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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:

e To join together for cooperative research.

o 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:

e To join together for cooperative research.

e 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 Task Group on Data Analysis
NDE PINC Atlas Group
Dr. Steven Doctor- Dr. Robert Harris- Dr. Stephen Cumblidge-
Chairman Chairman 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 louri 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 lwasaki 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:

e 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.

e 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.

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

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

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

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

e 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
louri Prokofiev
Brian Rassler
Myung Ho Song
Boyd Taylor
Kwangsik Yoon
Masanobu lwasaki
Kyungcho Kim
Sung Sik Kang
Tetsuo Shoji

Shuji Tanioka
Hannu 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.

e 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

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

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

e 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:

e Coordinating the analysis of the data that was generated during the round-robin trials conducted
under TG-NDE
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e Coordinating the need for oversight of destructive testing
e Assembling the data and information for inclusion into the Atlas

e 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.
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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 Electricité 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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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.
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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.BML5 Figure 3.5 Figure 3.23
PINC 5.12 NRC/PNNL WNP1.BMI.6 Figure 3.6 Figure 3.24

PINC 5.13 INES BMI No 1 Figure 3.7 Figures 3.25 & 3.26
PINC 5.14 INES BMI No 2 Figure 3.8 Figures 3.25 & 3.26
PINC 5.15 IJNES BMI No 3 Figure 3.9 Figures 3.25 & 3.26
PINC 5.16 INES BMI No 4 Figure 3.10 Figures 3.25 & 3.26
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Northwest

Figure 3.2. Photograph of PINC 5.8 from PNNL — WNP-1 BMI Nozzle Penetration #2
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Figure 3.4. Photograph of PINC 5.10 from PNNL — WNP-1 BMI Nozzle Penetration #4
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Pacitic Northwest National'Lagoratory

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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Punch mark of
serial No. S-2

Figure 3.8. Photograph of PINC 5.14 from JNES — BMI Nozzle Test Block No. 2

Punch mark of
serial No. S-3 —_——

Figure 3.9. Photograph of PINC 5.15 from JNES — BMI Nozzle Test Block No. 3
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Punch mark of
serial No. S-4

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.

3.9



7198

)
1

—] 3.148

Mioy 600 Pioe

7.800

C/S Plate

C/3 Plote —

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
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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
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Figure 3.21. Drawing of PINC 5.9 from NRC/PNNL
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44.2
25.4
50.8
132
75°
25 R12.7
AT AR AT TARARTTTRY NIRRT AT AT A R AR AR
110
Lw.v
DIMENSIONS ARE IN MM

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
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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.

90°

\
/

180°

, la
\J

L/

270°

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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Z, = Top of defect dimension should be /T~
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. Z =0 (wetted surface)

— Defect

7> = Bottom of defect distance

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
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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
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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 01,° 02, ° rl, 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
53 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 33 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, T 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 el1,° 02,° rl, 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.
53 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 3133 no Circ.
5.3 Tube5.3.3 130 160 19.1 27.7 315.2 322.8 no Circ.
53 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.
53 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 BMlIs, it was decided that a more useful way to report this data was to
use another coordinate system: O, r, and Z. The definition of this coordinate system is:

O 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): ©O1 (unit) = ®2 (unit) =
TECHNIQUE DESCRIPTION rl (unit) = r2 (unit) =
Detection: Z1 (unit) = 72 (unit) =

Characterization:
Length sizing:
Depth sizing:

01 02 rl r2 71 72 O ax I max Z.ax | Ampl | Surface | Comments | Defect
100% | breaking No:
+dB

Yes/No




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:

ST'¢

Defect 01 02 rl r2 71 72 O max I max 7. nax Ampl Surface Comments
No: 100% =+ breaking

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.

CONTRACT/SAMPLE No:- (W22)KPS/3218-02
FLAW/IDENT:- Def 1

FLAW TYPE: -Crack
E
‘tﬂdscrll’itz‘aiw I!‘:ﬂlﬁ"nwf’ilas!'
s 1 wecwusa 2 PRODUCTS 8 ENGINEERI

V?Tn\llﬂl|':l:llllTTIDi'ill!el'II 1 13%147

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.
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CONTRACT/SAMPLE No:- (W46 KPS/3218-03 o s
FLAW/IDENT:- Del | Penetration Tube

FLAW TYPE: - UNDER €11

Undercut
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.

4.2



— p— oy -
- v ""'H_____“ =
3.1 mm h el
- &
Lok . \ = .
= NG =~ e N
- S P \l N — - .
W PR e X
=4 g = AL ~ " ¥
--..2\\_‘ ‘\_' e g e R
o § W i
\ M A
' ' \
e | R\ =
= - e e e — %
ol -——
. X
! L3
1 L \ g )’ G - 3
= \ »
.\ -
& A - - n“ A\ —
‘*‘-Jl.r—-_ .__"\
\ h W Y
LN LY
o | e i —a AN \
= L = ) .
\ A Ly —— L ;
AL f - __“i.""——n._k

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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415 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.

Region Around 315 Degrees Region Around 255 Degrees

Figure 4.5. Penetrant Testing Results for Test Block 5.10
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41.6 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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Fabrication of test blocks

Partial remove of weld

metal
Starter notch
Re-weld of SCC
susceptible weld metal
Sensitization heat
treatment |
reserve box polythionicacid

Preparing the starter

notch \ |

Local soak of polythionic
acid using reserve box

Loading by 3-point or 4-

point bending
loading loading

Periodic confirmation of

SCCgrowth scgc!

Remove the starter notch

e ;

Polishing the surface of
weld

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)

4.7



4.8



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.

Flaw Data File Procedure File
Inspection o
Flaw Table Volume Indication
Dimensions Table
Inspected
Flaw Table
Detection 8| Bt B
Tolerance coring Program
A
[.Je.tectmn - False Call
Sizing Results Table
Table

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.

5.1



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, AX, AY, and AZ,
then the flaw cuboid (X1,X2; Y1,Y2; Z1,Z2) becomes

X -AX, Xy +AX, Y 1-AY, Y2 +AY, Z, - AZ, 2, + AZ) G

Team POD vs Scoring Tolerance
for Surface Flaws

POD
0.0 02 04 06 0.8
|

Tol (mm)

Team POD vs Scoring Tolerance
for Flaws in Tubes

0.8

POD
04 06

0.2

Tol (mm)

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

1D 01 02 rl r2 z1 72 O 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 38

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, @
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 | 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 5.6. 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.
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6.0 Evaluation of NDE Inspection Techniques and Their
Performance in Round Robin Tests

This section contains the following information:
o Section 6.1 describes the NDE techniques used in the BMI round-robin examinations.
e Section 6.2 details the ultrasonic inspection techniques used in the round-robin examinations.
e Section 6.3 has information on the electromagnetic techniques used to examine the BMI specimens.

o 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.

e 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:
e conventional ultrasound
e conventional phased array
e adaptive phased array

e time-of-flight diffraction (TOFD).

Within the electromagnetic category, the following methods were used:
e eddy current

e 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.

Transducer

Wedge

Reflected

Specimen
Beam

Transmitted

Beam
Flaw

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

6.3



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.

Cracks Block

Lateral "Wave
Lateral Wave

Y.

