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PRODUCT DESCRIPTION 

 
General Design Criterion 4 (GDC-4) in Appendix A of Part 50 of Title 10 of the Code of Federal 
Regulations (10CFR50) requires postulation of sudden double-ended guillotine break (DEGB) in 
high-energy lines of light water reactors.  This requirement resulted in the installation of massive 
protective devices such as pipe whip restraints and jet impingement shields in the vicinity of high 
energy lines in some plants.  These devices were extremely expensive to design and install, and 
in most cases interfered with the inspection of the adjacent piping weld.  Because of 
advancements in fracture mechanics technology, the Nuclear Regulatory Commission (NRC) 
amended GDC-4 in 1987 to permit the use of leak-before-break (LBB) evaluation as an alternate 
to the DEGB postulation. 

The purpose of LBB evaluations is to demonstrate through deterministic fracture mechanics 
analyses that through-wall flaws in high energy piping systems will result in leaks that can be 
detected by plant leak detection systems long before the flaws grow to unstable critical flaw sizes 
that can result in DEGB.  The general guidance for performing LBB evaluations is provided in 
NUREG-1061, Vol. 3 and NUREG-0800, draft SRP 3.6.3. 

One of the limitations imposed by the NRC in NUREG-1061, Vol. 3 and draft SRP 3.6.3 is that 
locations on piping systems that are susceptible to stress corrosion cracking (SCC) do not qualify 
for LBB.  Before the primary water stress corrosion cracking (PWSCC) incidents in the Alloy 
82/182 butt welds at a few domestic and foreign plants, PWR butt welds were generally believed 
to be free of SCC problems since PWRs operate in a low oxygen environment.  As such, LBB 
has been applied to various high energy lines in PWRs as an alternate way of addressing the 
assumption of DEGB per GDC-4 of 10CFR50.  Following the recent PWSCC events, the 
application of LBB at Alloy 82/182 locations has been questioned. 

Objectives 
The objective of the study presented in this report is to demonstrate that the previous LBB 
submittals reviewed and approved by the NRC, as well as the present submittals for LBB 
application (currently under review by the NRC), still have adequate margins in the presence of 
PWSCC at the Alloy 82/182 locations. 

Approach 
To identify where LBB had been applied to Alloy 82/182 welds, a survey was completed to 
determine the systems where LBB had been applied, or for which there is a current or pending 
LBB application, for the entire PWR fleet.  Next, these systems were reviewed to determine if 
they contained Alloy 82/182 welds.  This was followed by the determination of through-wall 
critical flaw lengths and leakage flaw sizes at critical locations.  The effect of PWSCC crack 
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morphology on calculation of leakage flaw sizes was evaluated.  The margins between the 
critical flaw sizes and the leakage flaw sizes were then determined and compared to the 
guidelines in NUREG-1061, Vol. 3 and draft SRP 3.6.3.  An evaluation of the leakage detection 
systems currently used at the plants was performed and it was concluded that there have been 
increased leak detection sensitivity by most plants such that they are trending leakage and taking 
action at leakage levels below the 1 gpm limit (which is normally assumed for LBB evaluation).   

Results 
The evaluation indicated that only the nozzle-to-safe end welds in five types of piping systems 
have Alloy 82/182 weldments for which there are current or pending LBB applications.  These 
are the reactor main coolant loop (which includes the piping connections to the reactor vessel, 
pumps, and steam generators), the surge line, the safety injection line, shutdown cooling, and 
core flood line. 

The LBB evaluation for these lines considering PWSCC morphology indicated that the margins 
in NUREG-1061, Vol. 3 and draft SRP 3.6.3 can be met for the relatively larger lines even after 
leak rate reduction resulting from PWSCC crack morphology are considered.  For smaller 
diameter lines (e.g., a surge line), the margin is reduced.  An evaluation of the leak detection 
capabilities indicated that most plants take actions long before the assumed Technical 
Specification required leakage of 1 gpm in one hour.  This is consistent with the leakage 
detection capability of 1 gpm used in the LBB submittals.  With the consideration of PWSCC, 
there is ample period (greater than one year) for the leakage size flaw to grow to a critical flaw 
length such that plants can take appropriate actions long before pipe rupture.   

EPRI Perspective 
The results of this study have shown that there is no immediate concern for application of LBB 
to Alloy 82/182 locations.  As such, there is no need for reinstallation of massive protective 
devices such as pipe whip restraints or jet impingement shields, at these locations.  Since 
inspection is an important part of managing PWSCC cracking, the absence of these devices will 
facilitate the inspection of these welds.   

