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1.0 INTRODUCTION

1.1 Background

During inservice inspections at the San Onofre Nuclear Generating Station Unit 2 (SONGS-2) in

its Cycle 14 refueling outage, examinations were performed of four Class 1 reactor coolant

system (RCS) pressurizer, dissimilar metal, nozzle to safe end welds. These welds are ISI

Designation Numbers 02-005-027, 02-005-028, 02-005-029, and 02-005-030, which are three

safety relief valve line nozzles and the pressurizer spray line nozzle, respectively.

Axial flaw indications were identified in ISI Designation Numbers 02-005-027 and 02-005-028.

These indications were dispositioned as not being attributed to primary water stress corrosion

cracking (PWSCC) as discussed below. However, SCE decided to perform a structural weld

overlay on all four welds to eliminate dependence on the Alloy 82/182 welds as a pressure

boundary weld and to mitigate any potential PWSCC in the future.

The axial flaws identified in welds 02-005-027 and 02-005-028 were found in the Alloy 82/182

weld material that is known to be subject to primary water stress corrosion cracking (PWSCC).

However, SCE performed additional review of these axial flaw indications, including eddy

current examinations on the inside surfaces of these welds. Through these supplemental

examinations SCE concluded that the identified flaws are not surface connected and therefore are

not PWSCC. There is evidence that the indications are related to fabrication flaws that were

created during the fabrication of the welds. Nonetheless, instead of evaluating the flaws in

accordance with ASME Section XI Code requirements SCE decided to perform the weld overlay

repairs discussed herein.

1.2 Weld Overlay Repair

Weld overlays have been used routinely in U.S. BWRs and PWRs to repair flaws associated with

stress corrosion cracking. The process is an ASME Code approved repair method under ASME
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Code Case N-504-2 [3]. However, the unique nature of the geometry and materials of the

SONGS pressurizer safe-end welds required design and implementation considerations beyond

those specified by ASME Code Case N-504-2. These have been documented and approved in

Reference [12]. The geometry and materials of the subject welds at SONGS-2 are shown in

Figures 1-1 and 1-2. The nozzle material is low alloy steel, SA-508 Class 2, a P3 material that

requires post weld heat treatment (PWHT) after welding. The safe end material for the three

safety relief line welds is cast austenitic stainless steel, and for the spray nozzle is wrought

austenitic stainless steel. The weld metal joining the safe ends to the nozzles is a combination of

Alloy 182 nozzle butter and Alloy 82/182 butt weld. The low alloy steel nozzle material

composition requires a post weld heat treatment after welding operations. As an option to

thermal treatment after welding, the Gas Tungsten Arc Welding (GTAW) process using the

ambient temperature temperbead welding technique with selective and carefully controlled weld

bead placement and heat input has been successfully developed under Code Case N-638-1 [4] to

achieve the same tempering effect. The nozzle material and other considerations dictate that the

ambient temperature temperbead welding technique be used in this weld overlay application.

Additionally, nickel alloy welding filler metal is required for this weld overlay for material

compatibility with the Alloy 82/182 weld materials.

1.3 Objectives and Report Organization

The objective of this report is to provide the technical basis and a summary of the weld overlay

design and analysis of the SONGS-2 pressurizer nozzle overlays. Detailed calculations

supporting this report are contained in Appendices A thru N. Section 2.0 of this report discusses

the repair and evaluation criteria for weld overlay design and basic structural sizing of the

overlays. Section 3.0 summarizes the residual stress analyses performed. Shrinkage stresses that

result from the overlay application are evaluated in Section 4.0. Consideration of flaw growth

into the overlay repair is discussed in Section 5.0. Analyses demonstrating that the overlays

meet ASME Code, Section III requirements that supplement the-existing-Stress Reports for the

piping, safe ends, and nozzles are described in Section 6.0. A summary and conclusions are'

provided in Section 7.0, while Section 8.0 provides references used in this report.
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2.0 WELD OVERLAY DESIGN

2.1 Repair Description

The overlay repairs were carefully controlled using the following steps in order to assure the

integrity of the overlay and underlying weldment:

1. Surface preparation by grinding of the existing weld crown and any local protrusions to

blend smoothly into the base metal, plus the removal of oxides and other foreign

materials from the area to be overlayed.

2. Layout of the weld overlay per the design drawing by appropriately punch marking the

safe end and nozzle.

3. Liquid penetrant examination of the surface to be overlayed to assure the surface is free

of indications. Special requirements apply to subsequent overlay layers if this

requirement is not met.

4. Measurement of the wall thickness on each side of the weld to be overlayed using UT

techniques.

5. Application of the temperbead weld overlay layers.

6. Application of the remainder of the weld overlay layers to achieve a full structural weld

overlay.

7. Surface preparation of the completed weld overlay to assure adequate surface contour and

smoothness for UT examination.

