(ID 16, 17 and 18)


EPRI to Ship Mockup to AREVA 6/8/2009 8:00
6/12/2009 


17:00 16 EPRI


Phase I/II/IV Modeling Meeting at AREVA Lynchburg 6/15/2009 8:00
6/19/2009 


17:00 17
BMI/EMC/DEI/SIA/W/A 
REVA/Intl.


AREVA OWOL 6/8/2009 8:00
7/17/2009 


17:00 18 Areva


S
tart of O


W
O


L


E
nd of O


W
O


L


DMWSS Weld
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Large Bore OWOL – Stress Analyses 
(ID 16, 17 and 18)


EPRI to Ship Mockup to AREVA 6/8/2009 8:00
6/12/2009 


17:00 16 EPRI


Phase I/II/IV Modeling Meeting at AREVA Lynchburg 6/15/2009 8:00
6/19/2009 


17:00 17
BMI/EMC/DEI/SIA/W/A 
REVA/Intl.


AREVA OWOL 6/8/2009 8:00
7/17/2009 


17:00 18 Areva


38


90


0


270
180
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Large Bore OWOL – Stress Analyses 
(ID 16, 17 and 18)


Design OWOL (AREVA)
– OWOL will consist of:


• Weld to be complete in the 5G position
• Water backing or Dry will be evaluated during first layer
• Austenitic buffer layer on the safe–end section


– Buffer layer terminated (typical) within at the 182 DMW 
with Bridge Weld (82, 52)


• 1st -3rd layer (ferritic) will consist of a 52M temperbead
– Weld layers 4+ will consist of high deposition welding 


parameters.
– Stress measurements, and shrinkage measurements will 


require hold points after each complete layer.
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Large Bore OWOL – Stress Analyses 
(ID 16, 17 and 18)


– OWOL Completed
– All inter-layer measurements complete.
– Transporting to Charlotte (Aug. 3, 2009)
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Large Bore OWOL – Stress Analyses 
(ID 16, 17 and 18)


– OWOL Completed
– All inter-layer measurements complete.
– Transporting to Charlotte (Aug. 3, 2009)
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Large Bore OWOL – Stress Analyses 
(ID 19, 20 and 21)


Incremental Hole Drilling (ORNL) 7/20/2009 8:00 8/14/2009 17:00 19 ORNL


XRD (EPRI/PROTO) 7/20/2009 8:00 8/14/2009 17:00 20 ORNL


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 7/27/2009 8:00 8/14/2009 17:00 21 VEQTER


– Post OWOL measurements (in-progress)
• Similar to ID 16, 17 and 18
• Veqter (onsite at EPRI)
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Large Bore OWOL – Stress Analyses 
(ID 19, 20 and 21)


Incremental Hole Drilling (ORNL) 7/20/2009 8:00 8/14/2009 17:00 19 ORNL


XRD (EPRI/PROTO) 7/20/2009 8:00 8/14/2009 17:00 20 ORNL


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 7/27/2009 8:00 8/14/2009 17:00 21 VEQTER


Sequence 4 (Post DHD)


1.00
1.00


2.50
2.50


0.06D


0.40D


0.70


0, 270


0.
76


1.
23


0.
62


DMW (root)
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Large Bore OWOL – Stress Analyses 
(ID 19, 20 and 21)


Incremental Hole Drilling (ORNL) 7/20/2009 8:00 8/14/2009 17:00 19 ORNL


XRD (EPRI/PROTO) 7/20/2009 8:00 8/14/2009 17:00 20 ORNL


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 7/27/2009 8:00 8/14/2009 17:00 21 VEQTER


DMW (root)


Sequence 5 (Post IHD)


1.00
1.00


2.50
2.50


0.06D


0.40D


0.70


0, 270


0.
76


1.
23


0.
62
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Large Bore OWOL – Stress Analyses 
(ID 19, 20 and 21)


Incremental Hole Drilling (ORNL) 7/20/2009 8:00 8/14/2009 17:00 19 ORNL


XRD (EPRI/PROTO) 7/20/2009 8:00 8/14/2009 17:00 20 ORNL


4 DHD Measurements - Repair/Unrepaired 
(Veqter) 7/27/2009 8:00 8/14/2009 17:00 21 VEQTER


DMW (root)


Sequence 6 (Post XRD)


1.00
1.00


2.50
2.50


0.06D


0.40D


0.70


0.
76


1.
23


0.
62


0, 270
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Expected Results and Conclusions


• Model Predictions of before and after stress profiles 
(addresses compressive stress mitigative effect of OWOL)


• Pass-by-pass stress profile
(addresses asymptotic questions)


• Show data that already acquired from other mockups, 
modeling, etc. is consistent with results.
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Overall Objective
• Conduct confirmatory analyses to assess the 


performance claims and technical bases of the 
Mechanical Stress Improvement Process (MSIP) as 
a stress based mitigation measure for Primary 
Water Stress Corrosion Cracking (PWSCC) of 
Dissimilar Metal (DM) welds in Pressurized Water 
Reactor (PWR) primary cooling loop piping 
– Mechanical Stress Improvement Process (MSIP)


- Claims to cause compressive stress on ID of DM weld thus 
preventing the onset of PWSCC


- Must be inspected per NUREG-0313 and shown to have no 
circumferential cracks greater than 30% through thickness or adding 
to greater than 10% circumference, and no axial cracks
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PWR Piping MSIP Analysis - Summary
– Axisymmetric Models


- Weld Residual Stress Development


- Application of MSIP


- Operating Pressure and Temperature


- MSIP Sensitivity Study


– Introduction of Cracks
- Crack Growth Operating Pressure and Temperature


- Crack Growth MSIP Operating Pressure and Temperature


- MSIP Operating Pressure and Temperature Crack Growth


– 3-D model
- Application of MSIP


- Operating Pressure and Temperature


- Bending Moment Loading
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1.
3”


1.
5’


’


OD = 12.75’’


0.24’’


1.35’’
OD = 14.25’’


1.40’’


3.0’’


SS Safe End


A508 
Class 2


SS Cladding


INCO 
82/182
Weld
(73 Passes)


INCO 
82/182
Butter
(31 Passes) SS Pipe


SS Weld
(27 Passes)


INCO 82/182
Heat Sleeve Weld
(28 Passes)


PWR Piping MSIP Analysis 
Summary
• Pipe and Weld Profile:  
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PWR Surge Nozzle


• Mechanical Stress Improvement Process 


Surface forced 0.08” radially inward and then released leaving 
1% deformation (0.064” radial)


1.5” from weld centerline and 2.5” 
total band displaced skipping SS 
Weld


SS Safe End


A508 
Class 2


SS Cladding


INCO 82/182 Weld


INCO 
82/182
Butter


SS Pipe


SS Weld


INCO 82/182 Heat Sleeve Weld
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PWR Surge Nozzle


• Results – Inner Diameter Axial Stresses (ksi)  


Tension Stress on 
INCO Weld ID 
Removed by MSIP 
Process


After SS Weld


After INCO Weld


After MSIP 
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PWR Surge 
Nozzle


• Results – Inner Diameter Axial Stresses  
Nozzle Side
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• Results – Inner Diameter Hoop Stresses  
Nozzle Side


PWR Surge 
Nozzle


im
pr


ov
em


en
t
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• MSIP Sensitivity Study
– MSIP Location – Results diminish with distance but minor loss with 1” 


movement (0.5”, 1” and 2” displacement tested)


– MSIP Compression – Surface stresses unchanged with increased 
compression because of local yielding (0.5%, 1%, 1.5%, 2%, and 3% 
permanent deformation tested)


– MSIP Tool Length – Increased length away from treated weld has no 
effect (0.5”, 1” and 2” tool length increase tested)


– MSIP in Case without Secondary Stainless Steel Weld – MSIP 
produces similar results and is more forgiving of tool location 
misplacement. (0.5”, 1” and 2” displacement tested)


PWR Surge Nozzle
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PWR Surge Nozzle
• PWR Surge Nozzle Stress Improvement Analysis


– Mechanical Stress Improvement Process (MSIP)


- Axisymmetric Models
- Weld Residual Stress Development


- Application of MSIP


- Operating Pressure and Temperature


- MSIP Sensitivity Study


- Introduction of Cracks
- Crack Growth Operating Pressure and Temperature


- Crack Growth MSIP Operating Pressure and Temperature


- MSIP Operating Pressure and Temperature Crack Growth


- 3-D model
- Application of MSIP


- Operating Pressure and Temperature


- Bending Moment Loading
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SS Safe End


A508 
Class 2


SS Cladding INCO 
82/182
Weld


INCO 
82/182
Butter


SS Pipe


SS Weld


INCO 82/182
Heat Sleeve Weld


PWR Surge Nozzle – MSIP Cracks


• Crack introduced in A508/Butter Interface:
– Weld stresses developed
– Crack introduced 75% through thickness
– MSIP applied and released


Crack 75% 
through 
thickness
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PWR Surge Nozzle – MSIP Cracks


• Results –Axial Stresses with Crack (ksi)
After SS Weld


After Crack


Crack Open (100x Exaggeration)
After MSIP 


Crack Forced Closed 
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PWR Surge Nozzle - MSIP Cracks


• Results –Stress Intensity Factor vs. Crack Length at 
Operating Temp and Pressure
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PWR Surge Nozzle
• PWR Surge Nozzle Stress Improvement Analysis


– Mechanical Stress Improvement Process (MSIP)


- Axisymmetric Models
- Weld Residual Stress Development


- Application of MSIP


- Operating Pressure and Temperature


- MSIP Sensitivity Study


- Introduction of Cracks
- Crack Growth Operating Pressure and Temperature


- Crack Growth MSIP Operating Pressure and Temperature


- MSIP Operating Pressure and Temperature Crack Growth


- 3-D model
- Application of MSIP


- Operating Pressure and Temperature


- Bending Moment Loading
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PWR Surge Nozzle


• Concerns:
– MSIP tool does not produce true radial deflection.
– Is an axisymmetric model sufficient to model the process?
– A 3-D model of unwelded pipe was constructed of the 


MSIP process to examine this effect.
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PWR Surge Nozzle


• Results – Inner Diameter Axial Stresses (ksi)  


Compression 
created on ID by 
MSIP Process


After MSIP – 90 deg 


After MSIP – 0 deg
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PWR Surge Nozzle


• Results – Inner Diameter Axial Stresses  


im
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ov
em
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PWR Piping MSIP Analysis 
Summary
• PWR Nozzles with Dissimilar Metal Welds (DMW)


– Hot Leg


– Pressurizer Surge Nozzle (Primary example of this presentation)


– Pressurizer Safety Nozzle


• What are the as-welded residual stresses?
– Stresses at or above room temperature yield strength in DMW region.


• What is the effect of the secondary stainless steel weld on the DMW?
– The secondary SS weld greatly reduces the ID axial stresses in the DMW.


• Is the Mechanical Stress Improvement Process (MSIP) effective?
– Yes, if implemented as recommended in NUREG-0313. No circumferential cracks 


greater than 30% through thickness.


• How are pre-existing circumferential cracks affected by the MSIP process?
– They are forced closed if they meet the NUREG-0313 recommendations of being less 


than 30% the thickness.


– They are made worse by the process if they are greater than 60% the thickness.
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PWR Piping MSIP Analysis


Questions?





		An Analytical Evaluation of Proposed Mitigation Strategies for PWSCC - Mechanical Stress Improvement Process – 8/05/09��Contract Number: GS23F0011L�NRC Job Code: N6360�

		Overall Objective

		PWR Piping MSIP Analysis - Summary

		PWR Piping MSIP Analysis Summary

		PWR Surge Nozzle

		PWR Surge Nozzle

		PWR Surge Nozzle

		PWR Surge Nozzle

		PWR Surge Nozzle

		PWR Surge Nozzle

		PWR Surge Nozzle – MSIP Cracks

		PWR Surge Nozzle – MSIP Cracks

		PWR Surge Nozzle - MSIP Cracks

		PWR Surge Nozzle

		PWR Surge Nozzle

		PWR Surge Nozzle

		PWR Surge Nozzle

		PWR Piping MSIP Analysis Summary

		PWR Piping MSIP Analysis
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Status of NDE Assessment Work for 
PWSCC in Dissimilar Metal Welds
Public Meeting – PWSCC Mitigation Activities
August 5-7, 2009
Michael Anderson, PNNL Research Scientist


PNNL-SA-67582
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Overview of Discussion Topics


NDE of dissimilar metal welds with MSIP applied
Probability of Detection (POD) in dissimilar metal welds
NDE of overlays on dissimilar metal welds
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NDE Reliability Post-MSIP – Initial Study


NRC-funded first study in 2007 as part of Leak-Before- 
Break (now xLPR) Project, JCN-N6319, Al Csontos – 
NRC PM
Objectives


Determine application parameters that may affect NDE 
reliability for PWSCC mitigation using MSIP


Assess ultrasonic capability to monitor existing flaws post- 
MSIP in austenitic piping welds


Approach
Use off-the-shelf phased-array ultrasonic technology 
applied before and after MSIP to image existing service- 
induced IGSCC
Equipment, procedures, and personnel comparable to that 
being qualified through PDI for austenitic SS and dissimilar 
metal welds
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Piping Welds at Ignalina Nuclear Power Plant 
(INPP)


PNNL subcontractor worked with plant personnel at INPP in 
Lithuania for data collection


INPP has been licensed to use MSIP on their piping systems 
via DOE International Nuclear Safety Project
Because of welding methods used in original plant fabrication, 
IGSCC is occurring in the HAZ of many welds


Piping welds are 18% Cr, 10% Ni, titanium-stabilized SS with 
autogenous root
Piping is 325-mm diameter, 16-mm wall (minimum 12 mm at weld)
Welds have fine, equiaxed grain structures (minimal sound field 
distortion through weld)
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Pre- and Post-MSIP Ultrasonic Signal Responses


Data on IGSCC in Weld P183z1 (53% thru-wall; 3.1 dB 
change)


Data acquired from upstream (non-MSIP) side of weld 
Diminished ultrasonic peak and mean amplitude responses 
along length
Gain normalized (30 dB) for both scans
Measured length changed from 77 to 69 mm 
(Loss of signal method) 


Before MSIP After MSIP
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Post-MSIP Ultrasonic Signal Comparison 
(IGSCC Flaws at INPP)


Limited population of IGSCC shows trend for loss of 
amplitude response after MSIP


8 dB mean overall loss
Two flaws (red circles) ultrasonically transparent 
(S:N = 1)
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MSIP Surface Deformation
MSIP plastically deforms piping surfaces 


ASME Appendix D does not allow gap between transducer and 
surface to exceed 1/32-inch (0.79 mm)


Area of INPP MSIP 
application showing 
surface deformation


OD deformation 
showing typical 
application on 
12-inch, 
schedule 80 
pipe, 1.2% 
squeeze


Courtesy NuVision Engineering, Inc.
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MSIP on PZR Surge Line Configuration 
(1st Attempt)


Fabricated 1st specimen to simulate PZR surge nozzle-to-pipe 
dissimilar metal weld


Used implanted thermal fatigue cracks in butter and weld
Instrumented ID of weld with strain gauges
Modeled and applied MSIP
MSIP unsuccessful due to short length of specimen (no restraint on 
ends)
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New MSIP/NDE Specimen


Safe-end to SS pipe weld Dissimilar metal weld


12-inch long carbon steel pipe welded to 200# bolted flange
4-inch long safe end
24-inch long SS pipe







10
PNNL-SA-67582


Probability of Detection (POD) for Dissimilar 
Metal Welds


PNNL working with EPRI to analyze data collected during 
performance demonstrations through PDI


Initial set of POD curves has been produced for various 
DMW configurations – POD versus through-wall flaw size
A report has been developed and is currently being 
reviewed by EPRI/industry


Preliminary PNNL conclusions
POD curves contain valuable descriptions of inspection 
capability
Further specific results could be extracted from data set if 
necessary to provide input to xLPR model
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Questions and Issues on POD Estimates
What flaw size range is important to support xLPR model?


Current database only contains flaws from 20% to 100% through- 
wall depth
It is expected that xLPR may require a complete POD curve (0% 
to 100% through-wall flaw depths)


A full POD range (0-100%) could be produced by adding false-call 
information into POD curve regressions


What is most useful description of uncertainty?
Current POD curves use confidence bounds
Since xLPR will use Monte Carlo methods, inputs and 
uncertainties should be in the form of probability distributions
Therefore, a probability distribution on the logistic regression 
parameters defining the POD curves should be performed
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Questions and Issues on POD Estimates


Is POD associated with repeated inspections important?
In actual practice, a DMW may have repeated inspections
These repeated inspections may not be independent
Flowchart for xLPR indicates repeated inspection scenario, 
so calculation of realistic correlations due to multiple 
inspections could be performed


Is POD vs through-wall flaw size the only relationship of 
interest to xLPR?


Other variables such as flaw length, type, location, etc., 
exist within database
Effect of other variables on POD could easily be considered 
to determine their significance to inspection reliability
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NDE Reliability on Welded Overlays
Weld overlay specimen fabricated


Full depth range of flaws (10% - 90%)
Implanted thermal fatigue
HIP EDM notches


May apply overlay in stages (TBD – PZR Surge)
First stage - partial (optimized), then perform NDE
Final stage – complete full structural, repeat NDE
Measure stress in weld with ID gauges


Optimized weld overlay on large bore specimen in 
planning stage at this time
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Questions or Comments?