Keywords 
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Alloy 182 
Critical flaw size 
LBB 
Leak-before-break 
Leakage flaw size 
Leak detection 
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1  
INTRODUCTION 

1.1 Background on Technical and Licensing Aspects of LBB 

Historically, the assumption of a double-ended sudden pipe break for design purposes goes back 
to the original design of the Shippingport reactor, where the containment was designed for the 
sudden break in the reactor coolant system piping.  In the sixties, the sudden break was used for 
design of emergency core cooling systems (ECCS).  In the seventies, the emphasis shifted to 
considering the dynamic effects of the break with respect to reactor asymmetric loading, jet 
impingement, and pipe-whip [1-1].  This resulted in the implementation of General Design 
Criterion 4 (GDC-4) “Environmental and Dynamic Effects Design Bases” in Appendix A of Part 
50 of Title 10 of the Code of Federal Regulations (10CFR50) which required postulation of 
sudden double-ended guillotine breaks (DEGB) in the high-energy lines of light water reactors.  
This requirement resulted in the installation of massive protective devices such as pipe whip 
restraints and jet impingement shields in the vicinity of high-energy lines in some plants.  The 
cost of these protective devices was extremely high, and in many cases also made inspection of 
the adjacent piping welds very difficult, if not impossible.  In some cases, these devices had to be 
removed and reinstalled during the inspections, leading to increased man-rem exposure.   

The issue of asymmetric blowdown loads on PWR primary systems following a postulated 
DEGB in such systems was identified by the Nuclear Regulatory Commission (NRC) staff in 
1975 as an Unresolved Safety Issue (USI) A-2.  The resolution of this issue would have required 
installation of massive pipe whip restraints in some PWRs.  Instead, the industry and the NRC 
staff resolved this issue by adoption of the leak-before-break (LBB) concept utilizing fracture 
mechanics techniques.  Following the successful resolution of the USI A-2 issue and the work of 
the Pipe Break Task Group published in NUREG-1061, Vol. 3 [1-2] in 1984, the NRC accepted 
the concept of LBB for large diameter high energy piping as an alternate to the DEGB 
postulation.  In 1986, NRC amended GDC-4 to permit the use of LBB analysis for primary loop 
piping in PWRs.  While the LBB concept permitted elimination of local effects of the DEGB, the 
global effects of the DEGB were retained [1-3].  The containment must be designed to 
accommodate the effects of pressure, temperature, and flooding due to the break of up to the 
largest pipe in the reactor coolant system (RCS).  The ECCS must be designed to accommodate 
the break of the largest line.  Equipment inside the containment must be qualified to withstand 
the effects of pressure, temperature, flooding, humidity, chemical environment and radiation 
resulting from pipe ruptures. 

The use of LBB as an alternative to the DEGB postulation required a relief request or exemption 
from the NRC until 1987 when a final rule was published amending GDC-4 to permit the use of 
LBB analyses in all qualified high-energy piping systems [1-4].  At the same time, a draft 
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Standard Review Plan (draft SRP 3.6.3) [1-5] entitled “Leak-Before-Break Evaluation 
Procedures” which provided review guidance for the implementation of the revised GDC-4 was 
published for comments in August 1987.  This draft SRP 3.6.3 and NUREG-1061, Vol. 3 
provide the guidelines for the NRC to review LBB submittals.  The technical requirements in 
these two documents are essentially the same and hence, they are referenced interchangeably 
throughout this report. 

The purpose of an LBB evaluation is to demonstrate through deterministic fracture mechanics 
analyses that through-wall flaws in high energy piping systems will result in leaks that can be 
detected by the plant leak detection system before the flaws grow to critical through-wall flaw 
sizes that can result in a DEGB.  The demonstration of the LBB concept for a particular high-
energy piping system permits the removal or non-installation of the massive protective devices 
on that system.  In addition, other dynamic effects such as those due to jet impingement and 
reactor internals loadings need not be included as a condition of design.   

General technical guidance for LBB evaluation is provided in Section 5 of NUREG-1061, Vol. 
3.  In particular, subsection 5.2 provides a detailed step-by-step approach for performing LBB 
evaluations.  A summary of the key technical requirements is provided below. 

– Address the limitations imposed in Section 5.1 of NUREG-1061, Vol. 3 on the use of 
LBB for high-energy piping.  LBB is not considered applicable to systems if operating 
experience indicates particular susceptibility to failure from the effects of corrosion (e.g., 
intergranular stress corrosion cracking (IGSCC) or flow assisted corrosion (FAC)), water 
hammer, or low and high cycle (i.e., thermal, mechanical) fatigue. 