S. Measurement of the final overlay thickness by UT techniques.

9. Liquid penetrant examination of the final overlay surface.

10. Volumetric examination of the completed weld overlay repair and part of the original

pipe wall.
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2.2 Criteria for Design of Structural Weld Overlay Repairs

The requirements for design of weld overlay repairs are defined in ASME Code Case N-504-2

[3], supplemented for this application by the approved Relief Request [12]. The analytical bases

for the design of the repairs are in accordance with the requirements of ASME Code, Section XI,

IWB-3641 [5]. Weld overlay repairs are considered to be acceptable long-term repairs for

PWSCC-flawed weldments if they meet a conservative set of design assumptions which qualify

them as "full structural" weld overlays. The three principal design requirements to qualify a weld

overlay as "full structural" are:

1. The design basis for the repair is a circumferentially oriented flaw which extends 360°

around the component, and is through the original component wall. This conservative

assumption eliminates concerns about the reliability of the ultrasonic inspection that

initially identified the flaw. In addition, potential concerns about the toughness of the

original butt weld material are not applicable, since no credit is taken in the design

process for the load carrying capability of the remaining component wall ligament.

2. As required by ASME Code, Section XI, IWB-3641 [5], a combination of internal

pressure, deadweight and seismic stresses is used in the design of weld overlay repairs.

Thermal and other secondary stresses are not required to be included for structural sizing

calculations (since the repairs are applied using a GTAW process that produces high

toughness weld deposit), but they are addressed later in fatigue and stress corrosion

cracking evaluations.

3. Following the repair, the surface finish of the overlay must be sufficiently smooth to

allow ultrasonic examination through the overlay material and into a portion of the

original base metal. The purpose of this examination is, in part, to demonstrate that the

repair thickness does not -degrade with time due to continued flaw propagation.
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2.3 Weld Overlay Structural Sizing

2.3.1 Overlay Thickness

Detailed sizing calculations for weld overlay thickness are documented in Appendices A and B

(Structural Integrity Associates Calculations SONG-08Q-301 and -302) for the Safety Relief and

Spray nozzles, respectively. The "Codes and Standards" module of the pc-CRACK computer

program [1 6], which incorporates ASME Code, Section XI, IWB-3640 evaluation methodology,

was used to determine the thickness of the overlay using loads and stress combinations provided

by SCE. Both normal operating/upset (Level A/B) and emergency/faulted (Level C/D) load

combinations were considered in this evaluation, and the design was based on the more limiting

results. The resulting overlay thicknesses are summarized in Table 2-1. Because of weld metal

dilution concerns over the carbon steel nozzle, a dilution weld layer has been added in addition

to the thickness required for structural reinforcement to allow for the possibility that minimum

required chromium content of 24% may not be achieved in the first layer (Figures 2-1 and 2-2).

2.3.2 Wleld Oierlay Length

Appendices A and B also present detailed calculations for weld overlay length sizing. The weld

overlay length must consider three requirements: (1) length required for structural reinforcement,

(2) length required for access for preservice and inservice examinations of the overlaid weld, and

(3) limitation on the area of the nozzle surface that can be overlaid using ambient temperature

temperbead welding.

In accordance with ASME Code Case N-504-2, the weld overlay length required for

structural reinforcement was established as 0.754(Rt) on either side of the susceptible weld

being overlaid. Based on the dimensions shown in Figures 1-1 and 1-2, this formula yields a

minimumnlength-requirement of 1.63'" for the Safety.-Relief nozzles and 1.19" on the nozzle

side and 0.97" on the safe end side of the Spray nozzle. Note that these dimensions must be
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measured from the intersection of the original Alloy 182 construction weld with the safe-end

or nozzle material on the outside surface of the nozzle.

Weld overlay access for preservice examination requires that the overlay length and profile be

such that the required post-WOL exam volume can be inspected using PDI qualified NDE

techniques. This requirement could cause the overlay lengths to be longer than required for

structural reinforcement. Design sketches of the overlay are presented Figures 2-1 and 2-2.

These have been reviewed by qualified personnel to ensure that they meet this requirement.

Finally, review of the WOL designs in Figures 2-1 and 2-2 indicate that the maximum surface

area of low alloy steel material covered by weld overlay are <70 in2 for the safety relief nozzles

and < 50 in2 for the spray nozzle. These are well within the 100 in2 limit specified in Code Case

N-638-1.

2.4 Comparison with Field Measurements

The measured as-built thicknesses and lengths of the overlays, after final machining are

summarized in Table 2-2 [8-1 1]. These measurements exceed the overly minimum structural

design dimensions demonstrating the adequacy of the as-installed repairs.
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Table 2-1: Weld Overlay Structural Thickness and Length Requirements (Appendices A & B)

Safety Relief Nozzles Spray Nozzle
02-005-027, -28, & -29 02-005-030

Minimum* Nozzle Side 0.4 0.29

Thickness (in.) Safe End Side 0.4 0.24

Minimuin** Nozzle Side 1.63 1.19

Length (in.) Safe End Side 1.63 0.97

* - Weld dilution layer (0.08") must be added

** - Additional length requirements apply for inspectability (see Figs. 2-1 and 2-2)

Table 2-2: As-Built Dimensions of SONGS-2 Pressurizer Weld Overlays [8-11]

Safety Relief Safety Relief Safety Relief Spray Nozzle
Nozzle Nozzle Nozzle 02-005-030

02-005-027 02-005-028 02-005-029
Minimum Nozzle Side 0.52 0.56 0.54 0.438

Thickness (in.) Safe End Side 0.52 0.54 0.52 0.375

Minimum Nozzle Side 2.188 2.063 2.375 2.125

Length (n.) Safe End Side 2.75 2.188 1.625 1.688
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3.0 RESIDUAL STRESS ANALYSIS

3.1 Background

In addition to providing structural reinforcement to the flawed location to meet ASME Code

safety margins, the weld overlay produces beneficial residual stresses that support the mitigation

of PWSCC. The weld overlay approach has been used in the U.S. nuclear industry on hundreds

of welds. There have been no reports of crack extension after application of the weld overlay.

