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Abstract

The objective of this report is to define appropriate inspection
requirements and intervals for certain components—Alloy 600
reactor pressure vessel head penetration nozzles and Alloy 82/182
dissimilar metal welds in primary system piping—that have been
treated by surface stress improvement (SSI) methods (that is,
peening) for the purpose of mitigating primary water stress corrosion
cracking.

Given the demonstrated effectiveness of the candidate SSI
techniques of laser and water jet peening, relaxation of the inspection
requirements for these components is appropriate after SSI
treatment. The specific inspection requirements are supported by
detailed deterministic and probabilistic modeling that is supported by
extensive testing. Because the inspection requirements for these
components are prescribed by Nuclear Regulatory Commission
(NRC) regulations (based on American Society of Mechanical
Engineers Boiler & Pressure Vessel Code Cases), NRC approval is
required for relaxation of these inspection requirements following
peening mitigation. Licensees may reference this report in support of
site-specific relief requests.
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Section 1 Introduction

1.1 Objective

The objective of this report is to define appropriate inspection requirements and
intervals for Alloy 600 reactor pressure vessel head penetration nozzles
(RPVHPN:) and for Alloy 82/182 dissimilar metal welds (DMWs) in primary
system piping that have been treated by surface stress improvement (SSI)
methods (i.e., peening) for the purpose of mitigating primary water stress
corrosion cracking (PWSCC). The specific inspection requirements are
supported by detailed deterministic and probabilistic modeling supported by
extensive testing. Because the inspection requirements for these components are
prescribed by NRC regulations (based on ASME Boiler & Pressure Vessel Code
Cases), NRC approval is required for relaxation of these inspection requirements
following peening mitigation. Licensees may reference this report in support of
site-specific relief requests.

1.2 Background

PWSCC has occurred at PWR reactor coolant system DMW piping butt welds
made with Alloys 182 and 82 and Alloy 600 RPVHPNs attached to the reactor
vessel top head using Alloy 82/182 J-groove welds. In response to this cracking,
Code Cases N-770-1 [1] and N-729-1 [2] have been issued by the American
Society of Mechanical Engineers (ASME) that establish in-service inspection
requirements for these components. These versions of the Code Cases have been
accepted with conditions and made mandatory by the Nuclear Regulatory
Commission (NRC) through 10 CFR 50.55a." Later versions of these Code
Cases have been prepared but have not as yet been accepted by the NRC. The
later version of the DMW code case (N 770-2 [4]) covers the situation where
PWSCC has been mitigated by application of a global stress relief method, but
does not as yet specifically cover surface stress improvement (SSI) by peening.
None of the versions of the RPVHPN code case (N-729, -1, or -2) cover
situations where PWSCC has been mitigated by stress relief methods.

' Code Case N-722-1 [3], which provides requirements for direct visual examinations for evidence
of leakage at Alloy 600/82/182 PWR pressure boundary components, has also been made
mandatory by NRC with conditions. N-722-1 explicitly does not address RPVHPNS, and the
visual examination intervals under N-722-1 are identical to those of N-770-1 for unmitigated Alloy
82/182 piping butt welds. Code Case N-722-2, which was approved by ASME on September 8,
2011, excludes the primary piping Alloy 82/182 butt welds covered by N-770-1, but N-722-1 is
the version made mandatory by NRC regulations as of the date of publication of this report.
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The inspection intervals specified in ASME Section XI and Code Cases N-770-
1 and N-729-1 vary depending on the resistance to PWSCC of the specific
component being considered. The intervals for components made with Alloys
600, 182, and/or 82 are the shortest, while intervals for components made with
PWSCC resistant materials are longer. Intervals for components made with
Alloys 600, 182, and/or 82 that have had mitigation measures applied are also
relaxed as compared to those for unmitigated components. It is expected that the
ASME Code may use this topical report and MRP-267 R1 [5] as the technical
basis for revising N-729 and N-770 to include inspection requirements specific
to Alloy 600 RPVHPNs and Alloy 82/182 DMWs mitigated by peening. Prior
to these code cases and the relevant NRC regulations (10 CFR 50.55a) being
revised, it is intended that this topical report may be used on a site-specific basis
to request inspection relief from current requirements.

1.3 Approach

The basic approach taken in this report is to determine, through the use of
deterministic and probabilistic safety analyses, the inspection requirements and
intervals that are appropriate for Alloy 600/82/182 components that have had
SSI applied by use of peening. Because of the demonstrated effectiveness of these
methods to prevent PWSCC crack initiation and stop growth of shallow flaws, it
is appropriate that longer inspection intervals be used for Alloy 600 RPVHPNs
and Alloy 82/182 DMWs mitigated by peening in comparison to the current
inspection intervals for unmitigated components. A probabilistic approach was
taken to address the chance that flaws too deep to be arrested by the peening
application are not detected prior to the peening being performed.

