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Abstract

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). A series of round-robin tests was conducted by
teams from Europe, Japan, Korea, and the United States. The teams examined a series of test
blocks designed to simulate cracked piping dissimilar metal welds and bottom-mounted
instrumentation tube penetrations. The round-robin tests were carried out to determine the
effectiveness of a variety of nondestructive testing techniques for the detection of simulated
stress corrosion cracking. These round robin tests were conducted using nickel-based alloys,
such as Alloy 600. In these tests, 22 test blocks, 19 containing simulated primary water stress
corrosion cracking and 3 blanks, were used. The teams used techniques ranging from
conventional ultrasonic techniques to experimental potential drop methods. The results were
then scored to allow for comparisons between the techniques. The conclusions and
recommendations presented in this report are based on the probability of detection, false call
probability, and sizing statistics measured in the round robin studies.

The highest-performing technique for detection and length sizing, for both dissimilar metal welds
and bottom-mounted instrumentation nozzles, was the use of eddy current testing on the
cracked surface. Ultrasonic testing showed that it could be used effectively for detection and
length and depth sizing. The effective detection of flaws in bottom-mounted instrumentation
nozzles by eddy current and ultrasound shows that it may be possible to reliably inspect these
components in the field. The high variability in the team performances suggested that the skill
of the team conducting the test is a very important factor in the quality of the examination. This
suggests that some form of strict inspector qualification, such as a performance demonstration
program, is required to ensure that the inspections are effective. This evaluation also shows
that it may be beneficial to tie the inspection interval length to the crack growth rates in the
materials of interest. Materials with very high crack growth rates may require inspections at
every outage to provide a sufficient improvement factor.

This body of work suggests that several NDE techniques need to be used in tandem to ensure
adequate flaw detection and sizing from the noncracked surfaces. Eddy current provided the
highest performance for flaw detection from the cracked surface. The round-robin results from
this effort showed that a combination of conventional and phased array ultrasound provided the
highest performance for accurate depth sizing in dissimilar metal piping welds. It is worth noting
that eddy current is not universally applicable for dissimilar metal welds, as many welds are in
locations that do not allow for inner diameter inspections. If access to the flawed surface is not
possible, a combination of phased array ultrasound and conventional ultrasound appears to be
the most effective alternative.






Foreword

Between November 2000 and March 2001, leaks were discovered in Alloy 600 control rod drive
mechanism (CRDM) nozzles and associated Alloy 182 J-groove attachment welds in several
pressurized-water reactors (PWRs). Destructive examination of several CRDMs showed that
the leaks were the result of primary water stress corrosion cracking (PWSCC). By mid-2002,
over 30 leaking CRDM nozzles had been reported in the United States. Moreover, during this
same time, a circumferential hairline crack was detected in the first weld between the reactor
vessel nozzle and the A loop hot leg piping at another PWR that was subsequently determined
to be PWSCC. Such events, both domestic and international, made it apparent that additional
research was necessary to address the problem of stress corrosion cracking (SCC) in nickel-
based alloys in PWR components.

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 Pacific Northwest National Laboratory
(PNNL) assisted NRC with the coordination of PINC with two primary objectives:

1. Compile a knowledge base on cracking in Alloy 600 and similar nickel-based alloys in
nuclear power plants (NPPs) including the crack morphology and non-destructive
examination (NDE) responses.

2. Identify and quantitatively assess capabilities of current and emerging NDE techniques to
detect, size, and characterize tight cracks using NDE mock-ups with PWSCC simulations.

The PINC participants identified, ranked, and determined which component configurations
should be considered for the study. A series of test blocks with cracks were then designed and
fabricated to simulate the selected component configurations. This report describes the results
of the round robin tests that were performed to assess the NDE effectiveness and reliability.

The first primary objective of the study was to produce an electronic resource on PWSCC in
nickel-based alloys. This included documenting the material generated in support of an
improved understanding of (1) PWSCC morphology, (2) NDE responses to PWSCC, and (3) the
capability of NDE to reliably detect and accurately size PWSCC. This information should prove
to be a valuable resource for the problem of SCC in nickel-based alloys in NPP components.

