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Summary 

The U.S. Nuclear Regulatory Commission (NRC) executed agreements with organizations in Japan, 
Sweden, South Korea, Finland, and the United States to establish the Program for the Inspection of Nickel 
Alloy Components (PINC).  The objectives of the PINC program participants are: 

 To join together for cooperative research. 

 To address the problem of primary water stress corrosion cracking (PWSCC), a form of degradation 
observed in some pressurized water reactor pressure boundary components.  Specifically, the research 
was designed primarily to understand the morphology of PWSCC cracks, to assess nondestructive 
evaluation (NDE) techniques for detecting and characterizing cracks with such morphology, and to 
distinguish them from other types of flaws or other innocuous weld conditions.  This program 
provided data that enabled a quantitative assessment of available NDE techniques to detect and size 
PWSCC in nickel-based alloys. 

The PINC participants identified and ranked all PWSCC and component configurations for 
consideration for study in the PINC framework.  The three areas that were ranked highest were bottom-
mounted instrumentation (BMIs), dissimilar metal welds (DMWs), and control rod drive mechanisms 
(CRDMs).  The BMIs were identified as top priority because it is not easy to replace a reactor pressure 
vessel bottom head and repairs are challenging, as was learned at the South Texas Project.  The issue of 
dissimilar metal welds was considered to also be very important based on the cracking that had been 
experienced at V.C. Summer and Ringhals.  The CRDM issue was also assigned a high priority because 
of the number of plants world wide that have experienced cracking and the Davis-Besse event.  However, 
the low availability of CRDM assemblies and the need to complete the PINC round robin in a timely 
fashion made it possible to address only the dissimilar metal welds and the bottom-mounted 
instrumentation nozzles.  Dissimilar metal piping weld assemblies were available immediately so this 
round-robin study was able to start first. 

The PINC was focused on studying two aspects of PWSCC.  One was to document the crack 
morphology and NDE responses of PWSCC and compare these data with methods to simulate PWSCC 
for NDE capability studies.  The other was to study the capability of various NDE methods to detect and 
size the through-wall extent of PWSCC.  The studies involving NDE capability were carried out as 
international round robins with PINC participants.  The results are, in some cases, discussed with 
reference to the requirements of ASME Code, Section XI, Appendix VIII.  It should be noted that the 
round robin study was not designed to constitute an Appendix VIII compliant demonstration. 

This report describes the efforts of the PINC participants to assess the capability of NDE techniques 
to detect and characterize the through-wall depth and length of PWSCC in bottom-mounted 
instrumentation penetration tubes and J-groove welds.  Based upon the information that was developed 
from conducting round-robin exercises on BMI nozzles, this study provided the following conclusions.  
The conclusions and recommendations presented in this report are based on the probability of detection, 
false call rate, and sizing statistics measured in the round robin studies.   
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Probability of Detection Performance 

For the test samples used in the PINC BMI round robin, two techniques proved to have a high 
probability of detection for flaws greater than 5 mm in length: eddy current using a single cross coil probe 
at 300-400 kHz and adaptive phased array ultrasonic testing at 5 MHz.  The array eddy current 
examinations carried out in this BMI round robin using frequencies of 100-200 kHz had relatively poor 
performance, with a large number of false calls.  There were not enough long flaws in the potential drop 
inspections to determine their effectiveness with statistical significance.   

Sizing Performance 

The cross coil eddy current techniques, adaptive phased array ultrasonic test, and the closely coupled 
probe potential drop tests all achieved length sizing root mean square errors of less than 5 mm.  The array 
eddy current techniques in this BMI round robin were less effective at length sizing, and the induced 
current potential drop technique did not have a sufficient number of inspections to draw any conclusions 
on the technique’s length sizing capability.  There was insufficient information on depth sizing to draw 
meaningful conclusions. 
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1.0 Introduction 

Stress corrosion cracking in nickel alloy material has occurred world-wide in a number of nuclear 
power plants and is seen as a serious issue affecting the reliable and safe operation of nuclear power 
plants.  Stress corrosion cracking in dissimilar metal welds is often referred to as primary water stress 
corrosion cracking (PWSCC) or interdendritic stress corrosion cracking (IDSCC).  For this report the 
term primary water stress corrosion cracking (PWSCC) will be used.  PWSCC degradation has resulted in 
breaches of the pressure boundary and caused leakage in several dissimilar metal welds (Bamford 2000; 
Bamford et al. 2002; Jenssen et al. 2002a; Jenssen et al. 2002b), control rod drive mechanism nozzle 
penetration weldments (Frye et al. 2002; Lang 2003), and bottom-mounted instrumentation nozzle 
penetration weldments (Halpin 2003).  Reliable detection of PWSCC is challenging because the 
geometries, materials, and configurations are not conducive to reliable nondestructive evaluation (NDE) 
and the service-induced cracking exhibits very tight and very complex branching in the nickel-based 
welds. 

The U.S. Nuclear Regulatory Commission (NRC) executed agreements with organizations in Japan, 
Sweden, South Korea, the United States, and Finland to establish the Program for the Inspection of Nickel 
Alloy Components (PINC).  The objectives of the PINC program participants are: 

 To join together for cooperative research. 

 To address the problem of PWSCC.  Specifically, the research was designed primarily to understand 
the morphology of PWSCC cracks, to assess NDE techniques for detecting and characterizing cracks 
with such morphology, and to distinguish them from other types of flaws or other innocuous weld 
conditions.  This program provided data that enabled a quantitative assessment of available NDE 
techniques to detect and size PWSCC in dissimilar metal welds.  

PINC program participants organized the project into a Steering Committee, two task groups, and the 
Data Analysis Group, as illustrated in the following organizational chart (Figure 1.1). 

 

PINC Steering 
Committee

Dr. Iouri Prokofiev-
Chairman

Task Group on 
NDE

Dr. Steven Doctor-
Chairman

Data Analysis
Group

Dr. Stephen Cumblidge-
Chairman

Task Group on 
PINC Atlas

Dr. Robert Harris-
Chairman

 
 

Figure 1.1.  Organization Chart for Steering Committee and Task Groups 
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1.1 PINC Steering Committee 

 Steering Committee Members 
 

Deborah Jackson was the original Chairman from the NRC.  In 2004 she was replaced by Carol 
Moyer, and in 2007 Carol Moyer was replaced by Iouri Prokofiev  

Katsumi Kono 
Suck-Chull Kang was the initial representative from KINS.  In May 2007 he was replaced by 

Myungho Song and in May 2008 he was replaced by Haedong Chung 
Pentti Kauppinen 
Peter Merck 
Naoki Chigusa was the initial representative from Kansai Electric Power Company.  He was 

replaced by Mr. Hiraoka. 
Masanobu Iwasaki was the substitute for Dr. Chigusa.  In June 2008, he was replaced by 

Mr. Taniguchi. 
Tetsuo Shoji 
Jack Spanner 
 
Non-Voting Members 
Rob Harris 
Steven Doctor 
Stephen Cumblidge 

The Steering Committee of the Program provides guidance for the project and its implementation 
and: 

 Advises the Task Groups on program implementation and recommends related actions. 

 Monitors the program progress, collects, coordinates, and assimilates the results of projects 
(Task Groups) addressing specific aspects of the problem, and promotes practical 
implementation of program results at the national level. 

 Provides a forum for exchanging information among group members on related work underway 
and planned activities.  The Steering Committee develops strategies to deal with matters 
requiring coordination with members.  

 Assures that the efforts of the Task Groups and of the program as a whole remain focused on 
specific technical issues that have been agreed to by PINC members as well as ensuring that the 
work is progressing to an agreed-upon time schedule. 

 Provides a final report documenting the results of this program and providing specific 
recommendations for inspection of PWSCC. 

1.2 Task Group on NDE 
 
 Task Group (TG) NDE Members 
 

Steven Doctor – Chairman 
Ichiro Komura 
Katsumi Kono 
Kwangsik Yoon 
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Kyungcho Kim 
Sung Sik Kang 
Pentti Kauppinen 
Peter Merck 
Tommy Zettervall 
Shuji Tanioka 
Jack Spanner 

This Task Group (TG)-NDE has the following objectives: 

 Develop designs of round-robin studies that need to be conducted in order to quantify the 
effectiveness of NDE for the detection and characterization of PWSCC. 

 Review and assess methods to simulate the NDE responses from implanted flaws that will 
mimic the NDE response from service-induced PWSCC for use in round-robin studies. 

 Review available mockups for use in the round-robin studies and, if new assemblies are needed, 
ensure that they are developed. 

 Develop a test plan for each intended round-robin study. 

 Coordinate the PINC inspection teams so that a schedule can be developed for circulating the 
assemblies and ensure it is followed. 

 Use invigilators to oversee the round-robin inspections in each country and to ensure uniformity 
of guidance for each team. 

 Coordinate receipt of inspection results. 

1.3 Task Group on PINC Atlas 
 
 Task Group Atlas Members 
 

Robert Harris – Chairman 
Seiji Asada  
Joo Youl Hong 
Tae Hyun Lee 
Iouri Prokofiev 
Brian Rassler 
Myung Ho Song 
Boyd Taylor 
Kwangsik Yoon 
Masanobu Iwasaki 
Kyungcho Kim 
Sung Sik Kang 
Tetsuo Shoji 
Shuji Tanioka 
Hännu Hanninen 
Karen Gott 

The objective of the TG-Atlas technical subgroup is to produce a final product of the PINC program 
that is an electronic resource of information on PWSCC in nickel-based alloys used in nuclear power 
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plant applications.  This will include documenting the material that has been generated in support of an 
improved understanding of (1) the morphology of PWSCC, (2) NDE responses to PWSCC, and (3) the 
capability of NDE to reliably detect and accurately size PWSCC. 

 The TG-Atlas group is taking the following as input: 

– Results of the activities of the other task groups 

– Presentations of PINC members 

– Submissions from PINC members 

– Available open literature 

 The TG-Atlas will produce an Atlas in electronic form as output that will be provided to all PINC 
participants. 

 The Atlas will be user-friendly and permit additions by users. 

 The Atlas will document the following: 

– PWSCC morphology 

– PWSCC NDE results from real PWSCC and simulated PWSCC 

– Round-robin test results 

– To the extent practicable, contrasting morphology and NDE results from other types of cracking 
and noise sources that are likely to be confused with PWSCC 

– References and links to the open literature. 

1.4 Data Analysis Group 
 
 Data Analysis Group Members 

 
Stephen Cumblidge – Chairman  
Steven Doctor, Invigilator U.S. 
Pat Heasler  
Peter Merck 
Tommy Zetterwall, Invigilator Europe 
Ichiro Komura, Invigilator Japan 
Kazunobu Sakamoto  
Kyung-Cho Kim, Invigilator Korea 
Myung Ho Song 
Yongsik Kim 
Sung Sik Kang 
Pentti Kauppinen 
Jack Spanner 
Anders Brunn 

This group is responsible for: 

 Coordinating the analysis of the data that was generated during the round-robin trials conducted 
under TG-NDE 
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 Coordinating the need for oversight of destructive testing 

 Assembling the data and information for inclusion into the Atlas 

 Developing a final report on the round-robin trials for submitting to the Steering Committee. 

The PINC surveyed the program participants to identify and rank all PWSCC and component 
configurations for consideration to be studied in the PINC framework.  The three areas that were ranked 
highest were the bottom-mounted instrumentation, dissimilar metal piping welds, and control rod drive 
mechanisms.  The bottom-mounted instrumentation (BMI) areas were identified as top priority because it 
is not easy to replace a reactor pressure vessel bottom head and repairs are challenging, as learned at the 
South Texas Project nuclear power plant.  The issue of dissimilar metal welds (DMWs) was considered to 
also be very important, based on the cracking experienced at the V.C. Summer and Ringhals plants.  The 
control rod drive mechanism (CRDM) issue was also ranked high because of the Davis-Besse event and 
the number of plants worldwide that have experienced cracking.  However, the limited availability of 
CRDM assemblies and the need to complete the PINC round robin in a timely fashion made it possible to 
address only the DMWs and the BMI nozzles.  It was also thought that the NDE techniques used for 
BMIs would be used on CRDMs and, as a result, would be addressing the CRDM inspection issues.  
DMW assemblies were available immediately, so this round-robin study was able to start first.  

The PINC program focused on studying two aspects of PWSCC:  (1) document the crack morphology 
of PWSCC and (2) study the capability of various NDE methods to detect and size the through-wall 
extent of PWSCC.  The studies involving NDE capability were carried out as international round robins 
with PINC program participants.  

This report documents the study of NDE inspection capability to detect and length the through-wall 
extent of PWSCC in bottom mounted instrumentation penetrations (BMI).  The report is organized as 
follows. 