		Status of NDE Assessment Work for PWSCC in Dissimilar Metal Welds

		Overview of Discussion Topics

		NDE Reliability Post-MSIP – Initial Study

		Piping Welds at Ignalina Nuclear Power Plant (INPP)

		Pre- and Post-MSIP Ultrasonic Signal Responses

		Post-MSIP Ultrasonic Signal Comparison�(IGSCC Flaws at INPP)

		MSIP Surface Deformation

		MSIP on PZR Surge Line Configuration�(1st Attempt)

		New MSIP/NDE Specimen

		Probability of Detection (POD) for Dissimilar Metal Welds

		Questions and Issues on POD Estimates

		Questions and Issues on POD Estimates

		NDE Reliability on Welded Overlays

		Questions or Comments?
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PWROG Flaw Tolerance Evaluation 
of CE and B&W Pump Nozzle DM 
Welds: Sometimes Mitigation is not 
the Answer


Warren Bamford, Westinghouse 
August 2009


With Input from Ashok Nana, Areva
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Why We are Here


●
 


To discuss the issues of large diameter cold leg RC Pump 
nozzles


●
 


To explain the PWROG program developed to address 
those issues


●
 


To present some of the results of the program


●
 


To describe our plans to revise Code Case N-770, and 
obtain feedback on our approach 
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Presentation Outline


●
 


The Big Picture
●


 
Inspection Challenges 


●
 


Mitigation Challenges 
●


 
CE RC Pump Weld Flaw Tolerance Results 


●
 


B&W Design RC Pump Flaw Tolerance Study 
●


 
Probability of Cracking in these Regions


●
 


Proposed Revisions to ASME Code Case N-770
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The Big Picture


●
 


Low Cold Leg Temperature Results in:
–


 
Lower probability of crack initiation


–


 


Slower PWSCC growth rate


●
 


These RC Pump Nozzle Welds are highly Flaw Tolerant, 
due to the large diameter and wall thickness
–


 


Evaluations considered both FCG and PWSCC
–


 


Range of flaw shapes


●
 


Continued operation without repair can be justified, per 
Section XI, for substantial flaw sizes
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RCP Outlet 
Nozzle DM 


Weld
Spray 
Nozzle


Permanent Interferences


CE Reactor Coolant Pump Nozzle Weld Inspection 
Issues: an Example
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RCP Outlet 
Nozzle DM 


Weld
Instrument 


Nozzle


Permanent Interferences


CE Reactor Coolant Pump Nozzle Weld Inspection 
Issues: another Example
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–Cast Stainless Steel Safe End (One-side Inspection 
for CE Nozzles)


–Weld Contour/Nozzle Configurations Limit 
Inspection


Reactor Coolant Pump Nozzle Weld Inspection 
Issues
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Mitigation Challenges


●
 


Access to the ID of these nozzles is not available, 
so ID mitigations are not practical


●
 


The diameter is very large, over 30 inches, or 76 
cm, and there are a number of penetrations in the 
immediate vicinity of the DM Weld


●
 


This makes OD solutions very complicated:
–


 


MSIP must be applied immediately adjacent to the DM weld, but on


 the one side is Cast Stainless Steel, and the other has these 
obstructions


–


 


Weld overlay requires massive amounts of welding, complicated by


 the same issues
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Section XI Flaw Tolerance Calculations


●
 


Allowable flaw size, per Appendix C


●
 


Fatigue crack growth determined to be negligible 


●
 


PWSCC growth calculated with fixed flaw shape as well as 
advanced finite element techniques (FEA Crack)


●
 


Results presented in terms of the largest initial flaw which is 
acceptable, for a range of time periods


●
 


Axial and circumferential flaws considered







10


Allowable ASME End-of-Evaluation Period Flaw 
Depths (% Wall Thickness): CE Design Pumps


Flaw 
Orientation


Pump Suction 
and Discharge


Axial 75


Circumferential 73 to 75
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Allowable ASME End-of-Evaluation Period Flaw 
Depths (% Wall Thickness): B&W Design Pumps


Flaw 
Orientation


Pump Suction 
and Discharge


Axial 75


Circumferential
(2θ


 
= 60°) 70 to 75
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Residual Stress Considerations


●


 


Allowable flaw size, per Appendix C, is not affected by residual


 


stress


●


 


FCG and PWSCC are affected


●


 


Residual stresses from fabrication obtained from Report MRP-113


●


 


Residual stresses from postulated ID weld repair obtained from MRP-


 113


●


 


Both distributions go strongly negative in mid wall, for axial stress, and 


mildly negative for hoop stress


●


 


This prevents crack growth, so the most conservative approach is


 generally to ignore the residual stresses
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Residual Stresses from Fabrication


RPV Discharge Residual Stress at Ambient Temperature
No ID Repair


-60


-40


-20


0


20


40


60


80


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1


a/t Ratio


R
es


id
ua


l S
tr


es
s 


(k
si


)


 Hoop (ksi) 
 Axial (ksi)







14


Maximum Acceptable Initial Axial Flaws:
 CE Designs, Accounting for SCC and FCG


 (with Fabrication Residual Stress)
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Maximum Acceptable Initial Circumferential Flaws: 
CE Designs, Accounting for SCC and FCG


 (No Residual Stress)
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Maximum Acceptable Initial Circumferential Flaws: 
CE Designs, Accounting for SCC and FCG


 (Fabrication Residual Stress + ID Repair Residual stress)
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Typical ASME Section XI SCC analyses


Summary of SIF expressions in non-dimensional 


form (SIF Database – discrete a/t, a/c)


Solutions typically available for only 1D stress 


distribution


SIF calculated at surface and deepest point of 


crack


SIF Databases limitations (curve-fitting required, 


component size, crack size)


2c0


a0


t


a1


2c1


Assume Constant Flaw Shape, 
Growth at Surface and Deepest Points


Conventional SCC Growth Evaluation


High


Low


Stress distribution: 
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t


2c0 a0


Constant Flaw Shape Assumption not Required


SIF calculated by FEA


FEA available for arbitrary 2D stress 


distribution


Evaluation at various crack front nodal 


coordinates


Growth Rate determined based on CGR 


correlation for various crack front locations


Flaw shape/size updated and growth 


calculation continues


Natural SCC Growth Evaluation


High


Low


Stress distribution: 
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Constant Flaw Shape Assumption not Required


Natural SCC Growth Evaluation


●
 


Growth evaluated at various crack 
front locations, with arbitrary 2D 
stress distributions


( )Kf
dt
da


=


Resultant 
Growth rates


CGR 
Correlation with 
crack front SIF


Growth Step 1


Growth Step 2


Growth Step 3
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Circumferential Flaw Tolerance using FEACrack


●
 


FEACrack
 


was used to verify the conclusions of the 
deterministic calculations


●
 


Only the ‘No Residual Stress’
 


Cases were run
●


 
For a flaw of depth 20% of the wall and length equal to 14% 
of the circumference, more than 10 years are required to 
reach the Code allowable depth of 75%


●
 


For a flaw of depth 20% of the wall and longer length equal 
to 23% of the circumference, 9.6 years are required to 
reach the Code allowable


●
 


Only PWSCC was considered, since Fatigue Crack Growth 
is negligible for at least 10 years, the period of interest
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•
 


Flaw Tolerance in these locations is very high, for both 
axial and circumferential orientations 


•
 


Fatigue Crack Growth is negligible, so growth is 
dominated by PWSCC


•
 


Residual stresses tend to arrest cracks in mid wall, so 
the worst cases are for no residual stresses


Conclusions: Flaw Tolerance Evaluation
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Reactor Coolant Pump Suction & Discharge DM Weld Inspections
4 Plants with 26 total DM Welds inspected, all PDI qualified


0 DM Weld indications


Reactor Vessel DM Weld Inspections
31 Plants with 183 total DM Welds inspected, all PDI qualified


6 DM Weld indications
Summer (x2), Salem 1, Ringhals


 


3 & 4, OHI 3


Steam Generator Inlet & Outlet DM Weld Inspections
14 Plants with 116 total DM Welds inspected, ECT and UT


16 inlet DM Weld indications (at 7 Japanese Plants)


No indications in Cold Leg Locations


Large DM Weld - Inspection Data
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Probability of a 7% Flaw: All Cold Leg DM Weld 
Inspections
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•
 


With the most conservative Weibull parameter estimates 
and the highest temperature of any RCP DM Weld:


•
 


There is an approximately 7% probability that the ith
 


DM 
Weld will develop a flaw on or before the 60th


 


year 
(EFPY) of life.


•
 


For best estimate Weibull parameter estimates:


•
 


There is less than a 1% probability that the ith
 


DM Weld 
will develop a flaw on or before the 60th year (EFPY) of 
life.


Conclusions: Probabilistic Evaluation







25


Key Objective of this Work


●
 


Provide technical basis for changes in inspection 
requirements for large diameter low-susceptibility 
nozzles


●
 


Such changes are planned for Code Case N-770
●


 
This would make it consistent with MRP Butt Weld 
Inspection and Evaluation Guidelines (MRP-139, R 1) 


●
 


It will also provide a basis for continued operation for a 
period of time, to allow repair methods to be 
developed if needed
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Flaw Tolerance Option For Code Case N-770


●
 


Subpara. (d) is proposed for -
 


2500 of the case:


●
 


For Cold Leg locations, with diameters >14 inches, achieve 
maximum coverage possible, and perform a flaw tolerance 
evaluation for circumferential flaw limitations
–


 


Axial Flaws: Achieve maximum coverage possible, and document 
the limitations, provided 90% Circ. coverage is achieved


–


 


For Circumferential Flaws, If inspection coverage  < 90%, and is


 


a 
result of permanent obstructions, the following requirements ensue, 
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Option Proposed for Code Case N-770: 
Circumferential Flaw Tolerance


●
 


Assume a through-thickness flaw for the area not inspected


●
 


Calculate the critical flaw size for the location, using the 
methodology of Code Case N-513


●
 


Show that the time to reach critical flaw size is greater than 
the time to the next inspection, or adjust the inspection 
accordingly


●
 


Perform VT-2 Exams of the region every refueling outage


●
 


Evaluate the risk of leakage occurring between inspections, 
and document leakage monitoring action levels
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Option Proposed for Code Case N-770: 
Circumferential Flaw Tolerance (cont’d)


●
 


Assume a part through flaw for the area not inspected 


●
 


Calculate the Section XI Allowable flaw size for the location


●
 


Show that the time to reach the allowable flaw size is 
greater than the time to the next inspection, or adjust the 
inspection accordingly
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Summary


●
 


Introduced the challenges of large diameter cold leg DM 
Welds


●
 


Explained the goals and results of the program, to address 
those challenges


●
 


Described our plans to revise Code Case N-770
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Conclusions


●
 


Flaw Tolerance Is A Viable Approach
–


 
Justify Reduced Examination Coverage and/or 
larger Inspection Intervals


–
 


Justify Continued Operations/Delay Repairs
●


 
Beneficial to Low Susceptibility Large Diameter 
Nozzles With No Practical Mitigation Options
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•
 


Purpose:
–


 


Support NRR in considering appropriate regulatory requirements 
to address PWSCC in all susceptible primary pressure boundary 
components to include LBB (xLPR) piping systems


•
 


Objectives:
–


 


Short Term (1 year): 
•


 


Evaluate the near-term adequacy of industry's PWSCC mitigation activities 
(MSIP/FSWOL/OWOL/Inlay/Onlay/Water Chemistry/NDE thereof)


•


 


Develop initial probabilistic fracture mechanics (PFM) xLPR


 


pilot study
–


 


Long Term (3-5 years): 
•


 


Complete and validate a regulatory PFM tool to assess xLPR


 


in piping 
systems susceptible to active degradation mechanisms (PWSCC), e.g. 
evaluate the strategy of managing PWSCC by inspection and mitigations


NRC PWSCC Mitigation 
Research Programs
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PWSCC Piping Research







•
 


Purpose:
–


 
Provide status and results of NRC and Industry-


 sponsored PWSCC mitigation programs for comments
–


 
Update regulatory perspectives on PWSCC mitigations


•
 


Expected Outcomes:
–


 
Attendees come away with a clearer understanding of 
research results and the regulatory point of view for 
various PWSCC mitigation methods 


•
 


Process:
–


 
See Agenda
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NRC Public Meeting on 
PWSCC Mitigations
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Topics DiscussedTopics Discussed


• NRC Problem and Motivation


• Recent Activities


• xLPR Development and Status


• Industry Perspective – Craig Harrington
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Problem / MotivationProblem / Motivation


• NRC SRP 3.6.3 (for LBB)                                     
entry condition: Active                                         
degradation mechanisms                                          
are not allowed


• However
– PWSCC is occurring, and
– It is occurring in systems that have approved  LBB 


analyses allowing removal of pipe-whip restraints, for 
example, so


– These systems no longer satisfy the screening criteria 
in SRP 3.6.3
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What to Do?What to Do? 
Recent ActivitiesRecent Activities


Active 


Degradation


Qualitative Arguments
• Cracking is limited & shallow


PWSCC Mitigation
• Mechanical stress 


improvement
• Weld over/on/in-lay
• Water chemistry control


Periodic Inspections
• Monitor crack growth


Adequate 


Near Term 


Approach
σ
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3.6.3 issues3.6.3 issues
• 3.6.3 is restrictive.  It does not allow / account for


– Active degradation … which is actually happening
– Certain mitigation techniques … which are actually used


• 3.6.3 is deterministic, yet seeks to demonstrate 
compliance with 10CFR50App-A, GDC-4 
requirement of an extremely low probability of failure


• 3.6.3 is conservative – uses safety factors to address 
epistemic uncertainties.  
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What to Do? What to Do? 
Longer TermLonger Term


• Develop a probabilistic assessment tool that can 
be used to directly demonstrate compliance with 
10CFR50App-A GDC-4


• Tool should be
– Comprehensive with respect to known challenges and 


loadings
– Vetted with respect to scientific adequacy of models 


and inputs
– Flexible to permit analysis of a variety of in service 


situations
– Adaptable – able to accommodate 


• evolving / improving knowledge
• new damage mechanisms
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xLPRxLPR DevelopmentDevelopment


• NRC plans on developing a “Modular” code for 
addressing issues related to Risk of Pressure 
Boundary Integrity Failure.  Long term goal of 
code to include piping, vessels, SG, etc.


• Initially focusing on piping issues (xLPR) to 
solve NRR current need


• Working cooperatively with Industry


• Current Schedule
– Pilot Study – Surge nozzle problem – May 2010
– Short Term – xLPR modular code – May 2012
– Long Term – Generic modular Code – May 2015
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Modular Code


Risk of Pressure Boundary Integrity Failure
Modular Code


Piping Module Piping Module 
((xLPRxLPR)) Vessel Module Vessel Module SG Module SG Module 


PastPast
OEOE


PastPast
ResearchResearch


Pilot Pilot 
studystudy


FutureFuture
OEOE


Current/futureCurrent/future
ResearchResearchLegacy CodesLegacy Codes
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Modular 
Probabilistic
Framework


Stress intensity
factor Crack Stability


Crack Initiation 
and growth


Inspection


Leak detection Crack 
Coalescence


Frequency of failure


Geometry 
and Loads


Piping (xLPR) Module
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Vessel Module


Modular 
Probabilistic
Framework


Stress intensity
factor


Flaw frequencyEmbrittlement


Human Factors Fluence


Geometry 
and Loads


Frequency of failure
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xLPRxLPR ProcessProcess


Material properties


Loads


Crack Behavior


Inspection and
leak rate


Monte Carlo Monte Carlo 
or stochastic or stochastic 


techniquetechnique


Other Models 
and Inputs


Leak/Rupture
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Limited knowledgeLimited knowledge


Improved knowledgeImproved knowledge
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Using Using xLPRxLPR
Pr


ob
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 (%
)


Failure Frequency (Year -1)


Conduct analyses with typical parametersConduct analyses with typical parameters


Change in riskChange in risk


Conduct analyses with typical parameters and overlayConduct analyses with typical parameters and overlay
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Code Group StructureCode Group Structure


Project 
Integration


Models 
Group


Input Group


Acceptance
Criteria


Computational 
Group


Internal External


Review board
ACRS
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xLPRxLPR StatusStatus
• Pilot study underway
• Working groups (Computational, Inputs, Models, 


Acceptance) have been developed
• Computational group


– Developing initial framework using open source and commercial 
software (GoldSim)


– Extracting modules from Legacy codes for initial use
– Alpha version of framework by Sept 09


• Models group
– Subgroup working on models
– First cut at models information – August 09
– Consensus selection of models – Oct 09


• Inputs group
– Members working on inputs
– Meeting July 29 to discuss progress and schedule
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Meeting Objectives


• Meet
Convene a Public, Industry and US NRC meeting to provide a 
forum for information exchange and dialogue on pressurized 
water reactor (PWR) primary water stress corrosion cracking 
(PWSCC) mitigation


• Communicate Information
- NRC’s and Industry’s latest research and development  
programs and their progress and status


- Industry’s developing options for mitigation
- Relevant topics for mitigation (eg xLPR and initiation FOIs) 


• Facilitate Next Steps to Implementation
- Industry’s near-term and long-term goals for mitigation
- Tasks, correspondence and next steps for 2009 and 2010
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Summary Agenda - August 5th (today)


• Introductions
• NRC Perspective on PWSCC Mitigation
• Industry Perspective on PWSCC Mitigation
• Welding Solutions, Technologies and Residual Stress
• Mechanical Stress Improvement (MSIP)
• Non-destructive Examination Research
• Reactor Cooling Pump DM Welds - Inspection and Analysis
• Extremely Low Probability of Rupture (xLPR)
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• Introduction
• Zinc Mitigation
• Elevated Hydrogen Mitigation
• Surface Stress Mitigation
• Technical Basis Report for Optimized Weld Overlay 


(MRP-169) Review and Approval Status
• Chemical Mitigation Technical Basis Report Submittal and 


Review and Approval Process
• Surface Stress Technical Basis Report Submittal and 


Review and Approval Process (anticipated)


Summary Agenda - August 6th (tomorrow, ½ day) 





		Industry-NRC 2009 Meeting on Primary Water Stress Corrosion Cracking Mitigation �

		Meeting Objectives

		Summary Agenda - August 5th (today)

		Summary Agenda - August 6th (tomorrow, ½ day) 
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PWROG Farley Zinc Program


Rich Jacko – Westinghouse Electric
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Outline
●Background
●Material Characterization and Feasibility Tests
●Baseline Testing without Zinc


– Test Results and Implications
●Phase 4 Test Plans & Modifications
●Estimated Outcome
●Question of Credit for a PWSCC Initiation Benefit
●Summary
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PWROG Farley Zinc Program
Background


Farley 2 was the US PWR Pilot Plant for Zinc Addition
– Laboratory and test reactor experiments indicated reduced general 


corrosion and PWSCC mitigation benefits of zinc addition
– EPRI sponsored demonstration plant
– Zinc injection began June 12, 1994
– RCS zinc concentration


– 30 ppb Cycles 10, 12 - 14


– 15 ppb Cycles 15 – 17 (post SG replacement)


– Integrated zinc exposure 1551 ppb-months at last inspection
– Integrated zinc exposure 1791 ppb-months at RV head replacement 
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PWROG Farley Zinc Program
Heat M3935 at Farley


● 62 of 69 Farley 2 RV head penetrations were 
manufactured from Alloy 600 Heat M3935.  


