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Background and Technical Basis for the ASME Section XI Process for  
Evaluation of Upper Head Penetration Flaws 

W. H. Bamford, Westinghouse Electric Co., LLC 
P. O. Box 355, Pittsburgh, PA.,  

and 
G. DeBoo 

Exelon Corporation, Chicago, IL 

The recent findings of cracking in the reactor vessel head penetrations at a number of plants have 
prompted Section XI to develop requirements for inservice inspections of these regions. An 
Alloy 600 Task Group has been in operation since spring of 2002, and its goal is to keep abreast 
of industry inspection findings, and to develop inspection requirements for these regions. When 
inspections are required, a methodology is needed to deal with any indication that may be found, 
to determine whether a repair is required. 

This paper will provide the details of the flaw evaluation rules that are now being proposed for 
Section XI, along with their technical basis. In addition, the status of the approval process within 
Section XI will be discussed. 

 

Manuscript was not available for publication in the Proceedings 
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Strategic Planning for RPV Head Operation 

 
S. Hunt 

Dominion Engineering, Inc., Reston, VA 

Abstract: Utilities are faced with difficult economic choices in managing 
PWSCC of RPV head penetrations.  Inspections are expensive, especially if 
required on a frequent basis; if leaks are discovered during an outage when 
no inspections are performed, and no provision to perform repairs has been 
made, repairs can lead to significant lost production; repairs and remedial 
measures are expensive and, depending upon conditions, may result in future 
cracks or leaks; and head replacements are expensive.  Life cycle 
management planning has been performed for a moderate susceptibility plant 
to determine the most attractive long-term strategy.  This work has been 
based on predictive modeling and net present value economic analyses.  The 
approach described can help a utility determine the best management strategy 
for its plant. 

 
BACKGROUND 
The economic consequences of managing RPV head nozzle PWSCC can be significant.  For 
example: 

• EdF is replacing all of its RPV heads. 
• Cracks and leaks in nozzles in several domestic plants have resulted in significant outage 

extensions and repair costs. 
• Boric acid corrosion resulting from a PWSCC leak at the Davis-Besse plant has led to over a 

20 month outage. 
• Cracks in large numbers of welds at North Anna 2 led to about a four month outage while 

the head was replaced. 
• Industry findings and NRC guidelines/requirements have led to many expensive inspections. 
• 29 plants in the US have announced plans to replace heads as of September 2003.  

 
The purpose of this paper is to review issues associated with developing a strategic plan for 
managing RPV head PWSCC at a moderate susceptibility plant.  The strategic plan must: 

• Ensure an extremely low risk of core damage.  For purposes of this paper, it is assumed that 
this objective can be met by meeting the core damage risk criterion of NRC Regulatory 
Guide 1.174.  Analyses to determine the risk of core damage are discussed in another DEI 
paper1 presented during the same NRC-ANL conference during which this paper was 
presented. 

• Ensure a low risk of leakage. 
• Select a strategic plan that results in the lowest practical net present value (NPV) cost.  

                                                 
1 G. White, S. Hunt, and N. Nordmann, "Risk-Informed Evaluation of PWR Reactor Vessel Head  
Penetration Inspection Intervals." Vessel Head Penetration Inspection, Cracking and Repairs Conference, 
U.S. NRC and ANL, September 29 – October 2, 2003. 
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INPUTS AND CONSTRAINTS 
There are a number of constraints that apply to establishing a cost effective strategic plan.  Issues 
that should be addressed include: 

• The current condition of the vessel head must be established by non-destructive examination.  
The head must be free of cracking to remain in the moderate susceptibility category. 

• The rate of future PWSCC initiation and growth should be predicted based on industry 
experience and modeling that accounts for differences between the subject plant and relevant 
industry peers. 

• Non-destructive examination intervals should be selected such that there is a low risk of 
leakage and extremely low risk of core damage. 

• Planned refueling outage durations can have a significant effect on establishing a strategic 
plan.  For example, plants with short refueling outages will have little time for inspections or 
repairs without extending the outage, and plants in a long outage, such as for steam generator 
replacement or 10 year ISI, may have longer time available for inspections or repairs. 