– Determine loads and stresses.  The loads to be used in LBB evaluations include normal 
operating loads (pressure, dead weight and thermal) for leakage determination and 
normal plus seismic SSE loads for critical flaw determination. 

– Determine material properties to be used in the LBB evaluation.  Key material properties 
include stress-strain curve parameters and material toughness.  Specific requirements for 
determination of the material properties are provided in NUREG-1061, Vol. 3.   

– Determine critical and leakage flaw sizes based on fracture mechanics using either 
elastic-plastic J-integral/tearing modulus approach or net section collapse (limit load) 
analyses.  The critical flaw size is that flaw size at which failure or instability occurs 
based on the applied loading.  The leakage flaw is the flaw size that will result in a 
particular leakage (usually 1 gpm with a margin of 10 applied per NUREG-1061, Vol. 3). 

– Determine the margin between the critical flaw size and the leakage flaw size.  NUREG-
1061, Vol. 3 recommends a margin of two, except that the critical flaw size based on √2 
on loads must also be shown to exceed the leakage flaw size.  The factor of √2 can be 
reduced to 1.0 if faulted loads are combined by absolute summation method [1-5]. 

– Perform crack growth evaluation of sub-critical flaws to show that they will not grow to 
critical flaw size between inspections. 
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LBB for the piping system is demonstrated if adequate margin exists between the leakage flaw 
size and the critical flaw size and if there is adequate inspection interval to supplement the LBB 
evaluation.   

1.2 Application of LBB to Alloy 82/182 Components 

One of the limitations imposed by the NRC in NUREG-1061, Vol. 3 and the draft SRP 3.6.3 is 
that locations on piping systems that are susceptible to corrosion mechanisms such as stress 
corrosion cracking (SCC) do not qualify for application of LBB.  However, the NRC indicated in 
the draft SRP 3.6.3 that non-conforming piping that has been treated by two mitigating methods 
may qualify for LBB if the piping contains no flaws larger than those permitted by ASME Code 
Section XI without repair.  Alternatively, LBB is acceptable if two mitigation methods were 
applied within the first two years of service.  No guidance was provided in these documents as to 
what actions to take if cracking were to be discovered after LBB was accepted by the NRC. 

Before the cracking incidents in the Alloy 82/182 weld metal in CRDM penetration welds and in 
the butt welds at V. C. Summer and a number of other plants, PWR butt welds were generally 
believed to be free of SCC problems since PWRs operate in a very low dissolved oxygen 
environment.  As such, LBB has been applied to various high-energy lines in PWRs as an 
alternate way of addressing the assumption of a DEGB per GDC-4 of 10CFR50.  Following the 
event at V. C. Summer, new LBB submittals for high-energy lines for PWRs with Alloy 82/182 
have been deferred until the issue is resolved.   

Consideration of SCC in Alloy 82/182 material in LBB applications has three potential effects on 
the evaluations.  First, all the LBB applications to-date have assumed that crack growth by 
fatigue is the only credible cracking mechanism, and hence the determination of leakage through 
flaws has been based on crack morphology consistent with fatigue cracks.  Recent research [1-6] 
suggests that the assumption of SCC will have an impact on the roughness assumption since 
SCC introduces a tortuous path for the fluid in leakage determination.  The assumption of 
increased crack face roughness and a flow path consisting of multiple changes of direction of the 
flow (turns) can increase the size of leakage flaws, or reduce the margin between critical flaw 
size and the flaw size needed to produce a specific leak rate.  Second, crack growth due to SCC 
is also a credible crack growth mechanism in addition to fatigue.  Studies have shown that SCC 
growth rate in Alloy 82/182 can be relatively high [1-7].  Third, there is some concern that 
PWSCC flaws may grow in the circumferential direction around the butt welds, instead of 
growing predominantly through-wall prior to growing in the circumferential direction, thus 
affecting the basic premise for LBB.  The effect of these three issues will be the main focus of 
this report.   

Three other degradation mechanisms that could potentially affect the LBB evaluation for Alloy 
82/182 locations are also addressed in this report.  The first is thermal aging, which leads to 
embrittlement and consequently loss of toughness.  This phenomenon has been observed in some 
stainless weldments [1-8] and as such, it is prudent that it be addressed with respect to Alloy 
82/182 materials.  The second is the loss of toughness at low temperatures in the presence of 
hydrogen in Alloy 82/182 and some other nickel-based alloys [1-9, 1-10].  This mechanism is 
referred to as low temperature crack propagation (LTCP).  The third relates to degradation of 
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toughness at the fusion line of Alloy 82/182 welds.  The limited amount of work presented in 
Reference 1-11 indicates that when Alloy 82/182 is welded to ferritic steels, the toughness at the 
fusion line may be reduced compared to the weld metal.  These mechanisms could potentially 
affect the critical flaw size calculations. 