● Heat M3935 has shown PWSCC in all other plants 
without Zn injection


● Replacement of the RV head at Farley 2 during the Fall 
2005 outage provided a unique opportunity to obtain 
Alloy 600 CRDM material that operated for an 
extended period with Zn additions to the primary 
coolant.
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PWROG Farley Zinc Program 
Farley Heat 3935


● Farley CRDM provided inservice exposed material to show 
the benefit of zinc  as a PWSCC chemical mitigation


Initial Idea
● Fabricate test specimens keeping as-is surface films intact
● Divide specimens into two groups
● Carefully remove zinc from the surface films of one group 


using an accepted decon process
● Perform comparison crack initiation testing
● Demonstrate improved PWSCC initiation performance due 


to zinc
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PWROG Farley Zinc Program


● EPRI and the PWR Owners Group (PWROG) have approved programs 
to study the effects of zinc addition on PWSCC
– Ultimate Industry Goal – NRC acceptance of Zinc as a chemical mitigation 


method to support inspection relief or other mitigation benefits.


● PWROG PA-MSC-0257 “PWSCC Crack Initiation Testing of Farley Unit 
2 Alloy 600 CRDM Material” approved in February 2006


– 5 year program with 5 distinct phases including “hold points”. 


– Verify the enhanced PWSCC resistance of Ht M3935 at Farley is due to zinc 


– Exposure of  Alloy 600, Alloy 690, 82/182, and 52/152 materials to 
demonstrate that the benefits of soluble zinc extend to other primary side 
Alloy 600/Alloy 690 components and their associated welds.


– Develop technical strategies to support utility requests to the NRC for 
reduced inspection intervals on Alloy 600 and Alloy 690 wetted surfaces.
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PWROG Farley Zinc Program
Task Description


● Task 1 - Development of the Industry Road Map and Creation of the 
Utility Core  Team – Completed (in EPRI Zinc Application Guidelines)


● Task 2 - Material Characterization and Validation of Accelerated 
PWSCC Testing Methods for Sub-sized Specimens in 752°F Steam ––
Completed


● Task 3 - Baseline 680°/689°F Autoclave Testing of Heat M3935 Material 
from the Davis-Besse and Farley 2 CRDM Penetrations (without zinc 
additions) – (Complete)


● Task 4 - 689°F Autoclave Testing of Zn-Exposed Farley Unit 2 Heat 
M3935 Head Penetration Material (with zinc additions, on-hold) 


● Task 5 - Data Analysis and Comprehensive Final Report
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PWROG Farley Zinc Program 
Task 2 – Overview


● Test materials and surface film characterization of Farley 
and Davis-Besse materials.


● Design sub-sized four point bent-beam crack initiation 
specimens 


● Development of strain hardening method and verification of 
surface film integrity.


● Perform accelerated crack initiation testing in 752°F steam 
using surrogate Alloy 600 and Davis-Besse material
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PWROG Farley Zinc Program 
Material Characterization – Zinc Incorporation


Farley 2 - CRDM 14-A1a As-Received
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● After ~1800 ppb-mo of Zinc exposure, 
Zinc has fully penetrated the oxide film


● EDS analysis indicates zinc represents 
about 10 wt% of the metals in the oxide 
film


● Moderate thickness ID oxide/deposit 
● Porous metal layer visible below original 


oxide-metal interface; mostly on OD
● Cr and Fe depleted from the base metal to 


form oxide
● Average thicknesses


– Oxide/deposit = 3.2 μm 
– Porous A600 layer = 2.2 μm


Nickel Plate
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PWROG Farley Zinc Program 
Task 2 Results – Surrogate Heat 91117


● SCC initiated in 78 of 
80 specimens during 
steam + H2 testing


● Results indicate 
similar characteristic 
lives for the two 
specimen sizes


● Weibull slope or 
shape factor slightly 
lower for the small 
size specimens


Results Estimated from Task 2 Steam + H2 Tests
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PWROG Farley Zinc Program
Task 2 Conclusions


● Farley CRDM showed Zinc has incorporated deep into the oxide films
● Small scale test specimen design validated 
● Work hardening process validated
● Weibull characteristic crack initiation times similar for conventional, 


“large-scale” bent beam specimens and the “small-scale” beams
● Based on Westinghouse experience, the steam & hydrogen testing 


results would indicate that:
– Baseline specimens of Ht M3935 would expect to initiate SCC in 


simulated 680°F primary water (no zinc) in ~3000 - 6000 hours 
equivalent to 4 to 6 EDY at 600°F


– If early PWSCC benefit obtained, the program should be able to 
demonstrate a significant zinc benefit
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PWROG Farley Zinc Program
Task 3 and Task 4 Overview


• Task 3 is complete for baseline crack initiation testing in 680/689°F
primary water (with no zinc additions) 
– Test specimens included Davis-Besse, Farley 2 (zinc enriched surface film 


removed), surrogate Alloy 600, Alloy 82/182, Alloy 52/152, and Alloy 690. 
– Interim inspections after every 400 to 1300 hours of testing until 9000 hours 


total exposure (equivalent to ~24 EDY at 600°F). 
• Planned Task 4 testing will consist of crack initiation testing in 689°F 


primary water (zinc additions) – start on hold
– Test specimens to include Farley 2 M3935 with zinc enriched surface film, 


Davis-Besse M3935, Alloy 82/182 and 52/152 welds, and Alloy 690.
– Interim inspections up to 18000 hours total (equivalent to ~ 56 EDY at 


600°F).
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Task 3 Description


● Small-scale, 4 point bent beam SCC specimens machined from OD 


● Beams stressed&tested in ~900 ppm B / 2.2 ppm Li for 9000 h at >680°F


 


Hold-down bar


Adjustment 
screw


4-pt. Bent Beam


Cylindrical Bar
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PWROG Farley Zinc Program -Task 3 
● Baseline Crack Initiation without zinc 883 ppm B & 2.2 ppm Li, 


● 4850 h at 681°F (10.7 EDY) / 4150 h at 689°F (24.5 EDY total)


● 95 specimens, cyclic hardened and four-point bent beam loaded


● Test specimens included 
– Davis-Besse Heat M3935 (decon)
– Farley 2 Heat M3935 (decon & zinc enriched surface film removed),
– surrogate Alloy 600, 
– Alloy 82/182 from VC Summer, 
– Alloy 52/152, and Alloy 690. 


● 9000 hours total exposure (equivalent to ~24 EDY at 600°F). 







15


Task 3 PWSCC Results
What sample groups initiated PWSCC?...


● Farley 2 specimens cut from the OD of the A600
– Penetration 14 – Initiation in  7 of 11 beams
– Penetration 16 – Initiation in  4 of 12 beams


● Davis Besse specimens cut from the OD
– Penetration 2 – Initiation in  5 of 15 beams


● No Initiation was detected in 2nd layer beams
– Farley 2 – No PWSCC   ( 0 of 10 beams)
– Davis Besse – No PWSCC   ( 0 of 15 beams)
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Final Result (continued)
● Other PWSCC initiation


– 1 of 5 Alloy 182 beams from VC Summer (20.5 EDY)
– 1 of 4 Alloy 82 beams from VC Summer (20.5 EDY)
– No PWSCC in surrogate Alloy 600 heat
– No PWSCC in Alloy 690 beams (0 / 5 tested)
– No PWSCC in Alloy 52M beams (0 / 4 tested*)
– No PWSCC in Alloy 152 beam (0 / 5 tested)


weld defect detected mid-test; it did not


grow in surface length over the last 3000 h
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Task 3 – Baseline PWSCC Testing
Lab Results similar to Field Results


PWSCC Initiation Trends: Field Results vs. Lab Performance for Heat M3935
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Cracks were tight in this large grain size Alloy 600


SEM
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Key Points from Task 3 tests
● Specimens from Farley M3935 initiated PWSCC first
● Some but less initiation in the Davis Besse M3935 that had 


not seen primary water (material from A600 above head)
● SCC took about 2.5 times longer than anticipated


– may be a decon artifact in the baseline tests
● Subsurface specimens removed from either plant did not 


initiate PWSCC. (Lower strength?, CW?, geometry?)
● No SCC in the surrogate 600 material.  It behaved like the 


Davis Besse M3935 in the Task 2 doped steam tests
● Some SCC found on Alloy 182/82; few beams in test
● Most new higher Cr Alloys (690/52M/152) have no PWSCC


– One crack located but it was a welding defect
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Reasons for the longer initiation times
Decon operations changed the film


Farley OD Decontaminated:
17%more Ni, 16% more Cr


25% less Fe in film
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Summary of Baseline Tests
● The crack initiation data analyzed and the Weibull slope 


and characteristic life determined
● PWSCC initiation took longer than anticipated based on the 


expectations from the accelerated steam + hydrogen tests
● However, based on the equivalent time at temperature EDY 


concept, the PWSCC initiation results obtained in laboratory 
simulated primary water were similar those observed for 
Heat M3935 in the four US PWRs on an EDY basis


● No cracking was found in the surrogate Alloy 600 materials 
tested; this required changes for the next phase of testing


● No PWSCC was detected in the higher Cr, Alloy 690 
materials and weld metals as expected


● PWSCC detected in one Alloy 82 and one Alloy 182 
specimen at ~ 20.5 EDY 
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Program Implications
● Original program was to compare Farley materials with zinc 


in the film to Farley & D-B materials without zinc


● Tasks were added to attempt to quantify the zinc exposure 
needed to achieve a PWSCC benefit (i.e. ppb-mo of zinc 
needed for beneficial effect)
– Planned on using the second layer Farley and Davis 


Besse specimens to determine needed ppb-mo Zn
– Will have to use some of the OD beams for Σ[Zn] studies







23


Task 4 changes
• Since the flat specimens did not crack in Task 3, these 


specimens cannot be effectively used in Task 4—there is 
no baseline for comparison.


• Westinghouse will have to use the OD specimens to 
make up the full sample population and there are not 
enough specimens to get adequate statistics at the three 
zinc exposure levels planned in 2007


• Can use the existing OD beams to investigate one 
additional Σ[Zn] exposure level (~275 ppb-mo zinc)


• Can use some of the remaining un-cracked Task 3 
beams to augment the information obtained
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Task 4: Revised Test Matrix
● All beams will be tested at the highest strain observed in the Task 3 tests in 


simulated primary water containing ~900 ppm B, 2.2 ppm Li and 30 cc/kg H2


● The tests will be performed at 689°F for a maximum test duration is 18000 
hours with inspections equivalent to ~ 56 EDY


Far#14 OD Far#16 OD DB#2 OD Sum 182 Sum 82 690 52M 152
Task 3 results 
#PWSCC/total 7/11 4/12 5/15 1/5 1/4 0/5 0/4 0/5
Starting Σ[Zn]
1800 ppb-mo 10 10 --
275 ppb-mo 9 9 11 5 4 2 2 2
0 ppb-mo -- -- 11 4 5 5
0 ppb-mo


Task 3 beams with 
no PWSCC &24 EDY 10 1 1


275+ ppb-mo
Task 3 beams with 


no PWSCC &24 EDY 4 8 3 3 2 2 2
total number 23 27 32 8 7 9 9 10


Group Totals = 125 82 2815


Alloy 600 Heat M3935 Alloy 600 weld metal Newer Materials
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Revised Task 4 Plan
● Crack initiation testing in 689°F primary water (zinc additions)
● Test specimens to include Farley 2 M3935 with zinc enriched surface 


film, Davis-Besse M3935, Alloy 82/182 and 52/152 welds, and A690.
● Zinc condition some Alloy 600 specimens for ppb-mo threshold studies
● Exposure in B/Li/H2 primary water for 18000 hours total (~ 54 EDY)


Output
● Weibull slope and characteristic life determined for each condition
● Determine the improvement factor (e.g. delay in PWSCC initiation) 
● Characterize of all surface oxides


– The goal is to show that zinc is incorporated into these surface films 
in a similar manner as in Alloy 600  


● Define the zinc exposure (ppb-mo or ug/m2) needed for sufficient 
mitigation







26


Original Plan: Demonstrate a FOI with Zn
Factor of Improvement for Farley 2 M3935
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Anticipated Results 
Factor of Improvement for Davis Besse M3935
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Summary of PWROG Task 4 Plans
● Test 82 Alloy 600 specimens, 15 Alloy 182/82 specimens 


plus the additional 28 Alloy 690 related specimens, (125 
specimens total), in simulated primary water containing zinc 
for 18,000 hours at 689ºF.  


● Some 41 of the Alloy 600 specimens and 12 of the Alloy 
690 related material specimens would be pre-exposed to 
~275 ppb-mo of zinc prior to the start of the PWSCC testing 
to simulate sufficient zinc exposure to achieve a PWSCC 
benefit. 


● The conditions for the 18000 hour exposure will be 
equivalent to ~ 56 EDY of PWR operation at 600°F


● Demonstration of a significant FOI is anticipated over the no 
zinc case
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Comparison to FOI from the
MRP Technical Bases Evaluation
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Why is the program on hold
● Because the current regulatory framework assumes the presence of


flaws just below the detection limit, no credit is given for the time 
required to initiate a PWSCC flaw and grow to a detectable size


● Therefore, the benefits of zinc addition in decreasing the rate of initiation 
and increasing the time to grow to detection cannot be used directly to 
increase inspection intervals under the current framework.