Section 1 provides introductory material and explains the organization of the PINC program.  
Section 2 provides background information for the round-robin study.  The availability of test blocks 
offered to the PINC program is reviewed in Section 3 along with photographs of the test blocks, 
schematic drawings of product forms, and dimensions of the test blocks.  Section 3 also gives the 
coordinate system used in the round-robin test.  Section 4 describes the manufacturing process for the 
flaws used in the test blocks.  Section 5 describes the scoring procedure used for the analysis in this 
report.  Section 6 presents information on the NDE methods that were used by PINC participants in this 
round-robin study along with probability of detection (POD) results.  Section 7 covers the sizing 
performance for the NDE techniques/procedures used.  Section 8 discusses the results and highlights the 
conclusions that can be drawn.  Section 9 provides literature references.  Appendices A, B, and C provide 
detailed results from the round-robin testing and detailed descriptions of the test blocks. 

 

 





 

2.0 Background 

Cracking observed in the early 1990s in reactor components in France and other countries was 
attributed to PWSCC, leading to replacement of reactor vessel heads, piping, etc.  The problem resurfaced 
in 2000 when, at the Oconee plant in the United States, leakage was discovered from a control rod drive 
mechanism penetration fabricated using Alloy 600, resulting in deposits of boric-acid crystals on the 
vessel head.  Further investigation led to the identification of PWSCC cracks in the reactor penetration 
tubes and attachment J-groove welds.  Circumferential cracking of CRDM nozzles has been identified at 
Oconee Units 2 and 3 and Crystal River Unit 3.  An extreme consequence of such cracking was illustrated 
by the discovery of wastage on the Davis-Besse reactor vessel head.  More recently, boric-acid deposits 
and NDE indications found on the South Texas Project BMI nozzles have been attributed to PWSCC.  
Cracks also have been found in reactor nozzle hot leg dissimilar metal welds at the V.C. Summer plant in 
the United States and at the Ringhals plant in Sweden, providing further evidence that PWSCC is a 
generic concern. 

The cracking associated with safe-end piping welds is important because of the potential for a large 
loss of coolant inventory, and the cracking of CRDM nozzle welds and circumferential cracking of 
CRDM nozzle base metal is important because of the potential for control rod ejection and loss-of-coolant 
accident (LOCA).  Recent events at nuclear stations related to damage in Alloy 600 base material and 
Alloy 182/82 welds have prompted industry initiatives directed at reexamining the damage mechanisms, 
damage morphology, and examination practices of the affected components.  These events have given 
high visibility to the PWSCC phenomenon, and high priority to work on understanding this cracking 
mechanism and detecting its occurrence. 

Some data describing the failure of Alloys 600/182/82 due to PWSCC have been developed by 
Westinghouse and the French utility Électricité de France.  Various aspects of the problem have also been 
addressed by a number of research programs within the United States and in other countries.  The data 
collected to date, however, are sparse, and the significant factors leading to crack initiation and governing 
crack growth rate are not well understood.  Complicating factors include chemistry variations in the 
nickel-base alloy components, evolution of the primary water chemistry within an operating cycle, and 
residual stresses and possible embedded flaws resulting from weld repairs.  In addition, detection and 
characterization of PWSCC-related flaws through NDE have proven to be particularly difficult in these 
materials and in components with complicated geometries.  The occurrences of cracking in the United 
States have been identified initially through indirect means, specifically the discovery of boric-acid 
deposits resulting from through-wall cracking in the primary system pressure boundary.  Such leakage 
degrades a layer of plant defense-in-depth, and should be prevented whenever possible. 

Although there are many different aspects of this issue that need to be addressed, NRC proposed 
research concentrated in two interrelated areas.  Task 1 focuses on characterizing the morphology of 
PWSCC cracks, which has been identified as a contributing factor to the difficulties experienced in 
detecting and sizing cracks in the field.  As part of the characterization, work will address refining the 
ability to distinguish PWSCC cracks from other flaws with similar features, such as hot cracks in welds.  
Task 2 will focus on the nondestructive testing aspects, including such topics as the manufacture and 
simulation of PWSCC cracks in test assemblies for use in assessing the effectiveness and reliability of 
NDE techniques. 
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2.2 

The research addresses the nickel-base alloys used as pressurized water reactor (PWR) pressure 
boundary components including dissimilar metal welds and reactor pressure vessel (RPV) head 
penetrations.  Primarily, the research focused on the Alloy 600/182/82 group of materials, but 
replacement materials (Alloys 690/152/52) were not excluded. 



 

3.0 Test Plan for Bottom-Mounted Instrumentation 
Round Robin 

This section of the report describes the test plan used for conducting the PINC BMI round robin.  
Fourteen test blocks were selected for the round-robin test on NDE effectiveness for degradation in BMI 
nozzle penetration seal welds.  The purpose of this test plan is to provide the scope and schedule for use 
of the new mockup.  The proposed test blocks for use in the BMI round-robin test are reviewed in Section 
3.1.  Available photographs of the test blocks are shown.  Section 3.2 provides the schematic drawings of 
product forms and dimensions of the test blocks.  Section 3.3 gives the coordinate system used in the 
round-robin test.  Section 3.4 describes the cracks that are being made available in the test blocks and 
Section 3.5 covers the round robin test methodology. 

3.1 BMI Round-Robin Test Blocks 

All available photographs for BMI seal weld test blocks are shown in this section.  Table 3.1 
references the photographs and drawings for the test blocks.  Fourteen test blocks were selected for the 
round robin.  Test blocks 5.4 and 5.5 did not contain cracks in the weld metal and were not used in the 
round robin test studies. 
 
 

Table 3.1.  Test Blocks for BMI Round Robin 
 

ID Participant Test Block Photograph Drawing 
PINC 5.1 KINS Penetration W17 Figure 3.11 Figure 3.15 
PINC 5.2 KINS Penetration W22 Figure 3.12 Figure 3.16 
PINC 5.3 KINS Penetration W46 Figure 3.13 Figure 3.17 
PINC 5.6 SSM/SQC F3.537.2 No Photograph Figure 3.18 
PINC 5.7 NRC/PNNL WNP1.BMI.1 Figure 3.1 Figure 3.19 
PINC 5.8 NRC/PNNL WNP1.BMI.2 Figure 3.2 Figure 3.20 
PINC 5.9 NRC/PNNL WNP1.BMI.3 Figure 3.3 Figure 3.21 
PINC 5.10 NRC/PNNL WNP1.BMI.4 Figure 3.4 Figure 3.22 
PINC 5.11 NRC/PNNL WNP1.BMI.5 Figure 3.5 Figure 3.23 
PINC 5.12 NRC/PNNL WNP1.BMI.6 Figure 3.6 Figure 3.24 
PINC 5.13 JNES BMI No 1 Figure 3.7 Figures 3.25 & 3.26 
PINC 5.14 JNES BMI No 2 Figure 3.8 Figures 3.25 & 3.26 
PINC 5.15 JNES BMI No 3 Figure 3.9 Figures 3.25 & 3.26 
PINC 5.16 JNES BMI No 4 Figure 3.10 Figures 3.25 & 3.26 
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Figure 3.1.  Photograph of PINC 5.7 from PNNL – WNP-1 BMI Nozzle Penetration #1 
 
 

 
 

Figure 3.2.  Photograph of PINC 5.8 from PNNL – WNP-1 BMI Nozzle Penetration #2 
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Figure 3.3.  Photograph of PINC 5.9 from PNNL – WNP-1 BMI Nozzle Penetration #3 
 
 

 
 

Figure 3.4.  Photograph of PINC 5.10 from PNNL – WNP-1 BMI Nozzle Penetration #4 
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Figure 3.5.  Photograph of PINC 5.11 from PNNL – WNP-1 BMI Nozzle Penetration #5 
 
 

 
 

Figure 3.6.  Photograph of PINC 5.12 from PNNL – WNP-1 BMI Nozzle Penetration #6 
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Figure 3.7.  Photograph of PINC 5.13 from JNES – BMI Nozzle Test Block No. 1 
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Figure 3.8.  Photograph of PINC 5.14 from JNES – BMI Nozzle Test Block No. 2 
 
 

 
 

Figure 3.9.  Photograph of PINC 5.15 from JNES – BMI Nozzle Test Block No. 3 
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Figure 3.10.  Photograph of PINC 5.16 from JNES – BMI Nozzle Test Block No. 4 
 
 

 
 

Figure 3.11.  Photograph of PINC 5.1 from KINS – BMI Nozzle Test Block 
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Figure 3.12.  Photograph of PINC 5.2 from KINS – BMI Nozzle Test Block 
 

 

 
 

Figure 3.13.  Photograph of PINC 5.3 from KINS – BMI Nozzle Test Block 
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Figure 3.14. Photograph of an Extra Block from KINS – BMI Nozzle Test Block.  Since this was not in 

the original test design, it is optional whether the teams chose to inspect this block.  While 
the test sample was optional, all teams were encouraged to include this test sample in their 
inspection schedule. 

 

3.2 Schematic Drawings for BMI Test Blocks 

Schematic drawings are provided to give product form configuration and dimensions for the test 
blocks.  The first three test blocks from KINS have the configurations shown in Figures 3.15, 3.16, and 
3.17.  The outside diameter of the BMI penetration tubes is 38 mm and the inside diameter is 15.5 mm.  
PINC 5.6 has the configuration shown in Figure 3.18.  The outside diameter of the tube is 47 mm and the 
inside diameter is 25 mm.  The six test blocks PINC 5.7–5.12 are similar to each other and, as shown in 
Figures 3.19 to 3.24, the outside diameter of the tube is 44 mm and the inside diameter is 15.9 mm.  The 
four test blocks from JNES have a tube outside diameter of 38.1 mm and an inside diameter of 9.5 mm.  
Their configuration is shown in Figures 3.25 and 3.26. 
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Figure 3.15.  Drawing of PINC 5.1 from KINS 
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Figure 3.16.  Drawing of PINC 5.2 from KINS 
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Figure 3.17.  Drawing of PINC 5.3 from KINS 
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Figure 3.18.  Drawing of PINC 5.6 from SSM/SQC 
 
 

 
 

Figure 3.19.  Drawing of PINC 5.7 from NRC/PNNL 
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Figure 3.20.  Drawing of PINC 5.8 from NRC/PNNL 
 
 

 
 

Figure 3.21.  Drawing of PINC 5.9 from NRC/PNNL 
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Figure 3.22.  Drawing of PINC 5.10 from NRC/PNNL 
 
 

 
 

Figure 3.23.  Drawing of PINC 5.11 from NRC/PNNL 
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Figure 3.24.  Drawing of PINC 5.12 from NRC/PNNL 
 
 

 
 

Figure 3.25.  Drawing of Test Blocks PINC 5.13 through 5.16 from JNES 
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Figure 3.26.  Drawing of Seal Weld Configuration for PINC 5.13 through 5.16 from JNES 
 

3.3 Coordinate Systems for BMI Round Robin 

This section documents the coordinate system for use in the bottom-mounted instrumentation nozzle 
penetration seal weld round-robin test.  Figure 3.27 shows the coordinate system for the first three test 
blocks, PINC 5.1 through 5.3.  The circumferential axis increases clockwise when viewed from the top of 
the test block and starts at the 0° mark on the part.  The radial axis starts at the center of the tube.  The Z 
dimension for PINC 5.1 through 5.3 is measured from one of two areas as follows. 
 
 

 
 

Figure 3.27.  Coordinate System for PINC 5.1 through 5.3 from KINS 
 

For measuring defects in the J-groove weld, the Z dimension should be measured from the top 
(surface that is facing the reactor core) wetted surface that is clad, has a J-groove weld, and may or may 
not have buttering.  The surface is curved; therefore, the Z dimension is reported relative to the angular 
location around the specimen.  Figure 3.28 is an illustration of the Z dimension. 
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Figure 3.28.  Illustration of Z Dimension 
 

For measuring defects within the BMI tube, the Z dimension should be measured from the top of the 
tube down as shown in Figure 3.29.  

Figure 3.30 shows the coordinate system for the fourth test block, PINC 5.6.  The circumferential axis 
increases counter-clockwise when viewed from the top of the test block and starts at the 0° mark on the 
part.  The radial axis starts at the center of the tube. 

For PINC specimens 5.7–5.12, the zero  is defined by a hole drilled into the cladding, with  going 
clockwise when looking down on the specimen as shown in Figure 3.31.  The radial axis starts at the 
center of the tube.  For PINC specimens 5.7–5.12, when measuring defects in the J-groove weld, the Z 
dimension should be measured from the top (surface that is facing the reactor core) wetted surface that is 
clad, J-groove, and has buttering.  The surface is curved; therefore, the Z dimension is reported relative to 
the angular location around the specimen. 