All other aspects related to LBB evaluation remain unchanged for application in PWR reactor 
coolant system piping.  It is recognized that existing LBB analyses for Alloy 82/182 locations 
may have margins that are over and beyond the minimum recommended in NUREG-1061, Vol. 
3 and draft SRP 3.6.3, and as such the effect of the these issues will be investigated to determine 
how much the present margins in LBB evaluations for Alloy 82/182 locations are affected.   

It is widely believed that since the publication of the technical methodology for LBB 
applications in NUREG-1061, Vol. 3 and the draft NUREG-800, draft SRP 3.6.3, there have 
been significant advances in technology and experience such that the criteria in these documents 
can be revisited and some of the conservatisms in the LBB evaluation can be addressed.  In 
particular, work done on various aspects of the Alloy 82/182 butt weld cracking issue [1-12, 1-
13, 1-14] is available, which are used in this report as a basis for developing a technical 
justification for application of LBB at these locations without the need for any mitigating 
actions.  For the B&W designed plants, a separate LBB evaluation was performed to address the 
Alloy 82/182 locations in the cold legs of the main loop piping [1-15].  Progress in other areas of 
LBB evaluations is documented in several industry reports [1-16, 1-17].  In addition, plants are 
typically trending leakage rates at much lower levels than those assumed in original LBB 
submittals.  Therefore, some of the margin requirements in these documents are very 
conservative.  In addition, NDE capabilities in Alloy 82/182 butt welds locations have been 
significantly improved.  Therefore, the restriction imposed in these documents regarding when to 
apply LBB especially with regard to susceptibility to SCC can be revisited in light of recent work 
performed by the industry in these areas. 

1.3 Objective of Report and Organization 

The objective of the study in this report is to demonstrate that LBB applications with Alloy 
82/182 locations still have adequate margins in the presence of PWSCC at these locations.  
Specifically, this report includes: 

• LBB locations in general and Alloy 82/182 locations with LBB applications (Section 2) 

• The material properties used in the evaluations including discussion of toughness 
(Section 3) 

• PWSCC crack shape and effect on LBB behavior (Section 4) 

• Evaluation of critical flaw sizes, leakage, leakage flaw sizes, and associated margins 
(Section 5) 

• Leak detection (Section 6) 

• Crack growth evaluations (Section 7) 
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• The role of in-service inspection and proposed inspection guidelines for Alloy 82/182 
locations (Section 8) 

• Margins and Uncertainties in LBB Evaluations (Section 9) 

• Finally, summary and conclusions are provided.  (Section 10) 

1.4 Overall Technical Approach 

The technical approach employed in this report consists of determining the leakage flaw sizes 
and critical flaw sizes for Alloy 82/182 locations in the PWR fleet.  The margin between the 
critical flaw size and the leakage flaw size is then determined and compared to the guidelines in 
NUREG-1061, Vol. 3 and draft SRP 3.6.3 and an assessment of the margin has also been 
performed assuming a conservative PWSCC crack morphology factor.  Since the leakage 
detection systems of many plants are capable of measuring leakage significantly below 1 gpm, 
this margin is determined for different assumed leak rates to determine its sensitivity to leakage.   
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2  
COMPILATION OF PLANT INFORMATION ON LBB 

There are a total of 69 PWR units in the U.S.  These plants were designed by three major 
vendors, Babcock & Wilcox (seven), Combustion Engineering (14), and Westinghouse (48).  A 
summary of the Alloy 82/182 butt welds in these plants has been provided in the MRP Butt Weld 
Safety Assessment [2-1, 2-2, 2-3].  The number of PWR plants with current or pending LBB 
applications are shown in Table 2-1.  All the Alloy 82/182 LBB butt weld locations are 
associated with the nozzle (typically SA 508 C1ass 2) to piping or safe end connections.  The 
number of plants and pipelines or systems with Alloy 82/182 locations that have current 
approved or pending LBB submittals is shown in Table 2-2. 