● It is difficult in deterministic space to given much credit for the reduction 
in PWSCC risk associated with chemical mitigation


● Need to agree on a methodology that is acceptable to the NRC and that 
can support mitigation


● Need some assurance that the NRC might be comfortable with such an 
approach


● PWROG utilities reluctant to invest additional funds without an 
indication of future acceptance
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Accounting for 
a chemical mitigation benefit


● Utilities want to perform mitigative options to protect their assets and 


make the plants safer


● FOI – suggests zinc can delay onset and growth of PWSCC


● While many plants are adding zinc, additional PWRs would add if there 


was some indication that some credit may be given in the future


– Need to provide an incentive for zinc


● Possibility of accounting for changes in probability of initiation when 


xLPR methods becomes operational in 3 to 5 years


– What can be done now to facilitate input into XLPR?
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Summary
●Over 50 PWRs currently injecting zinc to protect the 


assets and to improve component reliability
● Field and Lab data suggest zinc inhibits PWSCC
●Current program may be able to show a FOI of 5 to 8
● Feedback on the PWROG and other industry efforts is 


important for the program continuation decision
●Program results are due to be discussed with the 


utility core team and Materials Subcommittee in 
August 2009
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Presentation Overview


•
 


Background and Discussion
•


 
Laboratory Testing Overview and Results


•
 


Qualification Program
•


 
Plant Implementation
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Background


•


 


Effect First Reported Based on 
Work at Naval Reactor 
Laboratories (circa 2000)
–


 


Observed maximum crack 
growth rate in nickel alloys 
occurs at Ni to NiO


 


transition 
potential


–


 


At 325°C, this corresponds to 
10.4 cc/kg hydrogen


•


 


EPRI Program Began in 2003
–


 


MRP sponsored crack growth 
rate testing at GE GRC


–


 


EPRI FRP initiated evaluation 
of potential fuel effects


–


 


EPRI Chemistry initiated safety 
and operability evaluation
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Recent U.S Experience with Coolant  Dissolved 
Hydrogen


•


 


Industry average dissolved 
Hydrogen concentration is 36 cc/kg


•


 


No plant is injecting >44 cc/kg


•


 


~


 


19% of plants have operated 
above 40 cc/kg (mostly targeting  
40 cc/kg)
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Introduction: Elevated Hydrogen Effect on 
Crack Growth Rate (1/2)


•
 


Effect: Rate of PWSCC Crack Growth Rate Reduced By 
Operating at Higher Primary Water Hydrogen Concentration
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Introduction: Hydrogen Effect on Crack Growth 
Rate (2/2)


Factors of Improvement in PWSCC Crack Growth Rate


Alloy 82 and 182 Welds
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Benefits of Hydrogen Optimization (1/2)


•
 


Provides PWSCC protection of all 
remaining unmitigated Alloy 600 
locations
–


 
Bottom Mounted Nozzles


–
 


Control Rod Drive Mechanism 
nozzles in Alloy 600 Reactor 
Vessel Heads


–
 


Reactor Coolant Cold Leg 
Piping DM welds (Not mitigated 
by other means)


Asset Preservation
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Benefits of Hydrogen Optimization (2/2)


•
 


Slower Crack Growth Rate 
Predictions could Allow Delay in 
Remediation of PWSCC
–


 
Avoids outage extension


–
 


Avoids emergency vendor 
mobilization


•
 


Extend Inspection Intervals for
–


 
CRDM Nozzles


–
 


BMN
–


 
Dissimilar Metal Butt Welds in 
Large Diameter Piping


Emergent 


Repair Avoidance


Inspection Relief
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Laboratory Testing Overview
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Experimental Strategy


•
 


Crack growth rate measurements with careful transition
 from fatigue to IG SCC, with real-time chemistry changes


•
 


Use susceptible heat of A600, >135,000 hours testing 
(CRDM heat 93510 from Areva) 


•
 


Recent focus on Alloy 182 weld metal
 Tests started on Alloy 82 weld metal


•
 


Two 0.5T CT specimens tested in series


•
 


Moderate stress intensity factor, K ~ 25 ksi√in


•
 


Tests in 325/340 °C water with a range of B/Li & H2


•
 


Use B/Li-equilibrated demineralizer to maintain high water 
purity and good H2


 


control


•
 


Use ZrO2


 


/ Cu2


 


O and Pt reference electrodes. 
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Testing of Alloy 182/82 Weld:  >88,300 hrs
Alloy 600:    135,134 hrs


Specimen Material Source Condition Hours


C370 182 (414998) EPRI As-Welded 11,777


C371 Wrought 182 GE GRC 20% Forge T-L 1564


C375 182 (414998) EPRI As-Welded 1023


C376 Wrought 182 GE GRC 20% Forge T-L 1023


C377 – Zn 182 (414998) EPRI As-Welded 8031


C378 – Zn Wrought 182 GE GRC 20% Forge T-L 1925


C380 182 (414998) EPRI As-Welded 9218


C381 Wrought 182 GE GRC 20% Forge T-L 875


C385 182 (414998) EPRI As-Welded 2203


C386 182 (414998) EPRI As-Welded 2031


C398 182 (414998) EPRI As-Welded 7682


C399 182 (414998) EPRI As-Welded 4105


Table continued
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Testing of Alloy 182/82 Weld:  >88,300 hrs
Alloy 600:    135,134 hrs


Specimen Material Source Condition Hours


C408 182 (414998) EPRI As-Welded 6200+


C409 Wrought 182 GE GRC 20% Forge L-T 718


C410 182 (414998) EPRI As-Welded 4799


C411 Wrought 182 GE GRC 20% Forge L-T 4799


C419 82 (HD78-1) GE GRC As-Welded 3200+


C420 82 (HD78-1) GE GRC As-Welded 3200+


C423 182 (688879) EPRI As-Welded 2500+


C424 182 (414998) EPRI As-Welded 2500+


C431 182 (0588895) EPRI As-Welded 1900+


C432 182 (688879) EPRI As-Welded 1900+


C434 182 (414998) EPRI As-Welded 1300+


C435 Wrought 182 EPRI As-Welded 1300+
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Alloy 600 CRDM Housing & EPRI 182 Weld


Heat 93510 from Areva
 


Heat 414998 from EPRI


C-L orientation
 


T-S Orientation
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Hydrogen Effect on Alloy 182 Weld


H2 Effects in Single-Condition Tests, c385/c386


c385, 10.4 cc/kg H2


 


–
 more nucleation and 


more crack advance.


c386, 80 cc/kg H2


 


–
 lower nucleation and 


less crack advance.
 Note Ni-metal stability 


gives shiny fracture.
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Thermodynamic response in ECP to changes in H2


 
2X change in H2


 


= 17.9 mV at 325C
 Alloy 600 CRDM, 325C, 600 B / 2.2 Li, 20 cc/kg H2


Hydrogen Effect on Crack Growth Rate in 
Alloy 600


SCC#3c - c261 - Alloy 600, CRDM Tube, 93510
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Hydrogen Effect on Crack Growth Rate in 
Alloy 182 Weld


SCC#2 - c370 - Alloy 182 Weld Metal, Heat 414998
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Hydrogen Effect on Crack Growth Rate in 
Alloy 182 Weld


SCC#4 - c370 - Alloy 182 Weld Metal, Heat 414998
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Alloy 600 Crack Growth Rate versus Hydrogen


Schematic of change in growth rate vs. H2


 
for Alloy 600 & Alloys 82/182


0


1


2


3


4


5


6


7


8


9


0 1 10 100 1000


H2 Fugacity, cc/kg


A
rb


itr
ar


y 
G


ro
w


th
 R


at
e


-900-850-800-750-700


Corrosion Potential, mVshe


50 mV Full Width 
Half Max


     Change in CGR for 
various step changes in H2


 H2 change   600    82/182
  10 →  20:   1.24X   1.34X
  20 →  40:   1.61X   2.17X
  40 →  80:   1.38X   2.11X
  20 →  80:   2.23X   4.58X
  20 → 200:  2.42X   5.93X
  10 → 200:  2.99X   7.97X


Peak in Growth Rate = 3X 
as Expected for Alloy 600


For 325C where potential ↓
by 59.35 mV per 10X ↑ in H2


& 118.7 mV per unit ↑ in pH


      NiO    Ni
Phase  Stability


Peak in Growth Rate = 8X 
as Expected for Alloy 82/182


Schematic Plot of Effect of
H2 on Crack Growth Rate







20© 2009 Electric Power Research Institute, Inc. All rights reserved.


Hydrogen Effect on Crack Growth Rate in 
Alloy 182 Weld


Peak (Ni/NiO
 


boundary) at 325C is 10.4 cc/kg H2


 
Observed a larger effect than predicted from an “8X peak”.


Sorted by 
H2
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Overall agreement vs. model based on Morton data is within 10%


Comparison with KAPL Data
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Hydrogen Effects on SCC Growth Rates (1/2)


Predicted effects for specific changes in H2


 


at various temperatures


 Based on CGR peak at Ni/NiO


 


phase boundary with peak height 
and width determined in EPRI testing. 


Alloy 600 (3X) Alloy 82/182 (16X)
Alloy 600 (3X Peak Height, λ


 


= 35.6, ECPOS = 0) Alloy 182/82 (16X Peak Height, λ


 


= 20.2, ECPOS = 0)


Temp, °C 290 °C 310 °C 325 °C 343 °C 290 °C 310 °C 325 °C 343 °C


H2 at 
Ni/NiO 4.3 cc/kg 7.1 cc/kg 10.4 cc/kg 16.5 cc/kg 4.3 cc/kg 7.1 cc/kg 10.4 cc/kg 16.5 cc/kg


35 → 100 1.30 1.53 1.69 1.76 1.43 2.61 4.34 5.80


35 → 80 1.27 1.44 1.55 1.56 1.42 2.46 3.68 4.07


35 → 60 1.14 1.20 1.22 1.19 1.36 2.07 2.56 2.40


35 → 10 0.54 0.58 0.68 0.91 0.15 0.19 0.31 0.76


35 → 3 0.47 0.69 1.02 1.67 0.10 0.30 1.05 4.98


35 → 1 0.72 1.21 1.74 2.41 0.38 1.73 4.51 9.64


50 → 100 1.14 1.27 1.39 1.47 1.11 1.52 2.29 3.36


50 → 80 1.11 1.20 1.27 1.31 1.10 1.44 1.95 2.36
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Conclusions on H2 Effects


•


 


Thermodynamic ECP response


 


for SS & Ni Alloy vs. H2


 
-


 


true even for H2


 


< 0.1 cc/kg (9 ppb) in pure water or B/Li. 


•


 


H2


 


effect appears to apply ~identically independent of 
temperature, stress intensity factor, B/Li, or heat.


•


 


H2


 


peak height (peak-to-background) is ~3X for Alloy 600


 and ~6 –


 


20X for 182/82 weld metals


 


& Alloy X750. 


•


 


Mitigation benefit for a given component depends on alloy, 
temperature & current vs. target H2


• Must also consider fuel crud & H pickup, operational issues, etc. 
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Hydrogen Effect on PWSCC Initiation
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Elevated Hydrogen Qualification Roadmap (1/2)


Complete R&D to verify effectiveness
Identification of potential fuel effect, safety and operability 
concerns
Screening tests for fuel cladding effects


Autoclave testing of cladding hydrogen uptake
Started 2008/completion 2011
First sample evaluation September 2009


Safety and Operability Evaluation
EPRI Chemistry lead
Based on Model plant (TMI and Byron Unit 1 
selected)
Scheduled completion 2010


In-Reactor Loop Fuel Cladding Effects Testing
EPRI FRP lead
Start tied to satisfactory result from Safety and 
Operability Assessment
Scheduled start 2010 (planning)/completion 2014


Effectiveness & 


Feasibility


Acceptability
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Elevated Hydrogen Qualification Schedule (2/2)


Task Description


2009 2010 2011 2012 2013 2014


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


Laboratory CGR Testing


Final Report


Safety and Operability Assessment


Final Report


Autoclave H2


 


Pick-Up Testing*


Final Report


In-Reactor Loop Testing§


Planning and Setup


Loop Operation


Sample Characterization


*Cross-hatched areas indicate specimen exam times


§Start of loop testing tied to completion of Safety and Operability Assessment
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Elevated Hydrogen Implementation (1/2)


Encourage Operation at Upper End of Current Band (45 
to 50 cc/kg)


Safety & Operability Assessments underway for 
B&W (TMI) and Westinghouse 4-loop units


Moderate Increase (50 to 60 cc/kg)
Could be performed in 2011 after initial autoclave 
cladding hydrogen pick-up results available


Elevated Hydrogen Operation (to 70 cc/kg)
In-Reactor Loop Results would be required (2014 
timeframe)
Fuel exams likely required after first two cycles of 
operation with elevated hydrogen


Fleet-Wide Implementation


Plant Demonstrations
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Elevated Hydrogen Implementation (2/2)


Task Description


2009 2010 2011 2012 2013 2014 2015 2016


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


Evaluation of Component FOIs


Evaluation of Implementation Costs


Determination of Benefits


Generic Cost Benefit Analysis


Op at Upper End of Current Band


To 60 cc/kg (low/medium-duty)*


To 70 cc/kg (low/medium-duty)*


To 60 cc/kg (high duty)*


To 70 cc/kg (high duty)


*Cross-hatches indicate fuel exams
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U.S. Nuclear Regulatory Commission


Overview


• Leak Before Break
• N-770
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U.S. Nuclear Regulatory Commission


LBB BackgroundLBB Background


• Double-ended guillotine breaks postulated in high energy piping
• Pipe whip restraints and jet impingement shields installed
• Developed technical bases for demonstrating LBB


– Acceptance criteria established in NUREG-1061, Vol 3
– LBB review procedures documented in SRP 3.6.3 


(1987- draft / 2007 - final)
– General Design Criteria 4 modified in 1987


• allows dynamic effects of postulated pipe ruptures to be 
excluded from design basis when analyses approved by NRC 
demonstrate extremely low probability of rupture under design 
basis conditions


– LBB term is a misnomer 


3
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U.S. Nuclear Regulatory Commission


LBB Historical ReviewLBB Historical Review


• All PWRs have LBB approvals for reactor coolant loop 
(RCL) piping
– Some PWRs have LBB for RCL branch piping


• SRP 3.6.3 specifies that the reviewer demonstrate that 
PWSCC is not a potential source of pipe rupture


• Leakage due to PWSCC occurred in 1993 and 2000
• Rationale for LBB given occurrence of PWSCC
• Overlays are being installed to repair or mitigate PWSCC


4
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U.S. Nuclear Regulatory Commission


LBB of Weld Overlays


• Weld overlay changes LBB analysis 
configuration


• Analysis and methodology not necessarily 
bounded by the previous approval


• GDC-4 requires LBB analyses to be 
reviewed and approved by the NRC
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U.S. Nuclear Regulatory Commission


LBB of Weld Overlays


• Licensees that install weld overlays on piping 
previously approved by the NRC for LBB:
– Update their LBB analyses to address modified 


configuration
– Perform 50.59 evaluation


• NRC is preparing a white paper to inform licensees 
of the NRC requirements in this area
– White paper will discuss overall effect of PWSCC 


on LBB 
– Public meeting
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U.S. Nuclear Regulatory Commission


Mitigation and Inspection


• Code Case N-770 describes inspection 
requirements
– Depends on mitigation state


• Subject of current rulemaking
– Revision 0 with conditions 


• Comment this fall
• Potential condition


– Considering requiring prior staff approval of 
mitigations before they may be categorized as 
such
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U.S. Nuclear Regulatory Commission


The Next Step: The Next Step: xLPRxLPR
Pr
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)


Failure Frequency (Year -1)


Conduct analyses with typical parametersConduct analyses with typical parameters


Change in riskChange in risk


Conduct analyses with typical parameters and overlayConduct analyses with typical parameters and overlay
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U.S. Nuclear Regulatory Commission


LBB and xLPR


• Short term
– White paper
– Assessments
– Code case N-770


• Long term 
– xLPR (3-5 years)
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Surface Stress Improvement by 
Peening for PWSCC Mitigation 


Briefing to NRC on PWSCC Mitigation


Rockville, Maryland, August 6, 2009


Tiangan Lian 
Robert Couch
Paul Crooker


EPRI, Mitigation & Testing Issue Task Group
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Background


� Alloy 600 and 182 materials are susceptible to primary 
water stress corrosion cracking (PWSCC) 


� PWSCC Cracking problems in:
– Penetrations of reactor pressure vessel (RPV) heads
– Reactor bottom-mounted instrumentation (BMI) nozzles
– Dissimilar metal welds (DMWs) of RPV nozzles


� Mitigation & Inspection requirements are addressed:
– BMI: MRP-166 and ASME Code Case N-522
– DM weld of bore piping over 4 inches: MRP-139 and N-770 (not issues yet)
– CRDM penetrations: MRP-61


� Currently, no mitigation strategy developed for BMI nozzles 
and J-groove welds







3© 2009 Electric Power Research Institute, Inc. All rights reserved.


Objectives


� Study the feasibility of applying surface peening 
techniques to mitigate PWSCC in US PWR plants


– Water jet peening (WJP) treatment to BMI nozzles and J-welds
– Fiber laser peening (FLP) treatment to BMI nozzles and J-welds


� Develop technical basis document (TBD) to:
– Establish a technical basis supporting the application of surface treatments
– Establish the effectiveness of surface treatments as mitigation options
– Define the technical requirements and process specifications
– Define applicable inspection guidance (before and after)


� Support a domestic pilot plant for a demonstration of 
surface peening application:


– To provide proof of principle
– To validate the applicability of surface treatment process to plants in US
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Peening as a Surface Stress Improvement (SSI) 
Treatment for SCC Mitigation


Tensile
residual
stress


Corrosive 
environment


Mitigation of SCC


Compressive
residual stress


Peening


SCC degradation


Susceptible
material


SCC


Susceptible 
material


Corrosive 
environment


Peening is a surface stress improvement treatment to reduce 
tensile residual stress on metal surface, which is very effective 
to mitigate SCC and other EAC failures. 
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SSI Technique ---- Fiber Laser Peening 


� Fiber Laser Peening (FLP)
– Focused short pulse laser irradiate 


metal surface in water   
– High-pressure (~5GPa) plasma 


forms on the metal surface
– Shock wave forms, impinges on 


metal surface, and creates 
permanent strains


– Compressive residuals is 
produced by constraint of 
surrounding material, after the 
shock wave


– Vendor: Toshiba


(Schematic provided by Toshiba)


LensLaser pulse


Plasma


Compression


Water


Stress improvement
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SSI Technique ---- Water jet Peening


Pressure by cavitation
collapse:
around 1,000 MPa


WJP nozzle


Plastic deformation


Cavitation


Cavitation flow image


Water jet with
cavitation


Metal surface


� Water Jet Peening (WJP): (vendors: Hitachi-GE, Mitsubishi)
– High-speed jet induces strong vortices in the flow as well as the turbulence
– Water is locally evaporated to form cavitation bubbles due to pressure drop
– The rapidly collapse of cavitation bubbles generates an extremely shock pressure
– Compressive residuals is produced after the shock wave


(Schematic provided by Hitachi-GE)
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Stress Improvement by Laser Peening and Water Jet Peening
(measured by X-Ray diffraction)


Residual stress depth profile of Alloy 600 
plane specimens 


Stress improvement by WJP on Alloy 600 
(2.5% cold work + grinding)


Fiber Laser Peening by Toshiba Water Jet Peening by Hitachi-GE


(0.01 inch � 250 �m)


Without WJP


With WJP
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Application of Peening Treatment as One of Preventive 
Maintenance Measures for Nuclear Power Plants in Japan


For PWR plants:
– Currently, 16 out of 23 PWR units have applied WJP, or FLP (to Ikata-1&2), to 


BMI nozzles/J-groove welds, and Inlet/outlet nozzles, during outages
– The remaining 7 PWR units have plans to apply peening within 2 ~ 3 years
– Peening is also applied to the new units with Alloy 690 penetrations
– WJP or FLP to other A600/182 locations: 


• Safety Injection nozzles


For BWR plants:
– Currently, 20 BWR units have applied WJP or FLP to shrouds and bottom 


head penetrations (i.e.. CRD stud tubes)
– Plans to perform peening to the remaining operation BWR plants
– Applying to new ABWR units during the fabrication and construction phases
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Utility Plant - Unit Peening application to Alloy 600/82/182 locations of RPV
BMI Nozzle J-Weld Inlet/Outlet Nozzle Safety Injection Nozzle


Kansai Electric Power Co.