For PINC specimens 5.13–5.16, the circumferential axis increases clockwise around the part when 
viewed from the top of the test block and starts at the 0° punch mark direction on the side surface of the 
test block as shown in Figure 3.32.  The radial axis starts at the center of the tube. 

For the axial coordinate system of PINC 5.13–5.16, Y=0 position is the top of the test block, and the 
length for "Y+" is measured along the surface of test block, as shown in Figure 3.33. 

For PINC specimens 5.13–5.16, when measuring defects in the J-groove weld, the Z dimension 
should be measured from the top (surface that is facing the reactor core) wetted surface that is clad, 
J-groove, and has buttering.  The surface is curved; therefore, the Z dimension is reported relative to the 
angular location around the specimen. 
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Figure 3.29.  Coordinate System for PINC 5.1–5.3 
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Figure 3.30.  Coordinate System for PINC 5.6 – SSM/SQC F3.537.2 
 

 

 
 

Figure 3.31.  Coordinate System for the Six Test Blocks, PINC 5.7–5.12 
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Figure 3.32.  Circumferential Coordinate System for the Four Test Blocks, PINC 5.13–5.16 
 
 

 
 

Figure 3.33.  Axial Coordinate System for the Four Test Blocks, PINC 5.13–5.16 
 

3.4 Available Cracks 

The objectives of the round-robin test include simulating the NDE responses from PWSCC by 
selecting manufactured cracks with appropriate NDE responses.  This includes both peak response and 
indication length.  The degradation initiation sites associated with through-wall leaks from observed 
PWSCC show cracks as short as 4 mm.  Therefore, fabricated cracks in the test blocks will have a range 
of crack lengths including some short cracks in order to simulate this condition.  Some unexpected 
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fabrication flaws will be present in the test blocks and PNNL will fingerprint the blocks, locating the 
cracks to separate them from the unexpected fabrication flaws.  Inspection teams should expect 
fabrication flaws and a range of crack properties in the test blocks. 

The test assemblies from Sweden, Japan, and the United States all have the cracks located in the 
J-groove weld or buttering.  Three of the Korean assemblies have cracks in the penetration tubes and at 
the interface between the penetration tube and the J-groove weld and in one additional assembly provided 
by Korea, the location of the cracks is unknown. 

Table 3.2 and 3.3 show the samples and cracks that were used in the BMI study.  The destructive 
validation for the flaws in Samples 5.2, 5.10, and 5.13-5.16 are given in Appendix B. 
 

Table 3.2.  Flaws Used for Surface Inspections 
 

Test 
Block Flaw  ,  ,  r1, mm r2, mm Z1, mm Z2, mm SB* Orient 

5.1 Surf5.1.5 268 304 20 23.6 1 10 no Circ. 
5.2 Surf5.2.3 148 155 19.3 27.3 0 14.1 yes Axial 
5.3 Surf5.3.3 130 160 19.1 27.7 0 8 yes Circ. 
5.3 Surf5.3.6 338 338 19.1 30 0 10 yes Axial 
5.6 Surf5.6.1 45 45 24 28 0 2 yes Axial 
5.6 Surf5.6.2 131 139 34 34 0 2 yes Circ. 
5.6 Surf5.6.3 225 225 55 60 0 2 yes Axial 
5.6 Surf5.6.4 310 320 58 58 0 5 yes Circ. 
5.6 Surf5.6.5 245 265 30 30 0 5 yes Circ. 
5.6 Surf5.6.6 180 180 35 41 0 1.5 yes Axial 
5.7 Surf5.7.1 162 168 42 42 0 2 yes Circ. 
5.7 Surf5.7.2 15 15 34 37 0 3 yes Axial 
5.7 Surf5.7.3 300 300 32 40 0 NA Yes Axial 
5.8 No Flaw NA NA NA NA NA NA NA NA 
5.9 Surf5.9.1 15 15 43 47 0 1 yes Axial 
5.9 Surf5.9.2 75 75 33 36 0 6 yes Axial 
5.9 Surf5.9.3 193 197 44 44 0 3 yes Circ. 
5.9 Surf5.9.4 345 345 45 49 0 7 yes Axial 

5.10 Surf5.10.1 39 51 33 33 0 9 yes Circ. 
5.10 Surf5.10.2 72 78 45 45 0 7 yes Circ. 
5.10 Surf5.10.3† 225 225 39 41 0 0.4 yes Axial 
5.10 Surf5.10.4 251 259 46 46 0 2 yes Circ. 
5.10 Surf5.10.5 285 285 36 40 0 2 yes Axial 
5.10 Surf5.10.6† 315 315 46 48 0 4.5 yes Axial 
5.11 No Flaw NA NA NA NA NA NA NA NA 
5.12 No Flaw NA NA NA NA NA NA NA NA 
5.13 Surf5.13.1 349 7.8 34.7 36.9 0 2.2 yes Circ. 
5.13 Surf5.13.2 175 188 33.3 36.1 0 2.4 yes Circ. 
5.14 Surf5.14.1 340.1 22.5 29.8 36.6 0 10.5 yes Circ. 
5.14 Surf5.14.2 166.9 194.8 29 31.4 0 2.1 yes Circ. 
5.15 Surf5.15.1 87.7 91.1 25.1 36.4 0 3.5 yes Axial 
5.15 Surf5.15.2 265.3 270.8 25 35.2 0 3.3 yes Axial 
5.16 Surf5.16.1 88.9 95.5 22.4 38.8 0 10.9 yes Axial 
5.16 Surf5.16.2 268.9 275.9 23.2 36.6 0 5.8 yes Axial 

*SB = surface-breaking, † Determined by destructive evaluation to be too small for use in scoring 
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Table 3.3.  Flaws Used for Penetration Tube Inspections 
 

Test 
Block Flaw  ,  ,  r1, mm r2, mm Z1, mm Z2, mm SB Orient 

5.1 Tube5.1.1 8 44 19.1 21.7 299.1 306.4 no Circ. 
5.1 Tube5.1.2 68 112 10.3 19.1 304.8 304.8 no Circ. 
5.1 Tube5.1.3 202 202 7.8 12.2 310.7 338.6 yes Axial 
5.1 Tube5.1.4 209 245 15 19.1 309.1 315.7 no Circ. 
5.1 Tube5.1.5 268 304 19.8 23.6 303 303 no Circ. 
5.1 Tube5.1.6 303 339 14.7 19.1 299.9 299.9 no Circ. 
5.2 Tube5.2.1 15 70 17.4 23.7 294.1 307.9 no Circ. 
5.2 Tube5.2.2 90 93 18.6 21.1 305.2 352.7 no Axial 
5.2 Tube5.2.3 100 107 7.5 10.7 296 321.6 yes Axial 
5.2 Tube5.2.4 148 155 19.3 27.3 327.1 341.2 no Axial 
5.2 Tube5.2.5 220 290 7.5 19.1 304.5 317 yes Circ. 
5.2 Tube5.2.6 305 350 14.4 19.7 290.4 297.6 no Circ. 
5.3 Tube5.3.1 13 43 16.3 19.1 293.5 293.5 no Circ. 
5.3 Tube5.3.2 86 116 21.6 27.7 307.2 313.3 no Circ. 
5.3 Tube5.3.3 130 160 19.1 27.7 315.2 322.8 no Circ. 
5.3 Tube5.3.4 191 227 7.5 21.7 315.9 315.9 yes Circ. 
5.3 Tube5.3.5 269 313 19.1 29.6 300.2 310.4 no Circ. 
5.3 Tube5.3.6 338 338 19.1 29.9 293 303.8 no Axial 

*SB = surface-breaking 

 
 
 

3.5 Round-Robin Trial Methodology 

As in the DMW RRT (described in a separate report), there are two reporting forms the teams were 
requested to use to report their data.  The first is used to report the results from a single inspection 
technique such as ultrasonic testing (UT) at a specific frequency and inspection angle.  The second is a 
combination of techniques that are used to report the results for a single indication where multiple 
techniques were employed.  If only one technique is used, there is no need for the second form. 

Because of the geometry of the BMIs, it was decided that a more useful way to report this data was to 
use another coordinate system:  , r, and Z.  The definition of this coordinate system is: 
 

 is the angular measurement around the sample from the marked zero datum (see the 
description of the coordinate system below). 

r is the radial axis and is a measurement in millimeters from the center of the tube. 

Z is depth of an indication and is measured in millimeters from the wetted surface of the 
sample [for the J-groove weld and buttering, this is the air-to-weld location (Z = 0) and if it 
is the nozzle penetration tube, then this will be from the top of the penetration tube (Z = 0 
at the top of the tube)]. 
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PINC RRT – Technique DATA SHEET for BMI Test Pieces 
Inspection Results, One Technique Data for all Indications in Test Piece 

Data Sheet No: 

Test piece: Date: Team code: Weld volume Inspected: 

Scanned surface (inside, outside):   1 (unit) =              2 (unit) = 

TECHNIQUE DESCRIPTION   r1 (unit) =                r2 (unit) = 

Detection:   Z1 (unit) =               Z2 (unit) = 

Characterization: 

Length sizing: 

Depth sizing: 

1 2 r1 r2 Z1 Z2 max rmax Zmax Ampl 
100% 
 dB 

Surface 
breaking

Comments

          Yes/No  

Defect

No: 
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PINC RRT – Indication DATA SHEET for BMI Test Pieces 
Inspection Results, Integrated Inspection Results of One Indication from Several Techniques 

 

Test piece: Date: Team code: Based on Data sheets No: 

Projection surface (inside/outside): 

TECHNIQUES DESCRIPTION  

Detection:  
Characterization: 
Length sizing: 
Depth sizing: 
 

Surface 
breaking 

Comments Defect 

No: 
1 2 r1 r2 Z1 Z2 max rmax Zmax Ampl 

100%  
dB Yes/No  

             

             

             

             

             

 

 





 

4.0 Description of Manufacturing Process for Defects 
Used to Simulate NDE Responses of PWSCC 

for the PINC Round Robin 

This section describes how the flaws were introduced into the various PINC test specimens.  The 
implantation techniques are important because one of the goals of the PINC is to understand what makes 
the flaws easier or more challenging to detect.  Each flaw manufacturing technique produces flaws with a 
different morphology.  The variety of flaw manufacturing techniques used in the PINC BMI test blocks 
allows for an analysis of the difficulty in detecting the different types of cracks. 

4.1.1 Flaw Fabrication in Test Blocks 5.1–5.3 

Most of the cracks used in test blocks 5.1, 5.2, and 5.3 were produced by first creating the flaws in 
coupons and then welding the coupons containing the flaws into the welds.  One example of a crack that 
was fabricated into the weld is shown in Figure 4.1. 
 
 

 
 

Figure 4.1.  Example Flaw Coupon as Used for Test Blocks 5.1–5.3 
 

Other flaw types such as porosity and lack of fusion were introduced into the weld using the same 
technique.  Other flaw types, such as weld undercut, were cut directly into the penetration tube.  The 
undercut flaw is shown in Figure 4.2. 

This method of crack fabrication is commonly used and is well understood.  The use of coupons does 
pose one possible issue—the effects of the additional welding on the ultrasonic and electromagnetic 
properties of the weld–sample interface. 
 
 

4.1 



 

 
Figure 4.2.  Example Weld Undercut Flaw as Used in Test Blocks 5.1–5.3 

 

4.1.2 Flaw Fabrication in Test Blocks 5.9, 5.10 and 5.6 

The flaws in test blocks 5.9, 5.10, and 5.6 were fabricated via a weld-solidification process.  The 
region where the crack was fabricated was excised and then filled in with “poisoned” weld metal that is 
designed to crack on cooling.  The cracks in these test blocks were designed to simulate the eddy current 
responses found for cracks in the 182 weld metal in the Ringhals 4 reactor (SQC 2003).  The eddy current 
responses for the fabricated cracks were checked to ensure they were similar to the responses in real stress 
corrosion cracks (SCC) that occurred in nickel alloy material. 

Possible issues with this style of crack fabrication are similar to those for the fabricated flaws used in 
test blocks 5.1–5.3—the weld fabrication zone can possibly be detected in an eddy current or a visual 
examination.  A visual examination of the cracked areas showed no disturbance of the surface caused by 
the implantation process and that the weld solidification cracks were surface-breaking.  The flaws in 
Block 5.6 at 45, 180, 225, 255, and 315 degrees were clearly detected in photographs, and the flaw at 
135 degrees had a possible crack-like indication.  A sample weld solidification crack in test block 5.6 is 
shown in Figure 4.3. 