1.4 Locations and Peening Methods Addressed

This report addresses the use of SSI at the following locations and using laser
peening (LP) or water jet peening (WJP) methods:

* The inner diameter (ID) surfaces of DMWs in reactor coolant system piping
butt welds.

* The nozzle ID surfaces of RPVHPNG in the area with high weld residual
stresses due to the presence of the J-groove attachment weld. It is noted that
a water environment is relatively easily established for nozzle IDs, and thus
peening methods that are typically performed underwater may be readily
applied to this surface.

* The nozzle OD surfaces of RPVHPNS in the area with high weld residual

stresses due to the presence of the J-groove attachment weld.

* The J-groove weld surfaces of RPVHPNS, including the surfaces of the Alloy
82/182 weld filler metal and Alloy 82/182 weld butter metal that are

normally wetted during operation.
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Table 1-1

1.5 Peening Requirements

The requirements for peening mitigation of Alloy 600/82/182 components in
PWRs are listed below in Table 1-1. The table includes the page number and

section of the report where each requirement is located.

Requirements for Peening Mitigation of Alloy 600/82/182 Components in PWRs

22

Basis for no unacceptable side
effects

Based on this experience, this document requires
evaluations to identify susceptibility to FIV, and if
susceptible, requires post-peening inspections to
verify that problems did not occur.

2-3

Benefit of Pre-Peening Inspections

Detected flaws shall be removed prior to peening if
no other evaluation, repair, or mitigation action is
used to address the detected flaws. If the laws will
be addressed by another repair or mitigation action,
peening may be performed over the flaws either
prior fo or after the other repair or mitigation action.

3-2

Mitigation basis for peening

The potential for growth by fatigue of shallow flaws
located in the peening compressive residual stress
zone shall be considered on an application-specific
basis.

3-2

Mitigation basis for peening

The fatigue assessment shall consider the stress cycles
that occur at the specific location.

3-4

Verification of No Unacceptable
Side Effects

Based on this experience, this document requires
evaluations of adjacent areas prior to water jet
peening to identify susceptibility to FIV, and if
susceptible,, requires post-peening inspections to
verify problems did not occur.

3-5

Growth of PWSCC Cracks

It is required that performance demonstrated UT
methods will be applied to RPYHPN tube base metal
and to DMWs in conjunction with peening
applications. It is also required that the ID surfaces of
RPVHPNs and DMW:s be examined by ET or PT
methods, and that detected flaws be removed, e.g.,
by polishing and grinding before peening is
performed. It is also required that the ID surfaces of
RPVHPNs and DMWs be examined by ET or PT
methods, and that detected flaws shall be removed,
e.g., by polishing and grinding before peening is
performed if no other evaluation, repair, or
mitigation action is used to address the defected
flaws. If the flaws will be addressed by another
repair or mitigation action, peening may be
performed over the flaws either prior to or after the
other repair or mitigation action.
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Table 1-1 (continued)
Requirements for Peening Mitigation of Alloy 600/82/182 Components in PWRs

3-6

Plant/application-specific factors

As discussed in Section 3.1, the potential for growth
by fatigue of shallow flaws located in the peening
compressive residual stress zone shall be considered
on an application-specific basis.

3-6

Plant/application-specific factors

The fatigue assessment shall consider the applied
stress cycles that occur at the specific location, in
combination with the levels of compressive stress
expected from the selected peening method
(adjusted for temperature and load cycling induced
relaxation).

3-6

Quiality assurance considerations

Since surface stress improvement by peening
affects the performance of nuclear safety related
systems and components, it shall be performed in
accordance with a quality assurance program
meeting the requirements of Appendix B to

10 CFR 50 and the utility’s plant specific

commitments.

3-6

Quality assurance considerations

Further, since peening is a special process, it shall
be controlled in a manner consistent with Criterion
IX, “Control of Special Processes,” of Appendix B
and any applicable plant specific commitments. As
stated in that criterion, this requires that the
personnel and procedures involved need to be
appropriately qualified.

3-6

Quality assurance considerations

Since there are no industry standards that apply to
peening, these qualifications shall be done to
vendor requirements developed and documented
per their 10 CFR 50 Appendix B quality assurance
program and to utility requirements and
commitments applicable at the plant site.

4-3

Examination requirements
developed for Alloy 600/82/182
components mitigated by peening

Table 4-1 contains a summary of the current
inspection requirements for RPYHPNs and DMW3s
with unmitigated Alloy 600/82/182 materials
that are in Code Cases N-729-1 and N-770-1. In
addition, the table defines appropriate
requirements for inspections to be performed on
these components before and after application of
peening, as well as the required minimum nominal
depth of the compressive residual stress produced
by the peening treatment.
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Table 1-1 (continued)
Requirements for Peening Mitigation of Alloy 600/82/182 Components in PWRs

4-4 Examination requirements The extent of the required surface to be peened in

developed for Alloy 600/82/182 the case of RPYHPNs is defined by the
components mitigated by peening examination volume/area of Figure 2 of ASME

Code Case N-729-1 [2]. This includes the entire
wetted surface of the Alloy 82/182 J groove weld
and butter material, as well as the surface of the
Alloy 600 tube material in the region of high weld
residual stress that is susceptible to PWSCC.