With regard to the second primary objective (i.e., investigate the capability of various NDE
methods to detect and size the through-wall extent of PWSCC), the report describes the efforts
of the PINC participants to detect and measure the lengths of cracks. The surface conditions,
access to both sides of the weld, and inspection conditions for the PINC specimens provided
the inspectors with less challenging conditions than would be expected in field inspections of
PWR components. Although the inspection conditions were less challenging, team
performance was highly variable. This supports performance demonstration efforts in the
nuclear industry to ensure adequate qualification of inspectors. The variability in team
performance should be factored in the decisionmaking process when applying the results of this
study.



Nonetheless, some firm conclusions could be made. For example, eddy current inspection from
the cracked surface demonstrated the highest probability of detection for the examination of the
dissimilar metal weld specimens. None of the NDE techniques in this round robin study
demonstrated the capability to accurately measure the depths of flaws in dissimilar metal welds
to ASME Section XI Code requirements. The study suggests that, in certain situations,
examinations would be improved through the use of several NDE techniques to ensure
adequate flaw detection and sizing.
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Executive 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.

e 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 dissimilar
metal welds and in bottom-mounted instrumentation penetration tubes and J-groove welds.
Based upon the information that was developed from conducting round-robin exercises on
DMW samples and BMI nozzles, this study provided the following conclusions and
recommendations. The conclusions and recommendations presented in this report are based
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on the probability of detection, false call probability, and sizing statistics measured in the round
robin studies.

Probability of Detection Performance

Dissimilar Metal Weld Pipe Specimen Round Robin Probability of Detection Performance

The conclusions that may be inferred from the experimental results for the dissimilar metal
welds pipe specimens are as follows:

1. Conclusion: Eddy current inspection from the cracked surface demonstrated the highest
probability of detection (POD) for all flaws in the DMW round robin.

o PINC Recommendation: The results of this study show that eddy current inspection
are the preferred detection technique for dissimilar metal welds, where conditions
allow access to the same surface from which the crack originates and where the
surface conditions allow for ECT testing.

2. Conclusion: The POD results for the DMW round robin show significant variability in POD
performance based upon technique, procedure, and team.

¢ PINC Recommendation: The results illustrate the usefulness of performance
demonstration as a means to help ensure the reliability of DMW inspections.

3. Conclusion: The potential-drop techniques that were used in the DMW round robin
demonstrated the lowest POD performance.

¢ PINC Recommendation: The potential-drop techniques used in the DMW round robin
need further development before use as detection techniques in inservice inspection
programs.

Bottom-Mounted Instrumentation Round Robin Probability of Detection Performance

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.

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

2. Conclusion: Inspections using adaptive phased array ultrasound were able to detect all
baseline difficulty flaws and none of the challenging flaws (baseline and challenging flaws
are defined in Section 4.2.2).
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e PINC Recommendation: While adaptive phased array ultrasound was slightly less
effective than eddy current testing, the results of this study suggest that adaptive
phased array ultrasound can be effectively used to find flaws in BMI welds.

3. Conclusion: The inspections using array eddy-current techniques used in this BMI round

robin study had a reduced POD and a much higher false call rate compared to the higher
frequency cross-coil ECT examinations.

¢ PINC 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 for detection 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.

e PINC 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 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 on these test blocks.

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

Sizing Performance

Dissimilar Metal Weld Pipe Specimen Sizing Performance

The conclusions that may be inferred from the experimental results indicate the following:

1.

Conclusion: None of the NDE techniques in this round robin study demonstrated the
capability to accurately depth size flaws in dissimilar metal welds to ASME Section XlI code
standards. The average depth sizing for all techniques tended to slightly undersize the
flaws and had standard deviations and RMSE errors of approximately 7 mm. Two
techniques came close to meeting ASME Section Xl standards.

o PINC Recommendation: The depth sizing of flaws should be improved. The use of
phased array UT and conventional ultrasound together showed the most promise.

Conclusion: Eight teams length-sized flaws with an RMSE within the ASME Section XI
standard of 0.75 inch (19 mm). Teams that used phased array UT and eddy current
achieved higher accuracy than teams that used conventional UT and potential-drop
techniques.
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e PINC Recommendation: Phased array UT or a combination of eddy-current
techniques and conventional UT are the preferred method for length sizing.