4.1.3 Flaw Fabrication in Test Block 5.7 

The flaws in test block 5.7 were fabricated using an in situ thermal fatigue process.  This process is 
able to introduce flaws into the material without the weld fabrication problems associated with the coupon 
insertion or weld-solidification cracking.  It is also possible to control crack properties such as crack 
opening displacement (COD) and crack depth with a high level of precision.  The thermal fatigue cracks 
are very expensive, however, so only two such flaws were ordered.  Because of an accident during the 
fabrication of one of the flaws, three flaws are present in test block 5.7.  Only two have the proper 
pedigree involving length and depth, however.  All three flaws in test block 5.7 were confirmed as 
surface-breaking using visual examination.  Photography of the flaws showed that the flaws at 15 degrees 
and 300 degrees consisted of multiple small cracks spaced closely together.  The flaw at 15 degrees is 
shown in Figure 4.4. 
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Figure 4.3.  Weld Solidification Crack in Test Block 5.6 at 45 Degrees 
 
 

 
 

Figure 4.4.  Thermal Fatigue Cracks in Test Block 5.7 
 

4.1.4 Flaw Fabrication in Test Block 5.8 

Test block 5.8 had a weld repair, but no crack or other flaws, fabricated into the weld.  This test block 
is designed to deal with the issues caused by the flaws fabricated via welding flawed coupons into the test 
blocks and the weld-solidification cracks.  The inspection of test block 5.8 provides important insight to 
determine if the inspectors are finding the fabrication regions and not the cracks themselves. 
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4.1.5 Flaw Fabrication in Test Blocks 5.9 and 5.10 

The flaws in test blocks 5.9 and 5.10 were fabricated using a weld-solidification cracking process 
similar to the process used in test block 5.6.  The difference between test block 5.6 and test blocks 5.9 and 
5.10 is that the flaws in test blocks 5.9 and 5.10 were tailored to be more challenging to detect.  These 
flaws are designed to mimic difficult-to-detect indications such as those found in the North Anna 2 nozzle 
31.  It is worth noting that the indications with low NDE responses in North Anna 2 were later found to 
be less than 8 mm deep. 

A careful visual examination using high-resolution macro photography found no evidence of surface-
breaking flaws in test blocks 5.9 or 5.10.  This is in contrast to the weld solidification flaws in test block 
5.6, where flaws were visible on the surface.  Test blocks 5.9 and 5.10 were then examined using 
fluorescent dye penetrant testing.  The penetrant testing of test block 5.9 showed no indications of any 
surface-breaking flaws.  The penetrant testing of test block 5.10 found no linear indications, but two small 
spots of penetrant appeared at locations consistent with the crack implantation regions of 255 and 315 
degrees.  During the destructive examination of sample 5.10 the crack was revealed to have a limited 
surface-breaking component, and it is now believed that the PT indication near 315 degrees may have 
come from a welding defect such as porosity.  The results of the penetrant testing are shown in Figure 4.5. 

 

 
 

Figure 4.5.  Penetrant Testing Results for Test Block 5.10 
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4.1.6 Test Blocks 5.11 and 5.12 

No flaws were present in test blocks 5.11 or 5.12.  These test blocks were included in the study to 
provide blank BMI specimens to help discern the false call rate for the inspectors. 

4.1.7 Flaw Fabrication in Test Blocks 5.13–5.16 

For the test blocks 5.13–5.16, the flaws were fabricated using laboratory-grown stress corrosion 
cracking (SCC).  The geometry of the test blocks before preparing the SCC is shown in Figure 4.6.  The 
penetration tubes were cut off before preparing the SCC, and the tubes were re-welded after preparing the 
SCC.  Figure 4.7 shows the procedure for preparing laboratory SCC in a piping sample.  Figure 4.8 and 
Figure 4.9 show typical examples of laboratory-induced SCC in these BMI test blocks. 
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Figure 4.6.  BMI Test Blocks for Preparing SCC 
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Figure 4.7.  Procedure for Preparing Laboratory SCC in a Sample Piping Specimen 
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Figure 4.8.  Example of Laboratory-Induced SCC in BMI Test Block (parallel to the weld) 
 
 

 
 

Figure 4.9.  Example of Laboratory-Induced SCC in BMI Test Block (perpendicular to the weld) 
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5.0 Scoring Procedure for PINC BMI Round Robin 

Two types of scoring techniques are described in this section.  Section 5.1 describes the general 
scoring methodology used for single flaws.  Section 5.2 describes the scoring methodologies for multiple 
flaws that fall very close together.   

5.1 Scoring Process for Strict Tolerance Single Crack POD 

This section describes how inspection results are compared to the test block data to determine 
whether or not an individual flaw was detected.  This section also describes how false calls (i.e., 
indications not associated with any flaw) are determined.  

Scoring merges the inspection results with the true-state results by associating inspection indications 
with true-state flaws.  The scoring procedure is summarized by the flowchart in Figure 5.1. 
 
 

 
 

Figure 5.1.  Flowchart of Scoring Procedure 
 

The first step of the scoring process consists of uniquely identifying the flaws in the inspected volume 
of the weld.  For this analysis, a table of flaws was developed for each test specimen.  The inspection 
volume field indicated in the PDF file record for inspections was then compared with the flaw table for 
each specimen to determine which flaws are within the inspected volume.  These flaws are then placed in 
the inspected flaw table. 
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The next step of the scoring process compares the entries in the inspected flaw table to the entries in 
the indication table (the indications that are recorded on inspection data sheets) to determine which flaw 
cuboids intersect with which indication cuboids. 

A tolerance box of 10 mm was defined around each flaw to account for possible location error.  
Figure 5.2 shows the probability of detection versus size of tolerance.  As can be seen in Figure 5.2, there 
is not a clear point that shows little improvement in detection for tolerances larger than 10 mm.  The 
tolerance of 10 mm was chosen based mainly upon judgment.  A tolerance below 10 mm shows that POD 
drops significantly and it was judged, for the specimens used in the PINC BMI, that a tolerance greater 
than 10 mm allowed possible material property variations to interfere with the reported flaw location.  
Therefore, for the analysis used in this report, a tolerance of 10 mm is used.  Without use of a tolerance, 
location errors might be confused for non-detections.  Once the tolerance is defined, ∆X, ∆Y, and ∆Z, 
then the flaw cuboid (X1,X2; Y1,Y2; Z1,Z2) becomes 

 (X1 - ∆X, X2 + ∆X, Y1- ∆Y, Y2 + ∆Y, Z1 - ∆Z, Z2 + ∆Z) (5.1) 
 
 

 
 

Figure 5.2.  Probability of Detection versus Scoring Tolerance for All Teams and Flaws 
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A list of all indications not intersecting with any flaws is compiled and this list is called the false call 
table.  The false call table is compiled after the intersecting flaw/indication cuboids have been identified 
for each indication.  The scoring process therefore has two outputs—the detection of flaws, including the 
length and through-wall depth determined for each flaw, and a list of false calls.  Finally, detection and 
sizing information is appended to all flaws in the inspected flaw table, using the intersection information, 
to produce the detection and sizing results table.   

It is hoped that there will be few multiple intersections, so that the strategy used for dealing with 
multiple indications will not have a great effect on the evaluation.  However, if this is not the case, we 
will consider other aggregation schemes. 

5.1.1 Scoring Example 

This section presents the scoring results for a single inspection, so the reader can more easily 
understand the scoring process.  The data for an example inspection of the surface flaws in test block 
PINC 5.16 listed in Table 5.1. 
 
 

Table 5.1.  Surface Flaws from Test Block PINC 5.16 Example Inspection Results 
 

Indication 
ID Θ 1 Θ 2 r1 r2 z1 z2 Θ Max r Max Z Max 

1 42 42 32 48 0 8.1 42 39 8.1 
2 268 268 35 47 0 3.1 268 42 3.8 

 

This test sample was chosen because there are few flaws and the scoring is relatively simple.  Test 
block 5.16 contains two flaws.  The team has inspected the whole block (and this is the case for almost all 
inspections in the round robin), so all flaws in the block should be included in the scoring procedure. 

The scoring result is visually summarized by Figure 5.3.  Figure 5.3 shows the results in the r, Θ 
plane, the plane most relevant to our scoring definition.  If one examines the results in Figure 5.3, one can 
determine that the test block contains two flaws (shown in red), one is detected (call intersects with the 
red rectangle) and one is missed.  The figure shows that the example also includes one false call.  The 
flaw cuboid dimensions have been expanded by the scoring tolerance of 10 mm.  Appendix A of this 
report provides the scoring results (similar to Figure 5.3) of all teams that participated in the PINC BMI 
round robin as plots of indications versus flaw location. 
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Figure 5.3.  Scoring Inspection Results of Test Block 5.16 with 10-mm Tolerance 
 

5.2 Scoring Process for Detection of Degradation for Multiple Cracks 

As the Data Analysis Task Group (DAG) reviewed the data from the PINC round-robin exercise, 
members of the DAG recognized that the samples used in the BMI did not contain a single crack; rather, 
the test samples contained multiple cracks.  In fact, many cracks in the test samples used for the PINC 
BMI were close together.  The DAG decided to analyze the PINC BMI data using a set of proximity rules 
that would account for the multiple flaws in the test samples. 

The DAG decided to use the American Society of Mechanical Engineers (ASME) Section XI 
IWA-3400 rules for linear surface flaws to account for the multiple flaws in each sample that were close 
together.  The scoring process was the same as that described in Section 5.1, “Scoring Process for Strict 
Tolerance Single Crack POD.” 

Section XI, IWA-3400 of the ASME Code states the following: 
 

(a) Linear flaws detected by surface (PT/MT) or volumetric (RT) examination methods shall be 
considered single linear surface flaws provided the separation distance between flaws is equal to 
or less than the dimension S, where S is determined as shown in Figure IWA-3400-1. 
(b) The overall length of a single and discontinuous linear flaw shall be determined as shown in 
Figure IWA-3400-1. 

Figure 5.4 is a reproduction of IWA-3400-1 to show the methodology used to determine whether 
multiple flaws in a PINC BMI sample should be combined as one flaw with length l or whether the flaws 
should be considered as single individual flaws. 

Once the rules of IWA-3400 were applied to the test samples, the same scoring process was used on 
the samples described under Section 5.1. 

Figure 5.6 shows the result of combining flaws under the rules of IWA-3400. 
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Figure 5.4.    Methodology for Determining Singularity or Multiplicity of Linear Surface Flaws.  Source: 

ASME 2007, Figure IWA-3400-1.  Copyright American Society of Mechanical Engineers; 
reproduced with permission. 
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Figure 5.5.  Test Sample 5.1 – Individual Flaws 
 
 

 
 

Figure 5.6.  Test Sample 5.1 – Individual Flaws Combined Under Rules of IWA-3400 
 

One can see from Figure 5.5 that test sample 5.1 has six individual flaws that are very close in 
proximity.  Figure 5.6 shows that using the rules of IWA-3400, the six individual flaws in test sample 5.1 
could be considered as two flaws using the proximity rules of IWA-3400.  Based on the destructive 
evaluation results, this procedure was not used for Sample 5.2.   

 

 



 

6.0 Evaluation of NDE Inspection Techniques and Their 
Performance in Round Robin Tests 

This section contains the following information: 

 Section 6.1 describes the NDE techniques used in the BMI round-robin examinations. 

 Section 6.2 details the ultrasonic inspection techniques used in the round-robin examinations. 

 Section 6.3 has information on the electromagnetic techniques used to examine the BMI specimens.   

 Section 6.4 describes the process used to ensure that the data were accurate and the interpretation 
reflects the intent of the inspectors.  Also of importance is that the results reflect the reliability of the 
technique and do not contain errors caused by the test procedures. 

 Section 6.5 describes the results of the scoring and some discussion on the effectiveness of the 
techniques used in the BMI round-robin tests. 

6.1 Summary of Nondestructive Techniques Used in PINC BMI 
Round Robin 

The teams conducting the examinations used a wide mix of nondestructive techniques, ranging from 
standard methods such as conventional ultrasonic inspection to experimental techniques such as potential 
drop.  Because there was a wide variety in techniques and the application of those techniques, comparing 
the effectiveness of the individual techniques would result in a very complex matrix.  PNNL has divided 
the different techniques used in the DMW and BMI round-robin tests into two broad categories—
ultrasonic and electromagnetic.   

Within the ultrasonic category, the following methods were used: 

 conventional ultrasound 

 conventional phased array 

 adaptive phased array  

 time-of-flight diffraction (TOFD). 

Within the electromagnetic category, the following methods were used: 

 eddy current  

 potential-drop methods, including both direct current (DC) and alternating current (AC) 
methods, and modified variations of these techniques. 