4-4 Examination requirements An evaluation shall be performed prior fo water jet
developed for Alloy 600/82/182 peening to identify susceptibility of adjacent areas
components mitigated by peening to flow induced vibration. A post-mitigation visual

examination (VT-1 or VT-3) shall be performed if
the evaluation shows susceptibility to damage from
the peening process. Such evaluations need to
. consider the experience of the extensive peening
performed in Japan, the specific peening process
performed, and whether there is any potential for
inadvertent damage to components adjacent to the
target peening area.

4-5 Examination requirements It is not necessary that volumetric or surface
developed for Alloy 600/82/182 examinations be performed post-peening as the
components mitigated by peening peening process does not introduce any significant

geometrical changes of the treated component,
and because flaws detected prior to peening shall
be removed or repaired prior to peening.

45 Dissimilar metal welds (DMWs) in The inspection requirements in Table 4-1 that shall
primary system piping be used with peened Alloy 82/182 DMW:s are as
follows:

Prior to Peening

e An ulfrasonic examination shall be performed
of the weld using a technique that has been
qualified to the performance demonstration

requirements of Appendix VIII of Section XI of
the ASME Code.

e An eddy current (ET) or liquid penetrant (PT)
inspection shall also be performed of the weld
ID. The ET or PT technique need not be
qualified using formal performance
demonstration techniques, but shall have been
demonstrated by the inspection vendor per
current practices (e.g., per ASME Section V).
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Table 1-1 (continued)
Requirements for Peening Mitigation of Alloy 600/82/182 Components in PWRs

4-5

Dissimilar metal welds (DMWs) in
primary system piping

It is emphasized that the surface (ET or PT)
examinations that are required in this report for
use prior to peening are not relied upon in the
safety analyses described in Section 5 and
Appendix A. Instead they are a secondary
method intended to provide additional assurance
of flaw detection and removal.

Subsequent to Operation

The relaxed schedule for performance of
volumetric and visual examinations of peened
welds is shown on Table 4-1 as a function of the
operating temperature of the weld.

4-5

Reactor pressure vessel head
penetration nozzles (RPVHPNs)

The inspection requirements in Table 4-1 that shall
be used with peened RPYHPNs are as follows:

Prior fo Peening

+ An ultrasonic examination of the nozzle tube
shall be performed from the nozzle ID using a
technique that has been qualified to the
performance demonstration requirements of
Appendix VIII of Section Xl of the ASME Code
(as required by the conditions of 10 CFR
50.55a(g)(6)(ii)(D)(4)). Alternatively,
consistent with 10 CFR 50.55a(g)(6)(ii)(D)(3),
surface examination of equivalent surfaces of
the nozzle tube, as identified by Figure 2 of
ASME Code Case N-729-1, shall be
performed.

+ An eddy current (ET) or liquid penetrant (PT)
inspection shall also be performed of the
nozzle ID. The ET or PT technique need not be
qualified using formal performance
demonstration techniques, but shall have been
demonstrated by the inspection vendor per
current practices (e.g., per ASME Section V).

It is emphasized that the surface (ET or PT)

examinations that are required in this report for

use prior to peening are not relied upon in the
safety analyses described in Section 5 and

Appendix B. Instead they are a secondary

method intended to provide additional assurance

of flaw detection and removal.
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Table 1-1 (continued)
Requirements for Peening Mitigation of Alloy 600/82/182 Components in PWRs

4-6 Reactor pressure vessel head Subsequent to Operation

penetration nozzles (RPVHPN:;) +  The relaxed schedule for performance of
volumetric and visual examinations of peened
penetrations is shown on Table 4-1 as a
function of EDY.

Leak Path Examination

+  Consistent with 10 CFR 50.55a(g)(6)(ii)(D)(3),
a demonstrated volumetric or surface leak path
assessment through all J-groove welds shall be
performed each time the periodic
volumetric/surface examination is performed.

6-2 Bases for no unacceptable side Based on this experience, this document requires
effects evaluations to identify susceptibility to FIV, and if
susceptible, requires post-peening inspections to
verify that problems did not occur.

6-3 Application-specific information The following technical information shall be
supporting inspection relief developed by the licensee to support inspection
relief based on surface stress improvement
achieved by the peening processes discussed in
this report:

+ Identification of the components to be given
surface stress improvement peening treatments,
together with identification of the specific
areas to be treated.

+ Identification of the specific processes that will
be used for each area of each component.