Thus, the compressive stresses caused by the weld overlay have been effective in mitigating

crack growth. In addition, the weld residual stresses from this calculation are used as mean

stresses in the fatigue crack growth assessments.

The weld residual stresses for the SONGS-2 pressurizer weld overlays were determined by

detailed elastic-plastic finite element analyses as documented in Appendices F and G (SI

Calculations SONG-08Q-306 and -307). The residual stress calculations were based on the

design weld overlay dimensions in Section 2.0. The analysis approach has been previously

documented to provide predictions of weld residual stress that are in reasonable agreement with

experimental measurements [1, 2, 13].

3.2 Technical Approach

The residual stresses due to welding are controlled by the welding parameters, thermal transients

due to application of the welding process, thermal boundary conditions, temperature dependent

material properties, and elastic-plastic stress reversals. The analytical technique uses finite

element analysis to simulate the multi-pass weld repair and weld overlay process. In order to

reduce computational time, individual weld bead passes are lumped into larger nuggets, as

illustrated in the bottom portion of Figure 3-1.
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To obtain a bounding assessment of the impact of the weld overlay on the flawed location, the

residual stress assessment must consider residual stresses that existed prior to application of the

overlay. Thus, the weld overlay analysis utilized a conservative bounding assumption regarding

residual stresses that may be present due to assumed weld repairs that may have occurred during

plant construction.

Two-dimensional, axisymmetric finite element models were developed for the Safety Relief and

Spray Nozzles using the ANSYS software package [14]. The models are illustrated in Figures 3-

I and 3-2, and include a portion of the pressurizer and nozzle, the safe-end weld and butter, the

safe end and a portion of the piping. Note that both models include a simulated ID repair at the

DMW location with a depth = 50% through the original wall thickness. This assumption is

considered to conservatively bound any weld repairs that may have been performed during plant

construction, from the standpoint of producing tensile residual stresses on the inside surface of

the weld. The axisymmetric assumption is geometrically exact for the spray nozzle, and a

reasonable assumption for the safety relief nozzles.

A thermal analysis is performed to simulate the welding process of the repair, the overlay

welding process, and finally, a heatup to operating temperature. A non-linear, elastic-plastic

stress analysis then is performed to calculate the resulting residual stress state at various times.

The analysis consists of a thermal pass to determine the temperature response of the model to

each individual lumped weld nugget as it is added in sequence, followed by an elastic-plastic

stress pass to calculate the residual stress due to the temperature cycling from the application of

each lumped weld pass. Since residual stress is a finction of the welding history, the stress pass

for each nugget is applied to the residual stress field induced from all previously applied weld

nuggets.

After completion of the weld overlay simulation, the model was allowed to cool to a uniform

..700 F, and then heated up to a uniform 6500F in order to obtain ha zesidual stresses at operating

temperature.
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3.3 Residual Stress Analysis Results

The pre-weld overlay residual stress distributions, including the effect of the assumed

construction weld repair, are shown in Figures 3-3 and 3-4 for the safety relief and spray nozzles,

respectively. Note the highly tensile state on the inside surfaces of the DMW. This result

represents a conservative starting point for the weld overlay residual stress analysis, and is

consistent with field experience with PWSCC in PWR dissimilar metal welds (i.e. essentially all

welds in which PWSCC has occurred were found to have had significant weld repairs during

plant construction).

The post weld overlay residual stresses at normal operating conditions, representing the final

stage of the analysis, are presented in Figure 3-5 and 3-6. It is seen from these figures that, upon

application of the WOL, the stresses on the inside surface of the original DMW are reversed to

compressive. The ID compression is balanced by tensile stresses in the WOL itself. Tensile

residual stresses in the WOL are not a PWSCC concern, because the overlays were installed with

Alloy 52M weld metal, a material that has been shown to offer significant improvement in

PWSCC resistance.

The favorable residual stress reversal on the susceptible ID surface is further illustrated by

Figures 3-7 through 3-I0, which are plots of E) surface stresses, before and after application of

the WOL. The region of PWSCC susceptible Alloy 82/182 weld material and butter is indicated

on these plots. The compressive nature of the ID surface stresses, as opposed to the high tensile

pre-overlay values, is demonstration that the overlays will serve their intended purpose of

preventing any new PWSCC initiation in regions of the weld that aren't cracked, and inhibiting

crack growth of any existing cracks that may have initiated. Through-wall residual stress

distributions from these analyses will be used later in this report as input to fatigue and PWSCC

crack growth calculations.
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More detailed descriptions of the residual stress analyses including complete presentation of the

input, assumptions and results are contained in Appendices F and G of this report.
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San Onofre Nuclear Generating Station, Unit 2 Safety Nozzle