6.2 Ultrasonic Techniques 

Ultrasonic techniques use beams of high-frequency sound to interrogate the materials.  Ultrasonic 
techniques are capable of inspecting a volume of material to determine the location, size, and depth of 
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flaws.  During inservice inspection (ISI) outages at nuclear power plants, ultrasonic methods are used in 
the examination of piping welds; hence, their use in the PINC BMI round robin. 

6.2.1 Conventional Ultrasound 

Conventional ultrasonic techniques use a transducer mounted on a wedge to produce an ultrasonic 
beam with a specific fixed angle in the material.  Typical angles used for ultrasonic inspection of nuclear 
components include 30, 45, and 60 degrees, in both longitudinal and shear wave modes of propagation.  
The ultrasonic transducers may be used to manually scan a test object, or the search unit may be designed 
to fit in a mechanized scanning fixture and the data collected electronically.  A conventional ultrasonic 
transducer is diagrammed in Figure 6.1. 
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Figure 6.1.  Conventional Ultrasonic Testing 
 

Conventional ultrasound is one of the most common and time-tested techniques used to examine 
reactor components.  Inspectors and regulating agencies have a great deal of experience with the 
capabilities and limitations of conventional ultrasound.  A disadvantage of conventional ultrasonic 
techniques is that they can be time-consuming to apply because a detailed inspection may require many 
separate examinations using different angles and different frequencies. 

6.2.2 Phased Array Ultrasound 

Phased array ultrasound is a newer ultrasonic technique that is achieving ever-greater acceptance for 
performing ISI at nuclear power plants.  Unlike a conventional ultrasonic transducer, a phased array 
ultrasonic transducer consists of several individual elements.  These elements are excited to transmit 
individually at specific time delays, allowing one transducer to emit a beam at many angles and focused at 
several depths.  Phased array beam forming is shown schematically in Figure 6.2.  
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Figure 6.2.  Use of Delays to Steer and Focus Ultrasonic Beams in Phased Array Transducers 

Phased array ultrasound offers several advantages over conventional ultrasound because a single 
phased array transducer can be used to emit many angles in quick succession.  This versatility allows the 
inspector to examine a sample much more quickly.  Because phased array ultrasound requires 
sophisticated electronics to control the individual elements, it also provides electronic data-recording 
capabilities.  The main disadvantages of phased array ultrasound are the increased expense of transducers 
and sophisticated electronics over conventional ultrasonic probes and the relative newness of, and lack of 
experience with, the technique. 

6.2.3 Adaptive Phased Array Ultrasound 

Adaptive phased array ultrasound uses the versatility of phased array technology to allow for detailed 
inspections of samples with irregular surfaces.  The system first measures the surface profile using an 
initial scan and then corrects the delay laws used to focus the beam through the irregular surface.  The 
adaptive phased array technique offers the additional benefit of working on a variety of sample 
configurations, unlike conventional ultrasonic testing (UT) that would require a custom probe and/or 
wedge for each surface profile. 

6.2.4 Time-of-Flight Diffraction 

Time-of-flight diffraction is a well-established ultrasonic technique that is very useful in crack 
detection and sizing.  The TOFD technique uses two transducers that face each other to detect cracks in 
the material.  When arranged properly, a surface lateral wave travels between the two transducers and a 
back-wall signal is produced by the beam bouncing off of the far side of the sample.  If a surface-breaking 
flaw is present between the two transducers, it will interrupt either the lateral wave or the back-wall wave, 
and the tip of the flaw will produce a secondary signal, which is also detectable.  The TOFD setup is a 
very powerful technique for detection and length and depth sizing of flaws.  A diagram of the TOFD 
technique is given in Figure 6.3. 

TOFD has some disadvantages, however.  The TOFD arrangement has a large footprint and is not 
useful for inspections that have limited access to a component.  For TOFD to work properly, the 
transducers generally need to be on a level and relatively flat surface.  The region of interest for most 
reactor inspections is at or near a weld; if the weld has not been machined flat, the weld crown and other 
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geometrical features associated with welds may make TOFD unusable.  Also, TOFD is less sensitive to 
flaws that are parallel to the plane of the transducers. 

 

 
 

Figure 6.3.  Time-of-Flight Diffraction Technique 
 

6.3 Electromagnetic Techniques 

Electromagnetic techniques detect flaws by inducing electromagnetic currents in the sample and 
measuring how the flaws affect the induced current.  Electromagnetic techniques are often very useful at 
detecting surface-breaking flaws but are not typically used to depth-size flaws. 

6.3.1 Eddy Current 

Eddy current inspection uses a coil or coils held very close to a surface.  An AC current is passed 
through the coil.  The AC current creates a cyclical magnetic field around the coil.  When this magnetic 
field intersects with a conducting material, such as steel or stainless steel, electrical currents are induced 
in the material.  These currents make their own magnetic fields, which interact with the magnetic field 
generated by the coil.  The changes in resistance and inductive reactance in the coil allow one to measure 
the electrical properties of the material.  Breaks in the surface, such as cracks, affect the eddy currents in 
the materials and can be measured using the eddy current system.  An eddy current test setup is shown 
schematically in Figure 6.4.   
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Figure 6.4.  Eddy Current Diagram 
 

Eddy current testing (ECT) is very effective at detecting surface-breaking flaws, but usually only 
from the same surface at which the flaw originates.  Using eddy current inspection for through-wall 
examinations is possible only with thin materials such as steam generator tubes and is not possible for 
most reactor piping.  ECT is one of the most common techniques used to inspect samples where the 
possible cracked surface is accessible to inspectors.  The main weakness of eddy current inspection is that 
it is a surface and near-surface examination only and cannot be performed through more than a few 
millimeters of metal.  The technique is not capable of characterizing the through-wall size of cracks more 
than a few millimeters in depth. 

6.3.2 Potential-Drop Techniques 

Although there are several implementations of potential-drop techniques, they all function by passing 
a current (AC or DC, depending on the technique) through the specimen and use several probes to 
measure the electrically induced voltage of the material (see Figure 6.5).  Flaws in the material affect the 
electrical voltage and current, and this effect can be measured.  Some potential-drop measurements need 
to be made from the surface broken by the crack, but some implementations can be used through the 
entire thickness of a pipe.  The potential drop technique has many variations.  The variations used in this 
round-robin test are as follows:  

 alternating current potential-drop (ACPD) method 

 direct current potential-drop (DCPD) method 

 closely coupled probe potential-drop (CCPPD) method using direct current 

 induced current potential-drop (ICPD) method using induction alternating current. 

Potential-drop techniques are not commonly used in reactor inspections. 
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Figure 6.5.  Four-Probe Potential-Drop Measurement 
 

6.3.3 Tube Examinations 

Only two teams inspected the penetration tubes of Samples 5.1–5.3.  Team 13 used TOFD techniques 
to examine the penetration tubes of the remaining samples, but these had no flaws present in the 
penetration tubes.  The two teams, 13 and 70, that examined the interiors of the penetration tubes used 
eddy current as a flaw detection technique.  Team 13 also used TOFD as a detection technique.  The 
techniques used by Teams 13 and 70 for the penetration tube examinations are as follows: 

6.3.3.1 Team 13 

Team 13 used a hybrid TOFD/eddy-current testing (ECT) probe.  The ECT frequencies used by Team 
13 ranged from 75–500 kHz with a probe size of 6 mm (0.25 in.).  The TOFD was carried out in the axial 
and circumferential directions using 5–6 MHz ultrasound.  The inspection volume was relatively shallow, 
covering essentially the penetration tube material and only a millimeter into the J-groove weld metal. 

6.3.3.2 Team 70 

Team 70 used a cross-coil ECT probe to inspect the interior of the penetration tubes of Samples 
5.1-5.3.  The coil was mounted on a search unit designed to fit in the penetration tubes while maintaining 
contact with the wall of the tube.  While the ECT coil used for the tube inspection has a nominal 
frequency range from 5 kHz to 1 MHz, only frequencies ranging from 50–400 kHz were used.  The 
diameter of the coil was 3 mm. 
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6.3.4 Surface Examinations 

The surfaces of the BMI samples were examined with a variety of ECT techniques, one ultrasonic 
technique, and two potential-drop techniques.  The eddy-current techniques can be grouped in two 
categories – higher-frequency cross-coil probes and lower-frequency array-probe techniques.  The 
potential-drop techniques used different techniques to create the current in the materials, closely coupled 
probes and induced current.  The ultrasonic technique was an immersive adaptive phased-array technique 
that corrects for sample distance and surface shape to allow for better focusing in the part.  The 
techniques and probe descriptions are given in Table 6.1. 
 
 

Table 6.1.  Techniques and Probes Used by Team 
 

Team Detection Technique Probe Description 
16 Closely Coupled Probe Potential Drop  2-axis 15 mm  4 mm, 5-second measurement time 

38 Array Eddy Current Probes 100-kHz 48-channel array 

66 Adaptive Phased Array Ultrasound 5-MHz 40-element probe, 16 elements used at a time 

67 Induced Current Potential Drop 0.3–10 kHz, 2 A, 3-second measurement time 

70 Cross Coil Eddy Current Probe 400-kHz, 3-mm coil diameter 

99 Array Eddy Current Probe 200 kHz 

373 Cross Coil Eddy Current Probe 300-kHz 8-mm coil diameter 

 

6.4 Process Used To Ensure Accuracy of the Inspection Data from 
the PINC DMW Round Robin 

As the data collection was carried out by several teams in several countries, there were inevitable 
errors in data entry and data transmittal.  The data were examined carefully against the true state to 
determine if any systematic errors were detectable.  If a systematic error was found, the appropriate 
invigilator was contacted to determine an appropriate correction.  As there were fewer teams in the BMI 
RRT than in the DMW RRT and the coordinate system was more consistently followed throughout the 
round-robin testing, few errors were found.  The probability of detection results are therefore often a 
strong function of how many challenging and how many baseline-difficulty samples the teams inspected. 

6.5 Evaluation of Detection Capability 

The flaws in the BMI test blocks were evaluated by eight teams using several techniques.  The goal of 
the PINC BMI round robin was to determine which techniques are the most effective and to understand 
the physical basis for the techniques’ performance.  No two teams used identical techniques, although 
some groupings can be made. 

There are several approaches to evaluating the abilities of the different teams to detect the fabricated 
cracks in the test blocks.  The data analysis is complicated by two factors—not all teams examined the 
same test block set, and some of the test blocks had flaws that proved to be more challenging to find than 
was expected.  The average POD, as shown in Table 6.2 for each test block, shows that test blocks 5.9 
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and 5.10 were the most challenging.  The other test blocks have roughly the same POD of close to 0.8.  
Test blocks 5.1–5.3 are difficult to interpret because there were too few observations and the error was 
too large to allow one to draw conclusions on their difficulty.  The results for each team and each sample 
are given in Appendix A.   

Test blocks 5.6, 5.7, and 5.13–5.16 can be considered “baseline” difficulty, while test blocks 5.9 and 
5.10 can be considered “challenging.”  It should be noted that test blocks 5.9 and 5.10 were designed to 
mimic difficult-to-detect indications found in the North Anna 2 Nozzle 31 J-groove weld that were not 
confirmed as actual cracks.  The flaw manufacturer for test blocks 5.9 and 5.10 used a process to make 
the flaws more challenging to detect.  All teams inspected the challenging test blocks, 5.9 and 5.10, and 
the different teams also examined different numbers of the baseline test blocks.  To determine which 
teams are the most affected by the varying proportion of challenging to baseline test blocks, the number 
of baseline and challenging flaw observations was tallied and is shown in Table 6.3. 

 
Table 6.2.  Probability of Detection for Each Test Block in BMI Test Blocks 

 

Test Block POD Observations 
5.1 0.50 2 
5.2 0.50 2 
5.3 0.25 4 
5.6 0.75 24 
5.7 0.81 21 
5.9 0.18 28 
5.10 0.18 28 
5.13 0.70 10 
5.14 0.90 10 
5.15 0.70 10 
5.16 0.90 10 

 
 
Table 6.3.  Number of Baseline and Challenging Flaw Observations for Each Team in BMI Test Blocks 

 

 Flaw Difficulty  

Team 
Baseline 

Flaw Observations 
Challenging 

Flaw Observations 
% Baseline 

Observations 
16 11 8 0.58 

373 21 8 0.72 
38 17 8 0.68 
66 11 8 0.58 
67 3 8 0.27 
70 17 8 0.68 
99 13 8 0.62 

 

Most teams appear to have a ratio of 50–60% of baseline flaws.  Team 67 faced a more challenging 
test than the others and this was noted in the data analysis. 
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6.5.1.1 Probability of Detection Curves for Teams Using a Strict Tolerance Box 

The round-robin data were analyzed using a statistical regression to determine the POD for each 
technique.  An upper and lower 95% confidence boundary was calculated using the POD and the number 
of flaw observations at each flaw size.  It is worth noting that the effect of the challenging test blocks is 
somewhat mitigated in these regressions because all but two of the flaws in the challenging test blocks are 
less than 5 mm in length.  All regressions include the results for both baseline and challenging flaws.  The 
regressions allow one to draw conclusions about the usefulness of the different techniques for finding 
flaws of various lengths. 