+  Discussion of how the specific processes that
will be used have been demonstrated to be
effective with no unacceptable side effects per
the criteria discussed in this report. It is
assumed that this discussion will rely heavily
on MRP-267R1 [5] and on this MRP-335
report, i.e., will indicate that the processes to
be used are within the ranges of the
parameters shown to be effective and to not
result in undesirable side effects in MRP-267R1
and MRP-335. If any process parameters are
outside the ranges qualified per these reports,
they shall be identified and justified.
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Table 1-1 (continued)
Requirements for Peening Mitigation of Alloy 600/82/182 Components in PWRs

6-3 Application-specific information

supporting inspection relief

Plant- and application-specific assessment of
the potential for fatigue crack growth of
shallow flaws located in the peening
compressive residual stress zone. As
discussed in Section 3.1, fatigue effects due to
cyclic stresses could possibly act to cause
growth of cracks that are too shallow to grow
by PWSCC. The fatigue assessment shall
consider the applied stress cycles that occur at
the specific location, in combination with the
levels of compressive stress expected from the
selected peening method (adjusted for
temperature and load cycling induced
relaxation). If the compressive stresses from
peening are sufficient to always keep the stress
intensity factor at the crack tip negative, then
no fatigue-induced crack growth will occur.
However, if the stress intensity factor becomes
positive for some part of the stress cycle, then
some crack growth could occur, but less than
would occur in the absence of peening. The
purpose of the fatigue assessment is to show
that the relaxed schedule of in-service
inspections following peening is sufficient to
address this potential concern. Finally, note
that fatigue growth of shallow flaws is not
expected to be a concern for RPYHPNs
because of the relatively low cyclic stresses at
these nozzles.

Identification of the specific changes in
inspection requirements that are requested
based on application of surface stress
improvement by peening.

1.6 Report Organization

This report is organized as follows:

= This first section describes the purpose of the report, the approach used, and
how it is organized. It also includes a list identifying the specific
requirements for peening mitigation of Alloy 600/82/182 components in

PWRs.

<18>»



Section 2 describes the peening processes that are available for use to
mitigate PWSCC. It also discusses inspection issues and possible limitations
imposed by geometric considerations.

Section 3 describes how the effectiveness of peening as a PWSCC mitigation
measure has been demonstrated on a generic basis. It also discusses those
plant-specific features that need to be addressed to ensure the effectiveness of
the peening application at a specific-plant application.

Section 4 defines appropriate inspection requirements and intervals for use
with peening mitigation of Alloy 82/182 DM butt welds in PWR primary
system piping and Alloy 600 RPVHPNs. Section 4 also covers the technical
basis and current requirements for in-service examinations of unmitigated

DMWs and RPVHPNE.

Section 5 presents the deterministic and probabilistic analyses that were used
to establish appropriate inspection requirements and intervals for Alloy
82/182 DMWs and Alloy 600 RPVHPNs mitigated by peening. The
deterministic analyses are based on PWSCC crack growth calculations, and
the probabilistic analyses include the key aspects of the PWSCC degradation
process including crack initiation, crack growth, and crack detection via

NDE.

Section 6 contains the main conclusions developed by this report. In this
regard, this section summarizes the bases for concluding that peening will be
effective as a PWSCC mitigation measure and that the peening has no
unacceptable side effects. It then summarizes the bases that support
appropriate relaxation of inspection requirements for components that have
been peened.

Section 7 lists the references that are cited in the body of this report.

Appendix A and Appendix B describe detailed probabilistic safety
assessments for DMWs and for RPVHPNS, respectively. These assessments
show that the risks of leakage and nozzle ejection are reduced or similar for
mitigated components inspected at certain relaxed intervals in comparison to
them for unmitigated components inspected at the currently required
intervals for unmitigated components.
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Section 2 Process Requirements and
Information

This section briefly describes the peening processes that are available for use to
mitigate PWSCC in PWRs. It also discusses inspection issues and possible
limitations imposed by geometric considerations.

2.1 Process overview and description

There are three peening methods addressed in this report:

*  Underwater laser peening (ULP).?

*  Water jet peening (WJP), also known as cavitation peening.
= Air laser peening (ALP).

The laser peening (LLP) processes operate by the same physical principles, but are
referred to as ULP and ALP for the purposes of this report given the differences
in energy level, spot size, and beam delivery method for the processes historically
applied by the participating LP vendors. ULP has historically been applied
underwater, and ALP has historically been applied in air with a tampering layer
of water sprayed over the treated surface. However, both processes could be
delivered either in air or at an underwater location depending on the tooling
design.

Detailed descriptions of these peening methods are contained in MRP-267R1
[5]. The specific peening applications of the methods that are covered in this
report are the following:

*  Peening of the ID surfaces of reactor coolant system DMW butt welds. The
welds involved include those at reactor vessel outlet and inlet nozzles, reactor
vessel safety injection and core flood nozzles, and reactor coolant pump
nozzles.

*  Peening of ID surfaces of nozzles in RPVHPNG.