• The time and cost for nozzle inspections and repairs. 
• The time and cost for replacement head procurement and installation.  For example, 

inspections may show the need for immediate replacement while there may be a long delay 
to obtain a suitable replacement head. 

• Potential remedial measures, including an assessment of their cost and effectiveness. 
• Special attention should be given to the possibility of discovering leaks from a nozzle at an 

inopportune time such as during a mid-cycle outage conducted for another purpose, during 
system leak checks at the end of a refueling outage, or during a regular outage when a leak is 
discovered but no provisions have been made in advance for inspections or repairs. 

 
NRC inspection requirements such as EA-03-009, Issuance of Order Establishing Interim Inspection 
Requirements for Reactor Pressure Vessel Heads at Pressurized Water Reactors, are obviously 
significant inputs to strategic planning.  It is necessary to comply with the order or to obtain 
relaxation from the requirements based on appropriate technical assessments.  
   
ALTERNATIVE MANAGEMENT APPROACHES 
There are four main alternative management approaches for RPV heads.  These are: 

• Continue to inspect and make repairs as necessary to ensure a low risk of leakage and an 
extremely low risk of core damage. 

• Perform remedial measures to reduce the risk of PWSCC and possibly to increase the 
inspection intervals. 

• Replace the head as soon as possible after discovery of the first PWSCC. 
• Replace the vessel head as quickly as possible and perform NDE at increased intervals based 

on materials in the new head. 
 
Comments on each of these approaches are as follows: 
 
Inspect and Repair as Necessary 
Inspection and repair methods are currently available to support the first alternative.  The main 
nondestructive examination methods are volumetric NDE (UT) of nozzles plus volumetric 
examination for leakage paths through the annulus, or eddy current examination of the entire wetted 
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surface of the nozzle and weld to show absence of cracks.  Repair methods that have been used 
include removing shallow surface flaws, embedding deeper flaws, and removing the lower part of 
the nozzle and rewelding the bottom of the remaining nozzle to the head using a temper bead 
technique. 
 
Remedial Measures 
A number of remedial measures have been proposed for RPV head nozzles including: 

• Modification of the internals flanges to increase bypass flow and thereby reduce the 
temperature of the vessel head.  Some utilities have already performed this modification. 

• Surface treatment of the nozzle and weld surfaces by shot peening or water jet conditioning 
to reduce the tensile stresses and, in the case of water jet conditioning, to remove small 
preexisting flaws. 

• Nickel plating the nozzle and weld surfaces to keep the primary water coolant from 
contacting the Alloy 600 materials. 

• Applying Alloy 152 weld overlays on the nozzles and welds. 
• Roll expanding the nozzles into the vessel head to provide a redundant load path above the 

J-groove weld, and then conditioning the rolled surface to reduce the potential for new 
cracks. 

• Application of a new structural weld between the nozzle and low-alloy steel vessel head, 
either on the top surface of the head or after boring out the lower part of the nozzle. 

• Mechanical stress improvement. 
• Zinc injection. 

 
EPRI has sponsored testing of many of these remedial measures.2  Upon completion of the testing, 
the remedial measures were ranked in terms of effectiveness.  The three main categories were: 

• Most Effective 
-  Water jet conditioning 
-  Electro mechanical nickel brush plating 
-  Shot peening 

• Intermediate Effectiveness 
-  Electroless nickel plating 
-  GTAW weld repair 
-  Laser weld repair 

• Least Effective 
-  EDM skim cutting 
-  Laser cladding 
-  Flapper wheel surface polishing 

 
To date, the main remedial measure applied in the field has been modification of the internals to 
increase the bypass flow and thereby reduce the head temperature.  The lower head temperature 
should reduce the rates of crack initiation and growth based on the thermal activation energy.  
However, experience in France suggests that PWSCC may occur at head temperatures close to the 
                                                 
2 Materials Reliability Program: An Assessment of the Control Rod Drive Mechanism (CRDM) Alloy 600 
Reactor Vessel Head Penetration PWSCC Remedial Techniques (MRP-61), EPRI, Palo Alto, CA: 2003, 
1008901. 
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reactor cold leg temperature.  This is especially significant given the PWSCC at the South Texas 
Project Unit 1 bottom mounted instrument nozzles at a temperature of about 565ºF.  The South 
Texas Project experience shows that poor material properties and weld defects can result in PWSCC 
at temperatures lower than otherwise expected. 
 