Tip Signal

Back Wall Eeflection

Lateral Wave

Cracks Block

b%;
Back Wall
Eeflection \

Figure 6.3. Time-of-Flight Diffraction Technique

™~

Tip Signal

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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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:

e alternating current potential-drop (ACPD) method

e 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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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 x 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
Baseline Challenging % Baseline

Team Flaw Observations Flaw Observations 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

Detection PO  False Calls per Qualified Data
Team Technique Observations D Test Block Team 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
Detection PO False Calls per  Qualified Data
Team Technique Observations D Test Block Team 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

False Calls  Qualified

Team Detection Technique Observations POD  per Sample 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 300400 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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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
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Figure 6.12. BMI Flaw Probability of Detection versus Flaw Depth for Each Flaw Fabrication
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Table 6.9. BMI Flaw Probability of Detection and Important Parameters

Test Radial PNNL ECT Flaw Length, Flaw Depth, Flaw Fabrication
Block Flaw Location, ° Magnitude, V POD mm mm Orientation 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. 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. 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, 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.




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

Standard Deviation

Team Observations Technique RMSE (mm) (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

Standard Deviation

Team Observations Technique RMSE (mm) (mm) Bias (mm)
All 79 11.7 11.53 2.01
16 5 CCPPD 2.45 2.45 -0.1
373 20 EISIOZSS Coil ECT 300 3.94 3.94 L0.18
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 433 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.
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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.
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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
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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.

o 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.

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).

o 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.

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.

o 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.

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.

o 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.

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.

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

8.1



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).

o 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.

o Recommendation: More work should be performed to determine the depth-sizing capabilities
of the various techniques.
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Appendix B

Destructive Analysis of BMI Samples

B.1 Destructive Analysis of Sample 5.2

Coordinate : _
(©, 1y Z) 0=(0,0,0) pit: mm
A e v ____‘!— i A
(0, 54.0, 257.2)
K
e
o
o
™

C = (0, 0, 308.1) -

I
I e
Tiap : d
: ~7.5« |
| |z
|
i 19.1 Tiapsp
] [ .
| ;
54.0

-4 L

rodpsp

Figure B.1. Analysis of BMI Sample Position
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List of Symbols

Origin coordinate of BMI sample

Center coordinate

L.D. radius of pipe

L.D. radius of pipe support plate

O.D. radius of pipe support plate

Minimum radial extent measured from pipe inner surface
Minimum radial extent of flaw, 1 = Tigp + Imi
Maximum radial extent measured from pipe inner surface
Maximum radial extent of flaw, Iy = Tigp T T2
Minimum measured vertical position

Maximum measured vertical position

Minimum vertical position of flaw measured from origin O
Maximum vertical position of flaw measured from origin O
Minimum measured circumferential extent

Maximum measured circumferential extent

Minimum radial extent

Maximum radial extent

Minimum vertical position from origin O

Maximum vertical position from origin O

Minimum circumferential extent

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. 0 I I, Z1 Zz
#1-10 305 - - - -
#1-09 310 15.8 17.1 296.0 2974
#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 2933
#1-01 350 - - - -
Final Results of Destructive Test on BMI Test Sample
BMI Test Circ. Extent
Block (deg) Radial Extent (mm) Vertical Position (mm)
Number emin 9ma}l{ ¥ min ¥ max 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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2. Circumferential Crack, Through Wall Crack

Position of Flaw

Circ. Extent Radial Extent
(deg) (mm) Vertical Position (mm)
Flaw No. 0 r 7, 7,

#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 3124
#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

* 1 Not perfectly through wall crack

Final Results of Destructive Test on BMI Test Sample

BMI Test Circ. Extent
Block (deg) Radial Extent (mm) Vertical Position (mm)
Number emin 9max I min T max 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 Radial Extent
(deg) (mm) Vertical Position (mm)
Flaw No. 0, 0, I r, 7, 7,
#3-01 - - - - - -
#3-02 150 154 19.9 27.3 327.1 334.0
#3-03 149 153 19.8 259 329.6 3353
#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 3393 341.2
#3-07 - - - - - -

Final Results of Destructive Test on BMI Test Sample

BMI Test Circ. Extent Radial Extent
Block (deg) (mm) Vertical Position (mm)
Number 0min 6max I'min I'max Zmin Zmax
Flaw No. #3 148 155 19.3 27.3 327.1 341.2

m1
m2

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. 0, 0, r r, 7, 7,
#3 A-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 3253
#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

BMI Test Circ. Extent
Block (deg) Radial Extent (mm) Vertical Position (mm)
Number 0min 6mzlx ¥ min T max 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 1.D. Notch on Carbon Steel Plate
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Position of Flaw

4. Slag Crack, 0.02” from Interface J-weld and Nozzle O.D.

Circ. Extent
(deg) Radial Extent (mm) Vertical Position (mm)
Flaw No. 0 I r, VA 7,
#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

BMI Test Circ. Extent
Block (deg) Radial Extent (mm) Vertical Position (mm)
Number emin 9ma}i{ I' min I'max 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.




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

Position of Flaw

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

Flaw No. 0, 0, I r, 7, Z,
#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

BMI Test Circ. Extent Radial Extent Vertical Position
Block (deg) (mm) (mm)
Number emin 9max ¥ min I'max 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



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

Length
Flaw (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

Flaw 1

Measured Length

COD at Surface

Depth of Surface Breaking Segment
Total Depth

7.5 mm
28 um
0.6 mm
9 mm

B.13

SEM of Cross Section



Flaw 2

Flaw 2

Measured Length

COD at Surface

Depth of Surface Breaking Segment
Total Depth

5 mm
12 pm
0.2 mm
7 mm

B.14

SEM of Cross Section




Flaw 3

Flaw 3

Measured Length

COD at Surface

Depth of Surface Breaking Segment
Total Depth

3.5 mm
15 um
0.35 mm
0.35 mm

B.15

SEM of Cross Section



Flaw 4

Flaw 4

Measured Length

COD at Surface

Depth of Surface Breaking Segment
Total Depth

7 mm
32 um
0.9 mm
2 mm

B.16

SEM of Cross Section



SEM of Cross Section

Flaw 5

Measured Length 4.5 mm
COD at Surface 12 pm
Depth of Surface Breaking Segment 1.5 mm
Total Depth 2 mm
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Flaw © SEM of Cross Section

¢

% o .

mm

For flaw 6, there was a surface blemish and an apparent crack.

Flaw 6

Measured Length 1.6 mm
COD at Surface 10 um
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

Final Results of Destructive Test on JNES BMI Test Block

Circum. Extent (deg.)| Radial extent (mm) Depth (mm) Vertical position (mm)
o] o [ @ | a [ o | o | o | w]w
PINC 5.13 5.13-1 -11.0 7.8 34.7 36.9 0.0 2.2 147.0 149.1
(S-1) 5.13-2 175.0 188.0 33.3 36.1 0.0 2.4 147.4 150.5
PINC 5.14 5.14-1 -19.9 22.5 29.8 36.6 0.0 10.5 147.2 157.3
(5-2) 5.14-2 166.9 194.8 29.0 314 0.0 2.1 146.8 148.5
PINC 5.15 5.15-1 87.7 91.1 25.1 36.4 0.0 35 143.0 148.5
(5-3) 5.15-2 265.3 270.8 25.0 35.2 0.0 33 143.3 149.6
PINC 5.16 5.16-1 88.9 95.5 224 38.8 0.0 10.9 138.1 156.5
(5-4) 5.16-2 268.9 2759 232 36.6 0.0 58 139.7 150.8

y2 & Y1 from the Top of Tube

Center of Tube
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(1) Overview
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(2) Profile of SCC O:Measured on sliced cross section
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Depth (mm) d 0.6 0.2 0.0
Opening (pm) 3 1 0 depth
Tilt (deg) (%) 4 -32 -
— — X -5.0 -6.0 -1.0
‘osition of surt.
Y 147.1 1473 =
opening (mm
P 9 (men) F4 35.7 6.1 -
Posiii i X =5.0 =6.0 -7.0
osition of
crack tip (mm) Y 147.7 147.4
F4 35.8 36.0 =
) M i from ¥ i ( +: clockwise )