Figure 3-1. -Finite Element Model Used for Pressurizer Safety Relief Nozzle -Residual Stress --

Analysis (Bottom Figure Illustrates Lumped Weld Nuggets Used in the Analysis)
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Figure 3-2: Finite Element Model Used for Pressurizer Spray Nozzle Residual Stress Analysis
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4.0 EVALUATION OF WELD OVERLAY SHRINKAGE STRESSES

4.1 Background

Stresses may develop in remote locations of a piping system after application of one or more

weld overlays in the system, due to the weld shrinkage at the overlays. These stresses are

system-wide, and are similar in nature to restrained free-end thermal expansion or contraction

stresses. The level of stresses resulting from weld overlay shrinkage depends upon the amount

of shrinkage that occurs and the piping system geometry (i.e. its stiffness).

In ASME Code terminology, weld overlay shrinkage stresses are secondary or peak stresses, and

have no primary component. They are essentially constant with time, so there are no official

ASME Code limits that apply to them, since Code limits on secondary and peak stresses apply to

their range under cyclic loading conditions. They could, however, potentially increase the

susceptibility of other susceptible welds in the system to fiture PWSCC. Therefore, it has

become common practice with weld overlays to measure the shrinkage between punch marks

that are placed on the piping and/or nozzles beyond the ends of the overlays as part of the

implementation process. The stresses due to the measured shrinkage are then evaluated via a

piping model. However, this was primarily a requirement for BWR weld overlays, in which the

stainless steel systems contained multiple welds that are susceptible to IGSCC, and often

contained more than one overlay. It is less of a concern in PWR overlay applications, because

the PWSCC susceptibility in the systems is typically limited to the DMW that is being overlaid.

Hanger Set Points

Due to displacements introduced by weld overlay shrinkage in the piping system, it is also

required that, after application of the overlay, a walkdown be performed to check all hanger set

points. In addition, clearances at all pipe whip restraints should also be checked to insure that

they are-within tolerance: ....-..
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4.2 Evaluation of Weld Overlay Shrinkage Stresses in SONGS-2 Pressurizer Nozzles

The weld overlay shrinkages, measured at four azimuthal locations around the nozzles during the

repairs [8-111 are summarized in Table 4-1. At all safety relief nozzles, the average measured

shrinkage at the four locations was extremely small (less than 1/16"). Measurements weren't

taken on the spray nozzle because of the slope of the overlay and the associated diametric

differences between the punch marks. However, it is reasonable to assume that the shrinkage

was very small on that nozzle as well. The piping systems in question (safety relief valve lines

and spray line) are long flexible systems with relatively few supports, and have no other PWSCC

susceptible welds. For these reasons, it was decided to waive a piping stress analysis of the

shrinkage stresses. The stresses are expected to be very small, because of small shrinkage values

and the very flexible systems. Also, as previously discussed, there are no ASME Section mII
Code stress limits that directly apply to these stresses, and there are no other PWSCC susceptible

welds in the piping systems, so ASME Section XI flaw evaluations and/or PWSCC mitigation of

other welds, which could be affected by shrinkage stresses, do not exist.

All hanger set points were checked by SCE after the application of the overlay repair and they

were all found to be within the design ranges (21]. Also, clearances at all pipe whip restraints

were found by SCE to be within the tolerance after the overlay repair [22].

. . . . . . . . -............. ................ ...... ....... ......... ...
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Table 4-1: SONGS-2 Pressurizer Weld Overlay Shrinkage Measurements [8-11]

Measurement Safety Relief Safety Relief Safety Relief Spray Nozzle

Location Nozzle Nozzle Nozzle 02-005-030
02-005-027 02-005-028 02-005-029

Shrinkage 00 0 -1/16 -1/16 N/A

Measurement 900 0 -1/16 0 N/A

(in.) 1800 0 0 -1116 N/A

2700 0 +1/8 (growth) -1/16 N/A

Averages m.) 0.0 0.0 -0.047 N/A

N/A = Shrinkages not measured on spray nozzle due to slope of WOL. Assumed to be
comparable to safety relief nozzle measurements.
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5.0 CRACK GROWTH CONSEDE RATIONS

5.1 Background

In this section, growth of cracks that may potentially exist in the overlaid welds is considered for

both PWSCC and fatigue mechanisms. As previously mentioned, qualified ultrasonic

examinations and other NDE was performed on the subject nozzles, prior to application of the

weld overlays. Two of the nozzles were found to be clean, and two of the nozzles were found to

have indications, although upon further examination, they were concluded not to be service

related. Crack growth evaluations were performed to demonstrate that flaws equal to or greater

than the maximum flaw sizes that could have escaped detection in these examinations would not

grow unacceptably in the nozzles, so as to undermine the basis for the overlay design. Crack

growth analysis details and results are contained in Appendices M and N (SI Calculations

SONG-08Q-313 and -314).