As can be seen from Table 2-1, several piping systems have been qualified for LBB.  However, 
as shown in Table 2-2, Alloy 82/182 materials are present in five main piping systems to which 
LBB has been applied.  These are the primary loop piping (which includes the piping 
connections to the reactor vessel, pumps and the steam generators), the surge line (connections to 
the pressurizer and the hot leg), the safety injection line, the shutdown cooling line and the core 
flood piping (connection to the core flood tank).  The evaluations in this report will focus on 
these five piping systems. 
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PWR Plant Designs: Babcock and Wilcox Design Plants (MRP-112), EPRI, Palo Alto, 
CA: 2004.  1009805. 
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Table 2-1  
Plants with Current or Pending LBB Applications in PWRs 

Plant Type  

Westinghouse CE B&W 

Main Loop Piping 48 14 7 

Surge Line Piping 23 1 0 

RHR Piping 13 0 0 

Accumulator Piping 19 0 0 

Loop Bypass Piping 6 0 0 

Main Steam Piping 2 0 0 

Core Flood Piping NA NA 3 

Shutdown Cooling NA 1 0 

Safety Injection 1 1 0 

 
Table 2-2 
Plants with Alloy 82/182 LBB Locations in PWRs 

Plant Type  

Westinghouse CE B&W 

Main Loop Piping 30 11 7 

Surge Line Piping 16 1 0 

Core Flood Piping NA NA 3* 

Shutdown Cooling NA 1 NA 

Safety Injection 0 1 NA 

* This project did not evaluate these locations because they are at containment temperature 
 and are isolated from the RCS. 

 



 

3  
EVALUATION OF MATERIAL PROPERTIES INCLUDING 
TOUGHNESS OF ALLOY 82/182 WELDS 

Material properties play a key role in several aspects of LBB evaluations.  In this section, 
material properties used in the LBB evaluations are discussed.  Material properties are required 
for the determination of critical and leakage flaw sizes. 

3.1  Material Properties for Critical and Leakage Flaw Size Determination 

Two alternate methods are allowed in NUREG-1061, Vol. 3 [3-1] and NUREG 0800, draft SRP 
3.6.3 [3-2] in calculating critical flaw sizes for LBB evaluation.  The first is elastic-plastic 
analysis employing the J-integral/tearing modulus (J-T) technique.  The second method involves 
the use of limit load (net section plastic collapse) analysis.  The inherent assumption in the use of 
limit load analysis for determination of critical flaw sizes is that the material possesses adequate 
toughness such that the whole cross-section of the pipe becomes plastic prior to failure.  On the 
other hand, in order to use J-T analysis, it is only necessary to show that the material has enough 
toughness to prevent brittle fracture. 

Limit load analysis is used in this report to determine the critical flaw sizes at normal operating 
temperature because Alloy 82/182 welds have been shown to be very ductile and possess 
toughness comparable to forged austenitic stainless steel base metal or GTAW/GMAW 
weldments at the normal operating temperature.  At lower temperatures (less than 300oF), where 
the toughness is very low, elastic-plastic fracture mechanic techniques involving the J-T analysis 
concept is used to determine the critical flaw sizes. 

3.1.1  Toughness of Alloy 82/182 
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PWSCC CRACK SHAPE AND EFFECTS ON LBB 
BEHAVIOR 
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5  
DETERMINATION OF CRITICAL FLAW SIZES 
(STABILITY) AND LEAKAGE FLAW SIZES 

5.1  Determination of Critical Flaw Size at Normal Operating Conditions 

The critical flaw length for a through-wall flaw is that length at which under a given set of 
applied stresses, the flaw would become marginally unstable.  Per NUREG-1061, Vol. 3 [5-1] 
and NUREG-0800, draft SRP 3.6.3 [5-2], the critical flaw length can be determined by elastic 
plastic-fracture mechanics using the J-integral/tearing modulus approach or by net-section plastic 
collapse (limit load).  The load combination used in determining the critical flaw length is 
normally that due to normal full-power plant operation (pressure, dead weight and thermal 
expansion) plus the design basis safe shutdown earthquake (SSE).  For pressurizer surge lines, 
stratified conditions that occur during limited periods of heatup/cooldown conditions without the 
earthquake loads may be controlling.  These loads, as used in this evaluation for typical PWR 
plants, are presented in Table 5-1 [5-3, 5-4, 5-5].  For some cases, the locations used in 
References 5-3, 5-4, and 5-5 were not licensed for LBB, so loadings for other similar LBB 
locations were used.   

In this evaluation, limit load analysis was employed in the determination of the critical flaw size.  
The use of limit load analysis assumes that the material has very good toughness.  As discussed 
in Section 3 of this report, Alloy 82/182 weldments at normal operating conditions of PWRs 
have toughness very similar to that of Type 304 stainless steel base material and TIG welds.  
ASME Section XI flaw evaluation methodology for these stainless steels assumes limit load 
analysis, which therefore justifies the use of limit load analysis for Alloy 82/182 weldments at 
operating temperature. 