Results of destructive test on PINC 5.13-1 ( parallel to weld )
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Z coordinate (mm)

40

51
(=1

[v:]
=3
o
H

Y coordinate (mm)

140

160

=1

Max | ., E = g
depth “a Zb Ya Yb I d
35.67| 34.65( 147.1| 149.1 2.245| 2.2
Measured X position (Xmm from 0 deg)
20 10 0 10 -20 =30
PSSP, - : Surf. opening
O : Crack tip
A view Z cogrdinate (mm)
,Measured X position (Xmm from 0 deg), 50 " 50 % m 20
£ \
P g £
! & 150
2
- : Surf. opening 3 -
o : Crack tip o deoth
2 160
>
170
X
Z
Y
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Overview

(s 4 8- 8
T T TR T e et vt CeA et P TR e e e

Macro. photo of cross section

Micro. photo of cross section

\ \,.a-z
i
A A
Tp — Tip e ——1
i [ == | ’ =

Position (mm) X=-3.0
Depth (mm) d 1.3
Opening (pm) 2
Tilt (deg) (%) -5
Position of surf 5 3.0
n:::;:; {om;u: - ¥ Lt
z 36.0
Position of X =0
osition o
crack tip (mm) hS 1484
z 35.9

Typical crack opening data of PINC 5.13-1 ( parallel to weld )
(X=-3.0)
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Overview

| 23 8 5 6.7 8
LT T YT YO LTS TP FEP POV RV STV VT AT

Macro. photo of cross section

Micro. photo of cross section

|
3

'\"“ -
™

Tp .
=

Position (mm) X=-1.0

Depth (mm) d L6

(o] ing (um) 31

Tilt (deg) (%) 8

Position of surf. - st

osition of surf.

opening (mm) v 1470
z 35.7

Position of X =

osition ©

crack tip (mm) ¥ 1488
z 35.9

Typical crack opening data of PINC 5.13-1 ( parallel to weld )
(X=-1.0)
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Overview

203 4.5 6
AT T FTTTL TP T L FRFPATAFIETEETRFARTACTEE T T AT

Macro. photo of cross section

4
Micro. photo of cross section /

‘\ 1
2
—
1
TP o Tip e
Position (mm) X=1.0
Depth (mm) d 2.2
E E Opening (um) 2
Tilt (deg) (%) =27
Position of surf X Lo
osition of surf Y 147.1
opening (mm)
Z 35.7
Position of X Lo
osition o
crack tip (mm) L 140.1
Z 34.7

Typical crack opening data of PINC 5.13-1 ( parallel to weld )
X=1)



Overview

23 4 5 6 7T 8
LT T T AT YT PRV FEETYFTOT T AT T YT 71 FTTACTT

Macro. photo of cross section

Micro. photo of cross section

Opening 1-243 Opening

L = | o — " e

Position (mm) X=3.0
Depth (mm) d 1.0
Opening (pm) 3
Tilt (deg) (%) 2
Positi: f surf. A 340
osition of surf.

3 Y 147.3
opening (mm
R 9 (mm) z 36.0
Position of X 29
osition o -
crack tip (mm) hd 1983

Z. 36.0

Typical crack opening data of PINC 5.13-1 ( parallel to weld )
(X=3)
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(1) Overview

(2) Profile of SCC

O:Measured on sliced cross section

20

| 2 3 4 5 6 7 8
sttt bbb bbbl

Measured X position (Xmm from 180 deg)

10

0

=10 =20 =30

Crack depth {(mm)

7

Max. depth
l' 32:1 ::1 Crack length 8.0 mm
30
(3) Measured data of SCC
Position (mm) X=5.0 X=4.0 X=3.0 X=2.0 X=1.0
Depth (mm) d 0.0 0.4 0.4 0.8 1.8
Opening (pm) 0 3 1 1 2
Tilt (deg) () — ) 38 6 8
Posit f surt X 5.0 4.0 3.0 2.0 1.0
osition of surf.
opening (mm) Y 148.3 147.4 147.6 148.1
Z - 35.8 331 33.7 349
Positi . X 5.0 4.0 3.0 2.0 1.0
'osition o
crack tip (mm) Y 148.8 147.9 148.4 150.1
z = 35.7 336 336 35.2
Position (mm) X=0.0 X=-1.0 X=-2.0 X=-3.0
Depth (mm) d 18 2.4 0.2 0.0
Opening (pm) 1 2 1 0 X=5.0
Tilt (deg) (*) 29 20 25 -
N X 0.0 1.0 2.0 -3.0
Position of surt. [ 147.8 147.7 147.8 =
opening (mm) ,
z 34.1 34.0 34.3 — Y
Posit £ X 0.0 -1.0 -2.0 -3.0 \
OHIDOM.0) Y 150.3 150.5 148.1 = d  Depth
crack tip (mm)
Z 355 35.0 34.5 -

(*) Measured from Y coordinate (+ : clockwise )

Results of destructive test on PINC 5.13-2 ( parallel to weld )
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C view

Z coordinate (mm)

20

g

w
-
o
H

Y coordinate (mm)

=
(=]

150

160

170

Max
depth Za | Zb | Yb | Yb L d
340 | 350 | 1477 | 1505 | 293 | 24
Measured X position (Xmm from 180deg)
20 10 0 =10 =20 =30
N.. - : Surf. opening
O : Crack tip
Measured X position (Xmm from 180deg) A view z rdinat
20 10 0 -10 -20 -30 50 aggedinate: gm) 20
140
£
o 3% /
[}
£
E —e— Max
S 160 depth
o
- : Surf. opening -
O : Crack ti
) 170

z
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Overview

sblbldbdsd o basdonbn

Macro. photo of cross section

Micro. photo of cross section

Opening

- 163
18
S £
‘\ :
Tip — Tip —» ‘\
1
L= | [ == |

Position (mm) X=-1.0
Depth (mm) d 2.4
Opening (pm) 2
Tilt (deg) (%) 20
Position of surf. |— L0
ol I BT
P 9 Z 34.0
Position of X L0
osition o

£ Y 150.5
crack tip (mm

a0 Z 35.0

Typical crack opening data of PINC 5.13-2 ( parallel to weld )

(X=-1.0)
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Overview

ey 4 56 7
bbb bbb

Macro. photo of cross section

Micro. photo of cross section

1-1-0

Opening

i)
|+— 4
|
|
: ~a
l«— 6
A .
Tip —= r
i 8
Tip Sl E

Position (mm) X=0.0
Depth (mm) d 1.8
Opening (pm) 1
Tilt (deg) (%) 29
Position of surf, — L,

OSl! IIOI'I Of surt, v 147.8

g (mm)
z 34.1
Position of a 0.0
osition o

crack tip (mm) L 1304

Z 35.5

Typical crack opening data of PINC 5.13-2 ( parallel to weld )
(X=0)
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(1) Overview

(2) Profile of SCC

O:Measured on sliced cross section

20

<« 90°

"

o

= ]

w
.