Finally, while remedial measures may reduce the rates of PWSCC initiation and growth, and thereby 
reduce the cost of future repairs, it may be difficult to take credit for the improvement in the form of 
increased inspection intervals. 
 
Head Replacement 
Installation of a new RPV head with improved nozzle and weld materials is a clear success path that 
has been taken in France and has been announced by many plants in the United States.  The 
Alloy 690 nozzles and Alloy 52 J-groove welds in these heads should provide better service life than 
the original heads with Alloy 600 nozzle base material and Alloy 182 welds.  In addition to the cost 
of the new head, consideration must be given to: 

• Access provisions for getting the new head into containment. 
• Whether the head will be installed with new CRDM drives. 
• Disposal of the old head. 

 
One variation on head replacement is to use this as an opportunity to replace the original design 
reactor head service structure with an improved service structure that requires less effort to 
disassemble and reassemble every outage.  Figure 1 shows a typical original design head service 
structure and one possible configuration for an improved head service structure.  As shown, the 
original design requires disassembly and removal of the following parts at the beginning of every 
refueling outage: 

• Head insulation 
• Head cooling ductwork 
• CRDM cables 
• Head cooling fans 
• Head missile shield 

 
An integrated head service structure, such as shown in Figure 1, can be developed for most plants.  
In this arrangement, most of the above listed components are integrated in such a manner that only 
one main lift is required after disconnecting the electrical cables to the CRDM drives. 
 
While an integrated head service structure can reduce the required manpower, it may not result in a 
reduction of refueling outage critical path time since other constraints can establish the point in time 
at which the head can be removed and replaced.  Nevertheless, there a number of significant benefits 
of an integral head service structure including: 

• Freeing up labor and crane time inside containment during normal refueling outages. 
• Reducing the risk of personnel injury by eliminating many crane lifts. 
• Cutting several days off of the time required to perform a rapid head disassembly and 

reassembly such as for a leaking RPV flange o-ring seal or internals inspection after a slow 
rod drop test, etc. 
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ECONOMIC EVALUATIONS 
In most cases, strategic plans will include some level of economic evaluation.  A deterministic “best-
estimate” approach can be used for these evaluations, provided the analysis includes sufficient detail 
and includes costs over the remaining plant life.  In some cases, utilities may elect to perform a 
Monte Carlo type probabilistic analysis to provide better information of the range and probability of 
possible costs. 
 
Regardless of the type of economic evaluation, the analysis should include the following: 

• The risk of future cracks and leaks for each alternative considered. 
• The cost of performing planned (preventive maintenance) work. 
• The cost of making repairs (corrective maintenance). 
• The value of lost production. 
• The value of consequential risks. 
• The potential risk that leaks will be discovered at inopportune times such as during a mid-

cycle outage or during a system leak check at the end of an outage. 
• The planned operating life, including life extension. 
• The discount and inflation rates. 

 
Guidance on developing strategic plans is provided in EPRI report 1000806, Demonstration of Life 
Cycle Management Planning for Systems, Structures, and Components with Pilot Applications at 
Oconee and Prairie Island Nuclear Stations.  Deterministic type economic analyses can be 
performed using the LcmVALUE version 1.0 software prepared as part of the EPRI LCM 
demonstration program. 
 
Figure 2 shows typical results of net present value calculations for a moderate susceptibility plant. 
The figure shows the discounted net present value cost over the remaining plant life including 
preventive maintenance, corrective maintenance, value of lost production and consequential costs. 
 
CONCLUSIONS 
For the sample case presented, the optimum alternative appears to be bare metal visual inspections of 
the RPV head every refueling outage with nondestructive examinations of the nozzles and J-groove 
welds every second refueling outage. 

• As future inspection data become available and predictive models are refined, there may be a 
technical basis for retaining inspections every second outage when the plant enters the high 
susceptibility category based on EDYs. 

• Volumetric examination every outage and immediate head replacement appear significantly 
more expensive. 

• Remedial measures such as reducing head temperature or waterjet conditioning may be 
attractive provided inspection intervals can be increased as a result of the effort. 