5.2 Technical Approach

The technical approach used in this evaluation is to determine the through-wall stress intensity

factor (K) distribution associated with assumed axial and circumferential flaws in the nozzles

using the post weld overlay residual stresses at operating conditions plus sustained and transient

operating stresses. If the K distribution with sustained operating stresses is such that it is

negative at the crack tip, then no PWSCC growth is predicted, even in the original susceptible

DMW material [15]. The maximum depth crack for which this condition is true represents the

flaw tolerance depth, below which no PWSCC crack growth is predicted. From a fatigue

standpoint, the K distributions for both the maximum and minimum cyclic stresses during

various plant transients are determined The Kin and K,,. calculations include both applied and

residual stresses. Fatigue crack grofi ig thMen computed using a Veiy conservative -.

environmental fatigue crack growth law for Alloy 182 [17]. In implementing the crack growth
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law, it is assumed that no crack growth will occur if both ICX,, and Knox are less than zero. If K

is positive during any part of a transient, then the crack growth due to fatigue is calculated for the

defined number of cycles for each transient.

It is important to note that, even if these conditions were for some reason exceeded, and a crack

were to propagate to the weld overlay itself, the safety of the overlaid weld would not be

compromised, since the overlay material (Alloy 52M) is PWSCC resistant, and the design basis

of the overlay took no credit for the underlying DMW materiaL

5.3 Crack Growth Results

5.3.1 Safety 1elief Nozzles

Two of the three safety relief nozzles contained UT indications. Based on supplemental

examinations, these indications were not believed to be PWSCC, and no qualified depth sizing

was performed. However, supplemental examinations reported in [18] confirmed that they were

not present in the outer two-thirds of the wall thickness. Therefore, a flaw depth of 1/3 of the

wall thickness was conservatively assumed for the crack growth evaluations of the safety relief

nozzles. Stress intensity factors versus flaw depth were computed for three paths through the

original DMW and butter, for both axial and circumferential cracks (six cases).

For five out of the six crack growth cases, no fatigue or PWSCC crack growth was predicted, as

both K,.x and K..n are negative in all cases. For the path 2 axial crack case, Kmax was positive at

the initial assumed flaw size of 1/3 the wall thickness. However, if this assumed flaw size was

increased to 53% of the wall thickness, both Kx and KIn became negative. Therefore, for the

path 2 axial crack case, if the crack were to grow from the initial assumed flaw size, it would

arrest at 53% of the wall thickness. For the other five cases the crack would not grow from the

initial assurned flaw-size: Crack growth for the safety relief nozzles is thus not predicted-to be a . --

significant factor affecting the weld overlay designs.
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5.3.2 Spray Nozzle

As previously mentioned, the SONGS-2 spray nozzle was inspected and found clean during this

outage, so the weld overlay was applied as PWSCC mitigation rather than a repair. The initial

flaw size for the crack growth evaluations was chosen as 10% of original wall thickness for both

axial and circumferentially oriented flaws. (10% of the wall thickness is conservatively

considered to be the detectability limit of the examinations performed.) As before, stress

intensity factors versus flaw depth were computed for three paths through the original DMW and

butter, for both axial and circumferential cracks (six cases).

For PWSCC, it was shown that the stress intensity factors due to normal operating conditions

plus post-WOL residual stresses remained negative for crack depths equal to and greater than the

assumed 10% initial flaw size. In fact, for circumferential cracks, the stress intensity factor is

predicted to remain negative up to and included flaw depths completely through the original wall

thickness and impinging on the weld overlay. For axial cracks, the stress intensity factor remains

negative for cracks up to -70% of the original wall thickness. Therefore, the weld overlay has

clearly provided an effective mitigation for PWSCC crack growth in this weld.

For fatigue crack growth, the spray nozzle is subjected to numerous severe thennal cycles due to

spray transients. No specific number of spray transients is specified for this nozzle in [19].

Instead, the nozzle is analyzed for allowable numbers of spray cycles at various temperature

ranges. Similar analyses are performed and presented for fatigue crack growth in Appendix N,

for assumed axial and circumferential cracks, in terms of the incremental crack growth that

would be predicted for cracks of various depths subjected to spray transients of various severity

(i.e. ATs ranging from 200'F to 600'F).

Section 6 and Appendix L of this report present allowable numbers of spray transients of various

seventies that are permissible in accordance withASME Sectionll fatigue usage limitations..

(See Table 6-3). Table 5-1 provides an interpretation of the Appendix N fatigue crack growth

results, in terms of the amount of fatigue crack growth that would occur if the allowable number
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of cycles at each temperature range from Table 6-3 were to occur. It is seen that in no case do

the final predicted crack depths exceed the design basis for the weld overlay (i.e. through the

original DMW wall thickness, or 0.885" at the location at which the crack growth analysis was

performed). Crack growth for the spray nozzle is thus not predicted to be a significant factor

affecting the weld overlay design.

Table 5-1: Predicted Fatigue Crack Growth for the Spray Nozzles based on

Allowable Spray Thermal Cycles at Various Temperature Ranges (from Table 6-3)

Temperature Factored Allowable Predicted Final Depth of Predicted Final Depth of

Range Cycles Initial 10% Axial Crack Initial 10% Circ. Crack

F = NAU x 0.45 (in.) (in.)