23 4
sttt lionilsssslonsabias dioaioaabanndvn bbb

Measured X position (Xmm from 0 deg)

n

o

£
o 1o
=
-1
[
-
E 3
[*]
Jid
o
20
Max. depth
1 #:Simm Crack length  26.0 mm
30
(3) Measured data of SCC
Position (mm) X=14.0 X=13.0 X=12.0 X=11.0 X=10.0
Depth (mm) d 0.0 0.3 1.4 4.3 4.5
Opening (pm) 0 2 1 2 4
Tilt (deg)  (*) - 43 23 -10 12
P X 14.0 13.0 12.0 11.0 10.0
osition surf.
opening (mm) Y — 147.9 147.9 147.8 147.4
2z = 338 341 339 331
. " X 14.0 13.0 12.0 11.0 10.0
Fosifion o Y - 148.1 149.2 152.2 151.9
crack tip (mm)
Z - 336 335 331 322
Position (mm) X=6.0 X=2.0 X=1.0 X=0.0 -1.0
Depth (mm) d 8.9 10.5 10.5 9.0 9.3
Opening (pm) 8 210 7 17 10
Tilt (deg) (") -15 -20 -19 -20 22 *=20
. X 6.0 2.0 1.0 0.0 -1.0
Fosidon ofsurf. [~ 1473 1474 1473 1473 1475
opening (mm)
z 33.2 33.4 33.2 33.2 336
I X 6.0 2.0 1.0 0.0 1.0
osition
crack tip (mm) Y 155.9 157.2 157.3 155.8 156.1
z 30.8 29.7 29.8 301 301
Position (mm) =-2.0 X=-3.0 X=-4.0 =-5.0 =-7.0 =-11.0 X=-12.0
Depth (mm) d 7.8 7.4 6.4 6.8 6.8 0.1 0.0
Opening (pm) 19 38 13 13 8 2 1]
Tilt (deg) (") A7 24 25 22 18 20 -
P X -2.0 -3.0 -4.0 -5.0 -7.0 -11.0 -12.0
Fosifon.of aurt. ¥ 147.2 147.3 147.2 147.2 147.4 147.9 =
opening (mm)
z 329 33.2 3z9 328 331 33.5 -
X -2.0 -3.0 -4.0 -5.0 -7.0 -11.0 -12.0
Fosition of Y 154.7 154.0 163.0 1536 153.9 148.0 -
crack tip (mm)
z 30.7 30.1 30.2 30.3 30.9 33.5 -

(") M d from

Y rdinate (+:

fise )

Results of destructive test on PINC 5.14-1

B.30
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Max

Za ‘ Zhb ‘ Ya Yh L d
depth
33.15] 29.78 147.3] 157.3] 10.52] 10.5|
C view Measured X position (Xmm from 0 deg)
30 20 10 0 10 20 30
20
E
E
= 30
£ ,_,é::;\..
£ - : Surf. opening
=
5 o : Crack tip
o 40
o
N
50
B view Measured X position (Xmm from 0 deg Aview  Z coordinate (mm)
30 20 10 0 -10 -20 -30 50 40 30 20
140 140
E £
E E
£ 150 gso
c o
B - : Surf. opening ,-"E — v
] © : Crack tip H -
8 160 geo
> >
170 170

B.31



Overview

| 2 3 4 5 6
TP IR T PO FETT AT TTTA PP FEET ST AT FAVE YA

Macro. photo of cross section

Micro. photo of cross section 2-2 -7

Surf. opening
/
-
-~
.
Middle
=
Tip

‘.,/
2
‘/
LS
Tip
Position {(mm) X=-7.0
Depth (mm) d 6.8
Opening (pm) 8
Tilt (deg) (") -18
Position of surf X i
osition of surf.
Y 147.4
opening (mm
j izl z 331
Position of : mi
'osition of
crack tip (mm) ¥ 1658
Z 30.9

Typical crack opening data of PINC 5.14-1 ( parallel to weld )

(X=-7)

B.32




Overview

ll
.2 3 4 5 6 T 8
st buoncbusoabuasobuoatbavbinndv b dis b dussaluninhins

Macro. photo of cross section

Micro. photo of cross section

Surf. opening
6 il G
\/
A
=2 | i
\ /
N ) «— Tip
\\ & /
\ 2
%
[ == | \
Middle
Position (mm) X=2.0
Depth (mm) d 10.5
Opening (pm) 210
Tilt (deg) () -20
Position of surf. X 29
oz:r:i:; fmrsnu] I y 1474
Z 334
S aiion o X 2.0
osition
| == | crack tp mm) ¥ 157.2
Tip Z 29.7

Typical crack opening data of PINC 5.14-1 ( parallel to weld )
(X=2)
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{1) Overview

(2) Profile of SCC

30

O:Measured on sliced cross section

20

bl

L
x

Observed area

Measured X position (Xmm from 180 deg)

10

0

-10 -20 =30

0 WKG’.’V
£
:"-' 10
<%
@
-
-
]
I
Q
20
Max. depth
r 259 1ok Length 14 mm
30
(3) Measured data of SCC
Position (mm) X=8.0 X=7.0 X=6.0 X=5.0 X=3.0
Depth (mm) d 0.0 0.0 07 15 0.8
‘Opening (pm) 0 0 3 8 7
Tilt (deg) () . . ) .55 79
I X 8.0 7.0 6.0 5.0 3.0
o;::::; fm:"; [y = - 1471 1471 1471
z - - 30.4 30.3 30.4
I X 8.0 7.0 6.0 5.0 3.0
osition o
eonrk tie (i Y 1476 148.1 1473
z — — 29.9 28.9 29.1
Position (mm) =2.0 X=1.0 X=0.0 =1.0 =20
Depth (mm) d 0.9 1.4 16 18 24
Opening (um) 9 2 5 3 17
Tilt (deg) () 65 36 54 54 56
X 2.0 1.0 0.0 1.0 2.0
Positionofsngt, = 147.0 147.3 1a7.4 147.3 1a7.2
'opening (mm)
z 303 309 314 314 30.9
ie— X 2.0 1.0 0.0 1.0 20
osition ¢ Y 1475 148.4 148.3 148.5 1485
crack tip (mm)
z 294 301 29.4 29.5 29.0
Position (mm) X=-4.0 =-5.0 X=6.0 =-7.0
Depth (mm) d 1.4 03 0.3 0.0
Depth
‘Opening (pm) 4 3 3 0
Tilt (deg) () 57 48 76 —
T X 4.0 5.0 6.0 7.0
0;::;;'; fm:,:; : Y 147.0 1468 146.9 —
z 305 30.0 30.0 —
X 4.0 5.0 5.0 70
Fositionof Y 1a7.6 147.0 147.0 =
crack tip (mm)
z 291 297 296 -

(*) Measured from Y coordinate (+: clockwise )

Results of destructive test on PINC 5.14-2 ( parallel to weld )
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C view

Z coordinate (mm)

150

Y coordinate (mm)
[=}]
=

170

30

30

Measured X position (Xmm from 180 deg}
20 10 0 -10 =20

P A

Measured X position (Xmm from 180 de%
20 10 0 -10 -2

T

=30

- : Surf. opening
O : Crack tip

=30

- : Surf. opening
O : Crack tip

B.35
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(=}
(=1

Max
depth Za Zb Ya Yb L d
30.9 29.0 | 147.2 | 1485 2.3 2.1
A view Zcuordinategmm)
50 40 0 20
I\.
——