?The process used by Toshiba for laser peening in its initial applications in Japan involved the use
of fiber optical cables, and was called fiber laser peening. Starting in about 1998 Toshiba
introduced a portable laser system that, in some applications, does not include any fiber optics, i.e.,
it uses other optical transmission methods. At about this time, Toshiba changed the name used for
its process to “laser peening” from “fiber laser peening.” The term “underwater laser peening
(ULP)” is used specifically in this report for laser peening by Toshiba whether or not the process
involves use of fiber optical cables.
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*  Peening of J-groove weld surfaces and adjacent base material and butter
layers at the OD of RPVHPN:S.

2.2 Process field experiences

The many locations in numerous plants that have been peened in Japanese
BWRs and PWRs using ULP and W]JP are described in detail in MRP-267R1
[5]. The main locations in Japanese PWRs that have been peened using these
techniques are as follows:

=  Reactor vessel outlet nozzle DMWs: WJP at 17 PWRs
= Reactor vessel inlet nozzle DMWs: WJP at 18 PWRs, and ULP at 2 PWRs

* Reactor vessel safety injection nozzle DMWs: W]P at 6 PWRs, and ULP at
2 PWRs

=  Bottom mounted instrument nozzle ID surfaces: WJP at 20 PWRs, and
ULP at 2 PWRs.

* Bottom mounted instrument J-groove weld and adjacent nozzle OD base

material: WJP at 21 PWRs, and ULP at 2 PWRs.

Peening in Japanese PWRs for PWSCC mitigation started in 2001. There have
been no reports of problems or PWSCC detected subsequent to peening in the
PWRs. However, there have been no reports of subsequent in-service volumetric
or surface inspections of the peened parts in PWRs to date. In-service
inspections have been performed on peened BWR components, including
enhanced visual examinations. To date, no service-related cracking has been
reported in the peened components.

2.3 Basis for no unacceptable side effects

The bases for concluding that there will not be unacceptable side effects in U.S.
PWRs associated with peening for PWSCC mitigation include the following:

*  W]JP and ULP have been used extensively in Japanese PWRs and BWRs for
over 10 years with no reported unacceptable side effects to the peened parts.
However, in Japanese BWREs, there have been flow induced vibration (FIV)
induced failures of nozzles and instrument lines located close to the peened
areas, as noted in MRP-267R1. In response to the FIV problems, the
Japanese have instituted pre-peening evaluations to ensure that such
problems do not occur and have also instituted post-peening inspections to
verify that problems did not occur. Based on this experience, this document
requires evaluations to identify susceptibility to FIV, and if susceptible,
requires post-peening inspections to verify that problems did not occur.

* [Extensive qualification testing, including examination of many peened
samples and mockups, has been performed of the WJP and ULP processes as
described in MRP-267R1 [5]. No unacceptable side effects have been
identified in this testing. For example, testing showed that peening did not
affect the structural integrity of the treated component by introducing flaws
into the component, or by causing growth of pre-existing cracks.
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* Shot peening has been widely used as a PWSCC mitigation method in steam
generator tubes since the mid-1980s, and has not resulted in any
unacceptable side effects. The peened surfaces have not experienced unusual
corrosion nor have they interfered with normal eddy current test inspections
and occasional ultrasonic inspections.

Testing of the ALP process for application in nuclear power plants is not as
developed as for the water jet peening and underwater laser peening processes,
and there has not been any experience with using this method in PWR or BWR
reactor coolant applications. Thus, conclusive statements about its possible side
effects in PWR applications cannot be made at this time. However, the facts that
it is widely and successfully used in the aerospace industry in critical applications
and that it operates by the same physical principles as ULP as discussed in
MRP-267R1 [5] indicate that unacceptable side effects are unlikely.

2.4 Stress improvement depth attained

Data for the three peening processes considered in this report regarding the
compressive stress fields developed by peening in Alloy 600 and its weld metals
are summarized below for the applications being considered in this report.

*  WJP: WJP develops compressive stress fields with depths of roughly 1 mm
on surfaces where the jet impinges the surface at angles close to
perpendicular. In areas with limited access where the jet approaches the
surface at a shallow angle (e.g., nozzle tube ID surfaces), the depth of the
stress field is about 0.5 mm [5].

* ULP: ULP develops compressive stress fields with depths of more than 1
mm [5].

* ALP: The ALP process is capable of producing a compressive residual stress
field that is several millimeters deep depending on the selected process
parameters [5]. It is expected that the process parameters that will be used for
peening the J-groove welds of RPVHPNs and adjacent base metal surfaces
will be selected to achieve depths of the compressive stress field of 3 mm or
more.

2.5 Inspectability (before and after treatment)
2.5.1 Before Peening
2.5.1.1  Benefit of Pre-Peening Inspections

A pre-peening non-destructive examination has the benefit of reducing the
probability of any flaws being left in service that are too deep to be arrested by
the compressive residual stress zone produced by the peening process. Detected
flaws shall be removed prior to peening if no other evaluation, repair, or
mitigation action is used to address the detected flaws. If the flaws will be
addressed by another repair or mitigation action, peening may be performed over
the flaws either prior to or after the other repair or mitigation action.. The depths
of the compressive stress fields developed by the types of peening covered in this
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report are discussed above in Section 2.4. Available information regarding the
inspectability and probability of detection (POD) for the applications considered

in this report is discussed below.