• A reasonable longer term plan is to replace the vessel head the second outage after 
identifying PWSCC. 

 
These results are plant specific, and other plants may have different constraints that would affect the 
optimum solution. 
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Reactor Vessel Bottom Mounted Instrumentation (BMI) Nozzle Repair Development and 
Implementation at South Texas Project 

 
S. Thomas, South Texas Project, and 

R. Payne, D. Schlader, and D. Waskey, Framatome ANP, Inc. 

Following a visual inspection that revealed a small amount of a powdery substance around two 
penetrations in the lower reactor pressure vessel (RPV) during a regular refueling and 
maintenance outage, Framatome ANP was contracted to perform inspection and repair of the 
South Texas Project (STP) Unit 1 RPV. This was the world’s first indication of the possibility of 
a similar issue with the lower RPV that has affected the RPV heads for several years. 

After extensive inspection of all 58 BMI nozzles, two nozzles were identified for repair.  Repair 
technology implemented on other similar nozzle designs was modified for the two specific STP 
nozzle locations.  Tooling was designed, fabricated, tested, and qualified over a short time period 
to respond to the emergent need at STP.  The teaming between STP and Framatome ANP led to 
a successful first time implementation of repair on BMI nozzles. 

The repair approach, associated tooling, and processes utilized at South Texas will be presented. 

 

Manuscript was not available for publication in the Proceedings 
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South Texas Project Experience with Alloy 600 
Bottom Mounted Instrument Penetration Cracking 

 
Steven E. Thomas 

 
South Texas Project Nuclear Operating Company 

 
 

Abstract 
 
The PWSCC susceptibility of the two PWR units at the South 
Texas Project has been considered low.  Although the bottom 
mounted instrument (BMI) penetrations are Alloy 600 base 
metal with Alloy 82/182 welds, PWSCC was not expected at 
Tcold  temperatures of the bottom head.  Nevertheless, on April 
12, 2003, routine visual inspections in Unit 1 discovered boron 
deposits at two BMI penetrations.  Subsequent examinations 
revealed five axial cracks in the Alloy 600 tubes of the two 
leaking penetrations and no cracks in the tubes of any of the 
other 56 penetrations.  The two leaking penetrations were 
repaired utilizing a “half-nozzle” design concept.  Although ID 
initiated PWSCC was originally suspected as the initiating 
mechanism, several facts are inconsistent with a classical 
PWSCC scenario.  Analysis of a boat sample confirms the 
presence of welding defects at the tube/J-groove weld which 
could be responsible for initiating the cracks and explain why the 
extent of cracking was limited to the two nozzles. 

 
Background 

 
On April 12, 2003, STP performed a scheduled visual inspection of the Unit 1 reactor vessel 
bottom head during the closing stages of 1RE11.  The inspection, which has been performed 
routinely since startup, revealed deposits on two of the 58 bottom mounted instrument (BMI) 
penetrations.  Chemical and spectrographic analysis determined the deposits to contain of boron 
and elevated concentrations of lithium consistent with reactor coolant system (RCS) leakage.  
Isotopic analysis detected no Co-58, indicating the deposits were at least one year old, and the 
ratio of Cs-134 to Cs-137 showed the deposits to be about 3-5 years old. 
 

Evaluation and Repair 
 
An extensive NDE campaign involving UT examination of all 58 BMI nozzles detected 5 axial 
cracks in the two leaking penetrations, three in Penetration #1 and two in Penetration #46.  One 
crack in Penetration #1 penetrated the ID of the nozzle and extended from just above to just 
below the J-groove weld.  The other two cracks were small and just penetrated the OD of the 
nozzle.  Neither of the cracks in Penetration #46 penetrated the ID of the tube, as verified by a 
supplemental ET examination.  One crack extended from just above to just below the J-groove 
weld.  The UT examination also discovered a number of “discontinuities” at the tube/J-groove 
weld interface in the same general area of the cracks in Penetrations #1 and #46.  Several other 
penetrations exhibited similar discontinuities, but no cracks. 
 