Y caordinate (mm)
(=]

-
k=1




Overview

3 4 5 6 7 B8
T T T T T T T 1 (7177 771 171

Macro. photo of cross section

Micro. photo of cross section

[ = | w A
{\E\M 2

{ =1
S~ 11
\2\\;’* == \ S .
s 5 o 10
> 5 A= T
—— ‘ e 5 —__ 10 ——\/
AN N
= 5 : :
,‘ -— Tip \— Tip
3
Position (mm) X=-2.0
Depth (mm) d 2.1
Opening (pm) 17
Tilt (deg) (%) -56
Position of surf X 20
cgenlg (. |1 147.2
z 30.9
Position of = =y
osition o -
crack tip (mm) Y 1956
Z 29.0

Typical crack opening data of PINC 5.14-2 ( parallel to weld )
(X=-2)
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Overview

[ 4 7
1mI|||ﬁ1:lluj’mlIJiu||u|lluﬁ|qu|?uullulluu|uﬁmhu

Macro. photo of cross section

Micro. photo of cross section

3
s 7 v
«— Tip . +—Tip
<
=1
[ == | | == |
Position (mm) X==1.0
Depth (mm) d 1.8
Opening (pm) 3
Tilt (deg) (%) —54
X -1.0
Posit_ian of surf. v 3
opening (mm)
Z 31.1
Position of X 2
osition o .
crack tip (mm) ki 1450
z 29.5

Typical crack opening data of PINC 5.14-2 ( parallel to weld )
(X=-1)
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Overview

4 5 6 :
T TR T O T L T 771 (7717 7111

Macro. photo of cross section

Micro. photo of cross section

Tip Tip

Position (mm) X=5.0
Depth {(mm) d 1.5
Opening (pm) 8
Tilt (deg) (%) -55
X 5.0
Posit_inn of surf. Y TRl
opening (mm)
Z 30.3
Position of X 20
osition o
crack tip (mm) v 145:1
Z 28.9

Typical crack opening data of PINC 5.14-2 ( parallel to weld )
(X=5)
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(1) Overview

(2) Profile of SCC O :Measured on sliced cross section

Measured y position ( along the surface )
180 170 160 150 140 130 120

a o o

"%a“xf/w' y position
E Slice direction \
'E' 1]
=
E’;
= 15
o
g
Oy
25 } Max. depth
sl Crack length  13.3mm
0
(3) Measured data of SCC
Position (1) (2) (3) 4) (5)
Depth (mm) d 0.0 0.2 0.8 1.7 1.9
Opening (pm) 0 0 3 2 2
Tilt (deg) (%) — 17 10 -29 -14
y 157.1 156.2 155.3 154.3 153.6
Position of surf. X = -1.3 0.7 -1.0 -1.2
opening (mm) Y 148.5 148.2 147.9 147.7 147.4
Z 36.3 35.5 346 337 329
Position of X B 1.4 0.9 0.0 0.7
osition of Y — 148.4 148.7 149.2 143.1
crack tip (mm) b "
z - 354 342 33.0 32.0 Postition (6)
Position (6) (7) (8) (9) (10) (11) (12)
Depth (mm) d 25 3.5 2.2 2.0 0.8 0.2 0.0
Opening (pm) 2 6 3 2 2 3 0
Tilt (deg) (%) 4 10 -10 3 10 9 -
y 152.6 151.6 151.0 150.3 147.3 144.9 143.8
Position of surf. X -0.3 -0.5 0.2 -0.9 -0.3 -0.4 —
opening (mm) Y 146.8 146.6 146.0 145.9 144.9 143.5 143.0
r4 32.2 31.3 30.6 29.6 28.1 25.8 251
. X -0.2 -1.1 0.6 -1.0 -0.2 -0.3 -
Fasttion of Y 149.0 149.7 148.0 147.6 145.7 1437 -
crack tip (mm)
Z 31.0 29.7 29.6 28.7 27.7 25.7 =

(*) Measured from radial coordinate of 90 deg. (+ : clockwise )

Results of destructive test on PINC 5.15-1 ( perpendicular to weld )
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C view

X coordinate (mm)
e

20 10 -10 -20
10 T |
20 |
= I
E
[:}]
*gg |
8 - : Surf. opening
o O : Crack tip
N
40 |
50
B view X coordinate (mm) / Base : 90 deg A view Z coordinate (mm) / Base : tube center
20 10 0 -10 -20 50 40 30 20 10
130 130
E i
E E
s 40 | E »
] o
£ ©
T £
S B
e o
s 150 | 8 150
| >
- : Surf. op_ening — Surf épéni.né =
O : Crack tip o : Crack tip
160 160
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Overview

Macro. photo of cross section

e Pl
! .
x=0 Im
Micro. photo of cross section
o]

pening

i Opening 3-243
} = iv\ p —\
\ ,
o mE
- ) i r{\
o ) / o o | /\ s
5 4 —DF, i \
pum
4 — 1
-— 1
=
“— Position (7)
'_(‘:\. ,‘h Depth (mm) d 35
- Opening (um) 6
i Tilt (deg) () 10
y 151.6
Position of surf. X -0.5
opening (mm) Y 146.6
; z 31.3
«— Tip Tip —» <+— 1 = -
Position of .
Y 149.7
Ea crack tip (mm
L= i z 29.7

Typical crack opening data of PINC 5.15-1 ( perpendicular to weld )
( Position=(7) )
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Overview

Observed area

Macro. photo of cross section

I}
1
{
Y
!
=
Micro. photo of cross section

Opening

2 3~
i 7 1
N . %
} )
li ’54— 3 \ s
{ s =t
3 }
1 7 Position (9)
i/ f )
/ / e Depth (mm) d 2.0
{ - 9 { Opening (um) 2
, ‘ Tilt (deg) (") 3
{ | y 150.3
K‘- 1 ﬁ\ | Position of surf. X -0.9
opening (mm) Y 145.9
« Tip Te B Z 29.6
g B X 1.0
Position of Y 147.6
/ crack tip (mm) = Y
= | = | - | = | -

Typical crack opening data of PINC 5.15-1 ( perpendicular to weld )
( Position=(9) )



(1) Overview

(2) Profile of SCC O :Measured on sliced cross section
M red iti I th rf:
180 170 el:[?u ¥.pos |gt'|” flong e ?4"4; ace) 130 120
0 “Kmt —eﬁfo‘v
5 :
- y position
E Slice direction
-§- 10
£
- 15
[=]
£
5]
20
25 Max. depth
T 3.3 mm
Crack length  12.2mm
30
(3) Measured data of SCC
Position (1) (2) (3) (4) (5)
Depth (mm) d 0.0 0.5 0.6 1.8 241
Opening (um) 0 1 1 2 1
Tilt (deg) (") — 3 -12 -5 10
y 156.0 155.0 154.4 153.3 152.6
Position of surf. X = 0.4 0.3 -0.2 0.1
opening (mm) Y 148.7 148.5 148.2 147.7 147.7
Z 35.2 34.3 33.5 327 3.7
sl oF X — 0.3 0.5 -0.1 0.3
osition Y — 143.0 148.8 149.3 1496 L
crack tip (mm) ik
z — 341 33.2 31.9 30.8 Position (8)
Position (6) 7 (8) (9) (10) (1) (12) (13) (14)
Depth (mm) d 2.8 29 33 3.1 2.7 26 13 0.6 0.0
Opening (pm) 3 131 2 14 3 3 12 1 0
Tilt (deg) (") 5 18 -7 13 -1 0 22 26 =
y 151.7 151.0 150.0 148.8 147.4 146.4 145.8 145.0 143.8
Position of surf. X -0.1 0.6 -0.4 0.4 -0.8 -0.8 -1.6 A7 -
opening (mm) ¥ 146.9 146.8 146.1 145.9 145.1 145.1 144.4 143.9 143.3
Z 311 30.2 29.5 28.6 28.0 27.0 26.4 25.6 24.9
X -0.3 -0.4 0.0 -0.4 -0.8 -0.8 -2.1 -2.0 =
rasitioniof Y 149.4 149.3 143.1 148.7 1475 1a7.4 145.5 1a4.4 -
crack tip (mm)
Z 29.9 28.9 28.0 27.2 26.8 25.9 25.8 254 -