Bottom-Mounted Instrumentation Weld Sizing Performance
The conclusions that may be inferred from the experimental results indicate the following:

1. 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).

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

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

e PINC Recommendation: More work should be performed to determine the depth-
sizing capabilities of the various techniques.

Based on the round-robin tests, including detection and length-sizing capabilities, several
techniques need to be used in tandem for flaw detection and sizing in dissimilar metal welds
comparable to ASME Section XI. Eddy current testing had the highest POD performance, and a
combination of conventional and phased array ultrasound was the only technique that provided
RMSE depth-sizing capabilities close to Section Xl requirements. It is worth noting that eddy
current is not universally applicable for dissimilar metal welds, as many welds are in locations or
have surface conditions that do not allow for ID inspections. If ID access is not possible, a
combination of phased array ultrasound and conventional ultrasound appears to be the most
accurate alternative.

General Conclusions

1. Conclusion: The surface conditions, access to both sides of the weld, and inspection
conditions for the PINC specimens provided the inspectors with less challenging conditions
than would be expected in field inspections of nuclear power plant components.

¢ PINC Recommendations: The probability of detection and sizing results should be
considered an upper bound for the inspection techniques.

2. Conclusion: Inspection procedures and teams with formal NDE qualifications tended to
have a higher POD and lower false call rate than teams and procedures with no formal
qualifications.

¢ PINC Recommendation: As NDE inspections are carried out by qualified inspectors,
the probability of detection and length sizing results for the qualified teams and
procedures should be considered the most representative of field inspections.
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3. Conclusion: An analysis of the POD curves generated by the PINC round robin testing
showed that the procedures improved safety by factors of 1.1 to 1.5 for a 10 year interval
and by factors of 1.3 to 2.1 for a four year interval. (These safety factors use the crack
growth rates for stress corrosion cracks in stainless steel welds.)

¢ PINC Recommendation: Effective NDE techniques may need to be combined with
inspection intervals selected based on the crack growth rates. The analysis should
be refined using PWSCC crack growth rates in nickel-based alloys.
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1.0 Introduction

Stress corrosion cracking in nickel alloy materials 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 Iwasaki was the substitute for Dr. Chigusa. In June 2008, he was replaced
by Mr. Taniguchi.

Tetsuo Shoji

Jack Spanner

Esa Leskela

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.
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1.2 Task Group on NDE

Task Group (TG) NDE Members

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

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

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

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

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

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

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

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

Coordinate receipt of inspection results.

1.3 Task Group on PINC Atlas

Task Group Atlas Members

Robert Harris — Chairman
Seiji Asada

Joo Youl Hong

Tae Hyun Lee

louri Prokofiev

Brian Rassler

Myung Ho Song

Boyd Taylor
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Kwangsik Yoon
Masanobu Iwasaki
Kyungcho Kim
Sung Sik Kang
Tetsuo Shoji

Shuji Tanioka
H&nnu 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 plant applications. This will include documenting the material that has been
generated in support of an improved understanding of (1) the morphology of PWSCC, (2) NDE
responses to PWSCC, and (3) the capability of NDE to reliably detect and accurately size
PWSCC.

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

Results of the activities of the other task groups
Presentations of PINC members
Submissions from PINC members

Available open literature

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

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

The Atlas will document the following:

PWSCC morphology
PWSCC NDE results from real PWSCC and simulated PWSCC
Round-robin test results

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

References and links to the open literature.

1.4 Data Analysis Group

Data Analysis Group Members

Stephen Cumblidge — Chairman
Steven Doctor, Invigilator U.S.