201-250 3685 0.260 0.378

251-300 1558 0.232 0.349

301-350 851 0.243 0,355

351-400 612 0.302 0.405

401-450 403 0.346 0.438

451-500 255 0.382 0.461

501-550 147 0.391 0.466

551-600 113 0.385 0.465
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6.0 ASME SECTION M STRESS ANALYSIS

6.1 Background

This section presents a summary of ASME Section [[I stress evaluations performed for the

SONGS-2 pressurizer safety relief and spray nozzle weld overlay applications and their impact

on the existing ASME Section III Stress Reports for these nozzles. Details of the analyses for

the safety relief nozzles are contained in Appendices I and K (SI Calculations SONG-08Q-309

and -311) and for the spray nozzle in Appendices H, J, and L (SI Calculations SONG-08Q-308, -

310, and -312).

The original construction Code for the pressurizer was ASME Section Il, 1971 Edition through

Summer 1971 Addenda. However, as allowed by ASME Section XI, Code Editions and

Addenda later than the original construction Code up to 1998 through 2000 Addenda 16] may be

used. Reference [6] was used for these analyses.

The following summary of the impact of the weld overlays is presented to illustrate that the

presence of the overlays does not invalidate the current design basis for the nozzle Stress

Reports.

6.2 Technical Approach

The two-dimensional, axisymmetric finite element models of the SONGS-2 safety relief and

spray nozzles developed for residual stress analysis (as discussed in Section 3 of this report)

were used for this evaluation. As illustrated in Figures 3-1 and 3-2, the models include the

nozzles plus a portion of the pressurizer, the safe-end, the weld overlay, and a portion of the

piping. The spray nozzle model also includes the thermal sleeve.
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Item (f)(l) of Code Case N-504-2 requires that the overlay be sized so that it will be able to

provide for load redistribution from the pipe into the deposited weld metal and back into the pipe

without violating applicable stress limits of ASME Code, Section III for primary, secondary, and

peak stresses. This was demonstrated in Section 2 of this report using a rule of thumb for weld

overlay length sizing contained in Code Case N-504-2 (0.754.Rt), but is confirmed by the

detailed analyses in this section. Two models have thus been developed. To confirm adequate

overlay length for load transfer, a cracked model was developed in which the original DMW was

assumed to be cracked through wall and 3600. The cracked model is used for evaluation of

primary stresses only in order to demonstrate appropriate load transfer at critical sections of the

weld overlay.

An uncracked model is used for the balance of the evaluation of primary and primary-plus-

secondary stresses. Thermal transient and static structural analyses are performed with this

model for operating transients, internal pressure and piping loads, using loads and transients

provided by SONGS. A detailed description of the thermal transients used in the analyses is

contained in Appendix C (SI Calculation SONG-08Q-303). The resulting stresses are compared

to Section m allowable stresses and fatigue usage.

6.3 Results of Analysis

6.3.1 Safet Relief Nozzles

Stress intensities for the weld overlaid safety relief nozzles are determined from finite element

analyses in Appendix I for the various specified load combinations. Linearized stresses were

evaluated through a total of seven paths for the modeled safety relief nozzle throughout the

transient time histories and the pressure and axial load analyses. Five of the paths (Paths 1 to 5)

are located through the nozzle/safe-end wall and weld overlay for the uncracked model cases,

- - - and the remaining two paths (Paths-6 and-7) are located through the overlay alone, for-the

cracked model cases. The seven paths are shown in Figure 6-1.
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The stress intensities along all these paths are evaluated in accordance with ASME Code, Section

III, Subarticle NB-3200 [6], and compared to the applicable Code limits in Appendix K. A

summary of the stress comparisons for the limiting paths for each load combination is provided

in Table 6-1. It is seen from this table that, in all cases, the stresses in the weld overlaid safety

relief nozzles meet the applicable Code limits. Fatigue usage is not limiting, since the nozzles

satisfy ASME Section III, NB-3200 criteria for exemption from fatigue analysis.

6.3.2 Spray Nozzle

Stress intensities for the weld overlaid spray nozzle are calculated in Appendices H and J for the

various specified load combinations. Linearized stresses were evaluated through a total of seven

paths for the modeled spray nozzle, as illustrated in Figure 6-2. Five of the paths (Paths 1 to 5,

uncracked) are located through the nozzle/safe-end wall and weld overlay for the uncracked

model cases, and the remaining two paths (Paths 1 and 2, cracked) are located through the

overlay alone, for the cracked model cases.

The stress intensities along all these paths are evaluated in accordance with ASME Code, Section

III, Subarticle NB-3200 [6], and compared to the applicable Code limits in Appendix L. A

summary of the stress comparisons for the limiting paths for each load combination is provided

in Table 6-2. It is seen from this table that, the stresses in the weld overlaid spray nozzle meets

the applicable Code limits for all conditions except Level A/B Primary plus Secondary stresses

(spray transient). For that condition, simplified elastic-plastic analysis was performed, and it was

shown that Primary plus Secondary stresses excluding thermal bending meet the required Code

limit. A simplified elastic-plastic analysis correction factor (Y..) was initially used in the

determination of alternating stresses. However, in order to remove excessive conservatism

inherent in the simplified elastic-plastic analysis, lower values of Ke were justified, as described

in Appendix L, based on comparisons to full elastic-plastic analyses contained in [191. The

modified K.- values were used to modify elastic alternating stresses for finalfatigue cycle.

determination.
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In accordance with Reference [20], an actual fatigue usage factor was not computed for the spray

nozzle. Instead, for specified ranges of AT, the number of allowable cycles were tabulated and

reported. Based on stress evaluations performed in Appendix L, the highest stresses occur at

Path 2. Hence, Path 2 was selected for detailed evaluations for all ranges of AT. The allowable

cycles for Path 2 for various ranges of AT are summarized in Table 6-3. The factored allowable

cycles in Table 6-3 represent the number of spray transients at various ATs that can be sustained

by the nozzle without exceeding the plant-specified fatigue usage allowable of 0.45 specified in

the UFSAR for these transients [20]. This value has been adjusted from the Code allowable

fatigue usage of 1.0 to account for other transients not addressed.