(*) Measured from radial coordinate of 270 deg. ( + : clockwise )

Results of destructive test on PINC 5.15-2 ( perpendicular to weld )
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Z coordinate (mm)

Y coordinate (mm)

20 ¢

0 -

50

g

&
S

20

X coordinate (mm)
10 0 -10 -20

- : Surf. opening
o : Crack tip

X coordinate (mm) / Base : 270 deg
10 0 -10 -20

- : Surf. opening
O : Crack tip
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130

40

YEER(mm)

50

160

Z coordinate (mm) / Base : tube center

40

30

20

- : Surf. opening

O : Crack tip




Overview

Observed area

Macro. photo of cross section

Tip — Tp — +— 1
= =

Position (4)

Depth (mm) d 18

Opening (pm) 2

Tilt (deg) (%) 5
¥ 153.3

Position of surf. X -0.2

opening (mm) Y 147.7
z 327

Positi f > =t

'osition o

crack tip (mm) v 1453

Z 3.9

Typical crack opening data of PINC 5.15-2 ( perpendicular to weld )
( Position=(4) )
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Overview

Macro. photo of cross section

Micro. photo of cross section

»
-

Opening

*

“— Tip

3-1+1

““"2

/V
2 -
- 1

o

-

-+ 2
17
:iﬂf""

-

1 —» bl

Tp — 1

-l
Position (8)
Depth (mm) d 33
Opening (pm) 2
Tilt (deg) () -7
¥ 150.0
Position of surf. X -0.4
opening (mm) Y 146.1
F4 29.5
Positi i X 0.0
osition of
crack tip (mm) Y 1491
Z 28.0

Typical crack opening data of PINC 5.15-2 ( perpendicular to weld )

( Position=(8) )
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(1) Overview

y position
g

Slice direction
~a

(2) Profile of SCC O :Measured on sliced cross section
i o8 ngqsured y positi&n ( along the s‘ll.lurfacs ) e )
o
5
E
En
E=
o
g
E 4
§
o n
25 P M:;.g depth
sty Crack length  18.7mm
°° Position (5)
(3) Measured data of SCC
Position (1) 2) (3) (4) (5) (6) (7 (8)
Depth (mm) d 0.0 83 10.2 10.3 10.9 104 10.8 10.4
Opening (pm) 0 Embeded 2 4 15 5 1 17
Tilt (deg) (%) -~ = 5 3 4 0 2 3
y 157.4 156.4 154.4 153.6 151.2 150.6 149.8 148.6
Position of surf. X — -1.1 -1.1 1.2 0.8 0.7 0.1 1.2 1.4
opening (mm) Y 147.5 147.3 149.0 146.8 146.6 145.6 145.4 144.9 144.6
z 38.8 378 370 36.2 35.3 32.8 KRR 31 30.3
B X = 1.2 0.3 0.2 0.0 01 0.9 0.9
'osition
crack tip (mm) ¥ — 156.5 156.0 155.9 155.3 154.7 154.6 153.9
z = 33.3 3.6 30.6 27.9 27.2 26.3 25.6
Position (9) (10) (11) (12) (13) (14) (15) (186)
Depth (mm) d 9.3 9.4 8.3 7.9 6.6 34 1.0 0.0
Opening (um) 528 5 90 339 5 3 1 0
Tilt (deg) _(*) 5 4 17 K] 3 24 16 =
y 147.5 146.6 145.9 145.2 143.3 140.4 139.5 138.7
Position of surf. X 2.0 2.0 2.0 0.0 -0.3 1.3 2.2 —
opening (mm) Y 144.0 143.7 143.0 142.8 1413 138.3 138.7 1381
Z 29.6 28.7 281 271 259 23.9 23.2 225
— X 1.3 1.3 -0.5 0.1 0.0 -0.2 1.9 —
osition of Y 152.3 152.2 150.5 149.9 147.2 1423 1396 —
crack tip (mm)
Z 254 24.5 24.3 23.6 23.0 22.4 22.8 —

(*} Measured from radial coordinate of 90 deg. ( + : clockwise )

Results of destructive test on PINC 5.16-1 ( perpendicular to weld )
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C view X coordinate (mm)

20 10 0 -10 -20
10 = —— - —o
E 2 |
E
2
[v]
B ;
B 30 |
o
2 !
o
N
0
- : Surf. opening
I O : Crack tip
50 |
B view X coordinate (mm) / Base : 90 deg A view Z coordinate (mm) / Base : tube center
20 10 0 -10 -20 50 40 30 20 10
130 130
£ £
:.;' 140 é 140
© £
£ e
-g ]
g 3
> 150 > 150
- :.Surf. op.ening s ;Surf. opening .
o : Crack tip o : Crack tip
160 190
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Overview

Observed area

b

o 50 so

Opening

Micro. photo of cross section

L .
ot 3 ) 1 _
-, i — /]
\ fiG 2
\.\\ = f- _/_ b
}- < \ Ll
{ .
Surface opening 4
\ p
¥ 1
- -—
x 1
Tip —» ¥—
= = - lmm
J
/4 *10
/ =l
Middle o o
Depth (mm) d 10.2
Opening (pm) 2
Tilt (deg) (") 5
y 154.4
Position of surf. X 1.2
opening (mm) Y 146.8
z 36.2
Position of X &
'osition o
< Y 156.0
= crack tip (mm)
Zz 31.6

Tip

Typical crack opening data of PINC 5.16-1 ( perpendicular to weld )
( Position=(3) )
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Overview

Micro. photo of cross section Tip —" i 11 :
F 4211 opeiity
{ By
- ~ f S o /\.\\
2\ g y ) =
\ \ \ "
= Y etk N W
Surface opening 4
| == | (
Y~ 15
| ’ / 2
;
] ; ~— 3
i —_— ——— ] :
Tip LN
¢ %10
Middle
Position (5)
Depth (mm) d 10.9
Opening (pm) 15
Tilt (deg) (%) 4
¥ 151.2
Position of surf. X 0.7
opening (mm) Y 145.6
z 328
E ) i X 0.0
Tip Position of
crack tip (mm) Li 1353
Z 279

Typical crack opening data of PINC 5.16-1 ( perpendicular to weld )
( Position = (5) )
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|

Macro. photo of cross section

Micro. photo of cross section

1 !
\

= [}
|
|- |

. ﬂ\

N
R- \
N
- i
\ *10
KA A
'1. i Position (13)
= \’ ¢ Depth (mm) d 6.6
Middle Opening (um) 5
¢ Tilt (deg) (*) -3
& y 1433
\ " Position of surf. X 0.3
opening (mm) Y 141.3
Zz 259
T X 0.0
osition o
\ crack tip (mm) Y LI
Zz 23.0
=