Mihama - 1 � � � �
Mihama - 2 � � � �
Mihama - 3 � � � —
Takahama - 1 � � � —
Takahama - 2 � —
Takahama - 3 � � � —
Takahama - 4 —
Ohi - 1 � � � —
Ohi - 2 � � � —
Ohi - 3 � � � —
Ohi - 4


Kyusyu Electric Power Co.


Genkai - 1 � � � �
Genkai - 2 � � � �
Genkai - 3 � � � —
Genkai - 4
Sendai - 1 � � � —
Sendai - 2 � � � —


Shikoku Electric Power Co.
Ikata - 1 (FLP) (FLP) (FLP) (FLP)
Ikata - 2 (FLP) (FLP) (FLP) (FLP)
Ikata - 3 —


Hokkaido Electric Power Co. Tomari - 1
Tomari - 2


Japan Atomic Power Co Tsuruga - 2 � —


“�”: WJP applied;  “(FLP)”: FLP applied;  “—”: N/A;  “Blank”: under planning


Experience of WJP & FLP in Japanese PWR
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Scientific Basis


Effectiveness of Peening in Mitigating SCC
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Effectiveness of Peening in Mitigating SCC


Basis of an effective mitigation measure:
1) Compressive stress can sustain for long period of time 


(>30 yrs). Minimum relaxation after exposures in:
• High temperature 
• cyclic loading
• Primary water environment 


2) A peened surface is more resistant to SCC


If a surface to be applied contains pre-existing flaws: 
a) Penning process does not aggravate the existing flaws
b) With shallow flaws, peening treatment mitigates SCC crack propagation
c) With deep flaws, peening has little or no impact to SCC crack propagation
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Sustainability of Surface Stress Improvement 
by Surface Peening


Vendor Tests on Sustainability ----- Toshiba, Fiber Laser Peening
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Surface Stress Improvement by FLP Sustained 
after 1000h at 360oC ---- exposed to environment


Vendor Tests on Sustainability ----- Toshiba, Fiber Laser Peening


Compressive stress remained
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Sustainability of Surface Stress Improvement 
by Surface Peening----- cyclic strain


Vendor Tests on Sustainability ----- Hitachi-GE, WJP


WJP nozzle


� �������	

 ��������


WJP treatment


Cyclic strain test


St
ra


in
 a


m
pl


itu
de


[
]


0 100
Number of cycles [N]


WJP treatment
under tensile strain loaded
(equivalent to 300MPa)


Number of cycles
Cyclic strain relaxation test


�Actual loaded condition�
around 0.1 strain amplitude at a maximum


Dimensions(mm)�100�8�6t Alloy600 not peened


Alloy182 not peened


316LSS not peened


�


�


�


Alloy182 WJP treated�


Alloy600 WJP treated�


� 316LSS WJP treated


Alloy600 not peened


Alloy182 not peened


316LSS not peened


�


�


�


Alloy182 WJP treated�


Alloy600 WJP treated�


� 316LSS WJP treated


Materials�316LSS, Alloy182, 
Alloy600


� ����� ��
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Nozzle traveling


Cyclic strain testCyclic strain test


Initial value 1 10 100


R
es


id
ua


l s
tr


es
s 


(u
nl


oa
de


d)
 [


ks
i]







15© 2009 Electric Power Research Institute, Inc. All rights reserved.


Minimal relaxation 
after 1000 hours at 
450oC


Thermal Relaxation Test


Vendor Tests on Sustainability


(WJP By Hitachi-GE)


Materials: Alloy 600, Alloy 182
Heating: 450oC for up to 1000 hrs
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Sustainability of Surface Stress Improvement 
by Surface Peening


Independent Testing by EPRI – NRI (Czech)


Alloy 600 Material
• As received
• Hitachi – WJP
• Mitsubishi – WJP
• Toshiba – FLP


Loading Cycles:
• Ramp up to 20 KN in 5 min
• Hold for 240 hours
• Ramp down to 0 KN in 5 min
• 2, 4, 8 cycles


Exposed to 300oC water
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Stress Improvements is Sustainable


EPRI – NRI Tests: A600 with peening, in 300oC water under loading cycles


Loading Cycles:
–Ramp up to 20 KN in 5 min
–Hold for 240 hours
–Ramp down to 0 KN in 5 min


2 Cycles
(2 samples, #1 & #2)


4 Cycles
(2 samples, #1 & #2)


8 Cycles
(1 sample)


�
(MPa, #1)


�
(MPa, #2)


�
(MPa, #1)


�
(MPa, #2)


�
(MPa)


A600 with FLP
(FLP by Toshiba)


Before 
Exposure


0o -295.7 -270.9 -283.6 -362.0 -334.0


90o -635.4 -546.5 -577.4 -683.2 -640.4


After 
Exposure


0o -280.4 -153.4 -225.8 -247.1 -166.4


90o -526.1 -505.9 -512.1 -487.2 -436.6


A600 with WJP
(WJP by Mitsubishi)


Before 
Exposure


0o -463.0 -464.4 -453.4 -483.2 -371.1


90o -369.1 -349.2 -337.6 -371.3 -406.0


After 
Exposure


0o -405.2 -310.3 -365.7 -319.0 -333.7


90o -307.3 -280.3 -287.0 -229.6 -241.6


A600 with WJP
(WJP by Hitachi)


Before 
Exposure


0o -443.7 -435.5 -501.9 -458.7 -501.0


90o -427.2 -414.8 -441.9 -399.0 -441.9


After 
Exposure


0o -340.0 -354.8 -318.2 -375.3 -320.2


90o -353.2 -355.4 -293.4 -367.3 -293.2
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Improvement in Resistance to SCC Initiation
(Data provided by MHI)


*BMN mock-up:
-- Alloy 600 tube,
-- 304SS plate
-- Alloy 132 weld


*Exposed in MgCl2
solution for 120 hrs


*PT examination


Without peening:


Indication of cracks


With WJP peening:


No indication of cracks
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Improvement in Resistance to SCC Initiation
(Data provided by Hitachi-GE)
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Improvement in Alloy 132 Resisting PWSCC 
Initiation (Data provided by Toshiba)


Alloy 132 RUB test specimens exposed to 
simulated primary water at 360oC for 1000h
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Verification of Improvement on resistance to 
PWSCC Initiation---- Independent Tests by EPRI / AREVA


AREVA evaluated multiple surface peening 
measures for mitigating PWSCC in Alloy 182 welds


• Spring-loaded and bolt-loaded Alloy 182 U-bends (2 or 3 mm thick)
• T-L orientation relative to the weld passes
• Heavily ground prior to U-bend
• -3% compressive strain followed by 9% tensile strain --- U-bend
• After forming U-bend, apply peening ---- FLP, WJP 
• 1000 hours exposure to PWR primary water at 360°C


• Reference (no peening) 
– Alloy 182 with “heavily ground” surfaces, U-bend
– Alloy 600 BMI bar with heavily ground surfaces, U-bend
– Alloy 600 SG tube material (WF422), RUB
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A improvement Factor of 4 by Peening in 
Mitigating PWSCC Initiation


Surface Condition # of U-bends Surface Stress PWSCC


Fiber Laser Peening,     
(Alloy 182)


3 U-bends, 2mm
3 U-bends, 3mm


Compressive, around 
-300 MPa


No cracks    
(0 / 6)


Water Jet Peening,
(Alloy 182)


6 U-bends, 2mm
6 U-bends, 3mm


Compressive, around 
-400 MPa


No cracks    
(0 / 6)


RENEW + WJP,
(Alloy 182)


3 U-bends, 2mm
3 U-bends, 3mm


Compressive, around 
-600 MPa


No cracks   
(0 / 6)


Reference Alloy 182 with
Heavy Grinding


3 U-bends, 2mm
3 U-bends, 3mm


Tensile, ~1000 MPa Cracks         
(5 / 6)


Reference Alloy 600 BMI 
bar with Heavy Grinding


3 U-bends, 2mm
3 U-bends, 3mm


Tensile, ~650 MPa No Cracks   
(1 ? / 6)


Alloy 600 SG Tube Material 
(WF422) 


1 RUB Tensile Cracks        
(1 / 1)


1000 hours exposure to PWR primary water at 360°C, EPRI / AREVA tests
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No Adverse Effects by Peening to Existing Cracks  


If apply peening treatment to a surface that contains cracks, 


� Does a process of peening treatment aggravate the existing 
cracks?


– No, a peening process does not aggravate the existing cracks.


� Is peening beneficial or detrimental to prevent SCC crack 
growing longer?


– For shallow cracks (< scale of compressive layer), peening stops growth 
of the existing SCC cracks.


– For larger cracks (> scale of compressive layer), peening is indifferent in 
affecting SCC crack growth.
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Peening Process Not Causing Growth of Pre-Existing 
Cracks (Data provided by MHI)


There are no ductile fracture in 
the temper colored region. 


No indication of crack advancing 
due to peening operation


Produce SCC crack in the coupon 


(in polythionate water)


Applying WJP


• Color by heat tempering


• Open up the fracture


If only SCC fracture If SCC + ductile fracture


Examine fracture surfaces


Peening does not 
advance crack


Crack propagate due 
to peening process


Crack size


(1) 0.6 mm


(2) 0.8 mm


(3) 1.3 mm


(4) 2.0 mm
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Peening Mitigates Growth of Shallow SCC Cracks
(Data provided by MHI)


Produce SCC crack in Alloy 600 


(OD surface in polythionate water)


Applying WJP to OD surface


Measure crack size


Measure crack size


Expose to SCC Environment


(OD surface in polythionate water)


------


1.1 mm


0.9 mm


0.8 mm


0.7 mm


0.6 mm


0.6 mm


0.5 mm


0.4 mm


Alloy 600 BMN tube (15 mm ID, 5 mm thickness) 


Apply internal pressure, expose OD to test environment (polythionate water)
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Peening Mitigates Growth of Shallow Cracks
(Data provided by Hitachi-GE)


Alloy 182 
CBB Coupon 


Fatigue 
Pre-Crack 


SCC Test 
0.2% strain


Apply WJP
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Peening Mitigates Growth of Shallow SCC Cracks
(Data provided by Toshiba)


SCC Pre-cracks 


304SS+HT+20%CW
CBB Coupon 


SCC Test


500h in BWR 
0.5% strain 


Laser 
Peening


� TP-A
SCC Test 


500h in BWR 
0.5% strain 


� TP-C


� TP-B


Crack Depth
Average Maximum


� TP-A 0.40 mm 0.76 mm


� TP-B 0.39 mm 0.74 mm


� TP-C 0.75 mm 1.28 mm
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Implementation and Plant Applications
– Code requirements and regulatory approvals
– Planning and training
– Tooling
– Inspection methodologies
– Flaw disposition strategy
– Outage time requirement
– Process water and waste issues
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Code and Regulatory Approvals


• In Japan, both WJP and FLP processes have been 
certified by JAPEIC as valid mitigation measures to be 
applied to reactor components 


• In Japan, both WJP and FLP processes have been 
incorporated into JSME codes and JANTI’s guideline


• Peening is considered as one of a preventive 
maintenance methods for PWR and BWR components


• Inspection relief may be granted to plants that have 
implemented preventive maintenance strategies
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Inspection Methodologies and Flaw Dispositions


The application experience in Japan:


• For BMI nozzles, ECT (Eddy current) and LUT (Laser 
Ultrasonic) are certified inspection techniques 


• For J-groove weld, MTV (visual) is the choice


• For small size flaws: 
1) Remove 
2) Inspect
3) Apply Peening


• For deeper flaws, repair is required
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Other Implementation Issues


• Mock-up training should be performed prior to site 
implementation


• A typical peening process needs 7 to 12 days. It can be 
shortened if utilize more than 1 system 


• Removal of core components is required
• RPV must be filled up with water
• Additional water is needed for WJP


• Waste issues
• Water chemistry


• Must be mindful of vibration issues during a WJP process


• A demonstration project is beneficial to the industry
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Surface Peening Demonstration Project


• MRP is interested in supporting a nuclear plant for a surface peening 
demonstration - BMN’s could be logical choice of location


• A demonstration project provides proof of principle
– Addresses accessibility issues
– Validates tooling requirements
– Addresses personnel safety issues
– Provides a “lessons learned” opportunity
– Safety assessment and plant specific safety evaluation for the 


application, e.g. evaluation of the effect of peening on other systems
– Experience report to the industry on the application


• A candidate plant that is never started-up
– No contamination issues
– No service related flaws
– Forecasted start-up date is 2013
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Most Likely Mitigation Options 


• Pressurizer Nozzles – Weld Overlay or MSIP
• Hot / Cold Legs – Overlays, MSIP, Inlays
• RPV Head Penetrations – Surface Peening, ReNew
• BMN’s – Surface Peening
• SG Tubes – Replace (later)
• All – Optimum water chemistry


� MRP has met with the utility personnel to discuss the 
possibility of serving as a demonstration project for 
surface peening to BMN’s or inlet nozzles


� Decisions will be strongly based on cost, schedule, risk, 
future benefits
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Proposed Project Process


� Informational Submittal of Technical Basis Document 
(TBD) for Fiber Laser Peening and Cavitation Peening 


� Meet with NRC on Technical Basis Document
� Research Program Meeting
� Industry-NRC 2010 Meeting on PWSCC Mitigation


– Includes discussion of Inspection Plan
� Component Specific Report with Modified Inspection Plans


– Submittal for Review and Approval by NRC
– Requests for Additional Information
– Resolution of Requests for Additional Information


� Finalize Component Specific Report 
� Revise MRP Guidance after NRC Approval
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Summary


� Surface stress improvement peening technologies are 
mature technologies and widely implemented 
mitigation measures in PWR & BWR plants in Japan 
for SCC mitigation.  


� Test data show that WJP and FLP technologies 
produce sustainable surface stress improvement


� Test data have demonstrated that WJP or FLP 
treatments can significantly mitigate the initiation of 
PWSCC, as well as mitigate the growth of shallow 
cracks that could be missed by the inspections
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Together…Shaping the Future of Electricity








Industry – NRC 2009 Meeting 
on PWSCC Mitigation 


August 4 – 6, 2009 
Rockville, MD 


Jim Cirilli – Exelon 
Pressurized Water Reactor Owner’s Group (PWROG) 


Materials Sub-Committee - Chairman


PWSCC Mitigation – 
Owner and Utility 


Perspective
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PWSCC Mitigation - 
Owner and Utility Perspective


These events are costly and impact 
plant reliability, safety and 


performance
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Materials degradation issues continue to challenge the 
Industry and NRC


Programs for addressing materials degradation needs to 
build on past experience


Nuclear industry must be forward thinking - proactive 
degradation management


PWSCC Mitigation - 
Owner and Utility Perspective
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What can we do to be better prepared to 
manage materials issues at our 


plants?


PWSCC Mitigation - 
Owner and Utility Perspective
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NEI 03-08 Guideline
• Provides a Systematic, Coordinated Approach for Addressing Materials Issues
• Proactive management of materials aging
• Established initial funding
• Unanimous Utility Executive approval & Commitment


MRP-139 Addressed Alloy 82/182 butt weld inspection
• Pressurizer inspections and mitigation complete
• Hot leg locations by end of 2009; Many mitigated
• Cold leg inspections by end of 2010; some inspections in fall 2009


MRP-126 Requires an Alloy 600 Management Program that
• Identifies all locations & Delineates management approaches


PWROG Supporting plant implementation and operability
• Alloy 600 Pressurizer heater sleeve program
• MSIP first time engineering
• Weld Inlay Program
• Zinc Injection Program
• Fracture Mechanics Analysis for RCP & HPI DM welds


Industry Initiatives
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Concluding Remarks
Industry Initiatives provide framework for addressing PWSCC.


Industry mandated inspection frequencies are justified, but 
“painful”.


Inspections require contingency plans and leave potential for 
reactive repairs or mitigation – high cost & outage impact.


Proactive mitigation puts PWSCC behind us.
Need workable ground rules for applying mitigation


What demonstrates a successful technique?
How do we show Inspection benefit is warranted?
Will Inspection benefit be granted and how?


PWSCC Mitigation - 
Owner and Utility Perspective





		Industry – NRC 2009 Meeting on PWSCC Mitigation�August 4 – 6, 2009�Rockville, MD��Jim Cirilli – Exelon�Pressurized Water Reactor Owner’s Group (PWROG) �Materials Sub-Committee - Chairman

		Degradation Curves – Over 30 Years In The Making
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Outline of Presentation


• MRP-169 Review schedule
• MRP-169 Appendix Changes Summary
• Alternate Approach to Submittal of Plant Specific OWOL 


Design Package
• Un-Resolved Design Issues and RAIs
• Consistency Between MRP-169 and ASME Code Cases
• EPRI Approach to Approval of MRP-169
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MRP-169 Update


MRP-169 Milestone
• Addenda to MRP-169 submitted to NRC for review and approval on Feb 


26, 2009
• NRC responded that a plant specific OWOL design package was 


needed for independent review of MRP-169 design process.
• NRC staff submitted a letter requesting detailed OWOL design 


information.
– Plant specific design package has not been submitted to the NRC 


because of proprietary design issues
– Considering alternate approach (nonproprietary)


• Receipt of RAIs from NRC (7/30/09)
– EPRI is preparing responses currently


• Incorporation of SER inputs into MRP-169 (TBD)
• Interim report on 36” MU on Stress data and modeling
• Issue MRP-169, Rev 2 (2009)







4© 2009 Electric Power Research Institute, Inc. All rights reserved.


