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ABSTRACT 

Pacific Northwest National Laboratory (PNNL) is assisting the United States Nuclear Regulatory 

Commission (NRC) in developing a position on the management of primary water stress corrosion 

cracking (PWSCC) in leak-before-break piping systems. Part of this involves determining whether 

inspections alone, or inspections plus mitigation, are needed. This work addresses the reliability of 

ultrasonic testing (UT) of cracks that have been mitigated by the mechanical stress improvement 

process (MSIP). The MSIP has been approved by the NRC (NUREG-0313) since 1986 and modifies 

residual stresses remaining after welding with compressive, or neutral, stresses near the inner diameter 

surface of the pipe. This compressive stress is thought to arrest existing cracks and inhibit new crack 

formation.

To evaluate the effectiveness of the MSIP and the reliability of ultrasonic inspections, flaws 

were evaluated both before and after MSIP application. An initial investigation was based on data 

acquired from cracked areas in 325-mm-diameter piping at the Ignalina Nuclear Power Plant (INPP) 

in Lithuania. In a follow-on exercise, PNNL acquired and evaluated similar UT data from a dissimilar 

metal weld (DMW) specimen containing implanted thermal fatigue cracks. The DMW specimen is a 

carbon steel nozzle-to-safe end-to-stainless steel pipe section that simulates a pressurizer surge nozzle. 

The flaws were implanted in the nozzle-to-safe end Alloy 82/182 butter region. Results are presented 

on the effects of MSIP on specimen surfaces, and on UT flaw responses. 

INTRODUCTION 

MSIP has been used for many years to mitigate intergranular stress corrosion cracking (IGSCC) found 

in boiling water reactors (BWRs) and PWSCC in pressurized water reactors (PWRs). The MSIP was 

developed and first patented in 1986 [1-2]. It is used to replace inner diameter (ID) weld residual 

tensile stresses in the weld metal and heat-affected zone (HAZ) of butt-welds in steel piping 

components with compressive stresses. This is accomplished by applying a radial load inwardly on a 

section some axial distance away from the weld. This distance from the weld center to the center of 

the load application is 2–12 times the wall thickness of one of the piping elements. Additionally, the 

edge of the MSIP load band should be at least half the wall thickness away from the weld center line. 

The applied radial load is sufficient to permanently reduce the outside diameter (OD) between 0.2–2.0 

percent. This “squeeze” creates a beneficial compressive stress on the ID of the welded region of 

interest. The MSIP has been used successfully on over 1300 welds in BWR and PWR units and has 

stabilized existing cracks or even closed them sufficiently such that they are no longer detected with 

ultrasonic nondestructive evaluation (NDE) techniques [3]. 

The purpose of this study was to compare the ultrasonic NDE responses from service-induced 

and implanted flaws before and after the application of the MSIP. A comparison of detected flaws 

based on signal strength is presented to demonstrate the effects of MSIP on the NDE responses.  

………………………………… 
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MATERIALS

Ignalina 

The first set of data was acquired from piping in the INNP in Lithuania. The piping base material was 

08X18H10T, 18% Cr, 10% Ni, titanium-stabilized wrought stainless steel (WSS) with a nominal OD 

of 325-mm (12.8 in.) and a wall thickness of approximately 16 mm (0.63 in.). Both site and factory 

welds were included in this study. Service-induced IGSCC were present in the HAZ of many of the 

piping welds due to high residual stresses imparted by autogenous root-welding procedures, and the 

welds having been exposed to an oxygen-rich water chemistry. Eight circumferentially oriented flaws 

were included in this study [4]. 

PNNL Specimen 

The second set of data was acquired from a DMW specimen, 9C-003. This specimen consists of 

carbon steel flange welded to an A106B/A105 carbon steel nozzle welded to a 316 stainless steel safe 

end welded to a 316 stainless steel pipe. The nozzle butter and nozzle-to-safe-end weld material are 

NiCrFe3 while the safe-end-to-pipe weld material is a 308 stainless steel. A diagram of this specimen 

is shown in Figure 1. The nozzle-to-safe-end and safe-end-to-pipe weld crowns were ground smooth. 

Six circumferential and one axial thermal fatigue cracks were implanted in the butter region 

(nozzle side) adjacent to the weld between the nozzle and safe end. Only the circumferential cracks 

that were tilted between 8 and 15 degrees and varied in depth from 16% to 90% through wall are 

considered in this paper. Flaws were implanted within the butter material to minimize the potential for 

disturbing the parent material or introducing implantation anomalies that might result in reflection of 

coherent sound energy, and to simulate the weld area where PWSCC has been experienced [5].  