Tip

Typical crack opening data of PINC 5.16-1 ( perpendicular to weld )
( Position =(13) )
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(1) Overview

Observed area

(2) Profile of SCC O:Measured on sliced cross section

Measured y position ( along the surface )
180 170 160 150 140 130 120

o
5 —“‘\\Ma/{ ¥ position
= Siice diregtion
=
a
@
-
5 15
=
[&]
20
25 I Max. depth
5.8mm
Crack length 15.7mm
30
(3) Measured data of SCC
Position (1) (2) (3) (4) (5)
Depth (mm) d 0.0 0.4 0.8 0.8 13
Opening (um) 0 1 1 3 3
Tilt (deg) (%) - -55 E 0 12
y 155.8 154.9 153.9 152.9 151.1
Position of surf. X — 2.7 3.2 3.4 0.4
opening (mm) Y 148.1 147.8 147.7 147.5 147.3
4 36.5 356 347 338 32,9
it X - 3.3 3.2 34 0.2
c;’i‘:‘t’; (oo Y — 148.2 148.4 148.2 1485
z — 355 344 335 323 Foalion, (7)
Position (6) (7 (8) (9) (10) (11) (12) (13) (14)
Depth (mm) d 3.0 5.8 5.0 57 5.3 4.5 4.5 1.5 0.0
Opening (pm) 9 8 10 7 4 8 32 13 0
Tilt (deg) (%) -1 5 [ 7 7 12 18 -39 -
y 149.6 148.5 147.5 146.6 145.8 145.0 144.2 140.9 140.1
Position of surf. X 1.0 0.8 0.9 1.1 0.9 0.7 1.2 -0.4 -
opening (mm) Y 146.3 145.6 145.5 144.7 144.4 143.4 142.9 140.3 139.7
z 304 29.8 28.8 28.2 273 26.9 26.1 23.9 23.2
Position of X 1.0 0.3 0.4 0.4 0.3 -0.2 0.2 0.8 -
'osition
crack tip (mm) Y 149.0 150.8 149.9 149.8 149.2 147.4 146.9 141.7 -
z 29.0 27.2 26.6 25.6 25.0 24.9 241 23.2 =

(*) Measured from radial coordinate of 270 deg. ( +: clockwise )

Results of destructive test on PINC 5.16-2 ( perpendicular to weld )
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O : Crack tip
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C view
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X coordinate (mm)
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Z coordinate (mm) / Base : tube center
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- : Surf. opening
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Overview

= Tip
= s
= Ha M-
h ' —=
Micro. photo of cross section
el
g 1}
( \ y
.‘] \
e Pl 2
3
T
; / : *-.,_‘2““ Position (6)
{ . = ak
}/,/ Lo ; ?./ = Depth (mm) d 3.0
: G oY (/ { 3 Opening (pm) 9
e L Tilt (deg) () g
\ ; A y 149.6
3 v Position of surf. X 1.0
1 opening (mm) Y 146.3
& z 30.4
o X 1.0
. ekt (nm) | Y| 1400
Tip—> To—whe z [ 20
— [ == |

Typical crack opening data of PINC 5.16-2 ( perpendicular to weld )
( Position=(6) )
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Overview

Macro. photo of cross section

Micro. photo of cross section J

SRE————— | | =

5
-1 +1 Opening
1.'\ 8
{ [ == | 12— |
Surface opening Y

.L J :-_',_. =
’L
\

= — 2
i — 1
e Tip —» -T
1 12
3 : Position N
: | = |
Middle Depth (mm) d 58
\ Opening (um) 8
] Tilt (deg) () 5
‘f y 148.5
Position of surf. X 0.8
L opening (mm) Y 145.6
AL z 298
Positi f X 0.3
'osition o
crack tip (mm) Y 150.9
4 27.2
i
=l
Tip

Typical crack opening data of PINC 5.16-2 ( perpendicular to weld )
( Position=(7) )



Overview

Opening

3l

dip=—=3*

-l
Micro. photo of cross section Opening 4144 Opening
4 y
-1 i
)
Sﬁ..__‘
o SR -« 1
y
< 4
/ o ’/ -
.~

) 553 Position (12)

! 5 ) Depth (mm) d 4.5
£ 1 pl. A Opening (pm) 32
W N Tilt (deg) () 18
y 144.2

TR Position of surf. X 1.2
opening (mm) Y 1429

2 26.1

Position of = =

osition of

crack tip (mm) y 146.9

Tip—» = T e— 1 = z 241

Typical crack opening data of PINC 5.16-2 ( perpendicular to weld )
( Position =(12) )
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Appendix C

PINC Data Compilation






Appendix C

PINC BMI Block Data Compilation

AF Pardini
R Mathews
PNNL ECT
Sample Flaw Angle 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
59 Flaw 1 15 0.51
59 Flaw 2 75 NR
59 Flaw 3 195 NR
59 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 243
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

C.1



Flaw Observations POD ECT

Surf5.9.2 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
Surf5.9.4 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
Surf5.13.1 4 0.75 245
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

C2



C.1 Calibration/Verification Standard

Two Larger Flaws are 4-mm Long x 5-mm Deep x 0.203-mm Wide

Two Smaller Flaws are 4-mm Long x 1-mm Deep x 0.102-mm Wide

C3



OTCH_STD

1.840

2.0 0.5 1.0 1.5 2.0 2.5 3.0

STD 45 DEGREE _SIDE 8 4808 IM ¥2 rect hdf zy 1 magintezp_ sz

1.558858
1.913334
930314
448952

0.5833068
0.45208€
0.455689
0.378405
0.194082
0.244712
0.532373
1.0537
1.479843
2.535390
536012
£15563

naglnterp_x

2.369613
2,13%0818

0.834448

0.94493¢
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C.2 PINC5.7

Bl Edt [magr Mumben Macos [oos findows teb

Cols

0900 Data Vahse:

1.50

0.0 0.5 1.0 1.5 2.0 1.5 3.0

NOTCH_STD__ 45 _DEGREE_SIDE 5 48DS_IN EI rect_hdf xy ! magl

Gle Edt (mage Mambers Macros Tooks (ndows Heb

1210 Data Vahoe

1.340

0.076643

o.993778
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_rect_hdf xy 1 magInterp
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C.21 Flaw 3

IAL_360_SCAN_1A_12.19._07.rect_hdf_xy 1. |- [0 [X|

0.5

: &_7_RADIAL_360_SCRM_1A_13_13_07_zect_hdf_xy_!_maglatesp_x

C22 Flaw1l

[}
o
o
o

o
o
o
o
[}
o

o

.287386
+333003
+303914
« 634047

61876

12731
096476
674409

944681
+55359%
-425376
«461983
642497

486004
+321488%

360_SC
1,370

2.24 L
0.373361

29643
1.311543
2.230862

2.899444

1.380

501979
«434767
926143

716138

1.3%0

0.230
0.240
0.250
0.260
0.270
0.280
0.290
0.300
0.310
0.320
0.330
0.340
0.350
0.360
0.370

C.7

0.720199
1.042488
«214206
+099754
-845123
269457
-000133
475813
855773
+086052
~339407

O

+B87276€

242144

P PP T e C e

0.608894
«9E6336
1.362905
1.616670
0.845123
1.720208

0.251322
0.682060
1.2%3128




C.23

Flaw 2

FINC_5_7_RADIAL 3£0_SCAN

1.001.251.501.752.00

rect_hdf xy 1 maglaterp x

JPINC_5_7_RADIAL_360_SCAN_1A_12_19_07_rect_hdf_xy_1_.