105



In an effort to positively identify the leak path, a helium leak test was performed on the two 
leaking penetrations by pressurizing the annulus between the nozzle and the vessel.  No bubbles 
were observed in Penetration #46.  In Penetration #1 a small helium bubble was observed about 
every two seconds rising from a location outside the nozzle in the J-groove weld fillet at the tube 
interface. 
 
Penetrations #1 and #46 were repaired utilizing a “half-nozzle” repair which relocated the 
pressure boundary to the exterior of the vessel with an ambient temperbead weld pad, new J-
groove weld, and new Alloy 690 nozzle. 
 
The details of deposit analyses, the NDE campaign, and nozzle repairs have all been previously 
discussed in public presentations.  The remainder of the discussion in this paper will focus on the 
cause of the cracks. 
 

Metallurgical Sampling 
 
To facilitate metallurgical analysis of the actual cracks, boat samples were removed from 
Penetrations #1 and #46 employing an Electric Discharge Machining (EDM) cutting technique. In 
the case of the BMI nozzles inside the reactor pressure vessel, the boat sample excavations could 
not be repaired.  The desire for the largest possible boat sample was balanced against 
conservative structural limitations. A number of mockups were constructed to test the remotely 
operated equipment. 
 
The boat sample from Penetration #46 was designed to capture as much tube material as possible 
in an attempt to harvest a portion of a crack not connected to the ID of the nozzle.  The margins 
for error associated with positioning the EDM equipment through 70 feet of water resulted in a 
shallow cut in Penetration #46.  The resulting undersized sample was either inadvertently 
discarded or completely consumed in the margins of the EDM cutting tool.  The boat sample 
from Penetration #1 captured material and defects from the J-groove weld and J-groove/tube 
interface, as designed. 
 

Boat Sample Results 
 
The boat sample from Penetration #1 contained a portion of the large through-wall axial crack in 
the tube, three “discontinuities” which were confirmed to be lack of fusion resulting from slag 
inclusions, and one crack at the helium bubble location which connects the surface of the J-
groove weld to the largest area of lack of fusion. 
 

Axial Crack in Penetration Wall 
 
Earlier UT results identified an axial crack in Penetration #1 which penetrated the ID of the 
nozzle and extended from just above to just below the J-groove weld.  The boat sample from 
Penetration #1 captured a part of the upper portion of this crack in the region of the tube/J-groove 
weld interface.  The intergranular nature of this crack exhibits classical PWSCC characteristics.  
The extent of the crack was examined by progressively grinding away thin layers of the section of 
the boat sample.  The orientation of the ground surface was such that more weld material and less 
tube material was exposed at each successive grind.  The initial exposed surface consisting of 
nearly all tube material exhibits this crack which extends through the tube material and just into 
the weld material where the crack ends.  As successive layers are ground away, exposing more 
weld and less tube, the crack becomes smaller and smaller.  The final ground surface, which 
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consists almost entirely of weld material, reveals no crack at all in the weld and a small vestige of 
crack in the remaining small bit of tube. 

 
The axial crack in the tube appears to grow from the EDM surface out toward the tube/J-groove 
interface since it branches and connects two of the three voids.  Crack growth in the tube toward 
the defects at the OD of the tube could indicate ID initiated PWSCC.  However, neither of the 
two cracks in Penetration #46 connects to the ID of the tube.  A supplemental ET examination of 
the ID surface was performed specifically to confirm the UT results that the flaws did not 
penetrate the ID.  ET established that the cracks did not connect to the ID.  Based on this fact 
STPNOC has concluded that the PWSCC axial crack in the tube is OD initiated.  The crack most 
likely originated on the OD of the tube in the highly stressed region of the flooded weld defects. 
 
Unless the cracks in Penetration #46 resulted from a different mechanism than the large crack in 
Penetration #1, the cracks must be OD initiated, since the flaws in Penetration #46 do not connect 
to the ID.  The fact that the leakage in both penetrations appeared at the same time and are about 
the same age, suggests a single mechanism, and it seems too coincidental that two separate 
mechanisms could produce such similar results and be so closely connected in time. 
 