The probabilistic safety analyses presented in Appendix A and Appendix B and
summarized in Section 5.3 show that surface stress improvement using peening
coupled with examinations using performance demonstrated UT at certain
relaxed schedules results in a similar or reduced effect on nuclear safety compared
to the corresponding case for unmitigated components inspected according to
standard inspection requirements and intervals (i.e., risk neutral approach). This
implies that ET (or PT) examinations are not required, i.e., that the detection of
flaws using U is sufficiently good to result in sufficiently low risks of crack
growth. Nevertheless, practice in Japan has been to perform ET before peening
of nozzle ID surfaces and DMW ID surfaces in order to provide additional
assurance of flaw detection and removal, and it is considered prudent to follow
this practice for domestic plants. On the other hand, ET has not normally been
applied to nozzle J-groove welds and adjacent material surfaces in Japan, and it is
not planned for use at this location in the USA.

The reasons for not using ET at the J-groove welds are (1) flaws that are located
exclusively in the J-groove weld are not a direct concern for the structural
integrity of the head (i.e., do not credibly pose a direct concern for pressure
boundary rupture), (2) the requirement for a deep compressive stress field (at
least 3 mm) to be produced at the wetted surface of the J-groove weld reduces the
possibility of subsequent growth of a flaw in the weld material, and (3) ET of
irregular weld surfaces at RPVHPNs is more difficult than for nozzle and DMW
ID surfaces. Furthermore, surface examinations of the wetted surface of the J-
groove weld of RPVHPNS are not required as part of the current inspection
requirements for unmitigated RPVHPNs. The direct safety concerns for
RPVHPNS are nozzle ejection due to a very large circumferential flaw in the
nozzle tube located at or above the top of the J-groove weld and structurally
significant boric acid corrosion of the low-alloy steel head material due to
significant pressure boundary leakage. The probabilistic calculations in Appendix
B for RPVHPNs demonstrate that the examinations developed for use with
peening, including direct visual examinations for evidence of pressure boundary
leakage, are sufficient to address these concerns, resulting in a sufficiently small
effect on nuclear safety.

It is emphasized that the surface (ET or PT) examinations that are required in
this report for use prior to peening are not relied upon in the safety analyses
described in Section 5 and Appendix A and Appendix B. Instead they are a
secondary method intended to provide additional assurance of flaw detection and
removal. Thus, it is not necessary that the ET or PT examination be performed
using a technique that has been qualified in accordance with the requirements of
a Performance Demonstration program similar to that defined in Appendix VIII
of ASME Section XI for UT. Rather, current practices for demonstrating surface
examinations (e.g., per ASME Section V) are acceptable.
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2.5.1.2  Available Information Regarding Inspection Sensitivity

The sensitivity of UT and ET inspection methods as applied to DMWs in
primary system piping and RPVHPNS is discussed in Section 5.2.2. Probability
of detection (POD) curves for UT developed on the basis of statistically rigorous
analyses of Performance Demonstration data are available for DMWs for the
circumferential flaw orientation in MRP-262R1 [19]. This report shows median
POD values of at least about 95% for circumferential flaw depths of 10% of the
wall thickness or deeper. In the absence of similarly rigorous data for axial flaws
in DMWs and circumferential and axial flaws in RPVHPN tubes, UT POD
curves were developed for use in the probabilistic analyses of Appendix A and
Appendix B on the basis of current Performance Demonstration requirements
and engineering judgment as conservatively low POD estimates.

As indicated in MRP-267R1 [5], MHI indicates that a representative
detectability depth of flaws by eddy current methods for nozzle ID and DMW
butt weld surfaces is 0.5 mm. This level of inspectability is consistent with steam
generator tube experience, where a POD is reported for PWSCC when
examinations are performed using cross coil (e.g., plus point), array, or rotating
pancake coil (RPC) eddy current probes (e.g., references ([6], [7], [8]). For all
three types of probes, 100% of samples with flaws of 40% of wall or more deep,
i.e. with depth over about 0.4 mm, were detected.

2.5.2 After Peening

Based on the appearance and microstructure of peened samples of Alloy 600 and
its weld metals as discussed in MRP-267R1 [5], it is expected that the types of
peening covered in this report will have only minor impacts on the inspectability
of the peened parts by either ultrasonic or eddy current methods. In addition,
data collected by Hitachi-GE and documented in Section A.4.1 of MRP-267R1
[5] showed no adverse effect on UT examinations performed on specimens
treated by WJP compared to the UT signals obtained prior to peening. This
expectation is also supported by steam generator experience, as discussed below.