MRP-169 Appendix Changes Summary 


• Alternative Design and Analysis Requirement
– OWOL sizing shall use basic flaw assumption of 360 


degrees around the PWSCC weld with a depth equal 
to 75% of the original wall


– Overlay design shall assume axial flaw that is 100% 
through the original pipe wall with a length of 1.5 in


– Residual Stress, Fatigue and PWSCC crack growth 
calculation shall be performed as required in Sections 
4.2 and 4.4.  These calculations shall assume a 50% 
thru-wall initial circumferential flaw and a 75% thru-wall 
axial flaw


– Post overlay NDE (PSI plus ISI) shall be conducted 
with PDI procedures (25% axial flaws; 50% circ flaws)
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Alternate Approach to Submittal of Plant 
Specific OWOL Design Package


• The design package that was prepared for the OWOL 
mockups could be used as an alternative


• Would allow for benchmarking of the FEM
– Significant detail is known about the fabrication of the 


OWOL mockups
– Does not require release of OEM proprietary information
– Design of OWOLs have been performed by:


• NRC??
• Structural Integrity
• Areva
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Un-Resolved Design Issues and RAIs


• Un-Resolved Design Issues
– Repair cavity depth 25% vs. 50%
– 10 ksi tensile stress on ID. vs. Compressive stress
– Crack growth rate after application of OWOL


• RAIs
– Please explain why application of an OWOL to a dissimilar metal 


weld is an appropriate mitigation method and why its application 
will not invalidate previously approved leak-before- break 
analyses.


– The staff position was not established to define a stress level at 
which crack initiation could not occur, rather to provide a 
conservative stress value that along with calculated stress levels 
throughout the volume of the weld provide a basis for reasonable 
assurance of structural integrity for a stress improved DM weld.
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Consistency Between MRP-169 and ASME 
Code Cases


• N-770  Alternative Examination Requirements and 
Acceptance Standards for Class 1 Pipe


• Performance Criteria (Appendix 1) requirements
– Compressive stresses at pipe ID
– 50% wall thickness ID repair cavity


• N-754 OWOL Code Case
– Assumes a 25% wall thickness ID repair cavity in 


large diameter pipe
• Need consistency between all documents to move 


forward with Review and Approval of MRP-169
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EPRI Approach to Approval of MRP-169


• Drafting responses to NRC RAIs on MRP-169
• Need agreement that submittal of the design package 


from the NRC/EPRI Weld Residual Stress project will 
adequately replace the plant specific OWOL design 
package from Duke
– Last open item needed to establish the NRC review 


cycle for MRP-169-1
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Introduction


• Investigating PWSCC growth predictions for an initial 
defect in an A52 inlay.


• Sensitivity study conducted on crack growth rate, 
welding residual stress (WRS), global bending, flaw 
orientation and flaw length


• Idealized PWSCC analyses conducted assuming no 
contribution from fatigue.
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Inlay Mitigation Process


Draft Code Case N-766 Rules


I. Machine Prior to Deposition of Inlay Layers
II. Minimum Depth of Inlay 4.5 mm thick
I I I . Machine Inlay - Minimum Remaining thickness 


= 3 mm and Consist of a Minimum of 2 Layers
IV. Inlay Must Extend a Minimum of 6 mm Beyond the In 82/182 Butter and Weld
V. Typically Inlay Consists of 3 Layers Deposited Via Temper Bead Technique
VI. Temper Bead Heat Input Must Be Less Than 1.8 kJ/mm)
VII. Other Draft Rules in N-766 Code Case Apply 


Nozzle
Ferritic
Steel


(A508)


SS Clad
(304 SS)


IN 182
Weld


SS Safe End
(316 SS) SS Pipe


(316 SS)


SS Weld


Butter


IN 52
Inlay


6 mm
min


6 mm
min


3 mm
min
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Inlay Cases


Case #


Case 


WRS case Location
Inlay 


 


depth Growth Flaw ModificationModified


1 ‐ 50% Pre‐service repair DMW/Butter 3mm A52=1/100(A182) Circ 1.5x10mm Repair


2 ‐ 50% PWSCC repair DMW/Butter 3mm A52=1/100(A182) Circ 1.5x10mm Repair


4 ‐ 75%(2‐inch) PWSCC repair DMW/Butter 3mm A52=1/100(A182) Circ 1.5x10mm Base case


11 2 50% PWSCC repair DMW/Butter 3mm A52=1/30(A182) Circ 1.5x10mm CGR mod


16 4 75%(2‐inch) PWSCC repair DMW/Butter 3mm A52=1/100(A182) Circ 1.5x10mm max bending


Case 1 - 50% pre-service repair
1. DM Weld
2. 50% deep repair in DM
3. Safe end weld
4. Inlay 


Case 2 – 50% PWSCC repair 
1. DM Weld
2. Safe end weld
3. 50% deep repair in DM
4. Inlay 


Case 3 – 75% pre-service repair 
1. DM Weld
2. 2-inch deep (75%) repair in DM
3. Safe end weld
4. Inlay 


Case 4 – 75% PWSCC repair 
1. DM Weld
2. Safe end weld
3. 2-inch deep (75%) repair in DM
4. Inlay 


Case 5 – 50% pre-service repair and 
75% PWSCC repair


1. DM Weld
2. 50% deep repair in DM
3. Safe end weld
4. 75% deep repair in DM
5. Inlay 
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4000 mm 325 mm


104.1 mm


132.3 mm
93.1 mm


204.3 mm


Rinner 367.9 mm


t = 68.06 mm


A508


SS304


In 182
Butter


In 182
Weld


4 3
56


18


9
8 7


13


12 11
10


15
14


16


19


17


316 SS


316 SS 316 SS
WELD


(23 passes)


Inlay Geometry and Mesh


Geometry taken from Areva
inlay justification document
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Inlay Modeling
• Temper bead procedure


– Process to control HAZ Micro-structure
– Subsequent passes ‘temper’ the prior bead HAZ
– Low Heat input (In general)
– For Two Dimensional Modeling – Attempt to Keep Weld Melt Zone to 


10% (maximum) beyond molten deposited metal


• 1.5 mm x 1.5 mm weld bead size


• Three layers (137 weld passes) applied, removed final 
1.5 mm thick layer


• Inlay is 4.4% of wall thickness in this study
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Idealized Flaw Growth 
Analyses


• Hot leg geometry – OD = 872 mm (34.3 inch), t = 68 mm (2.7 
inch)


• 1.5mm deep by 10 mm long semi-elliptical defect – (varied in 
sensitivity study)
– Anderson and Chapuliot influence functions for circumferential cracks
– Anderson for axial cracks (linearly extrapolate for a/t<0.2)


• A182 growth = 75th percentile (MRP-115) – A52 growth 
assumed factor on A182 growth (varied in sensitivity study)


• TWC idealized – growth per weighted average A182/A52


• Flaw stability controlled by SS, and Z-factor
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Assumed Loads
• Bending stress = 96.5 MPa (14 ksi) (varied in sensitivity analysis)


• Axial stress = 38.6 MPa (5.6 ksi), Pressure = 15.5 MPa (2250 psi), 
Temp = 326 C (620F).  Temperature varied in sensitivity study


• Effects of crack face pressure included


• WRS fit to 4th order polynomial
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Effect of WRS - Idealized 
Flaw Growth Analyses 


Case 
# WRS case


Total time, years
Inlay Through-wall Rupture


1 50% pre-service repair* 9.7 25.1 33.7
2 50% PWSCC repair* 10.9 15.9 24.8
3 75%(2-inch) pre-service repair* 10.1 31 39.7
4 75%(2-inch) PWSCC repair* 7.5 12.1 23.3
5 50%pre-service-75%PWSCC repair* 10.3 15.1 24


*A52 growth = A182/100


Case 4 – 62% of the time to leakage (through-wall) 
is spent in 4% of wall thickness
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Effect of CGR 
Idealized Flaw Growth Analyses 


Growth rate
Total time, years


Inlay Through-wall Rupture
Case 2 - A52=1/100(A182) 


~50th percentile 10.9 15.9 24.8
Case 11 - A52=1/30(A182) 


~ 90th percentile 3.4 8.4 16.0
A52=1/1000(A182) 


~5th percentile 108.5 114.9 123.2


Inlay/through-wall


69%


41%


94%


• Crack growth rate is important in determining 
inspection interval


• Additional crack growth data is needed to ensure the 
effectiveness of this mitigation method
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A52/152 Growth Rates
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Effect of Bending


Bending
Total time, years


Inlay Through-wall Rupture
Case 4 - 14ksi 7.5 12.1 23.3


7ksi 8.6 61.7 84.2
Case 16 - max bending (18.7 ksi) 6.9 10.2 17.5


0
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Lower bending significantly 
increases time to through-wall, 
with marginal increase in time 


through inlay


Inlay/through-wall


62%
14%
67%







vg 14 08/05/09
Innovative Structural Integrity Solutions


Effect of Temperature


Temperature
Total time, years


Inlay Through-wall Rupture
Case 2 – A52=A182/100 – 620F 10.9 15.9 24.8


A52=A182/100 – 550F 68.6 99.3 145.4
A52=A182/30 – 620F 3.4 8.4 16.0
A52=A182/30 – 550F 21.2 51.7 91.4


Inlay/through-wall


69%
69%
41%
41%
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Effect of Flaw 
Orientation and Depth


Flaw orientation
Total time, years


Inlay Through-wall
Case 4 - Circumferential 7.5 12.1


Axial 10.1 10.6


Flaw size
Total time, years


Inlay Through-wall Rupture
Case 4 - Circ 1.5x10mm 7.5 12.1 23.3


Circ 1.5x15mm 6.6 11.1 22
Circ 1.5x30mm 5.4 10 19.9


Even though hoop WRS is 
high, time through inlay 
driven by global bending


Inlay/through-wall


62%


59%
54%
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Natural Flaw Growth


• Major Modifications to PipeFracCAE Required
• Initial Crack Shape Same as for Idealized Growth
• Quite Challenging Because Crack Growth Shape Is Unique 


(Like ‘Balloon’)


• Semi-Automated Growth. 
Growth Had to be ‘Nursed’ Through Because Poor Meshes 
Sometimes Occurred With Natural Growth


• As Crack Grew Deep, Large Meshes Required
– 150,000 to 200,000 Element Meshes


• Mesh transitions have been verified through spreadsheet 
calculations – similar verification done in Wolf Creek/MRP- 
216 effort
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6.525 yearsInitial Flaw


1.5 mm


5 mm


7.125 years
Crack grown 
only in vertical


direction in 
In182 material


Case 4: Crack Growth 


Natural Flaw Growth


First balloon
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7.775 years


1.73 inch


Case 4 – 8.65 years
Case 4: Crack Growth 


Natural Flaw Growth


9.6 years, 189972 nodes
171521 elements 


2.31 inch
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Case 11 
A52=A182/30


2.92”0.63”Case 4 
A52=A182/100


Case 1 
A52=A182/100


0.57”


Natural Flaw Growth: Different Cases
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Some Animation 
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Result Comparison


Case # WRS case


Total time, years 
(Idealized Growth)


Total time, years 
(Natural  Growth)


Inlay TWC Rupture Inlay TWC Rupture


1 50% pre-service repair 9.7 25.1 33.7 11.9 31.6 NA


2 50% PWSCC repair 10.9 15.9 24.8 8.5 NA NA


4 75%(2-inch) PWSCC repair 7.5 12.1 23.3 6.5 11.1 NA


11
75%(2-inch) PWSCC repair 


(A52=1/30(A182)) 3.4 8.4 16 1.6 5.2 NA


16
75%(2-inch) PWSCC repair
(Larger Bending Moment) 6.9 10.2 17.5 6.0 9.5 NA
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Summary
• Natural crack growth slightly faster than idealized growth
• Natural growth analyses in progress – to be finalized by 


September
• Sensitivity study (SS) shows significant effects even with 


Alloy 52 PWSCC crack growth rate improvement factors of 30 
– 100


• Additional crack growth rate data needed
• SS does not support sample inspection for inlay mitigated hot 


leg temperature welds
• SS supports sample inspection for inlay mitigated cold leg 


temperature welds
• SS shows a need for both volumetric and ID surface 


examination
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Draft Chemical Mitigation Definition for 
Inspection Relief


• Meet the following requirements for elevated hydrogen 
and zinc addition
– Increase hydrogen from 25 – 50 cc/Kg to >/= 45 cc/Kg


• For greater than 90% of the time when RCS> 250 F
– Accumulate 4 years of zinc addition time
– Maintain RCS zinc > 3 ppb


• For greater than 90% of the time when RCS> 250 F
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Inspection Relief Roadmap


• Complete Generic Technical Basis for Chemical Mitigation
– Submit to NRC for Information
– Revise to incorporate NRC comments and update laboratory and 


field data
• Identify Component Inspection Requirements for Which Relief May 


Be Obtained
– Develop probabilistic methodology for using initiation FOI for zinc 


addition and crack growth rate FOI for elevated hydrogen
• Prepare Component-Specific Technical Basis Documents to Support 


Inspection Relief Requests
– Submit to NRC for Safety Evaluation


• Revise Requirements (via Guidelines or ASME Code Cases)
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Preliminary Schedule


Near-term Activities
• Agree on a probabilistic methodology that is acceptable to 


the NRC for assessing inspection intervals
• Technical Basis Document Informational Submittal
• Expert Panel Meeting on Chemical Mitigation – December 


2009
• Industry-NRC 2010 Meeting on PWSCC


Long-term Activities
• Submittal of Component Specific Documents for SER
• Revised MRP Guidance after NRC Approval
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Task Description


2009 2010 2011 2012 2013 2014 2015 2016


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
MRP Crack Growth Rate Testing*


Generic Technical Basis Document


Review by Regulators


Generic Technical Basis Update


Probabilistic Flaw Analysis


Identification of Inspection Changes


Prep & Submittal of Technical Basis


Respond to RAIs


SER on Technical Basis


Revise Guidelines/Code Case


Basis: implementation of both elevated hydrogen and zinc addition required for inspection relief


*Some location/component condition-specific testing possible


Preliminary Schedule
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Questions/Discussion
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PWR Surge Nozzle
• Purpose:


– Conduct confirmatory analyses to assess the performance 
claims and technical bases of the Full Structural Weld 
Overlay (FWOL) as a proposed PWSCC mitigation 
measure in pressurized water reactor primary water 
cooling loop piping


A508 Class 2 
Pressure
Vessel Steel


INCO 52M
Weld Overlay


Dissimilar Metal Weld 
Area where PWSCC is a 
concern


SS Safe End and piping
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PWR Stress Improvement Processes


– Full Structural Weld Overlay (FSWOL)
- Claims to cause compressive stress on ID of DM weld thus 


preventing the onset of Primary Water Stress Corrosion Cracking 
(PWSCC)


- Claims to apply crack resistant material (Inconel 52)


- Adds structural reinforcement


- Claims no need of inspection for cracks beforehand because 
FSWOL is designed to be effective for 360o through wall 
circumferential cracks.
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PWR Surge Nozzle
• PWR Surge Nozzle Stress Improvement Analysis


– Full Structural Weld Overlay
- Axisymmetric Models


- Weld Residual Stress Development


- Full Structural Weld Overlay


- Operating Pressure and Temperature


- Introduction of Cracks
- Crack Growth �Operating Pressure and Temperature


- Crack Growth �Weld Overlay � Operating Pressure and Temperature


- Weld Overlay � Operating Pressure and Temperature� Crack Growth


- Sensitivity Study


• PWR Surge Nozzle Stress Improvement Analysis
– Full Structural Weld Overlay


- Weld Residual Stress Development


- Full Structural Weld Overlay


- Operating Pressure and Temperature


- Introduction of Cracks
- Crack Growth �Operating Pressure and Temperature


- Crack Growth �Weld Overlay � Operating Pressure and Temperature


- Weld Overlay � Operating Pressure and Temperature� Crack Growth


- Sensitivity Study
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PWR Surge Nozzle


• Pipe and Weld Profile:


1.
3”


1.
5’


’


OD = 12.75’’


0.24’’


1.35’’
OD = 14.25’’


1.40’’


3.0’’


SS Safe End


A508
Class 2


SS Cladding


INCO
82/182
Weld
(73 Passes)


INCO
82/182
Butter
(31 Passes) SS Pipe


SS Weld
(27 Passes)


INCO 82/182
Heat Sleeve Weld
(28 Passes)
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PWR Surge Nozzle


• Pipe and Weld Profile:


SS Safe 
End


A508
Class 2


SS Pipe


SS Buffer Layer
(15 Passes)


0.90’’


10.5’’


3.25’’ INCO 52M 
Weld Overlay in 144 passes right-to-left
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PWR Surge Nozzle
• PWR Surge Nozzle Stress Improvement Analysis


– Full Structural Weld Overlay
- Axisymmetric Models


- Weld Residual Stress Development


- Full Structural Weld Overlay


- Operating Pressure and Temperature


- Introduction of Cracks
- Crack Growth �Operating Pressure and Temperature


- Crack Growth �Weld Overlay� Operating Pressure and Temperature


- Weld Overlay � Operating Pressure and Temperature� Crack Growth


- Sensitivity Study
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PWR Surge Nozzle