Three Discontinuities 
 

X-ray examination of the boat sample revealed three discontinuities or voids located at the tube/J-
groove weld interface.  Material found in the voids contained elements found in weld electrode 
coatings indicating that the voids were areas of lack of fusion resulting from weld slag inclusions. 
The peripheries of the LOF flaws contain a number of short cracks to a depth of 1 or 2 grains. 
Although hot cracking in the weld material is a likely possibility, these intergranular cracks also 
appear in the nozzle, where hot cracking is not possible.  Therefore, STPNOC has concluded that 
this cracking is PWSCC resulting from flooding of the LOF voids. 
 

J-Groove Weld Crack 
 

The crack in the weld that connects the surface of the J-groove weld to the largest area of lack of 
fusion is singular and unique.  The 0.2-inch long crack spans an 80 mil-thick ligament separating 
the lack of fusion void from the surface of the J-groove weld in the ground fillet transition at the 
tube/J-groove weld interface.   The length of the crack spans and is limited to the width of the 
lack of fusion void.  The section of the boat sample containing this crack was broken in the 
laboratory to expose the crack face for examination.  Tenacious deposits obscured the crack face, 
and gradually more aggressive attempts to remove the deposits also attacked and distressed the 
metal surface. The crack exhibits some intergranular characteristics.  The nature of the oxide 
deposits could be indicative of hot cracking.  Fatigue and stress corrosion could also be factors in 
the development of this crack.  In the final analysis, the precise mechanism responsible for 
initiating and propagating this crack could not be determined from an examination of the crack 
surface. 
 

Conclusions 
 
The root cause is the use of Alloy 600 combined with nozzle manufacturing and installation 
methods that further increased the susceptibility of the metal to stress corrosion cracking when in 
contact with primary water. 

The following discussion outlines the most likely sequence of events.  The SMAW process used 
to construct the J-groove welds produced slag inclusions on the interface between the Alloy 600 
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tube and the weld.   Already located in highly stressed areas on the OD of the penetration, these 
weld defects acted as stress risers. Early in the life of the vessel, a solitary crack developed that 
connected a lack-of-fusion or slag inclusion weld defect to the surface of the weld and primary 
water.  Once the 80 mil-thick ligament was cracked and the lack-of-fusion void became flooded 
with primary water, all of the requisite conditions to support stress corrosion cracking existed.  
Minute cracks developed in both the tube and weld material around the edges of these flooded 
defects.  One of these cracks propagated in the tube material, but not the weld.  Consistent with 
the analytically predicted residual stresses, the crack was axially oriented. 

Although there are other possible theories regarding the crack development scenario, several 
points are very clear regardless of the specific sequence of events. 

 
1. The Alloy 600 BMI nozzles are susceptible to PWSCC and will crack under the right 

conditions.  Even at Tcold, PWSCC is possible. 
  
2. The SMAW process used to construct the J-groove welds is prone to leaving weld defects in 

service and creating high residual stresses. 
 
Note: The South Texas Project did not identify any materials or fabrication techniques unique to 
the construction of Unit 1 that contributed to the cracking. 
 
3. Visual examination of bare metal BMI penetrations is an effective mechanism for detecting 

leakage long before flaws become structurally significant. 

108



 
 

Development and Justification of a Repair Process for Flaws in  
Reactor Vessel Upper Head Penetrations 

W. H. Bamford, 
Westinghouse Electric Co., LLC, Pittsburgh, PA., and  

P. Kreitman and P. R. Evans 
PCI Energy Services, Lake Bluff, IL 

In preparation for the inspections of reactor vessel upper-head penetrations, which began in 
1992, a repair process was developed for embedding the flawed region behind an Alloy 52 weld, 
to ensure that the flaw was isolated from the water environment. The weld itself is composed of a 
material that is immune to stress corrosion cracking, and the weld is just thick enough to qualify 
the flaw as an embedded flaw according to the rules of Section XI of the ASME Code.   

The initial concept was intended for application to the inside surface of the head penetration 
tubes, and the NRC approved the process in 1996. In the year 2000, as degradation was found on 
the tube outer diameter, and in the attachment welds, the process was revised to cover these 
regions as well.   

This paper will discuss the development of the repair process, as well as its application for 
several repairs that have been completed in operating plants. The service experience for these 
repairs has been excellent. The steps that have been taken to assure the quality and integrity of 
the weld repair will also be discussed. 