Many thousands of steam generator tubes have been successfully inspected by
eddy current methods before and after shot peening. Many of these tubes have
also been successfully inspected using ultrasonic methods. While water jet
peening, underwater laser peening, and air laser peening are not the same as the
shot peening performed of steam generator tubes, the level of cold work and
surface effects appear to be roughly similar, or less severe in the case of WJP,
ULP , and ALP, as shown by microscopic examination of test samples [5]. Thus,
the steam generator experience indicates that it is unlikely that peening of Alloy
600/182/82 surfaces will have a deleterious effect on the ability to inspect peened
areas using eddy current or ultrasonic methods.
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2.6 Assessment of potential crack growth during operation
after peening

Tests have been performed by MHI, Hitachi-GE, and Toshiba to determine if

flaws that are present at the time of peening will grow after peening. The tests

performed, and the results, are covered in Appendix A of MRP-267R1 [5].
| These tests involved developing cracks in stressed specimens of sensitized Alloy
600 using tetrathionate or polythionic acid or in specimens of stainless steel using
boiling magnesium chloride, peening some of the specimens, and subjecting
them to further exposures in the cracking environment. These tests showed that
flaws with depths less than the depth of the compressive stress field did not grow
in the peened specimens, while those in non-peened specimens did grow. Flaws
with depths that significantly exceeded the depth of the compressive stress field
grew during the post-peening exposure, indicating that peening cannot be relied
upon to prevent growth of flaws with depths significantly greater than that of the
compressive stress field.

2.7 Geometric application limitations

This topic is addressed separately for the three methods of peening being
considered in this report since they have different limitations.

* The only identified geometric limitation for WJP is that the low angle of
approach inside nozzles results in a lower depth of the compressive stress
field, about 0.5 mm, vs. that developed in locations where the water jet
approaches the surface at a high angle, where it is about 1 mm.

* No geometric limitations have been identified for ULP, for which a
compressive stress field of at least about 1 mm is developed in all of the
locations considered in this report (DMW butt weld ID surfaces and J-
groove nozzle ID and weld/OD surfaces).

* No geometric limitations are expected for application of ALP to the wetted
OD and weld surfaces of RPVHPN:Ss, or to the ID of main RCS loop welds.
The applicability of the ALP process described in MRP-267R1 [5] to the ID
surface of RPVHPNSs is yet to be confirmed.

2.8 Surface condition limitations (if any)

There are no known limitations imposed by surface conditions on the peening
applications being considered in this report. The successful use of the WJP and
ULP methods for many BWR and PWR applications confirms that the surface
conditions of the Alloy 600/182/82, stainless steel, and low-alloy steel materials
present at the peening locations are compatible with the peening processes.

While there are no known limitations imposed by surface conditions,
conceptually there are conditions that one could conceive of as limiting the
effectiveness of peening in the applications being considered in this report:

*  Areas with unusually high levels of local cold work (e.g., due to aggressive |
grinding) could conceivably reduce the effectiveness of the peening process.
Toshiba successfully applied underwater laser peening to a 20% cold worked
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stainless steel, which indicates that the levels of cold work present on plant
parts are unlikely to interfere with peening (Appendix A of MRP-267R1
[5]). In addition, as also discussed in Appendix A of MRP-267R1, water jet
peening, underwater laser peening, and air laser peening of heavily ground
U-bends of Alloy 182 successfully inhibited initiation of PWSCC, while
non-peened specimens cracked when exposed to aggressive PWSCC
conditions. It is also noted that the ASM Handbook volume on surface
engineering [9] notes that surface condition and surface hardness are
generally not limitations for shot peening. The laser and water jet peening
methods being considered to mitigate PWSCC produce a much deeper
compressive stress field in comparison to that for conventional shot peening,
and as such are expected not to be subject to surface condition or surface
hardness limitations.

One could envision surface oxides as possibly limiting peening effectiveness
by providing a hard shell that prevents plastic deformation of the underlying
metal. However, this effect has not been noted in either laboratory tests or
service applications. Further, oxide thicknesses on plant materials are in the
neighborhood of 1 pm thick, and thus are much too thin and too structurally
weak to interfere with peening, which involves dimensions on the order of

1 mm, i.e., 1000 times larger.

2.9 Coverage verification

The approaches taken to ensure 100% coverage of the areas being peened for
WIJP, ULP, and ALP are described in Sections 5.3.2, 3.1.3.1, and 5.4.2,
respectively, of MRP-267R1 [5]. In summary, they are as follows:

W]JP: Complete coverage of the areas designated for WJP are assured by use of
overlapping passes and by extending the peening out to about one inch beyond
the edge of the designated area (or to the nozzle end as applicable). Process
controls are used to ensure that the desired area is peened and that it is peened
for desired length of time. After the peening is completed, the records are given
a QA/QC or an independent review to ensure that 100% coverage was achieved.