The ASME Section XI limit load source equations [5-6, 5-7, 5-8] were used to determine the 
critical flaw sizes for circumferential and axial flaws.  For through-wall flaws, the flaw depth to 
thickness ratio of unity was used in these equations.  The Alloy 182 butter on the nozzle of most 
of these locations was deposited using the shielded metal arc welding (SMAW) process which 
would require the use of the so called Z factors in ASME Section XI in the limit load analysis.  
However, because of the very good toughness of these alloys at operating temperature, the use of 
the Z factor will result in conservative determination of the critical flaw sizes.  The results of the 
critical flaw size determination are summarized in Table 5-2. 
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5.2  Leakage Flaw Size Determination 
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8  
ROLE OF IN-SERVICE INSPECTIONS IN LBB 
EVALUATION 

In-service inspection (ISI) is a key element of the LBB process.  A successful LBB 
implementation can only be assured if ISI and/or leak detection provide early indication of flaws 
or leaks in the system.  Alloy 82/182 weld locations have been part of plants’ ISI programs.  
Although recent risk-informed in-service inspection (RI-ISI) programs using NRC accepted 
Code Cases N-560, N-577 and N-578 have eliminated some of the Alloy 82/182 weld locations 
from the inspection programs due to low risk and consequence of failure effects, the inspection 
of these welds as required by the Alloy 82/182 butt weld Inspection and Evaluation (I&E) 
guidelines [8-1] further complements the overall LBB approach. 

8.1 Inspection and Evaluation Guidelines for Alloy 82/182 Locations 

With the consideration of PWSCC as a crack growth mechanism, the MRP is in the process of 
developing I&E guidelines for PWSCC susceptible butt weld locations [8-1].  These guidelines 
among other things provide the frequency for inspection of the Alloy 82/182 welds based on the 
category of the weldment.  The philosophy used in the development of these guidelines is very 
similar to that provided by the NRC in NUREG-0313, Rev.  2 [8-2] for the BWRs for effective 
management of IGSCC in the susceptible stainless steel piping welds.  The I&E guidelines 
proposed by the MRP assures that in-service inspection plays an integral role in LBB evaluation 
and provides further assurance that the whole LBB process has a defense in depth philosophy. 

8.2  Volumetric Examination of Alloy 82/182 Locations 

Alloy 82/182 locations in PWRs are dissimilar metal (DM) welds, classified as ASME Section 
XI category B-F and B-J piping welds.  As required by ASME Section XI, they are inspected by 
ultrasonic examinations every 10 years.  These dissimilar metal welds pose an inspection 
challenge due to the microstructure of the weld combined with access constraints and weld 
geometry features. 

The need for improving ultrasonic examination technology for austenitic piping, including DM 
weldments, multiple material types, and microstructures in the scan path, became evident during 
the early 1980s when extensive stress corrosion cracking was discovered in BWR stainless steel 
piping systems [8-3].  During this period, several international round robin exercises were 
completed [8-4] that showed large scatter in the performance among inspection teams.  This 
experience created an impetus to improve ultrasonic examination technology.  Also at this time, 
formal requirements for demonstrating the performance of inspection procedures and personnel 
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came into effect, but only for BWR piping inspections.  The BWR piping examination [8-5] 
experience spurred improvements of ultrasonic testing (UT) instrumentation, procedures, and 
personnel training and performance was formally assessed and documented.  Since no instances 
of similar cracking had been reported in PWR units, there was no corresponding effort to 
demonstrate performance for PWR piping inspection at that time [8-6].  However, the UT 
technology improvements that came from the BWR experience contributed to improving the 
technology applied to PWR units, although there were no regulatory requirements at the time to 
demonstrate capability for PWR applications [8-7]. 

General performance demonstration requirements first appeared as Appendix VIII to the 1989 
Addenda of Section XI of the ASME Boiler and Pressure Vessel Code [8-4].  Appendix VIII 
requires demonstration of the capability to detect, discriminate, and size defects by examination 
of realistic mockups containing intentional defects with well-known size and location.  Essential 
variables used in the performance demonstrations are recorded and become part of the 
qualification record.  Supplements in Appendix VIII address specific components such as piping 
welds, vessel welds, vessel nozzles, bolting, etc.  Supplement 10 of Appendix VIII addresses UT 
of dissimilar metal welds, and was incorporated into 10 CFR50.55a requiring implementation by 
November 22, 2002.  All dissimilar metal weld examinations after that date have been required 
to be performed with Appendix VIII qualified procedures and personnel.  Thus, incorporation of 
Supplement 10 into the rule introduced formal performance demonstration requirements for the 
PWR and BWR piping DM weld inspections. 