 

Manuscript was not available for publication in the Proceedings 
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Weld Overlay Deposit on Alloy 82/182 Butt Welds to Reduce ID Surface Stresses 

 
S. Hunt and J. Broussard, Dominion Engineering, Inc. Reston, VA 

P. O'Regan, EPRI, Charlotte, NC 
D. Covill, Progress Energy, Raleigh, NC 

Abstract:  PWSCC has been detected in Alloy 82/182 butt welds in plants in 
the US and Europe. The most significant incident to date resulted in leakage 
from a reactor vessel hot leg outlet nozzle at VC Summer during the fall of 
2001.  A potentially attractive remedial measure for Alloy 82/182 butt welds 
is to apply weld overlay on the outside of the butt weld to reduce the tensile 
stresses on the inside surface.  Finite element analyses have been performed 
of pressurizer-surge-nozzle butt welds in the as-designed condition and with 
inside surface repairs ranging from a 30° partial arc to a full 360° weld 
repair.  The effect of weld overlay cladding on inside surface stresses has 
been assessed. 

 
This paper presents work sponsored by the Electric Power Research Institute (EPRI), Materials 
Reliability Program (MRP), Alloy 600 Issue Task Group. 
 
BACKGROUND 
PWSCC cracks have been discovered in reactor pressure vessel (RPV) inlet and outlet nozzle to 
primary coolant pipe butt welds at VC Summer and Ringhals.  Figure 1 shows the VC Summer 
nozzle and weld configuration with the main PWSCC cracks superimposed.  An axial crack 
propagated completely through the weld and arrested at the low-alloy steel nozzle and the stainless 
steel pipe.  This crack led to a leak that was discovered during a refueling outage.  A small 
circumferential crack in the Alloy 182 cladding blunted when it reached the low-alloy steel nozzle 
material. 
 
The root cause investigation at VC Summer concluded that the subject weld had been subjected to 
several repairs, including a repair weld to the inside surface after completion of the entire weld.  
Figure 2 shows results of stress analyses performed for EPRI of the VC Summer weld.  The left side 
figure shows the operating condition hoop stress, including the effect of welding residual stresses, 
for the as-designed case without repairs to the ID surface.  The right side figure shows that making a 
weld repair to the ID surface after completing the entire weld, significantly increases the inside 
surface hoop stress and therefore increases the potential for PWSCC.  Figure 2 also shows the stress 
contours used for all of the stress plots in this paper. 
 
It should be noted that the operating condition stresses in this paper represent the combined effect of 
welding residual stresses, hydrostatic testing (provides some mechanical stress relief) and operating 
pressure and temperature.  The operating condition results do not include the effect of piping forces 
and moments.  These were not included since they vary significantly from plant to plant.   
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WELD OVERLAY TO REDUCE TENSILE STRESSES 
A weld overlay applied to the outside surface of a butt weld will reduce the tensile stresses on the 
inside surface of the weld.  Specifically weld shrinkage causes a reduction in diameter at the weld 
and a resultant reduction in tensile stress.  Reducing tensile stresses will delay the time to PWSCC 
crack initiation and the growth rate of any preexisting cracks. 
 
While weld overlays can also be used to provide a redundant load path around a cracked weld, the 
subject work was not focused upon creating a redundant load path.   
 
Figure 3 shows a typical pressurizer surge nozzle assumed for this evaluation and Figure 4 shows a 
weld overlay applied over the weld to reduce ID surface stresses.  The overlay assumed for this study 
had a thickness of 17% of the nominal pipe wall thickness and a length 5.5 times the nominal pipe 
wall thickness. 
 
FINITE ELEMENT MODEL 
Finite element analyses of the surge nozzle were performed using the ANSYS finite element 
software.  Figure 5 shows the overall finite element model, Figure 6 shows the mesh in the area of 
the weld and overlay and Figure 7 shows the weld passes assumed for the calculation.  The area 
assumed for the weld repair is outlined in this figure.  
 
The finite element modeling was performed using the following basic methodology: 

• The weld was simulated using ten passes in layers from the ID to the OD. 
• Thermal analyses were performed for each pass to determine the welding temperatures and 

these temperatures were input to the stress analysis as a function of time to determine the 
welding residual stresses. 