6.5.1.2 Probability of Detection for BMI Tube Examinations 

The interiors of the penetration tubes were examined by two teams, 13 and 70.  Many of the flaws in 
test blocks 5.1–5.3 were very close to one another, resulting in some flaws being considered one flaw by 
ASME Code proximity rules.  The results for Team 70 (provided in Appendix A) show some calls made 
on calibration notches in the penetration tubes.  These calls on the calibration notches were not considered 
hits, as the notches are not representative of flaws that would be encountered in the field.  The calls on the 
calibration notches were not counted as false calls because the notches were present in the penetration 
tubes.  Team 70 used a surface technique and is only scored using surface breaking flaws, and thus has 
fewer observations than Team 13.  The results of the tube examinations are presented in Table 6.4. 
 
 
Table 6.4.  Probability of Detection Scores for Tube Examinations in BMI Test Blocks, without using the 

ASME Code proximity rules 
 

Team 
Detection 
Technique Observations 

PO
D 

False Calls per 
Test Block 

Qualified 
Team 

Data 
Collection 

13 ECT and TOFD 17 0.53 1.7  Automatic 
70 ECT 4 0.5 0.67 X Automatic 

Given the low number of observations, it is challenging to draw meaningful results from the 
examinations.  Team 13 achieved a higher POD than Team 70, but with more false calls.  An examination 
of the data shows that the teams made calls that grouped multiple flaws together, which is understandable 
given the tight flaw spacing.  When the tube examinations are scored using ASME Code proximity rules, 
the POD results improve.  The POD results for the combined flaws are given in Table 6.5. 
 
 
Table 6.5. Probability of Detection Scores for Tube Examinations for Flaws Combined Using ASME 

Rules in BMI Test Blocks 
 

Team 
Detection 
Technique Observations 

PO
D 

False Calls per 
Test Block 

Qualified 
Team 

Data 
Collection 

13 ECT and TOFD 12 0.83 1.7  Automatic 
70 ECT 4 0.5 0.67 X Automatic 

For the tube examinations, the results show low PODs with an insufficient number of observations to 
draw strong conclusions.  Some of the flaws are detectable, but a more extensive test would need to be 
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performed to quantify the effectiveness of the ECT and TOFD techniques.  The regressions for the tube 
interiors are given in Figure 6.6. 
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Figure 6.6. Probability of Detection Regression for Examinations of the Penetration Tube Interiors in 

BMI Test Blocks 
 

6.5.1.3 Probability of Detection for BMI Weld Surface Examinations 

The data were analyzed first by comparing the true-state information with fixed scoring boxes with 
the boxes determined as described in Section 5.  This scoring method yields the following results for each 
team and is given in Table 6.6. 

 
Table 6.6. Probability of Detection and False Call Rates for Each Team Using a 10-mm Tolerance Box 

in BMI Test Blocks 
 

Team Detection Technique Observations POD 
False Calls 
per Sample 

Qualified 
Team Data Collection 

16 CCPPD 19 0.26 0.00  Manual 
373 ECT 300 kHz 29 0.72 0.15  Automatic 
38 Array ECT 100 kHz 25 0.4 4.80  Manual 
66 Adaptive Phased Array UT 19 0.58 0.00 X Automatic 
67 ICPD 11 0.27 0.67  Automatic 
70 ECT 400 kHz 25 0.84 0.00 X Automatic 
99 Array ECT 200 kHz 21 0.43 2.50   Automatic 

The straight POD scores correlate very closely with the percentage of baseline flaws examined by 
each team.  When the POD results are analyzed with the baseline and challenging flaws separated out, a 
trend becomes clear.  Teams 66, 70, and 373 were very effective at finding the baseline flaws, with PODs 
at or near 100%.  Teams 16 and 38 showed improved performance on the baseline flaws, but were still 
below 50%.  Teams 67 and 99 showed greatly improved performance on the baseline samples.  For the 
challenging samples, no team performed strongly.  The highest scoring team was Team 70, which 
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achieved a POD of 0.40.  Teams 16, 38, 66, and 99 were unable to detect the challenging flaws.  The 
baseline and challenging flaw PODs are given in Table 6.7.  

 
Table 6.7. Probability of Detection Results in BMI Test Blocks for Baseline and Challenging Flaws with 

Upper and Lower 95% Confidence Levels (CL) 
 

  Baseline Challenging 

Team POD POD 

16 0.45 0.00 

373 0.85 0.38 

38 0.59 0.00 

66 1.00 0.00 

67 0.67 0.13 

70 1.00 0.50 

99 0.69 0.00 

The examinations showed some clear high-performing techniques and techniques that need to be 
developed further before they are useful for reliably finding flaws in BMIs.  The POD regression results 
for each technique for selected flaw lengths are given in Table 6.8.  The false call probability given in 
Table 6.8 is calculated by extrapolating the POD regression fit to a flaw length of zero. 

Cross-coil probe eddy current at 300–400 kHz proved to be very effective at finding the flaws in the 
test blocks.  The high-frequency eddy current was also able to find a small fraction of the challenging 
flaws as well.  The 400-kHz eddy current outperformed the 300-kHz eddy current in both the baseline and 
in the challenging flaws, and the 400-kHz examinations had a lower false call rate.  The POD regressions 
for the two cross-coil eddy-current inspections are shown in Figure 6.7. 
 
 
Table 6.8.  Probability of Detection Regression Results for 5-, 10-, and 15-mm Flaws in BMI Test Blocks 
 

 Detection POD for Flaw Lengths of:  
Team Technique 5 10 15 FCP 

16 CCPPD 0.04 0.21 0.59 0.01 
373 ECT 300 kHz 0.31 0.83 0.98 0.03 
38 Array ECT 100 kHz 0.44 0.55 0.65 0.34 
66 Adaptive Phased Array UT 0.21 0.96 1.00 0.00 
67 ICPD 0.25 0.79 0.98 0.03 
70 ECT 400 kHz 0.80 1.00 1.00 0.01 
99 Array ECT 200 kHz 0.37 0.58 0.76 0.21 
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Figure 6.7. Probability of Detection Regressions for Cross-Coil Eddy-Current Techniques with 95% 

Confidence Intervals in BMI Test Blocks 
 

The results for the array eddy-current techniques were relatively poor.  The array probes had 
difficulty detecting longer flaws, and both array examinations had a very high false call rate.  The array 
eddy current used lower frequencies than the cross-coil probes, which may have contributed to the poor 
performance.  The POD regressions are shown in Figure 6.8. 

The POD regressions for the potential-drop techniques show that they are able to detect longer flaws 
in test blocks, although the 95% confidence interval is very large based on the small number of test blocks 
in the tests.  It is interesting that the potential-drop techniques were able to outperform the array ECT 
techniques.  The POD regressions for the potential-drop techniques are shown in Figure 6.9. 

The adaptive phased array ultrasound provided perfect detection of all flaws in the baseline difficulty 
test blocks and missed all flaws in the challenging test blocks.  The POD regression curve shows the 
adaptive phased array technique has a very high probability of detecting flaws greater than 10 mm in 
length.  The POD results for the adaptive phased array technique for all flaws are shown in Figure 6.10. 
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Figure 6.8.  Probability of Detection Regressions in BMI Test Blocks for Array Eddy-Current Techniques 
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Figure 6.9.  Probability of Detection Regressions in BMI Test Blocks for Potential-Drop Techniques 
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Figure 6.10. Probability of Detection Regression in BMI Test Blocks for Adaptive Phased Array 

Technique 

6.5.1.4 Probability of Detection versus BMI Test Block Flaw Characteristics 

It is important to understand the crack morphologies and characteristics that make flaws reliably 
detectable or challenging to find during inservice inspections.  The destructive analysis results of BMI test 
blocks are shown in Appendix B.  The usual crack characteristics that are commonly considered 
important for NDE reliability include crack length, depth, and COD.  The true-state information contained 
the crack lengths and depths, and the destructive examinations for test blocks 5.13–5.16 contain 
information on the CODs for these test blocks. 

To better understand the crack characteristics, PNNL performed a series of fingerprinting 
examinations of the surfaces of test blocks 5.6–5.16.  These fingerprinting measurements were performed 
in a laboratory with the true-state information available to the inspectors.  A 5-MHz eddy current 
examination was performed using a pancake-style coil.  The eddy current system was calibrated before 
each examination to ensure consistent results.  The flaws were analyzed and the maximum voltage for 
each flaw was recorded.  The PNNL fingerprinting results for the flaws in the surfaces of test blocks 
5.6-5.16, along with the crack lengths, depths, crack POD, and flaw fabrication technique, are tabulated in 
Table 6.9.  The complete fingerprinting results are shown in Appendix C. 

When the data for the surface examinations were analyzed, the overall POD for each flaw was largely 
independent of flaw length, depth, or flaw orientation.  The single largest influence in the flaw POD was 
the test block identification.  All flaws that were not in test blocks 5.9 and 5.10 have a POD of 
approximately 0.8, and the flaws in test blocks 5.9 and 5.10 had much lower overall PODs.  In test blocks 
5.9 and 5.10, the largest influence in the flaw POD was the flaw length.  The flaw depth was not an 
important variable for flaw detection in these test blocks.  The crack PODs for the various crack 
fabrication techniques are plotted against their length in Figure 6.11 and against their depth in 
Figure 6.12. 
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6.15 

Because one of the main goals of the PINC is to discover what makes a crack easy or difficult to 
detect, the flaws in test blocks 5.9 and 5.10 provided an opportunity to explore what it is about these 
flaws that make them different from the thermal fatigue, other SCC, and the weld-solidification flaws 
fabricated into other test blocks.  Figures 6.11 and 6.12 indicate that the weld-solidification flaws were 
the most difficult to detect. 
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Figure 6.11. BMI Flaw Probability of Detection versus Flaw Length for Each Flaw Fabrication 

Technique 
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Figure 6.12. BMI Flaw Probability of Detection versus Flaw Depth for Each Flaw Fabrication 

Technique 
 



 

 
Table 6.9.  BMI Flaw Probability of Detection and Important Parameters 

 
Test 

Block Flaw 
Radial 

Location, ° 
PNNL ECT 

Magnitude, V POD 
Flaw Length, 

mm 
Flaw Depth, 

mm 
Flaw 

Orientation 
Fabrication 
Technique 

5.6 1 45 0.72 0.75 4 2 Axial Weld Solidification 
5.6 2 135 1.74 0.75 5 2 Circ. Weld Solidification 
5.6 3 180 1.07 0.75 5 2 Axial Weld Solidification 
5.6 4 225 1.25 0.75 10 5 Circ. Weld Solidification 
5.6 5 255 NR 0.75 11 5 Circ Weld Solidification 
5.6 6 315 1.44 0.75 6 1.5 Axial Weld Solidification 
5.7 1 15 2.35 0.71 4 2 Circ. Thermal Fatigue 
5.7 2 165 1.67 0.86 8 3 Axial Thermal Fatigue 
5.7 3 300 2.32 0.86 NA NA Axial Thermal Fatigue 
5.9 1 15 0.51 0.29 4 1 Axial Weld Solidification 
5.9 2 75 NR 0.14 3 6 Axial Weld Solidification 
5.9 3 195 NR 0.14 3 3 Circ. Weld Solidification 
5.9 4 345 1.33 0.14 4 7 Axial Weld Solidification 
5.10 1 45 2.69 0.14 7.5 9 Circ. Weld Solidification 
5.10 2 75 1.79 0.00 5 7 Circ. Weld Solidification 
5.10* 3 225 NR 0.00 3.5 0.4 Axial Weld Solidification 
5.10 4 255 1.9 0.43 7 2 Circ. Weld Solidification 
5.10 5 285 NR 0.14 4.5 2 Axial Weld Solidification 
5.10* 6 315 1.96 0.00 1.5 4.5 Axial Weld Solidification 
5.13 1 0 2.45 0.80 8 2 Circ. Induced SCC 
5.13 2 180 1.62 0.60 12 2 Circ. Induced SCC 
5.14 1 0 3.92 1.00 14 11 Circ. Induced SCC 
5.14 2 180 1.39 0.80 14 2 Circ. Induced SCC 
5.15 1 90 2.94 0.80 12 4 Axial Induced SCC 
5.15 2 270 4.01 0.60 13 3 Axial Induced SCC 
5.16 1 90 4.42 1.00 16 11 Axial Induced SCC 
5.16 2 270 7.08 0.80 19 6 Axial Induced SCC 
* During DE, Flaws 5.10 3 and 5.10 6 were determined to be too small for use in scoring. 
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7.0 Evaluation of Length Sizing of PWSCC in the  
PINC BMI Round Robin 

For each detected flaw, the ability of the NDE techniques to accurately size the flaw was evaluated.  
This section describes the length sizing accuracy for the inspections in the round-robin tests.  The length 
sizing results for each inspection was scored using a length-sizing regression and 95% confidence 
intervals were determined.  No analysis of depth sizing is presented, as there were not sufficient data to 
make such an analysis meaningful. 