Pat Heasler

Peter Merck

Tommy Zetterwall, Invigilator Europe
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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

e Coordinating the need for oversight of destructive testing
¢ 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 measure the length
and through-wall extent of PWSCC in DMWs. The report is organized as follows.
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Section 1 provides introductory material and explains the organization of the PINC program.
Section 2 describes the test blocks used by the PINC program, including photographs of the test
blocks, schematic drawings of product forms, and dimensions of the test blocks. Section 2 also
gives the coordinate system used in the round-robin test. Section 3 describes the nondestruc-
tive testing techniques used to examine the test blocks in the round-robin trials. Section 4
describes the scoring procedure used for the analysis in this report, the information on
probability of detection (POD) results, and the sizing performance for the NDE techniques/
procedures used. Section 5 provides a discussion on how the POD results relate to the integrity
of the systems. Section 6 contains the experiences in the international community with cracking
in nickel-based components in reactors. Section 7 compares the eddy current responses found
for the various flaw types with PWSCC found in the North Anna 2 reactor pressure vessel head.
Section 8 discusses the results and highlights the conclusions and recommendations that can
be drawn.
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2.0 Test Block Descriptions

This section of the report describes the test blocks used for conducting the PINC round-robin
tests. Section 2.1 describes the test blocks used for the dissimilar metal weld tests. The test
blocks used in the bottom-mounted instrumentation tube tests are described in Section 2.2.
Section 2.3 describes the flaw implantation procedures used to produce the test blocks.
Section 2.4 describes the flaw locations in the test blocks.

2.1 Dissimilar Metal Weld Round-Robin Test Blocks

Participants in the PINC have offered more than 30 test blocks for use in round-robin tests of
NDE effectiveness. The test blocks used in the PINC round robin tests have 68 cracks in
nickel-base weld metal that are intended to simulate PWSCC in a variety of component
geometries. The test blocks were divided into two categories that were circulated, inspected,
and analyzed separately. These two categories are described in Table 2.1.

Table 2.1 Test Block Categories

Typical Component
Mid-thickness dissimilar metal weld
Bottom-mounted instrumentation

Thickness/Tube Inner Diameter (ID)

Wall thickness range 4.1 to 4.7 cm
Tube ID <2.8 cm

2.1.1 Available Mid-Thickness Dissimilar Metal Weld Test Blocks

Table 2.2 cross-references the photographs, drawings, and coordinate systems provided in this
section for the dissimilar metal weld test blocks.

Table 2.2 Index of Photographs, Drawings, and Coordinate Systems for PINC Test
Blocks in Mid-Thickness Dissimilar Metal Weld Round-Robin Test

PINC Coordinate
Reference No. Photograph Drawing System
PINC 2.1 Figure 2.1 Figure 2.9 Figure 2.13
PINC 2.2 Figure 2.2 Figure 2.9 Figure 2.13
PINC 2.3 Figure 2.3 Figure 2.9 Figure 2.13
PINC 2.4 Figure 2.4 Figure 2.10 Figure 2.14
PINC 2.5 Figure 2.5 Figure 2.10 Figure 2.14
PINC 2.6 Figure 2.6 Figure 2.10 Figure 2.14
PINC 2.9 Figure 2.7 Figure 2.11 Figure 2.15
PINC 2.10 Figure 2.8 Figure 2.12 Figure 2.16
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Table 2.3 presents the block dimensions used in the PINC dissimilar metal weld round robin.
Each block is described as a cylindrical shell, even the nozzle blocks PINC 2.9 and 2.10. The x,
y, and z dimensions describe the volume that could be inspected. For those inspections in
which an inspection volume was not recorded, the volumes listed in Table 2.3 were used.

Table 2.3 Dissimilar Metal Weld Test Block Dimensions

Outer Circum- Inspection Volume
Thickness Inner Radius Axial ferential
Test of Weld Radius, Axial, Dimension, Dimension, X1, X2, Y1, Y2, ZI, 2Z2,
Block Butter, mm mm mm mm degrees mm mm mm mm mm mm
PINC 2.1 5 149 195 400 70.0 -119.1 119.1 -40 40 0 46
PINC 2.2 5 149 195 400 70.0 -119.1 1191 -40 40 0 46
PINC 2.3 5 149 195 400 70.0 -119.1 119.1 -40 40 0 46
PINC 2.4 5 149 195 130 120.0 -204.2 2042 -65 65 0 46
PINC 2.5 5 149 195 130 120.0 -204.2 2042 -65 65 0 46
PINC 2.6 5 149 195 130 120.0 -204.2 2042 -65 65 0 46
PINC 2.9 5 151 193 550 360.0 -1212.6 12126 -40 40 0 42
PINC 2.10 5 151 193 220 360.0 -1212.6 12126 -40 40 0 42

All available photographs for mid-thickness DMW test blocks are shown in this section.