ULP: Complete coverage of the areas designated for ULP are assured by use
of overlapping passes and by extending the peening out to beyond the edge of
the designated area. Process controls are used to ensure that the desired area
is peened for the desired number of pulses per unit area. After the peening is
completed, the records are given a QA/QC or an independent review to
ensure that 100% coverage was achieved. In addition, a visual inspection is
performed to ensure that all of the desired surface shows visible signs of
peening (ULP changes the surface enough to make obvious the difference
between peened and unpeened areas).

ALP: Complete coverage of the areas designated for ALP are assured by use
of overlapping passes and by extending the peening out to beyond the edge of
the designated area. Process controls are used to ensure that the desired area
is peened for the desired number of pulses per unit area. Verification of
complete coverage is performed automatically by use of a 3D computer
model with as-built dimensions, in which the laser spot location, energy, and
pulse duration are recorded for each successful laser firing. In addition, a
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visual inspection may be performed to ensure that all of the desired surface
shows visible signs of peening (ALP changes the surface enough to make
obvious the difference between peened and unpeened areas).

2.10 ASME Code Considerations Regarding Limitations on
Peening and Need for Post-Peening Stress Relief

Section III of the ASME Code has some limitations on application of peening to
welds during the welding process and on the need for stress relief heat treatments
after cold forming. As discussed in the following paragraphs, these limitations
and requirements are not considered applicable to the peening processes covered
in this report.

Paragraph NB-4422, Peening, in Section III, Subsection NB, of the ASME
Code reads: “Controlled peening may be performed to minimize distortion.
Peening shall not be used on the initial layer, root of the weld metal, or on the
final layer unless the weld is postweld heat treated.” This limitation in the Code
is clearly directed at control of the heavy type of peening (e.g., hammer peening)
that is sometimes used to control distortion during the welding process (while
the weld is cooling) [10], and is not applicable to the superficial type of peening
being considered here that will be applied on finished parts. This conclusion has
been confirmed by the ASME Section III Standards Committee in an inquiry
response letter dated August 22, 2012 [21]:

“Question (1): Does NB-4422 apply when peening is performed for the
purpose of introducing compressive stress on a weld or base metal
surface after all welding, heat treating, and examinations have been
completed?

Reply (1): No.”

Paragraph NB-4652 in Section III of the ASME Code indicates that heat
treatment of formed carbon steel or austenitic stainless steel parts may be
required following bending or forming. This paragraph is not considered
applicable to the type of peening considered here since the proposed peening is so
superficial that it causes negligible distortions of the heavy wall parts involved
and thus does not constitute bending or forming.

2.11 Summary of key process application variables
The key process application variables for WJP and ULP are described in
Section 3 of MRP-267R1 [5]. In summary, they are as follows:
*  Water Jet Peening (WJP)

- Nozzle diameter

- Jet stand-off distance and nozzle offset in ID applications

- Water flow rate

- Application time
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Impingement angle
Stationary nozzle time

Wiater level and water temperature

*  Underwater Laser Peening (ULP)

Laser type (wavelength)

Pulse energy (m]/pulse)

Pulse repetition rate (pulses/sec)
Pulse duration (ns)

Laser spot footprint dimensions (mm)
Pulse number density (pulses/mm?)

Temperature of water

The process controls that will be used with ALP of RPVHPNSs have not as yet
been fully defined. The process involved and the general methods used to control
it are described in Section 2 of MRP-267R1 [5]. It is expected that the process
parameters will be similar to those described above for the underwater laser
peening process since both rely on laser generated plasma pulses, with the main
difference being spot size and power.
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Section 3 Verification of Peening
Effectiveness

This section describes how the effectiveness of peening as a PWSCC mitigation
measure has been demonstrated on a generic basis. It also discusses those plant-
specific features that need be addressed to ensure the effectiveness of specific
peening applications at plants.

3.1 Mitigation basis for peening

In order to prevent the initiation of new PWSCC the application of peening has
to result in the peak tensile stresses at the wetted surface of PWSCC material
being less than the “threshold” stress for initiation of PWSCC. While it is
considered that there is no firm “threshold” below which PWSCC will never
occur, from a practical experience perspective it appears that a tensile stress of
about 20 ksi (138 MPa) is a conservative lower bound estimate of a stress level
below which PWSCC initiation will not occur during plant lifetimes [11].” This
applies to steady-state stresses during normal operation since SCC initiation is a
long-term process, and does not apply to transient stresses that occur only for
short periods of time.

With regard to inhibiting crack growth due to PWSCC, the important
parameter is the stress intensity factor at the tip of any cracks that are present in
the surface. If this stress intensity factor is less than the critical stress intensity
factor for SCC, K¢, then crack growth will not occur. The critical stress
intensity factor for growth of PWSCC is generally thought to be about 5 to 9
MPaVm (5 to 8 ksiVin) but is not well known. For simplicity and to be
conservative, it is taken as zero in this report. Thus, crack growth due to
PWSCC will not occur if the stress intensity factor at the tip of the deepest crack
present in the peened location is shown to be zero or less, when calculated
considering peening induced residual stresses plus the applied stresses that occur
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