• After completion of the main weld, the backgouge weld repair was simulated by analytically 
removing from the inside surface already completed weld elements. 

• The backgouged area was repaired assuming that four passes were applied to the inside 
surface. 

• The completed weld joint was subjected to hydrostatic test conditions that act to reduce peak 
stresses. 

• Finally, the operating pressure and temperature were applied. 
 
WELDING RESIDUAL AND OPERATING CONDITION STRESSES 
Figure 8 shows the welding residual stresses, operating condition stresses for the as-designed case 
with no ID weld repair, and operating condition stresses with the assumed ID weld repair.  Axial 
stresses are plotted on the left and hoop stresses are plotted on the right.  Also reported for each case 
are the maximum axial and hoop stresses on the ID surface for the operating condition cases.  These 
results show that the maximum hoop stresses exceed the maximum axial stresses and that a weld 
repair to the ID surface after completing the main weld significantly increases both the axial and 
hoop stresses on the ID surface.  These results are for a 2D axisymmetric model. 
 
Figure 9 shows results for a 3D model with the weld repairs performed for partial arcs of 30º, 60º, 
and 90º.  These results show similar stresses to the case for a 360º repair, although the axial stresses 
tend to be slightly higher.  On this basis it is assumed that the effectiveness of the overlay can be 
evaluated using the 2D axisymmetric model. 
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Figure 10 shows the effect of applying weld overlay for both the as-designed case and the case with 
a 360º ID weld repair.  In both cases the axial and hoop stresses are significantly reduced.  This 
should have a beneficial effect on both crack initiation and growth.    
 
SUMMARY OF RESULTS 
Table 1 summarizes the analysis results.  
 
CONCLUSIONS 
The conclusions of the analysis are as follows: 

• Repairs to the ID surface of a butt weld after completing the through-wall weld increases 
both the axial and hoop stresses on the ID surface. 

• Partial-arc ID repairs also produce higher hoop and axial stresses in the inside surface. 
• Weld overlay applied to the outside surface of the butt weld reduces the hoop and axial 

stresses on the ID surface and should therefore reduce the susceptibility to PWSCC initiation 
and growth. 

• Weld overlay dimensions (thickness and length) can be selected to produce the desired stress 
reduction over the area of potentially high ID stresses. 

• The axial length of the overlay deposits must be selected such that any increase in axial ID 
stress due to bending occurs at a location where the material is not susceptible to PWSCC. 

 
Finally, it should be noted that the subject analysis is not intended to represent an actual weld 
overlay design.  The purpose of the work was to demonstrate the beneficial effect of weld overlays.  
 
 
 
Table 1 
Summary of Analysis Results 
 

• As-Designed (no weld repair)
Direction No Overlay Overlay

Hoop 9.0 ksi -23.2 ksi

Axial -2.7 ksi -8.6 ksi

• With 360° ID Weld Repair
Direction No Overlay Overlay

Hoop 52.8 ksi 19.9 ksi

Axial 32.5 ksi 1.7 ksi  
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Figure 1 
Locations of Cracks in VC Summer Hot Leg Outlet Nozzle Weld 
 

 
 
 
Figure 2 
Effect of ID Weld Repairs on Butt Weld Operating Hoop Stress 
 

As-Designed Condition With ID Repair to Completed Weld 
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Figure 3 
Pressurizer Surge Nozzle Cross Section 
 

 
 
Figure 4 
Pressurizer Surge Nozzle with Weld Overlay to Reduce Tensile Stress 
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Figure 5 
Pressurizer Surge Nozzle – Overall Finite Element Model 
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Figure 6 
Pressurizer Surge Nozzle – Mesh in Area of Weld and Overlay 
 

OverlayOverlay  
 
 
Figure 7 
Pressurizer Surge Nozzle – Weld Passes Modeled 
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Figure 8 
Welding Residual and Operating Stresses With and Without 360º ID Weld Repair 
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Figure 9 
Welding Residual and Operating Stresses With Partial-Arc ID Weld Repairs 
 
Condition Axial Stress Hoop Stress 
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Figure 10 
Welding Residual and Operating Stresses With Overlay Deposit  
 
Condition Axial Stress Hoop Stress 
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