Figure 2.1 PINC Block 2.1 from Japan Nuclear Energy Safety Organization (JNES) —
Pressurizer (PZR) Surge Line to Safe-End Dissimilar Metal Weld
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Figure 2.2 PINC Block 2.2 from JNES — PZR Surge Line to Safe-End Dissimilar Metal
Weld

Figure 2.3 PINC Block 2.3 from JNES — PZR Surge Line to Safe-End Dissimilar Metal
Weld
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Figure 2.4 PINC Block 2.4 from JNES - PZR Surge Line to Safe-End Dissimilar Metal
Weld

Figure 2.5 PINC Block 2.5 from JNES — PZR Surge Line to Safe-End Dissimilar Metal
Weld
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Figure 2.6 PINC Block 2.6 from JNES — PZR Surge Line to Safe-End Dissimilar Metal
Weld

Figure 2.7 PINC Block 2.9 from Swedish Qualification Center (SQC)
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21.2

Schematic drawings are provided to give product form configuration and dimensions for the test
blocks. The three test blocks PINC 2.1, 2.2, and 2.3 have similar configurations, as shown in
Figure 2.9. The three test blocks PINC 2.4, 2.5, and 2.6 are likewise similar to each other, as
shown in Figure 2.10. The dimensions of the SQC test block from the Swedish Radiation Safety
Authority (SSM) are shown in Figure 2.11 and Figure 2.12. All units are in millimeters for

Figures 2.9-2.12.

Figure 2.8 PINC Block 2.10 from SQC

Schematic Drawings for Mid-Thickness Dissimilar Metal Welds
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Figure 2.9 PINC Test Blocks 2.1 through 2.3 (JNES No. SH1 to SH3) — PZR Surge Line to
Safe-End Dissimilar Metal Weld Test Blocks
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Figure 2.10 PINC Test Blocks 2.4 through 2.6 Test Blocks (JNES No. ST1 to ST3) — PZR
Surge Line to Safe-End Dissimilar Metal Weld Test Blocks
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Figure 2.11 PINC Block 2.9 from Swedish Radiation Safety Authority (SSM)
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Figure 2.12 PINC Block 2.10 from SSM

2.1.3 Coordinate Systems for Mid-Thickness Dissimilar Metal Welds

This section documents the coordinate system for use in the mid-thickness dissimilar metal weld
round-robin test. The reader should pay careful attention to the documented coordinate system
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for each test block. The convention for increasing X (always along the weld) and Y (always
across the weld) varies from test block to test block.

Figure 2.13 shows the coordinate system for test blocks PINC 2.1, 2.2, and 2.3. The x-axis
increases clockwise when viewed from the stainless steel side and starts at the midpoint of the
weld length. The y-axis increases toward the carbon steel side and starts at the weld centerline.
The z-axis starts at the outside surface and increases into the part. Figure 2.14 shows the
coordinate system for test blocks PINC 2.4, 2.5, and 2.6. This coordinate system uses the
same convention as that shown in Figure 2.13.

For PINC 2.9, the x-axis increases counterclockwise around the part when viewed from the
stainless steel side and starts at a scribe line on the part, as shown in Figure 2.15. The y-axis
starts at the DMW centerline and increases toward the stainless steel side. For PINC 2.10, the
x-axis increases counterclockwise around the part when viewed from the stainless steel side
and starts at a set of punch marks on the part, as shown in Figure 2.16.

-
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BUTTERING"  wEL

Motes
+ Xis clockwise from the Stainless steel face
#=0.0is located at the mid-point on the weld length

Figure 2.13 Coordinate System for PINC Test Blocks 2.1, 2.2, and 2.3
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Figure 2.14 Coordinate System for PINC Test Blocks 2.4, 2.5, and 2.6
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Figure 2.15 Coordinate System for PINC Test Block 2.9 from SSM/SQC
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Figure 2.16 Coordinate System for PINC Test Block 2.10 from SSM/SQC
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2.2 Bottom-Mounted Instrumentation Round-Robin Test Blocks

Fourteen test blocks were selected for the round-robin test on NDE effectiveness for
degradation in BMI nozzle penetration seal welds. Table 2.4 references the photographs and
drawings for the test blocks. 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. An extra test block was provided by KINS,
and was not in the original test design. Although the test block was optional, all teams were
encouraged to try to include this test block in their inspection schedule. The extra test block is
shown in Figure 2.30.