7.1 Tube Examinations 

The small number of flaws detected by the tube examinations makes drawing conclusions from the 
data difficult.  An additional challenge in the flaw length sizing is caused by the close proximity of the 
flaws to one another, with the result that the teams had occasionally combined multiple flaws together.  
The length-sizing regression showed that the techniques had a very large root-mean-square error (RMSE) 
and a large standard deviation.  Flaws tended to be undersized by both teams.   
 
 

Table 7.1.  Length Sizing Results for Penetration Tube Examinations 
 

Team Observations Technique RMSE (mm) 
Standard Deviation 

(mm) Bias (mm) 

All 13  19.6 18.17 -7.37 

13 8 ECT and TOFD 22.24 19.32 -11 

70 5 ECT 16.45 16.37 -1.56 

 

The length sizing regressions show little relationship between the flaw size and the called indication 
lengths.  The 95% confidence bounds for the tube sizing regressions are so large that they are essentially 
meaningless.  Examinations of more flaws by additional teams would be needed for a better length-sizing 
assessment for examination of flaws in the interior of the penetration tubes. 

7.2 Surface Examinations 

The length-sizing results for the surface examinations contained enough observations to allow for a 
complex length-sizing regression.  The results for each technique were analyzed and the RMSE, standard 
deviation, bias, and 95% confidence intervals were determined.   

The length-sizing results for the surface examinations showed that some techniques were able to 
accurately measure the lengths of the flaws.  Team 16 had the best score, although they had only five 
observations in the data set.  Several other teams achieved an RMSE of less than 5 mm.  The results for 
each team are given in Table 7.2. 
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Table 7.2.  Length Sizing Results for Surface Examinations 
 

Team Observations Technique RMSE (mm) 
Standard Deviation 

(mm) Bias (mm) 

All 79  11.7 11.53 2.01 

16 5 CCPPD 2.45 2.45 -0.1 

373 20 
Cross Coil ECT 300 
kHz 

3.94 3.94 -0.18 

38 10 Array ET 100 kHz 32.28 28.33 15.48 

66 11 UT 5 MHz 4.7 4.55 -1.19 

67 3 ICPD 5.46 1.86 -5.13 

70 21 Cross Coil ET400 kHz 3.76 2.92 2.37 

99 9 Array ET C 200 kHz 4.33 4.07 -1.49 

 

The cross-coil eddy-current tests were able to accurately length size the flaws that were detected, both 
with RMSEs on the order of 4 mm.  The 400-kHz probe examination outperformed the 300 kHz, but not 
by a statistically significant margin.  The POD length sizing regression for the cross-coil ECT is shown in 
Figure 7.1. 
 
 

Flaw Length (mm)

E
st

im
a

te
d

L
e

n
g

th
 (m

m
)

Cross-Coil ECT 300 kHzCross-Coil ECT 400 kHz

 
 

Figure 7.1.  Length Sizing Results for Cross-Coil Eddy-Current Probes 
 

The array eddy-current techniques were less effective than the cross-coil probes in this BMI round 
robin at length sizing the flaws.  The 200-kHz array outperformed the 100-kHz array probes.  The length-
sizing regression for the array probes is given in Figure 7.2. 
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Figure 7.2.  Length Sizing Results for Array Eddy-Current Probes 
 

The length sizing results for the CCPPD technique were very good, having the lowest RMSE error 
and standard deviation of any of the techniques, including the cross-coil eddy-current examinations.  
There were not enough observations for the ICPD to perform a meaningful analysis.  The length sizing 
results for the potential-drop techniques are presented in Figure 7.3. 
 
 

 
 

Figure 7.3.  Length Sizing Results for Potential-Drop Techniques 
 

The phased-array ultrasonic examinations were also able to accurately size the flaws in the BMI 
samples.  The RMSE was on the order of 5 mm, which is very similar to the results for the cross-coil 
eddy-current examinations.  The length-sizing results for the phased-array examinations are presented in 
Figure 7.4. 
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Figure 7.4.  Length-Sizing Results for Adaptive Phased-Array Ultrasound Techniques 

 

 



 

8.0 Conclusions and Recommendations 

The conclusions that may be inferred from the experimental results for the bottom-mounted 
instrumentation tube specimens are as follows 

1.  Conclusion:  Inspections using a single cross-coil eddy-current probe achieved a high POD and a low 
false call rate.  These examinations were performed with multiple frequencies, with the highest 
frequency used being 300–400 kHz. 

○ Recommendation:  The results of this study suggest that single cross-coil probe eddy current 
using frequencies of 300–400 kHz should be the preferred method for finding surface-breaking 
flaws in BMI J-groove welds. 

2. Conclusion:  Inspections using adaptive phased array ultrasound were able to detect all baseline 
difficulty flaws and none of the challenging flaws (baseline and challenging flaws are defined in 
Section 4.2.2). 

○ Recommendation:  While adaptive phased array ultrasound was slightly less effective than 
eddy current testing, the results of this study suggest that adaptive phased array ultrasound can 
be effectively used to find flaws in BMI welds. 

3. Conclusion:  The inspections using array eddy-current techniques used in this BMI round robin study 
had a reduced POD and a much higher false call rate compared to the higher frequency cross-coil 
ECT examinations. 

○ Recommendation:  The results of the BMI round-robin study show that the procedures using 
array ECT probes operating at 100–200 kHz used in this round robin test require further 
development before they can be used for the detection of flaws in inservice inspection 
programs.  

4. Conclusion:  The closely coupled potential-drop technique was able to detect thermal fatigue flaws 
and SCC flaws with a POD of 50%.  For weld solidification flaws, the POD was 0%.  No false calls 
were made by the inspectors using this technique.   

○ Recommendation:  The results of the BMI round-robin study show that the closely coupled 
potential-drop technique requires further development before it can be used for the detection 
of flaws in inservice inspection programs.  

5. Conclusion:  Induced-current potential drop was used on only one baseline difficulty test block and 
two challenging test blocks, possibly skewing the results.  There are not enough inspections on 
baseline difficulty test blocks to draw meaningful conclusions on the POD performance of this 
technique. 

○ Recommendation:  Further testing needs to be performed to determine if ICPD can be used 
for inservice inspection.  

8.1 



 

8.2 

6. Conclusion:  Cross-coil eddy current, adaptive phased array ultrasound, and closely coupled probe 
potential-drop techniques were able to accurately length-size the flaws in the J-groove welds (RMSE 
of 2.45–4.70 mm).   

○ Recommendation:  These techniques can be used to length-size flaws in BMI J-groove welds. 

7. Conclusion:  The test block geometry made depth-sizing using ultrasound difficult, and not enough 
data were collected in this round-robin test to accurately determine the effectiveness of the depth-
sizing techniques. 

○ Recommendation:  More work should be performed to determine the depth-sizing capabilities 
of the various techniques. 
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Destructive Analysis of BMI Samples 

 





 

Appendix B 
 

Destructive Analysis of BMI Samples 

B.1 Destructive Analysis of Sample 5.2 
 
 

 
Figure B.1.  Analysis of BMI Sample Position 
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List of Symbols 
 
O : Origin coordinate of BMI sample 

C : Center coordinate 

ridp : I.D. radius of pipe 

ridpsp : I.D. radius of pipe support plate 

rodpsp : O.D. radius of pipe support plate 

rm1 : Minimum radial extent measured from pipe inner surface 

r1 : Minimum radial extent of flaw, r1 = ridp + rm1 

rm2 : Maximum radial extent measured from pipe inner surface 

r2 : Maximum radial extent of flaw, r2 = ridp + rm2 

Zm1 : Minimum measured vertical position 

Zm2 : Maximum measured vertical position 

Z1 : Minimum vertical position of flaw measured from origin O 

Z2 : Maximum vertical position of flaw measured from origin O 

θ1 : Minimum measured circumferential extent 

θ2 : Maximum measured circumferential extent 

rmin : Minimum radial extent 

rmax : Maximum radial extent 

Zmin : Minimum vertical position from origin O 

Zmax : Maximum vertical position from origin O 

θmin : Minimum circumferential extent 

θmax : Maximum circumferential extent 
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1.  Circumferential Crack, Surface Crack of Pipe O.D. 
 

Position of Flaw 
 

Circ. Extent 
(deg) Radial Extent (mm) Vertical Position (mm) 

Flaw No. θ r1 r2 Z1 Z2 
#1-10 305 - - - - 
#1-09 310 15.8 17.1 296.0 297.4 
#1-08 315 15.8 18.7 295.8 297.6 
#1-07 320 14.4 18.2 294.0 297.1 
#1-06 325 15.0 18.9 292.7 296.4 
#1-05 330 14.7 19.5 292.0 295.8 
#1-04 335 14.9 19.6 291.4 295.6 
#1-03 340 15.8 19.7 290.9 294.0 
#1-02 345 16.0 19.7 290.4 293.3 
#1-01 350 - - - - 

 
 

Final Results of Destructive Test on BMI Test Sample 
 

Circ. Extent 
(deg) Radial Extent (mm) Vertical Position (mm) 

BMI Test 
Block 

Number θmin θmax r min rmax Z min Zmax 
Flaw No. #1 305 350 14.4 19.7 290.4 297.6 

 
 

 
 

Figure B.2.  Flaw #1 Surface Crack of Pipe O.D. 
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Figure B.3.  Depth Profile of Flaw #1 Using r1 and r2 
 
 

 
 

Figure B.4.  Depth Profile of Flaw # 1 Using dr (= r2 – r1) 
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2.  Circumferential Crack, Through Wall Crack 
 

Position of Flaw 
 

Circ. Extent 
(deg) 

Radial Extent 
(mm) Vertical Position (mm) 

Flaw No. θ r Z1 Z2 
#2-13* 225 9.2* 314.5 313.9 
#2-12* 230 18.9* 317.0 313.5 
#2-11 235 19.1 314.7 312.4 
#2-10 240 19.1 313.0 312.1 
#2-09 245 19.1 311.9 311.5 
#2-08 250 19.1 310.6 310.9 
#2-07 255 19.1 308.9 310.0 
#2-06 260 19.1 307.8 310.1 
#2-05 265 19.1 306.4 309.8 
#2-04 270 19.1 305.4 309.6 
#2-03 275 19.1 304.5 309.2 

#2-02* 280 15.8* 305.4 309.8 
#2-01* 285 11.3* 307.0 309.6 

 
* : Not perfectly through wall crack 

 
 

Final Results of Destructive Test on BMI Test Sample 
 

Circ. Extent 
(deg) Radial Extent (mm) Vertical Position (mm) 

BMI Test 
Block 

Number θmin θmax r min rmax Z min Zmax 
Flaw No. #2 220 290 9.2 19.1 304.5 317.0 

 

 
 

Figure B.5.  Flaw #2 Through Wall Crack 
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3.  Axial Crack, 0.05” from Interface J-weld and Nozzle O.D. 
 