Discovery of a leak from the V.C. Summer hot leg weld in 2000, and the associated UT and eddy 
current testing (ECT) experience, showed that the geometry of the weld can dramatically affect 
the reliability of UT for examinations conducted from the inside surface of the pipe.  Other 
experience, including Supplement 10 qualification results, confirmed the importance of knowing 
the weld configuration to enable adequate preparation for the examination.  For examinations 
performed from the outside surface, the weld and nozzle geometry, and the roughness or 
waviness of the surface, have a particularly strong influence on the examination effectiveness. 

The industry responded to these events with further improvements of UT technology coupled 
with intense efforts to qualify procedures and personnel to Supplement 10 for PWR applications.  
The qualification to Supplement 10 was modified to include challenging weld configurations 
such as were encountered at V. C. Summer to ensure that procedures and tooling address the 
range of inside surface contours.  These experiences have identified the most effective 
techniques and practices and these practices have been incorporated into production examination 
procedures [8-8].  In many situations, procedures and equipment in place prior to Supplement 10 
implementation had to be modified to improve performance to meet the new requirements.  
Another practical outcome of implementation of Appendix VIII, in addition to documentation of 
performance relative to standards, is formal documentation of procedure limitations.  That is, the 
qualification record specifically documents the range of conditions, such as surface roughness or 
waviness, for which the procedure is qualified.  This enables the licensee to identify where the 
procedures would not be effective and allows assessment and application of alternatives to 
address the limitations.  This kind of formal documentation was not available prior to 
implementation of Appendix VIII.  The most significant limitations pertain to surface conditions 
and weld configurations that preclude effective scanning.  Licensees can assess the applicability 
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of qualified procedures only if the site-specific surface conditions and as-built weld 
configurations are known. 

In summary, while volumetric inspections prior to about 2002 may not have had the same 
detection capability or pedigree as inspections performed subsequent to the implementation of 
Appendix VIII, Supplement 10, they have provided some assurance, in combination with the 
results of visual and surface examinations, that PWSCC is not widespread in dissimilar metal 
welds.  Implementation of Supplement 10 to Appendix VIII has resulted in development and 
application of improved procedures for UT detection and characterization of PWSCC in pipe 
butt welds.  Structural integrity assessments can be made with confidence for those situations in 
which a qualified UT procedure can be applied.  The improvement in UT capabilities, combined 
with the inspection intervals provided in the I&E guidelines for these weldments provides the 
assurance that the overall inspection program for Alloy 82/182 locations plays an integral role in 
the application of LBB to these locations. 
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10  
SUMMARY AND CONCLUSIONS 

Based on the evaluations presented in the preceding sections of this report, the following 
summarizes the application of LBB to Alloy 82/182 locations in PWRs. 

• A comprehensive evaluation was performed to identify all the Alloy 82/182 locations in PWRs 
and those locations for which LBB application has been submitted or in the process of being 
submitted.  The evaluation indicated that the piping systems that have Alloy 82/182 locations for 
which LBB has been applied include the main reactor coolant loop nozzle-to piping welds, the 
surge line connections to the pressurizer, the surge line, shutdown cooling and safety injection A 
comprehensive evaluation was performed to identify all the Alloy 82/182 locations in 
connections to the main reactor coolant loop piping.  The RCS main loop piping for all three 
vendors is in excess of 30 inches outside diameter and the surge line piping is between 12 inches 
and 15 inches nominal diameter.  No piping smaller than 12 inches, which contain Alloy 82/182, 
have been qualified for LBB.  The importance of this observation is that generally LBB is 
difficult to qualify for pipe sizes below 12 inch nominal OD which provided some optimism that 
even in the presence of Alloy 82/182 welds at these locations LBB will still be justified. 

• The only change from existing LBB evaluations that needs to be addressed for Alloy 82/182 
locations is consideration of PWSCC in these alloys.  In this respect, three issues need to be 
revisited: 

ο Will the presence of PWSCC assure that cracks will grow in the through-wall direction 
before growing in the circumferential direction such that crack profiles consistent with the 
DAEC safe end IGSCC pattern in the early 1980s will not result? 

ο Will the morphology associated with PWSCC have a significant impact on the leakage rate 
calculation (or leakage flaw sizes) so as to affect the LBB margins and conclusions? 

ο Will the crack growth associated with PWSCC in Alloy 82/182 materials affect leak 
detection before the critical flaw size is reached? 