6.4 Concluding Remarks

An evaluation has been performed to determine the impact of the weld overlay repairs on the

pressurizer and spray nozzles and SONGS Unit 2, in terms of their effect on ASME Code,

Section Im1 evaluation. The evaluation included primary and primary-plus-secondary Code

limits, thermal ratchet, fatigue, and Code Case N-504-2 stress limits. It was determined that the

impact of the revised stresses remain within the applicable Code allowables. Fatigue is not

significant for the safety relief nozzles. For the spray nozzle, the analysis results are presented

in terms of allowable numbers of spray transients at various temperature differentials. These

numbers of cycles compare favorably with prior results for the un-overlaid nozzle, indicating that

applying the weld overlay did not have a detrimental effect on the fatigue life of this nozzle.

This report is supplemental to the original stress reports for these components.
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Table 6-1: Stress Results Along Critical Paths for the Safety Relief Nozzle

Primarv Stress Evaluations
Load Critical PI Allowable P1 + Pb Allowable

Combination Path (ksi) (ksi) (ksi)
Design 1 (uncracked) 10.1 16.3 9.2 24.5

6 (cracked) 15.9 23.3 9.5 34.95

LevelD 1 (uncracked) 19.0 39.1 18.1 58.7
6 (cracked) 29.5 55.9 23.0 83.8

Test 1 (uncracked) 9.1 16.3 7.9 24.4

6 &6 7(cracked) 13.0 24.8 7.0 37.1
_Primary + Seco dary Evaluations_

Load Critical PI t Q Allowable
Combination Path (ksi) (ksi) T
Level A/B 2 (uncracked) 48.5 48.9 _

Fatigue ASME mII, NB-3200 exemptions to fatigue usage analysis satisfied

SIR-06-143, Rev. 1 6-5



Table 6-2: Stress Results Along Critical Paths for the Spray Nozzle

Primary Stress Evaluations

Load Critical Pm Allowable PI + Pb Allowable

Combination Path (ksi) (ksi) (ksi) (ksi)

Design 1 (uncracked) 10.6 16.3 10.3 24.5

2& I(cracked) 16.9 23.3 11.1 24.5

Level D 1 (uncracked) 27.1 39.1 26.8 58.7

,,.Z(cracked) 32.0 39.1 33.8 58.7

Test I (uncracked) 7.8 16.4 7.5 24.6

2&l(cracked] 15.2 24.8 6.5 24.6

Primary + Secondar Stress Evaluations

Load Critical P1 + Q Allowable

Combination Path (ksi) (ksi)

Level AIB 2 (uncracked) 108.6* 69.9*

2 (uncracked) 27.7* 69.9*

Thennal 2 (uncracked) 116.2 247.8

Ratchet (Thermal
Hoop
Stress)

I

* - Elastic analysis exceeds 3Srn, however, criteria for simplified elastic-plastic analysis and

thermal ratchet are met.
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Table 6-3: Allowable Cycles for the Spray Nozzle for Spray Thermal Transients at Various

Temperature Ranges

Temperature Unfactored Allowable Factored Allowable
Range Cycles Cycles

OFNAU =NAU x 0.45
201-250 8189 3685
251-300 3463 1558
301-350 1892 851
351-400 1360 612
401-450 895 403
451-500 566 255
501-550 327 147
551-600 250 113

- -I' ....-.- .-..-.. . ..... -.. --.- -... -., -- --
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Figure 6-1; safety Relief Nozzle Linearized Stress Paths. (Paths 1 trough 5 are for the

uncracked model and Paths 6 and 7 for the cracked model.)
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Path Locations for Uncracked Model:

PATH 1 X PA N2 PATH 5 )

Path Locations for Cracked Model:

....... .... ......... ............. . . .. ........ ....... . ....

Figure 6-2: Spray Nozzle Linearized Stress Paths
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7.0 SUMMARY AND CONCLUSIONS

This report has provided a summary of the weld overlay design and analyses for the dissimilar

metal, nozzle to safe end welds in the pressurizer safety relief valve and spray nozzle welds at

San Onofre Nuclear Generation Station, Unit 2 (ISI Designation Numbers 02-005-027, 02-005-

028, 02-005-029, and 02-005-030). The design of these overlays was performed taking guidance

from the requirements of ASME Code Case N-504-2, and Code Case N-638-1 ambient

temperature temperbead procedure developed to eliminate the need for post weld heat treatment

of the nozzle after welding. The weld overlays are demonstrated to be long-term repairs and/or

mitigation of PWSCC in these welds based on the following:

* The weld overlay restores the original safety margins of the weld since it is designed to

meet the requirements of ASME Code, Section XI, IWB-3640. In addition, it meets all

the structural requirements of ASME Code Case N-504-2.