-1.440 -1.430 -1.420

0.660149 0.420445 0.184270
0.620 0.865596 0.708396 0.377944
0.630 0.932238 0.649759
0.640 0.608970
0.650 0.788231
0.660 1.374088 0.823880
0.670 1.462895 1.360605 0.207486
0.680 1.600153 1.515253 1.164741
0.650 1.522871 1.587653 1.370463
0.700 1.4945%94 1.370463
0.710 1.412134 1.518719
0.720 1.134005 1.558311
0.730 0.72264% 1.477565
0.740 0.476895 1.056935 441536
0.750 0.460950 0.748881 355348
0.760 0.371921 0.720087 1.116258
0.770 5.202840 0.658828 0.950028
0.780 0.208385 0.436230 0.204522
0,790 0.225900 0.334003 0.712741
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C.3 PINC5.8

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

-2.50 -1.25 0.00 1.25 .50

;%]

PINC 5 8 RADIAL 360 48DE 11 21 07 rect hdf %y 1 magInterp
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C.4 PINC5.9

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

«333482
3.933483

C.10
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21 07
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C.5 PINC5.10

General magnitude of the fabrication area.

Bl Edt jmage Mumbers Macoe ook [rcews Help

- i DS

C.12



Be B8t jmage Movbes Maoos ook Jirdows Hep

Aows: 1290 Data Valbur:

Cole: 1160

M 5 10_MADIAL

Be B8t jmage Movbes Maoos ook Jirdows Hep

Hows:| 1530 Dota Vobus

Cole: 0510
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Image Morbers Heooe Jook |ircows Hep

Hows: 0500

Cole: 1.270

Data Valbur:

=agTnterp x

3

a8E50

PEETTTH
06

SRE32E

Fi
2.
1.996326

BRI R AR R R

1 1
2 2
2. Fl
2.740483 2
2.316623 1
2376623 2.
2.814816 2
2. § e
2. E

2.688858

3. 6RE55E

"

3

1.788468
7.051506
06
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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.

-2.50

=1.25

1.25

-2.50 -1.25 0.00 1.25 2.50

0.5 1.0 1.5 2.0 2.5 3.0 3.5
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C.6 PINC5.11

General area magnitude.

C.16



C.7 PINC5.12

General area magnitude.

Rows:  1.070

C.17



C.8 PINC5.6

Five indications for sure; the sixth is a guess.

303854
L303854

OFPET_TST_RADIAL 360_s8_DB_ 11 19 07 _rect_hdf sy 1 maglaterp
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48 DB_11_19_07

0.858330
0.856220

94832
0.181448

WAL_360

0. 75
0.806767
0.835529
0. 820647
0.320044
. 666013

5
0.999038
=0.060 0.854663
521158
S35
BESTES

-1.50
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B it jmagr fumbens Maom [eoh jfrcows tep

Rows: 1390 Data Value: m

11_19
=1.46C =1.450

OPFET_TST_RADIAL_360_4%_08_11 19 07_rect_RAf_xy_1_maglaterp x

1.342584 1.270340
1.266481 1.258901
1.300419
1.300419
1.459523

0.95084%7
1.280212

1.280212 NEREEEREEY

1.633451 42749
1.369914 1369904
1.369914
1.206848
1.322697
1.59500%5 1.585566

-0.330

OPPET_TST_RADIAL_360_s8_DB_11 19 07_zect_hdf_xy_1_saglaterp x

1.109730
1.087%20 1.083701
086235 1.083308
1.084577 1.080803
1.115674
1.15826%
082109
035828 0.833803
D.652708 0.603742
316503 1. 426233
#295s< IEEAREAR]
1.548632 1.280701
1.029799% 0.864000
0.40316% 0.470537
0.705345 0.7T45774
0.961188
1.149380
085329

0.

75073




1.760

1.393684 1.393684

0.00 0.25 0.50 0.75 1.C 1.50

CPFLT_TST_RADIAL_360_48_DB_1i_19_07_rect_haf_xy 1 maginterp_x

0.2608376
0.299297
0.295297
D.316045
0.336287
0.365544

1.38€526

B it jmagr fumbens Maom [eoh jfrcows tep

o S R

Cole | 0950

PET_TST_RAL

0.2% 0.50 0

0.

CPFET_TST_RADIAL 380_48_IB_ _rect_hde_xy_3_maglatess x

0.833828

0.540741
0.841658
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C.9 Japanese Samples

C.9.1 EDM Sample Block 1
a=a|

Wndows  Helo
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C.9.2

EDM Sample Block 2

Pt = 101 %)

] g.1288

0.56

1.096434
1.07400
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C.93

Reference Block 1

I
image thnbers cos Teck Wndoms tiel

Hows n1sn Dala Vahss:
Cols: | 1190

a3
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C.9.4 Reference Block 2

Hows: 1,000 Data Vahss:

Cols. 0100

6.8

;1 maglntesy
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C.10 PINC 5.13
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C.11 PINC 5.14

isTory - 1o E‘

Mo £dt mage Mumbes Maoos Teos MWndows Heb

Aows: 0,280 Data Valua:

Coly: 1.360

3.695231
3.849709%
3.598675
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o e

CO00ODOODOO0OOEDO00

Y

«240423
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1K 52 I8 DEGREE 3 ect_hdf wy 1 magInverp
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C.12 PINC 5.15

!$ drastoT,

‘He Edt Image Numbers Macos ColorTables Took Windows Help
Selection Minc  0.201353 Dalallin: E @@@
Max  0.201353 Max: s

= [B]X]

L0007 e fay il amaelnter i -
0.0 0.5 1.0 1.5 2.0 2.5 3.0
SCC BLK 33 2B DEGREE 12 10 2007 rect hdf xy 1 maglnte:rp
- — el
[« ] E
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5 ", 'Ifﬂl!ﬁ L

LI=h)

Ple Edt fmage Mmbers Macos [oos iWndows Heb

Rowz: 0340 Data Valus:

Colx: 1.470

0.0

0.5 1.0 1.5 2.0

2.

5 3.0

SCC_BLK S3_ 1A AXIAL 30_F3 1 _AT_90_DEG 12 11

rect_hdf_xy_1_maglnterp_x

=]

1.470 .480
0.099754 L 050351

0.162591 0.

0. 0.352680 0.

0.753533 [

1.373578 1.292844 1

2.012381 «BT4946 4

2.510165 . TE 2.

0.330 2.679304 2.815053 562380 2.

0. 0,340 2.915266 [IENEEREEE 703043 2

0.350 2. 2.839270 625051 2.

0.360 4.47815¢ 474677 i.

0.370 061935 1.775706 1.

0.380 «T42694 1.452356¢6 0.

1.0664%6 0.

0.785064 0.

0.573428 -]

6.377830 0.
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Lf 14,

Ele Edit [moge Numbers Macos Tocls Windows Help

Rows: | 0.330 n...v....c
Cols: 1.340
0.
0.
0.876510
1.276187 .51
1.783320 0,82
2.4 2.1€8202 1.38
2.49%8007 i
0.300 3.4614490 2.915526 Z
0.310 3.63668% 3.264300 Z
0.320 3.769623 3.656149 3.26
0.330 3.714178 3.851288 3.55
0.340 3.417834 3.907336 3.67
0.350 3,157980 3,672904 3.783926 3.63
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