• An evaluation was performed to determine the growth direction of flaws associated with 
PWSCC.  It was determined that based on both experimental studies and field behavior that 
flaws resulting from PWSCC will most likely grow in the through-wall direction and result in 
leak before growing in the length direction thus assuring LBB. 

• Even though the PWSCC morphology has an effect on the leakage rate calculation by increasing 
the leakage flaw size, adequate margins are still maintained between the critical flaw size and the 
leakage flaw size for all piping. 
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• The time to grow a flaw from a leakage size flaw to a critical flaw size is on the order of years.  
This shows that there is adequate time to detect leaks without concern for imminent pipe rupture. 

Other observations and conclusions from the work reported in this report are as follows: 

• Critical flaw sizes and leakage flaw sizes were determined for the various Alloy 82/182 
locations.  The critical flaw sizes were determined using limit load (net section plastic collapse) 
since it was established in this report that Alloy 82/182 materials have very high toughness 
consistent with that of forged stainless steel base metal and TIG welds at the operating 
temperature of PWRs.  In spite of this observation, thermal loads were conservatively included in 
the load combination for determining the critical flaw sizes.  The through-wall critical flaw sizes 
were found to be relatively large (in excess of 16 inches in the axial direction and greater than 
20% of circumference in the circumferential direction). 

• For LBB evaluations, circumferential flaws are more critical than axial flaws since, for axial 
flaws, PWSCC is limited to the width of the weld, which is very small in comparison to the 
critical flaw sizes calculated for the axial flaws. 

• Leakage flaw sizes for butt weld circumferential flaws were determined using fatigue and 
IGSCC morphologies.  An assessment of margins was also performed using conservative 
PWSCC morphologies.  There is an increase in the leakage flaw size when IGSCC or PWSCC 
morphology is considered relative to fatigue. 

• The margin between the critical flaw size and the leakage flaw size is greater than two for the 
piping considered in this evaluation if fatigue or IGSCC morphologies are assumed and 
assuming a leak rate of 10 gpm (detectable leakage of 1 gpm and a margin of 10 on leakage).  
When PWSCC morphology factor of 1.69 is considered relative to fatigue, all main loop piping 
locations meet the critical-to-leakage flaw size margin of two; for smaller lines, the minimum 
margin was 1.3 (for one plant).  When a leak rate of 1 gpm is assumed in the evaluation, all lines 
far exceed the margin of two when PWSCC morphology is considered. 

• Plant staff has become more sensitive with regard to leak detection and several plants take action 
long before the Technical Specification limit of 1 gpm is reached.  Several plants can detect 
leakage far lower than 1 gpm.  Over longer periods, there is more assurance that low leakage 
rates could be detected.  If this lower leak detection limit is used, all the Alloy 82/182 locations 
considered in this report will have a margin of at least two between the critical flaw size and the 
leakage flaw size. 

• Due to the increased sensitivity to leak detection at most plants, it is believed that the margin of 
10 on leakage in the existing LBB submittal is conservative and the reduction of this margin will 
further justify LBB for these Alloy 82/182 locations in the presence of PWSCC. 

• Inspection guidelines have been developed to ensure that cracks will be detected long before they 
reach critical sizes adding further conservatism to application of LBB to these Alloy 82/182 
locations. 

• Other potential degradation mechanisms that can invalidate application of LBB to Alloy 82/182 
locations were evaluated and it was concluded that only low temperature crack propagation and 
thermal aging and reduction of toughness at the fusion line could have any impact on the LBB 
evaluations.  The effect of these mechanisms on the critical flaw size was evaluated and was 
found to have no adverse effects on the LBB evaluations. 
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• There are several conservatisms inherent in the LBB evaluations such as the use of lower bound 
material properties and the treatment of secondary load such as thermal expansion and 
stratification related loads as primary loads. 

• The MRP is developing inspection guidelines for Alloy 82/182 locations in PWRs that will 
ensure that inspections support continued application of the LBB approach for these locations. 

Based on the above observations and the conservatisms inherent in the analysis, it is concluded that 
there is no concern for LBB applied to Alloy 82/182 locations in PWRs.  The main loop piping 
system has critical-to-leakage flaw size margins of at least two when PWSCC morphology is 
considered and therefore qualifies for LBB.   Even though some of the smaller lines have critical-to-
leakage flaw size margins slightly less than two, they also qualify for LBB in the presence of 
PWSCC in light of the conservatisms inherent in the evaluation, which has been recognized by the 
NRC staff in previous LBB submittals.  
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