Table 2.4 Test Blocks for BMI Round Robin

ID Provider Test Block Photograph Drawing
PINC 5.1 KINS Penetration W17 Figure 2.27 Figure 2.31
PINC 5.2 KINS Penetration W22 Figure 2.28 Figure 2.32
PINC 5.3 KINS Penetration W46 Figure 2.29 Figure 2.33
PINC 5.6 SSM/SQC F3.537.2 No Photograph Figure 2.34
PINC 5.7 NRC/PNNL WNP1.BMI.1 Figure 2.17 Figure 2.35
PINC 5.8 NRC/PNNL WNP1.BMI.2 Figure 2.18 Figure 2.36
PINC 5.9 NRC/PNNL WNP1.BMI.3 Figure 2.19 Figure 2.37
PINC 5.10 NRC/PNNL WNP1.BMI.4 Figure 2.20 Figure 2.38
PINC 5.11 NRC/PNNL WNP1.BMI.5 Figure 2.21 Figure 2.39
PINC 5.12 NRC/PNNL WNP1.BMI.6 Figure 2.22 Figure 2.40

PINC 5.13 JNES BMI No 1 Figure 2.23 Figures 2.41 & 2.42
PINC 5.14 JNES BMI No 2 Figure 2.24 Figures 2.418& 2.42
PINC 5.15 JNES BMI No 3 Figure 2.25 Figures 2.41 & 2.42
PINC 5.16 JNES BMI No 4 Figure 2.26 Figures 2.41 & 2.42

Figure 2.17 PINC 5.7 from PNNL — WNP-1 BMI Nozzle Penetration 1
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Figure 2.19 PINC 5.9 from PNNL — WNP-1 BMI Nozzle Penetration 3
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Figure 2.21 PINC 5.11 from PNNL — WNP-1 BMI Nozzle Penetration 5
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Figure 2.22 PINC 5.12 from PNNL — WNP-1 BMI Nozzle Penetration 6
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Figure 2.23 PINC 5.13 from JNES — BMI Nozzle Test Block No. 1
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Punch mark of
serial No. S-2

Figure 2.24 PINC 5.14 from JNES — BMI Nozzle Test Block No. 2

Punch mark of
serial No. S-3 —-——

Figure 2.25 PINC 5.15 from JNES — BMI Nozzle Test Block No. 3
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Punch mark of
serial No. S-4

Figure 2.26 PINC 5.16 from JNES — BMI Nozzle Test Block No. 4

Figure 2.27 PINC 5.1 from KINS — BMI Nozzle Test Block
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Figure 2.28 PINC 5.2 from KINS — BMI Nozzle Test Block

Figure 2.29 PINC 5.3 from KINS — BMI Nozzle Test Block
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Figure 2.30 Extra Block from KINS — BMI Nozzle Test Block

221 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 2.31,
2.32, and 2.33. 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 2.34. The outside
diameter of the tube is 47 mm; the inside diameter is 25 mm. The six test blocks PINC 5.7
through PINC 5.12 are similar to each other and, as shown in Figures 2.35 through 2.40, 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 2.41 and 2.42. The units in Figures 2.31-2.33 are in inches,
and the units in Figures 2.34—-2.42 are in millimeters.

2.19



—] 3.148

)
1
1

7431

Aloy 600 Pipe

7.800

P

C/S Plate

C/3 Plote —

Figure 2.31 PINC 5.1 from KINS
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Figure 2.32 PINC 5.2 from KINS
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Figure 2.35 PINC 5.7 from NRC/PNNL
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Figure 2.41 Test Blocks PINC 5.13 through 5.16 from JNES
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Figure 2.42 Seal Weld Configuration for PINC 5.13 through 5.16 from JNES

2.2.2 Coordinate Systems for BMI Round Robin

This section documents the coordinate system for use in the botto