Position of Flaw 
 

Circ. Extent 
(deg) 

Radial Extent 
(mm) Vertical Position (mm) 

Flaw No. θ1 θ2 r1 r2 Z1 Z2 
#3-01 - - - - - - 
#3-02 150 154 19.9 27.3 327.1  334.0  
#3-03 149 153 19.8 25.9 329.6  335.3  
#3-04 148 155 19.3 24.9 331.7  337.6  
#3-05 149 155 19.5 21.9 334.9  337.8  
#3-06 151 155 21.2 22.6 339.3  341.2  
#3-07 - - - - - - 

 
 

Final Results of Destructive Test on BMI Test Sample 
 

Circ. Extent 
(deg) 

Radial Extent 
(mm) Vertical Position (mm) 

BMI Test 
Block 

Number θmin θmax rmin rmax Zmin Zmax 
Flaw No. #3 148 155 19.3 27.3 327.1  341.2  

 
 

 
 

Figure B.6.  Flaw #3 Interface J-weld and Nozzle O.D. 
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3A.  Axial Crack, I.D. Notch on Carbon Steel Plate 
 

Position of Flaw 
 

Circ. Extent 
(deg) Radial Extent (mm) Vertical Position (mm) 

Flaw No. θ1 θ2 r1 r2 Z1 Z2 
#3A-initial 89.6 91.7 19.0 19.7 305.2  305.9  

#3A-01 89.6 91.7 19.0 19.7 308.0 308.6 
#3A-02 89.7 91.8 19.0 20.5 310.8  311.5  
#3A-03 90.0 91.9 19.1 20.8 313.6  314.2  
#3A-04 90.2 91.9 19.0 20.7 316.4  317.0  
#3A-05 90.5 92.1 18.8 20.4 319.2  319.8  
#3A-06 90.5 92.1 19.0 20.7 322.0  322.6  
#3A-07 90.5 92.0 19.1 20.8 324.7  325.3  
#3A-08 90.5 92.0 19.0 20.8 327.5  328.0  
#3A-09 90.6 91.9 19.1 20.9 330.3  330.7  
#3A-10 90.7 92.1 19.1 21.1 333.1  333.6  
#3A-11 89.7 92.5 18.6 20.4 335.5  336.4  
#3A-12 89.9 91.9 18.8 20.0 338.3  339.0  
#3A-13 89.9 91.8 18.9 20.2 341.0  341.7  
#3A-14 89.9 91.8 18.9 20.2 343.8  344.4  
#3A-15 89.9 91.8 18.9 20.3 346.5  347.2  
#3A-16 89.9 91.8 18.9 20.4 349.3  349.9  
#3A-17 89.9 91.8 18.9 20.3 352.0  352.7  

 
 

Final Results of Destructive Test on BMI Test Sample 
 

Circ. Extent 
(deg) Radial Extent (mm) Vertical Position (mm) 

BMI Test 
Block 

Number θmin θmax r min rmax Z min Zmax 
Flaw No. #3A 89.6 92.5 18.6 21.1 305.2 352.7 
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Figure B.7.  Flaw #3A I.D. Notch on Carbon Steel Plate 
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4.  Slag Crack, 0.02” from Interface J-weld and Nozzle O.D. 
 

Position of Flaw 
 

Circ. Extent 
(deg) Radial Extent (mm) Vertical Position (mm) 

Flaw No. θ r1 r2 Z1 Z2 
#4-10 20 21.1 22.8 297.4 299.8 
#4-09 25 19.9 23.7 294.1 301.9 
#4-08 30 19.8 23.7 296.7 304.1 
#4-07 35 19.6 23.7 297.2 305.2 
#4-06 40 19.7 23.6 297.0 305.7 
#4-05 45 19.7 23.5 299.2 306.8 
#4-04 50 17.4 21.0 300.9 307.9 
#4-03 55 19.8 22.6 300.8 307.9 
#4-02 60 21.2 21.5 304.6 305.6 
#4-01 65 21.2 21.9 306.1 306.8 

 
 

Final Results of Destructive Test on BMI Test Sample 
 

Circ. Extent 
(deg) Radial Extent (mm) Vertical Position (mm) 

BMI Test 
Block 

Number θmin θmax r min rmax Z min Zmax 
Flaw No. #4 15 70 17.4 23.7 294.1 307.9 

 
 

 
 

Figure B.8.  Flaw #4 508 from Interface J-weld and Nozzle O.D. 

B.9 



 

5.  Axial Crack, Surface Crack of Pipe I.D. 
 

Position of Flaw 
 

Circ. Extent 
(deg) 

Radial Extent 
(mm) 

Vertical Position 
(mm) 

Flaw No. θ1 θ2 r1 r2 Z1 Z2 
#5-01 102 106 8.4 9.5 296.0  296.8  
#5-02 100 107 7.5 10.7 298.3  300.1  
#5-03 100 107 7.5 10.2 301.1  302.6  
#5-04 100 107 7.5 10.2 303.8  305.4  
#5-05 100 107 7.5 10.2 306.6  308.1  
#5-06 100 107 7.5 10.3 309.3  310.9  
#5-07 100 107 7.5 9.8 312.1  313.5  
#5-08 100 107 7.5 10.3 314.8  316.4  
#5-09 100 107 7.5 10.5 317.6  319.2  
#5-10 100 107 7.5 9.3 320.3  321.6  

 
 

Final Results of Destructive Test on BMI Test Sample 
 

Circ. Extent 
(deg) 

Radial Extent 
(mm) 

Vertical Position 
(mm) 

BMI Test 
Block 

Number θmin θmax r min rmax Z min Zmax 
Flaw No. #5 100 107 7.5 10.7 296.0  321.6  

 
 

 
 

Figure B.9.  Flaw #5 Surface Crack of Pipe I.D. 
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Figure B.10.  Flaw #5 Angle of Crack 
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B.2 Destructive Analysis of Sample 5.10 

The six flaws had a consistent profile.  Four of the six flaws, 1, 2, 4, and 6, had a shallow surface-
breaking component and disconnected segments deeper into the material.  Flaw 3 was very shallow and 
flaw 5 was continuous.   

The surface and profile of Flaw 1 showed that the flaw was reasonably discontinuous on the surface 
and is not continuous until the first 2 mm of weld.  The surface-breaking segment measured at the cut 
surface only penetrated 0.6 mm into the weld.  One team was able to detect Flaw 1. 

Flaw 2 is very discontinuous at the surface, and the surface-breaking component of the crack is a 
mere 0.2 mm into the weld.  At a depth of 1.5 mm, the flaw becomes continuous and much wider.  Flaw 2 
can almost be considered an embedded flaw, as the surface-breaking component is so tight and shallow.  
No teams were able to detect Flaw 2.   

Flaw 3 is the smallest measured using DE, with three small surface-breaking components and a 
measured depth of 0.35 mm.  No teams were able to detect Flaw 3. 

Flaw 4 had a discontinuous surface profile along the surface and along the cross section, but the 
surface-breaking segment of the crack was almost 1-mm deep.  Also, the flaw has a “T”-shaped profile 
that would make it more easily detectable by eddy current systems that are sensitive to the orientation of 
the crack.  Three teams detected Flaw 4. 

Flaw 5 was continuous along the surface and the cross section into the weld.  One team was able to 
detect Flaw 5. 

Flaw 6 was challenging to characterize at the surface with a scanning electron microscope, and is not 
continuous through the cross section.  This flaw may be considered an embedded flaw, as the surface-
breaking component penetrates only 0.2 mm into the material. 

The measured properties are listed in Table B.1 along with the PINC round-robin PODs for the flaws 
are summarized in Table B.1.  It should be noted that the crack CODs were measured after the surface 
was polished. 

Table B.1.  Measured Properties for Flaws in Sample 5.10 
 

Flaw 
Length 
(mm) Depth COD SB Depth POD 

5.10-1 7.5 9 28 0.6 0.14 
5.10-2 5 7 12 0.2 0.00 
5.10-3 0.8, 3.5 0.35 15 0.35 0.00 
5.10-4 7 2 32 0.95 0.43 
5.10-5 4.5 2 12 2 0.14 
5.10-6 1.6 4.5 10 0.2 0.00 
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Flaw 1 
Measured Length  7.5 mm 
COD at Surface  28 µm 
Depth of Surface Breaking Segment 0.6 mm 
Total Depth 9 mm 
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Flaw 2 
Measured Length  5 mm 
COD at Surface  12 µm 
Depth of Surface Breaking Segment 0.2 mm 
Total Depth 7 mm 
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Flaw 3 
Measured Length  3.5 mm 
COD at Surface  15 µm 
Depth of Surface Breaking Segment 0.35 mm 
Total Depth 0.35 mm 
 
 

B.15 



 

 
 
Flaw 4 
Measured Length  7 mm 
COD at Surface  32 µm 
Depth of Surface Breaking Segment 0.9 mm 
Total Depth 2 mm 
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Flaw 5 
Measured Length  4.5 mm 
COD at Surface  12 µm 
Depth of Surface Breaking Segment 1.5 mm 
Total Depth 2 mm 
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For flaw 6, there was a surface blemish and an apparent crack. 
 
Flaw 6 
Measured Length  1.6 mm 
COD at Surface  10 µm 
Depth of Surface Breaking Segment 0.2 mm 
Total Depth 4.5 mm 
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B.3 Destructive Analysis of Sample 5.11–5.16 
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Appendix C 
 

PINC Data Compilation 

 



 

 

 

 



 

Appendix C 
 

PINC BMI Block Data Compilation 

AF Pardini 
R Mathews 

 
 

Sample Flaw Angle 
PNNL ECT 
Magnitude 

5.6 Flaw 1 45 0.72 
5.6 Flaw 2 135 1.74 
5.6 Flaw 3 180 1.07 
5.6 Flaw 4 225 1.25 
5.6 Flaw 5 255 NR 
5.6 Flaw 6 315 1.44 
5.7 Flaw 1 15 2.35 
5.7 Flaw 2 165 1.67 
5.7 Flaw 3 300 2.32 
5.9 Flaw 1 15 0.51 
5.9 Flaw 2 75 NR 
5.9 Flaw 3 195 NR 
5.9 Flaw 4 345 1.33 
5.10 Flaw 1 45 2.69 
5.10 Flaw 2 75 1.79 
5.10 Flaw 3 225 NR 
5.10 Flaw 4 255 1.9 
5.10 Flaw 5 285 NR 
5.10 Flaw 6 315 1.96 
5.13 No. 1-1 0 2.45 
5.13 No. 1-2 180 1.62 
5.14 No. 2-1 0 3.92 
5.14 No. 2-2 180 1.39 
5.15 No. 3-1 90 2.94 
5.15 No. 3-2 270 4.01 
5.16 No. 4-1 90 4.42 
5.16 No. 4-2 270 7.08 
Japan EDM 1 Largest NA 1.69 
Japan EDM 2 Largest NA 2.43 
Japan Ref. 1 Largest NA 1.76 
Japan Ref. 2 Largest NA 3.52 
Cal Std. 5 mm NA 2.58 
Cal Std. 5 mm NA 2.44 
Cal Std. 1 mm NA 1.96 
Cal Std. 1 mm NA 1.36 
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Flaw Observations POD ECT 
Surf 5.9.2 6 0.167 0 
Surf 5.9.3 6 0.167 0 
Surf 5.10.3 6 0 0 
Surf 5.10.5 6 0.167 0 
Surf 5.9.1 6 0.333 0.51 
Surf 5.6.1 4 0.75 0.72 
Surf 5.6.3 4 0.75 1.07 
Surf 5.6.4 4 0.75 1.25 
Surf 5.9.4 6 0.167 1.33 
Surf 5.14.2 4 0.75 1.39 
Surf 5.6.6 4 0.75 1.44 
Surf 5.13.2 4 0.5 1.62 
Surf 5.7.2 6 0.833 1.67 
Surf 5.6.2 4 0.75 1.74 
Surf 5.10.2 6 0 1.79 
Surf 5.10.4 6 0.5 1.9 
Surf 5.10.6 6 0 1.96 
Surf 5.7.1 6 0.667 2.35 
Surf 5.13.1 4 0.75 2.45 
Surf 5.10.1 6 0.167 2.69 
Surf 5.15.1 4 0.75 2.94 
Surf 5.14.1 4 1 3.92 
Surf 5.15.2 4 0.5 4.01 
Surf 5.16.1 4 0.75 4.42 
Surf 5.16.2 4 0.75 7.08 
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C.1 Calibration/Verification Standard 
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C.2 PINC 5.7 
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C.2.1 Flaw 3 
 

 
 

 
C.2.2 Flaw 1 
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C.2.3 Flaw 2 
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C.3 PINC 5.8 

No flaws were identified in PINC 5.8.  A fabricated area was, however, identified and shown in the 
following image. 
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C.4 PINC 5.9 

Two flaws were visible on PINC 5.9.  The image below shows the magnitude of the edge of the 
fabrication. 
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C.5 PINC 5.10 

General magnitude of the fabrication area. 
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Here is another image that we used in a different report which shows six flaws.  It is a stretch to say 
you can see them all unless you know what you are looking for.  In the example shown above, we point to 
a different area for the flaw location.  We would need to zero in on the flaw and scan at high resolution to 
identify. 
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C.6 PINC 5.11 

General area magnitude. 
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C.7 PINC 5.12 

General area magnitude. 
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C.8 PINC 5.6 

Five indications for sure; the sixth is a guess. 
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C.9 Japanese Samples 

C.9.1 EDM Sample Block 1 
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C.9.2 EDM Sample Block 2 

 

 

 

C.23 



 

C.9.3 Reference Block 1 
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C.9.4 Reference Block 2 
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C.10 PINC 5.13 
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C.11 PINC 5.14 
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C.12 PINC 5.15 
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C.13 PINC 5.16 
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