* The as-built dimensions exceeded the minimum design dimensions, thus demonstrating

additional margin in the overlay repair.

* No credit is taken for the first layer in the overlay design, which could have been diluted

by the base metal during the welding process.

* The weld metal used for the overlay is Alloy 52M, which has been shown to be resistant

to PWSCC, thus providing a PWSCC resistant barrier. Therefore, no crack growth is

expected into the overlay.

* Residual stress analysis was performed, after first simulating severe ID weld repairs in

the nozzle to safe-end welds, and then applying the weld overlay repair. The post weld

overlay residual stresses at normal operating c-6nditio ns have been shown to result in-- - - -

beneficial compressive stresses on the inside surface of the components, further assuring

that crack growth into the overlay is highly unlikely.
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* Fracture mechanics analyses were performed to determine the amount of future crack

growth which would be predicted in the nozzles, assuming that cracks exist that are equal

to or greater than the thresholds of the NDE techniques used on the nozzles. For the

safety relief nozzles, the total stress intensity factors, when all operating stresses are

combined with the residual stresses resulting from the overlay are compressive, at both

the maximum and minimum points in the stress cycles. Therefore, no fatigue crack

growth is predicted. Some fatigue crack growth is predicted for the spray nozzle, based

on the number and severity of thermal cycles associated with the spray transient.

However, those are not found to be limiting compared to the numbers of cycles specified

in the plant FSAR [20]. PWSCC crack growth is predicted to be insignificant for both

nozzles since the sustained stress intensity factors during normal operation are negative.

* Shrinkage measured during the overlay application was very small, and the associated

piping systems are relatively flexible and they contain no other PWSCC susceptible

welds. Therefore shrinkage stresses at other locations in the piping systems arising from

the weld overlays are not expected to have an adverse effect on the systems. All hanger

set points and pipe whip restraint clearances were checked after the overlay repair, and

were found to be within the design ranges.

* The application of the weld overlay does not impact the conclusions of the existing

nozzle Stress Reports. With the application of the overlay, all the ASME Code, Section

m stress and fatigue criteria are met. The stress requirements in ASME Code Case N-

504-2 are also met.

* The total added weight on the piping systems due to the overlays is less than 200 lbs.

This weight is insignificant compared to the weight of the piping systems and therefore

does not impact the stresses nor their dynamic characteristics.
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From the above observations and the fact that similar nozzle-to-safe end weld overlays have been

applied to other plants since 1986 with no problems identified, it is concluded that the observed

indications have been permanently repaired and that the pressurizer safety relief valve and spray

nozzle dissimilar metal welds have received long term mitigation against PWSCC..
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9.0 APPENDICES (STRUCTURAL INTEGRITY ASSOCIATES CALCULATION

PACKAGES)

A SONG-08Q-301R2 - Weld Overlay Sizing for RCS Pressurizer Safety Relief Nozzles

B SONG-08Q-302R0 - Weld Overlay Sizing for Pressurizer Spray Nozzle

C SONG-08Q-303R0 - Thermal Transients for Pressurizer Safety Relief Nozzle and Spray

Nozzle Weld Overlays

D SONG-08Q-304R0 - Finite Element Models of the SONGS Unit 2 Pressurizer Spray

Nozzle With Weld Overlay Repair Using Design Dimensions

E SONG-08Q-305R0 - Finite Element Models of the SONGS Unit 2 Pressurizer Safety

Relief Nozzle With Weld Overlay Repair Using Design Dimensions

F SONG-08Q-306R0 - Residual Stress Evaluation of the SONGS Unit 2 Pressurizer Spray

Nozzle With Preemptive Weld Overlay Using Design Dimensions

G SONG-08Q-307R0 - Residual Stress Evaluation of the SONGS Unit 2 Pressurizer Safety

Relief Nozzle With Weld Overlay Repair Using Design Dimensions

H SONG-08Q-308R0 - Thermal Analysis for Pressurizer Spray Nozzle Weld Overlay

I SONG-08Q-309 RO - Thermal and Mechanical Stress Analyses of the Pressurizer Safety

Relief Nozzle With Weld Overlay Repair

J SONG-08Q-3 10RO - Mechanical Load and Thermal Stress Analysis for Pressurizer Spray

Nozzle Weld Overlay

K SONG-08Q-31 1RO - Section m Stress and Fatigue Evaluation of the Pressurizer Safety

Relief Nozzle with Weld Overlay Repair

L SONG-08Q-312R0 - Stress Evaluation and Determination of Allowable Cycles for

Pressurizer Spray Nozzle Weld Overlay

M SONG-08Q-313R0 - Predicting Fatigue Crack Growth for the SONGS Unit 2 Pressurizer

Safety Relief Nozzle With Design Weld Overlay

N SONG-08Q-314R1 - Predicting Fatigue Crack Growth for the SONGS, Unit 2

Pressurizer Spray Nozzle With Design Weld Overlay
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