• Results – INCO Weld Axial Stresses (ksi)  


After SS Weld


After Weld Overlay


After INCO Weld







9


PWR Surge Nozzle


• Results – INCO Weld Centerline Axial Stresses  
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PWR Surge 
Nozzle
• Results – Inner Diameter Axial Stresses  
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PWR Surge Nozzle


• Results – INCO Weld Centerline Hoop Stresses  
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PWR Surge 
Nozzle
• Results – Inner Diameter Hoop Stresses
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• PWR Surge Nozzle Stress Improvement Analysis
– Full Structural Weld Overlay


- Axisymmetric Models
- Weld Residual Stress Development


- Full Structural Weld Overlay


- Operating Pressure and Temperature


- Introduction of Cracks
- Crack Growth �Operating Pressure and Temperature


- Crack Growth �Weld Overlay � Operating Pressure and Temperature


- Weld Overlay � Operating Pressure and Temperature� Crack Growth


- Sensitivity Study


PWR Surge Nozzle
• PWR Surge Nozzle Stress Improvement Analysis


– Full Structural Weld Overlay
- Axisymmetric Models


- Weld Residual Stress Development


- Full Structural Weld Overlay


- Operating Pressure and Temperature


- Crack Growth �Operating Pressure and Temperature


- Crack Growth �Weld Overlay � Operating Pressure and Temperature


- Weld Overlay � Operating Pressure and Temperature� Crack Growth


- Sensitivity Study
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PWR Surge Nozzle 


• Crack introduced in A508/Butter Interface:
– Weld stresses developed
– Operating Pressure and Temperature applied
– Crack forced to grow to 75% thickness


SS Safe End


A508
Class 2


SS Cladding
INCO
82/182
Weld


INCO
82/182
Butter


SS Pipe


SS Weld


INCO 82/182
Heat Sleeve Weld


Crack 75% 
through thickness
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PWR Surge Nozzle 


• Results –Axial Stresses with Crack (ksi)
– Crack allowed to grow after operating conditions were 


applied, but before Weld Overlay


Crack Open (100x Exaggeration)


After Operating Loads 
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PWR Surge Nozzle


• Results –Stress Intensity Factor vs. Crack Length at 
Operating Temp and Pressure


K reduced 
greatly at 
ID with 
FSWOL


im
pr


ov
em


en
t







17


• PWR Surge Nozzle Stress Improvement Analysis
– Full Structural Weld Overlay


- Axisymmetric Models
- Weld Residual Stress Development


- Full Structural Weld Overlay


- Operating Pressure and Temperature


- Introduction of Cracks
- Crack Growth �Operating Pressure and Temperature


- Crack Growth �Weld Overlay � Operating Pressure and Temperature


- Weld Overlay � Operating Pressure and Temperature� Crack Growth


- Sensitivity Study


PWR Surge Nozzle
• PWR Surge Nozzle Stress Improvement Analysis


– Full Structural Weld Overlay
- Axisymmetric Models


- Weld Residual Stress Development


- Full Structural Weld Overlay


- Operating Pressure and Temperature


- Introduction of Cracks
- Crack Growth �Operating Pressure and Temperature


- Crack Growth �Weld Overlay � Operating Pressure and Temperature


- Weld Overlay � Operating Pressure and Temperature� Crack Growth
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• PWR Surge Nozzle Stress Improvement Analysis


- Sensitivity Study
- No Stainless Steel Safe End Weld


- No Heat Sleeve Fill-in Weld


- No Initial Weld Residual Stresses


- Change in Weld Direction


- Use of Two Simultaneous Weld Heads


- Partial Structural Weld Overlay


PWR Surge Nozzle


Insignificant
change in 
improvement
effect for these 
studies
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SS Safe 
End


A508
Class 2


SS Pipe


SS Buffer Layer
(15 Passes)


PWR Surge Nozzle – Two Weld Heads


• Sensitivity Study– Axial Stresses two simultaneous 
weld heads


INCO 52M 
Two weld heads at once right-to-left
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PWR Surge Nozzle – Two Weld Heads


• Sensitivity Study– Axial Stresses two simultaneous 
weld heads INCO 52M 


Weld Overlay in 144 passes right-to-left


INCO 52M 
Two weld heads at once right-to-left
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PWR Surge 
Nozzle – Two
Weld Heads
• Sensitivity Study– Axial Stresses two simultaneous 


weld heads


M
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e 
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PWR Surge Nozzle – Partial Weld Overlay


• PWR Surge Nozzle Stress Improvement Analysis
– Partial Structural Weld Overlay


SS Safe 
End


A508
Class 2


SS Pipe


All Layers FSWOL


1 layer WO
2 layer WO


3 layer WO
4 layer WO
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PWR Surge Nozzle – Partial Weld Overlay


• PWR Surge Nozzle Stress Improvement Analysis
– Partial Structural Weld Overlay – Axial Stress


No WO


After FSWOL 


After 1 Layer WO 
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• PWR Surge Nozzle Stress Improvement Analysis
– Partial Structural Weld Overlay – Axial Stressy


PWR Surge Nozzle – Partial Weld Overlay
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– PWR Surge Nozzle Partial Structural Weld Overlay – Axial Stressartial Structural Weld Overlay – Axia


PWR Surge 
Nozzle – Partial
Weld Overlay


P
ro


gr
es


si
ve


 Im
pr


ov
em


en
t







26


– PWR Surge Nozzle Partial Structural Weld Overlay – Hoop Stress


PWR Surge Nozzle – Partial Weld Overlay
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– PWR Surge Nozzle Partial Structural Weld Overlay – Hoop Stress


PWR Surge 
Nozzle – Partial
Weld Overlay
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PWR Surge Nozzle - Partial Weld Overlay


– Partial Weld Overlay Thickness Effect Comparison


Almost linear relationship 
with stress improvement and 
overlay thickness below 
FSWOL thickness
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PWR Surge Nozzle
• Conclusions:.


• Is the Full Structural Weld Overlay (FSWOL) effective as a stress 
improvement technique?
– FSWOL process reduces the stress intensity factor to prevent crack 


growth if the original crack is shallow.  For deep cracks, the process 
does not substantially affect the stress intensity factor.


– Full structural weld overlay provides added crack resistant structural 
material and accommodates a crack through the entire thickness of the 
original pipe.


– Results are sensitive to weld sequencing.
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PWR Piping Weld Overlay Analysis
• Sensitivity Study Conclusions:
• How does Partial Weld Overlay compare in effectiveness as a stress 


improvement technique to FSWOL?
– Partial weld overlay appears to produce a reduced effect proportional to 


thickness
– Within the range up to the prescribed FSWOL thickness that effect is 


nearly linear
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PWR Piping Weld Overlay Analysis


Questions?
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Technical Basis Document Contents


Theoretical basis of surface peening
– Definition of Surface Stress Mitigation


Experimental verification of peening against PWSCC
– Vendor data
– EPRI / Areva experiment
– Factor of Improvement in SCC Mitigation


Long-term effectiveness of surface stress improvement
– Vendor data
– EPRI / NRI test data on stress relaxation


Implementation considerations
– Establishing an acceptance standard for penning
– Critical attributes


Surface treatment requirements


Inspection planning & guidance







3© 2008 Electric Power Research Institute, Inc. All rights reserved.


Proposed Process


• Informational Submittal of Technical Basis Document 
(TBD) for Fiber Laser Peening and Cavitation Peening 


• Meet with NRC on Technical Basis Document
• Industry-NRC 2010 Meeting on PWSCC Mitigation


– Includes discussion of Inspection Plan
• Component Specific Report with Modified Inspection Plans


– Submittal for Review and Approval by NRC (later)
– Requests for Additional Information
– Resolution of Requests for Additional Information


• Finalize Component Specific Reports 
• Revise MRP Guidance after NRC Approval  
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Algorithm for Initiation FOIs to Inspection 
Intervals 


Industry Perspective: 


Certain mitigation technologies such Chemical and Surface Stress 
Mitigations have demonstrated potential to substantially increase the time 
required to initiate PWSCC in Alloy 600 materials. 
However, no accepted methodology and algorithm for using initiation 
factors of improvement (FOI) in determining inspection intervals for  
PWSCC mitigation exists.


Near-term goal:
To develop a methodology that is accepted by the NRC for surface stress 
mitigation methods. And possibly include in xLPR?
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Questions/Discussion





		Surface Stress Mitigation – Technical Basis Documents and Review and Approval Process   (Proposed)

		Technical Basis Document Contents

		Proposed Process

		Algorithm for Initiation FOIs to Inspection Intervals 

		Questions/Discussion






Update on Weld Overlays 
for 


PWSCC Mitigation


Pete Riccardella
Structural Integrity Associates
Eric Willis
EPRI
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Outline of Presentation


• General Background and Technical Basis for Weld Overlays
• FEM Residual Stress Validation


– EPRI 36” Mockup (no SS weld)
– NRC Phase IV OWOL Mockup (w/SS weld)


• Current Design Issues
– Stress level at ID of Pipe
– Crack growth rate after application of OWOL
– Limiting Case (flaw completely thru DMW under OWOL)
– 25% vs. 50% ID repair assumption
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Weld Overlay Background


ASME Section XI 
provides evaluation 
procedures and 
acceptance criteria for 
flaws detected in 
Inservice Inspections
However, for IGSCC (in 
BWRs) and PWSCC (in 
PWRs), crack growth 
rates are often too fast 
to permit successful 
flaw evaluation
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Weld Overlay Attributes


• Weld overlays (both repair and preemptive) possess 
attributes that enable SCC susceptible welds to pass 
Section XI flaw evaluation:
– Structural reinforcement to ASME XI margins with 


large “design basis” flaws assumed 
– Crack growth barrier of SCC resistant material
– Favorable residual stress reversal (both ID surface and 


thru-wall gradient) 
• They also enhance inspectability
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WOL Design Concepts


Full Structural Overlay
(FSWOL)


Optimized Overlay
(OWOL)
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Summary of WOL Terminology


WOL Function WOL Type


Mitigation
(PWOL)


Full Structural


Optimized 


Repair
(WOL)


Full Structural


Optimized
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Experimental Verification of Weld Overlay 
Effectiveness


• Previous Work (summarized in MRP-169):
– 28-Inch Notched Pipe Test 
– Battelle/NRC Degraded Pipe Tests
– EPRI/MRP PWOL Mockup (simulated surge 


nozzle)
• New/Ongoing Work:


– EPRI 36” Mockup
– NRC Phase IV OWOL Mockup
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EPRI 36” DIAMETER MOCKUP
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EPRI 36-inch Diameter Mockup with OWOL 


Stainless 
Steel


Clad 
Carbon 
Steel 
piping


DMW


OWOL


FSWOL
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3-D Finite Element Model


 
 
 
 
 
 


Figure 1: Modeled Components 


Weld Butter 


Stainless Steel Pipe 


DMW Carbon Steel Elbow 


Cladding ID Weld Repair
(Outline Shown)


Buffer Layer 


Counterbore Fill-In 


OWOL
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Weld Nugget Simulation
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3D Residual Stress Analysis vs. Measurements 
(MISO Properties)


3D Axial Stresses
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3D Residual Stress Analysis vs. Measurements 
(MISO Properties Truncated at UTS)


3D Axial Stresses
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Conclusions – 36” Mockup


• EPRI 36” Diameter Mockup further demonstrates OWOL 
residual stress improvement
– Measured 60~75 ksi ID surface stress improvement 


due to overlay
• Analysis provides reasonable agreement with test data (ID 


surface)
– Conservatively under-predicts axial stress benefits
– Accurately predicts hoop stress benefits


• Worst Case Mockup
– No SS Weld
– ID surface repair plus counterbore fill-in







15© 2009 Electric Power Research Institute, Inc. All rights reserved.


EPRI/NRC PHASE IV OWOL MOCKUP
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EPRI/NRC Large Bore OWOL Mockup


• Objectives:
– Measure surface, near-surface and through-wall residual 


stresses in a prototypic large-bore mockup before and after 
application of an OWOL


– Compare the RS measurements with Residual Stress FEA 
model calculations


– Demonstrate use of high deposition welding process to apply 
the OWOL


• Mockup Concept:
– Large nozzle with existing dissimilar metal weld and safe-end
– Stainless steel pipe welded to the safe-end after ID root 


repairs to DMW
– OWOL applied to requirements of ASME Code Case N-754.







17© 2009 Electric Power Research Institute, Inc. All rights reserved.


RPV Nozzle w/SS Safe-end
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Weld and Overlay Details
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Measurement Plans


• Residual Stress Measurements
– Deep Hole Drilling – Through-wall
– X-Ray Diffraction – Surface
– Incremental Hole Drilling – Near Surface
– Strain (layers)


• Other Measurements and Records
– Temperature
– Deposition rate and welding process
– Dimensions (ASME Code)
– Wire chemistry (52MS)
– Welding parameters
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2-D Finite Element Model
 


 
 
 
 
 


 
   


 
 


RV Nozzle Cladding 


ID Repair 


Weld Butter 


Safe end to pipe weld (SSW) 
Optimized Weld overlay (OWOL) 


Buffer Layer 


Attached Pipe  


Nozzle to safe end weld (DMW)


RV nozzle Safe end 


Bridge Bead 
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ID Surface Axial Stress Results


ID Surface Axial Residual Stress
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ID Surface Hoop Stress Results


ID Surface Hoop Residual Stress
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Through-Wall Axial Stresses


Path 2 Through-Wall Residual Stress
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Through-Wall Hoop Stresses


Path 2 Through-Wall Residual Stress
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Conclusions Phase IV Mockup


• EPRI/NRC Phase IV Mockup in process to demonstrate 
OWOL residual stress improvement
– Will include both surface and through-wall stress 


measurements
– Pre-test analyses performed to confirm that N-754 


requirements are satisfied
– Significant pre-overlay relief predicted due to SS weld


• Relatively short safe-end
• Mainly an ID surface effect
• OWOL drives compressive stresses deeper


– Awaiting measurement data for comparison
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MRP-169 Technical Requirements
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Mitigation Surface Stress Limit


• MRP-169 imposes a +10 ksi ID surface stress limit for 
OWOLs
– Versus current N-770, Appendix I requirement of ID 


surface compression for stress improvement
• Strong technical basis for no PWSCC initiation unless 


stresses approach material yield strength
• In addition, MRP-169 imposes more stringent crack 


growth criteria
– Consistent with post-OWOL inspection requirements
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Laboratory Data on SCC Initiation
• The crack initiation data that exist indicate that A-600 (A-82/182) 


require stresses approaching the material YS to initiate PWSCC :
1. C. Amzallag, et al, “Stress Corrosion Life Assessment of 182 and 82 


Welds Used in PWR Components,” 10th International Symposium on 
Environmental Degradation of Materials in Nuclear Power Systems - 
Water Reactors, August 5 to 9, 2001.


2. D. Van Rooyen, “Review of the Stress Corrosion Cracking of Inconel 
600,” Corrosion, Vol. 31, No. 9, September, 1975, p. 327.


3. P. Scott, et al, “Examination of Stress Corrosion Cracks in Alloy 182 
Weld Metal After Exposure To PWR Primary Water,” 12th International 
Conference on Environmental Degradation of Materials in Nuclear 
Power System – Water Reactors


4. Y. Nishikawa, N. Totsuka and K. Arioka, “Influence of Temperature on 
PWSCC Initiation and Crack Growth Rate (Susceptibility) of Alloy 600 
Weld Metals,” Corrosion 2004, Paper #04670


PRS-09-016 F BMG/ 28


P. Andresen, Beaune SCC 
Initiation Conf., 9/08
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Amzallag et al (Ref. 1)


• Conclusion: Alloy 182 is susceptible to stress corrosion 
cracking in PWR primary water only if the applied stress 
exceeds the yield stress


400 MPa = 57 ksi
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P. Scott et al, Ref. 3


• Conclusion: A relationship between hoop stress and time to leakage 
was determined from which a threshold stress limit near 400 MPa 
for PWSCC initiation was determined.







31© 2009 Electric Power Research Institute, Inc. All rights reserved.


Arioka et al (Ref. 4)


• Measured short crack growth rates (post nucleation) in constant load 
and accelerated slow strain rate tests.  Crack growth observed at 
stresses down to 325 MPa (~46 ksi).


• At this stress level, rates are so slow as to be of little engineering 
significance (0.03 mm/yr)
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MRP-169 Crack Growth Requirement for Weld Overlay 
Residual Stresses


• Post overlay exam volume includes outer portion 
of original DMW (25% or 50% as applicable)


• Therefore, MRP-169 requires a crack growth 
assessment of assumed flaws that might go 
undetected outside of this exam volume (in 
addition to the ID surface stress criteria)


• Analyses must consider both PWSCC and 
Fatigue


• This provides stronger assurance of successful 
mitigation than just a compressive ID surface 
stress requirement
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Conclusions – MRP-169 Residual Stress Requirements


• 10 ksi limit is 18% to 22% of minimum measured stresses 
at which PWSCC initiation has been observed in A- 
82/182 weld metal in laboratory


• This limit thus ensures a very low probability of initiating 
new PWSCC cracks after weld overlay application 


• A separate PWSCC crack growth criterion must also be 
satisfied to demonstrate acceptability of post-overlay 
residual stress distribution


• Must demonstrate that any cracks in PWSCC susceptible 
material that are not within the post-overlay exam volume 
would not grow to the point that they would violate overlay 
design basis
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Weld Overlay Limiting Case Analyses


• A concern has been raised that, in a limiting case, 
cracking could continue until the original weld material is 
completely cracked, arresting at the OWOL material


• In this case could the mitigated weld fail without prior 
leakage during a design basis event?


• To address this concern, limit load analyses have been 
performed for real plant weld overlays to determine safety 
factors in the unlikely event that a 360° crack were to 
grow beyond the 75% OWOL design basis (to 100%)
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Three Cases Analyzed


FSWOL w/ 360°, 100% flaw


OWOL w/ 360°, 75% flaw


OWOL w/ 360°, 100% flaw
(denoted “OWOL1”)
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Analysis Method


• Start with actual nozzle configuration, loads and 
FSWOL/OWOL designs for three real plant nozzles


• Compute limiting membrane plus bending stress that 
would cause net section collapse of overlay under the 
assumed flaw configuration


• Divide limiting stress condition by plant-specific normal 
operating and OBE seismic loads to determine safety 
factors
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Plant OWOL Designs and 
Safety Factors Results


Plant/Nozzle Case:
OD    


(inches)
t-nozz   


(inches)
t-WOL   


(inches)
t-comb.   
(inches)


Normal 
Operation


Norm + 
Upset 


(w/OBE)


Plant A / FSWOL 34.12 2.34 0.98 3.319 2.34 100% 4.75 3.52
RPV Outlet OWOL 34.12 2.34 0.58 2.919 1.755 75% 4.68 3.45


OWOL1 34.12 2.34 0.58 2.919 2.34 100% 2.49 1.83


Plant B / FSWOL 36.5 3.25 1.08 4.330 3.25 100% 5.40 4.07
Pump Suction OWOL 36.5 3.25 0.504 3.754 2.4375 75% 6.75 5.05


OWOL1 36.5 3.25 0.504 3.754 3.25 100% 2.04 1.52


Plant C / FSWOL 34.1 3.05 1.01 4.060 3.05 100% 4.68 3.03
Pump Discharge OWOL 34.1 3.05 0.65 3.700 2.2875 75% 6.51 4.19


OWOL1 34.1 3.05 0.65 3.700 3.05 100% 2.71 1.74


360° Flaw Depth 
(assumed)


Safety Factors


Applicable 
ASME Code 


Safety Factors:
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Conclusion – Limiting Case Analyses


• Even in the unexpected case that a flaw propagated 
100% through the PWSCC susceptible material under an 
OWOL, considering actual plant geometries and loadings, 
there would still be significant margins to failure under 
normal and upset operating conditions.
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25% vs.  50% ID Repair Assumption
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Residual Stress Analysis Models 
25% vs. 50% Comparison
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Residual Stress Analysis 25% vs. 50% 
ID Surface Axial Stresses
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Residual Stress Analysis 25% vs. 50% 
ID Surface Hoop Stresses


25% ID Weld Repair_Hoop Stress (ID Surface)
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Residual Stress Analysis Thru-Wall Axial Stress 
25% vs. 50% Comparison


Path1_weld1_Axial Stress
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Residual Stress Analysis Thru-Wall Hoop Stress 
25% vs. 50% Comparison


Path1_Weld1_Hoop Stress
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Conclusions: 25% vs. 50% ID Repair Study


• Critical cases evaluated (no SS weld)
• Differences in post-overlay stress results 
between two repair assumptions is small


• In some aspects, the 25% repair assumption is 
more conservative
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Background - Terminology


>
 
Structural Weld Overlay (SWOL)


Nozzle outside surface weld reinforcement deposited full 
circumference over the underlying dissimilar metal weld (DMW) with 
length and thickness to replace the DMW.
Resulting residual stresses are compressive on the inside weld 
surface with improved residual stress state to the mid thickness
region.


>
 
Optimized Weld Overlay (OWOL)


Nozzle outside surface weld reinforcement deposited full 
circumference over the underlying DMW with length and thickness 
that depends on the outer 25% the DMW thickness.
Resulting residual stresses generally are compressive on the inside 
DMW surface and increase to low tensile in the mid thickness region.


>
 
Application of SWOL vs OWOL


Generally, welds in pipe sizes 14 inches and less require full SWOL in 
order to achieve the desired inside surface residual stress levels and 
thus these applications are referred to as Small Bore.
Generally, welds in pipe sizes over 14 inches require only 
approximately ½ the outside surface weld reinforcement to gain the 
desired inside surface compressive stresses and thus these 
applications are referred to as Large Bore.
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Background – Small Bore SWOL


>
 
Full thickness Structural 
Weld Overlays


>
 
ASME Section XI Code 
Case N-740-2


>
 
Nozzles 14 inch diameter 
and smaller


Typical Design Configuration


Upper Pressurizer Mockup Surge Nozzle Mockup
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Large Bore Optimized Weld Overlay Applications – 
Next Phase


>
 
RCP Suction and 
Discharge Piping Welds


B&W and CE Designs
>


 
SG Nozzle to Piping Welds


Westinghouse Designs
>


 
RV Nozzle to Piping Welds


Westinghouse Designs


DMW at RCP Outlet DMW at RCP Inlet


RCP Design Configuration
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High Deposition Welding Processes Evaluated 
>


 
GMAW


Penetration is low 
Higher risk of non fusion 
defects


>
 
Hybrid Laser GMAW


Greatly improved 
penetration
Promising but needs more 
extensive development


>
 
Dual Wire GTAW


Readily adaptable 
now
High deposition with 
high quality deposits
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Dual Wire Fundamentals


>
 
Hot Wire


Electrically heated to 
~1000F – DC Source
Leading the puddle


>
 
Cold Wire


Trailing the puddle
>


 
Essential Orbital 
Parameters


Higher travel speeds
Oscillation in 5G & 6G 
positions
Auxiliary shielding


>
 
2G Video - click here


Dual Wire Torch


High Deposition with High Quality
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Dual Wire – 2G Position


>
 
ASME Code Evaluations


Dye Penetrant
•


 
PT White


Ultrasonic Examinations
•


 
No detectable


 
indications


>
 
Metallographic Evaluations


Macrography
•


 
No lack


 
of fusion


Micrography
•


 
No defects


ss


A 533


Inco 182
weld deposit
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Dual Wire – 5G Position


Weave
 beads


Start 
area


>
 
ASME Code Evaluations


Ultrasonic Examinations
•


 
No detectable


 
indications


Dye Penetrant
•


 
PT White


>
 
Metallographic Evaluations


Macrography
•


 
No lack


 
of fusion


•
 


Minor
 


small
 


porosity
Micrography


•
 


Few small typical Alloy 52M 
microfissures
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Deposition Rate vs Wire Feed Speed
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First Field Application -Tractebel


>
 
Pressurizer Surge Nozzles


Tihange 2 & 3
Doel 3 & 4
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OWOL – Residual Stress Joint Research Project 


>
 
EPRI Scope


Project Coordination
Westinghouse RV 
Nozzle MU
Strain Gage 
Measurements


>
 
AREVA Scope


High Deposition OWOL
Residual Stress 
Analysis


>
 
NRC Scope


Pre & Post Weld 
Residual Stress 
Measurements
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High Deposition UT Inspectability


>
 
AREVA Inspection Experience to Date


2008 Development Coupons 
•


 
2G & 5G Positions 


•
 


14” dia., 1.5”T wall, SWOL 0.5”t
•


 
(4) coupons Non-PDI UT – no noted noise issues


2009 Development Coupons
•


 
Tractebel Pressurizer Surge Nozzles


•
 


2G Position 
•


 
14” dia., 1.5”T DMW, SWOL 0.75”t


•
 


(2) coupons PDI UT – no noted noise issues
2009 EPRI DPI Coupon


•
 


2G Position
•


 
1.5”t SWOL & 0.75”t OWOL deposits


•
 


0.75”t deposit – EPRI reported notable Signal to Noise Ratio 
(SNR)


–
 


EPRI decision to install PDI notches in coupon
–


 
Future inspections and evaluations will be made
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UT Inspectability - Background


>
 
PWROG Inlay Project – PDI Equivalency Mockup 


Degraded UT SNR
Causal Analysis
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Conclusions - Inlay


►
 
The degraded UT SNR in the PDI Equivalency Inlay Mock-up was not the 
result of degraded weld quality and/or a gross discontinuity distribution 
such as micro-porosity or DDC 


►
 
Good likelihood that the degraded UT SNR observed when performing UT 
(Ultrasonic Testing) examination of the 52M inlay material is related to two 
observations in the weld grain morphology and microstructure.


Large directionally solidified austenitic grains. 
Primary Causal Factor. 
Good Correlation supported by the dramatic change in SNR with respect to bead 
progression and UT scanning direction.


•
 
The presence of coarse M23C6 decorated grain boundaries in the PDI 
Equivalency Inlay Mock-up.  


Potential secondary effect.  There is little quantitative data correlating to 
degraded SNR.  
Postulated as a potential difference between Quadrant 1 / STD 601-1 
(FM82) and Quadrant IV (FM52M) on Circumferential Scans


►
 
The elevated background noise is not significant enough to degrade 
detectability or affect the existing PDI Qualification.
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1


Underwater Laser Beam Welding (ULBW) 
for Reactor Pressure Vessel (RPV) Nozzle 
Inside Diameter (ID) Mitigation 


Bruce Newton
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Underwater Laser Beam Welding - ULBW
Attributes:
� ULBW development was initiated by Toshiba


– Multi-year research and development effort
– Successful field deployment: Japanese BWR Vessel weld repair


� ULBW is a Dry Underwater Welding process
– AWS D3.6: “Specification For Underwater Welding”, Annex B 


– “Dry Welding:  Any welding in which water is excluded from the immediate vicinity 
of the arc by a mechanical barrier.”


� ULBW is an Automatic welding process
– Operator pushes a button, a machine performs the welding
– Enables precise heat input and dilution controls


� Optical fiber delivery 
– Fiber Optic cable enables delivery to remote locations
– Laser oscillator and housing located outside containment
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Dry ULBW – How it works


Weld Deposit
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ULBW Process Testing and Evaluation
� Weldability


– Alloy 52 and 52M/MS over various substrates
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Penetrant testBead appearance Side bend test


Alloy 600
Weld


308L
Weld


316L
Weld


Base metal


Alloy 52 on RPV Nozzle Base Metals


No indications observed on any tested base metal.
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Filler metal : Alloy 52


Cross-sectional micrograph


Alloy 600
Weld


308L
Weld


316L
Plate


Base metal


Effect of Base Metal on Weld Quality
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ULBW Process Testing and Evaluation
� Weldability


– Alloy 52 and 52M/MS over various substrates
– Welding Position
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Weld Quality Not Affected by Position
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ULBW Process Testing and Evaluation
� Weldability


– Alloy 52 and 52M/MS over various substrates
– Welding Position
– Water Depth
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Weld Quality Not Affected by Water Depth


6” depth


100’ depth
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ULBW Process Testing and Evaluation
� Weldability


– Alloy 52 and 52M/MS over various substrates
– Welding Position
– Water Depth


� Stress Corrosion Cracking (SCC)
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Cr Content of Alloy 52 Deposit
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3rd layer equiv. to filler metal


Base metal : Alloy 82 weld metal
Filler metal : Alloy 52
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SCC Test Specimen Preparation


20% Pre-Strain Applied


Reverse
U-Bend


Test Conditions:
Temp: 360°C
Boron: 500 ppm
Lithium: 2 ppm
Time: 1000 hours


Alloy 52M ULBW Deposit


Welded Configuration


A600 Buildup
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A52M ULBW Deposit on A600


A52M ULBW Deposit - Penetrant Test – No Cracks
20% Pre-Strained Reverse U-Bend


1000 Hours Exposure
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ULBW Process Testing and Evaluation
� Weldability


– Alloy 52 and 52M/MS over various substrates
– Welding Position
– Water Depth
– Local Repair Welding


� Stress Corrosion Cracking (SCC)
� Welding on High-Sulfur Stainless Steels
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100 m


ULBW on High Sulfur Stainless Steel


Substrate: 
0.029% Sulfur


Filler: 
Alloy 52 MS


Hot Cracking
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ULBW on High Sulfur Stainless Steel


Cracking Mitigated Using
ER309L Intermediate Weld Layer


Alloy 52M
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ULBW Process Testing and Evaluation
� Weldability
� Stress Corrosion Cracking (SCC)
� Welding on High-Sulfur Stainless Steels
� EPRI NDE Center


– Joint Toshiba, EPRI, and Westinghouse Effort
– Equipment Set-Up and Tested at EPRI NDE Center
– Laser initially test fired on August 8, 2008
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EPRI NDE Center – ULBW Development
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ULBW Process Testing and Evaluation
� Weldability
� Stress Corrosion Cracking (SCC)
� Welding on High-Sulfur Stainless Steels
� EPRI NDE Center
� ASME Code


– ULBW in the ASME Code
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ULBW Is Addressed in the ASME Code


� Code Case N516-3 
– P1, P8, P43 Materials 


only
– N-516-3 is endorsed in 


RG 1.147
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ULBW Process Testing and Evaluation
� Weldability
� Stress Corrosion Cracking (SCC)
� Welding on High-Sulfur Stainless Steels
� EPRI NDE Center
� ASME Code


– ULBW in the ASME Code
– ULBW Ambient Temperature Temperbead Welding


– ULBW Temperbead is not currently addressed in ASME Code
– Task Group on ULBW Temperbead was formed to develop rules
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ASME TG ULBW Temperbead Welding
� Task Group Consensus:


– ULBW Temperbead welding is feasible
– ULBW Tempering characteristics similar to GTAW


– Enables ULBW Code Case to parallel N-638 (GTAW)
– ULBW Testing/acceptance criteria will parallel N-638


– ULBW’s precise parameter controls enable precise 
tempering
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� ��� ��� ���


���	
�


500 m
Base Metal:


Tempered low alloy steel


1.
1


Hardness HV


Weld 
metal


HAZ


Base 
metal


ULBW HAZ is Similar to GTAW


HAZ


A52 Weld







25
Westinghouse Proprietary Class 2


ASME ULBW Temperbead Task Group
� TG on ULBW Temperbead Activities:


– Draft Code Case: Completed Fall, 2008
– Three rounds of TG reviews/comments
– General consensus achieved on initial draft version


– Process testing to date:
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Diffusible Hydrogen Testing


ULBW – Single pass underwater ULBW – Multi pass underwater


Results:
•All ULBW samples met the criteria 


for “Extra Low” hydrogen levels 
(<5mL/100g) as defined by IIW.


•ULBW Hydrogen levels are 
consistent with those in dry GTAW 


weld deposits


Hydrogen Content
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Borated Water Testing
� Objective: Assess the effects of borated water on 


ULBW deposit chemistry
– Base Material: 


– Carbon Steel substrate
– 1.2” (31mm) thick, 2.4” (60 mm) wide, 6” (150 mm) long
– 4 layers of Alloy 600 Weld Deposit (Alloy 132)


– Welding Process:  Dry ULBW
– Filler Material: ERNiCrFe-7 (Alloy 52)
– Boric Acid concentration in water: 2300 ppm
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Borated Water Environment: 
Weld Quality


– Weld Quality Results:
– Liquid Penetrant Examination Results:


– Acceptable
– No indications observed
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Borated Water Environment: 
Chemical Analysis


� No boron increase observed in ULBW deposit


Conclusion:
Dry underwater welding environment displaces 
water, thereby avoiding boron entrainment in 


ULBW deposits.
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Cooling Rate Analysis: ULBW vs. GTAW
ULBW GTAW Comparison
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Cooling Rate Analysis
� ULBW test travel 


speed was four 
times greater 
than GTAW.


� Time scale 
altered to reflect 
this difference.


� ULBW deposit is 
completely 
solidified before 
exposure to 
water


ULBW
GTAW
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Delta Ferrite Determination
� A Three layer weld was deposited using ER309L filler metal 


on SA240 Type 304L stainless steel plate.
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Delta Ferrite Determination
� Location of ferrite measurements
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Delta Ferrite Determination
� Averages of ferrite numbers 


for ULBW and GTAW.
– CMTR ferrite value was 8.4 


FN (Delong value: 9.5)
� ULBW ferrite numbers are 


acceptable in accordance 
with ASME Section III NB-
2433.2 (>5FN).


Layer ULBW GTAW


1 7.2 6.9


2 8.6 8.3


3 8.8 8.4
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Side Bend Testing
� Multi-Layer, Alloy 52MS 


weld deposit
� Plate was sectioned 


along black lines.
� Side bend samples were 


tested in accordance 
with ASME Section IX
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Side Bend Testing
� Five bend test specimens.
� Three on left bent at WEC W&M; two on right bent at EPRI
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Side Bend Testing
� Samples bent at EPRI: PT Results.
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All Weld Metal Tensile Testing
� Four samples were tested by 


Stork Material Testing.
� Tests showed acceptable 


mechanical properties in Alloy 
52M weld deposit.


� Results consistent with GTAW
Sample UTS ksi YP ksi Elongation %


1 89 62.0 42
2 89 61.5 44
3 89 61.5 42
4 88 64.0 40


Average 88.75 62.25 42
Special Metals Minimum 
Mechanical Properties 80 30
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Summary
� ULBW is an automatic process
� Laser light enables precise control of:


– Heat Input
– Deposit Purity/Dilution
– Tempering


� Extensive testing demonstrates process capabilities
� ULBW is recognized in the ASME Code


– Ambient Temperature Temperbead rules are under 
development


� ULBW process development is:
– Ongoing (Parallel US/Japan research and development)
– Targeted toward RPV Nozzle Repair