MSIP APPLICATION 

The MSIP application to the INNP piping was applied close to the weld in each specimen. Plastic 

deformation observed on the pipe OD was estimated to be from 0.31%–0.92% based on close 

examination of a photograph of one of the specimens (Figure 2). This deformation is within the range 

of desired deformation to place the ID weld region and HAZ in compression. The arrow in the figure 

points to the OD deformation caused by the MSIP.  

The MSIP pertaining to the 9C003 specimen was applied to the adjacent safe-end-to-pipe weld. 

A finite element analysis was conducted to predict residual stress profiles through the specimen. In 

the analysis, an OD deformation of 1% was used while a 0.94% plastic deformation was actually 

achieved on the specimen, as measured after MSIP application. Surface profile measurements were 

also taken at PNNL in the weld region to assess the surface deformation caused by the MSIP. The OD 

surface was not flat prior to MSIP due to welding shrinkage and subsequent surface grinding to 

remove the weld crowns. 



Figure 1 - PNNL dissimilar metal weld specimen 9C003. MSIP was applied to the weld on the left in 

order to place compressive stresses on the ID in the butter and weld region between the nozzle 

and safe end. 

�

Figure 2 - INNP piping specimen with the MSIP location noted by the arrow 

Figure 3 displays the surface profiles, photographed at a zero position circumferentially. The 

300-mm (11.81-in.) position on the ruler denotes the weld center line with the nozzle to the right and 

safe end to the left. Photographs were taken at 0, 90, 180, and 270 degrees both before and after 

MSIP. Measurements were made from the photographs to give a digital profile. The digital before- 

and after-MSIP profiles from 0 degrees are displayed in Figure 4 and demonstrate the effects of MSIP 

on the OD surface. Profile differences were observed between the before- and after-MSIP 

measurements. Although not an accurate method to measure the overall OD percentage deformation 

for compressive stress estimates, profiling shows local deformations that may affect coupling and 

scanning in future inspections.  



�

Figure 3 - OD surfaces on Specimen 9C003 at 0 degrees before MSIP (top) and after MSIP (bottom). 

The 300-mm (12.25-in.) position represents the weld center line, with the nozzle to the right 

and the safe end to the left. 

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

-150 -100 -50 0 50 100

Axial Distance (mm)

O
ff

se
t 

fr
o

m
 H

o
ri

zo
n

ta
l 

(m
m

)

Before MSIP After MSIP

Figure 4 - OD surface profiles at 0 degrees, before and after MSIP. The 0-mm position represents the 

weld center with the nozzle to the right and the safe end to the left. 

Figures 5 and 6 display the axial and hoop strain values plotted against two finite element 

model curves. In Figure 5, the red dashed curves represent the difference in before- and after-MSIP 

axial strain assuming no initial weld residual stress present. The solid darker red curves represent the 

difference in before- and after-MSIP axial strain with an assumed weld residual stress present before 

the MSIP. Finally the orange and purple points represent actual measured strain values at 0 and 90 

degrees, respectively. Figure 6 represents the data for hoop strain. The after-MSIP measured axial and 

hoop strain values are negative, with the axial minimum closest to the Inconel weld and butter region.





ULTRASONIC PARAMETERS 

The Ignalina data was acquired with a dual transmit-receive shear-wave (TRS) phased-array (PA) 

probe operating at a 4.0-MHz center frequency. The probe has 32 elements in the primary direction 

and 1 in the secondary and was operated at refracted angles from 50 to 80 degrees. Most through-weld 

inspections in austenitic piping in the United States use refracted longitudinal waves in the 1.0- to 

2.25-MHz frequency range due to the dendritic grain structure of the weld. In contrast, the titanium-

stabilized stainless steel piping and welds at the INNP plant have an equiaxed fine-grain structure that 

supports a higher frequency shear-wave inspection. This provides better resolution and flaw detection. 

Line scan data were acquired at 1-mm (0.04-in.) increments circumferentially while the refracted 

sound beam was swept from 50 to 80 degrees in 1-degree increments.  

The 9C003 data was acquired with two phased-array probes having design center frequencies of 

1.5 and 2.0 MHz. Both probes were operated in a transmit-receive longitudinal (TRL) mode. The 1.5-

MHz probe has 10 elements in the primary direction and 3 in the secondary, while the 2.0-MHz has a 

10 by 5 element arrangement. Data were acquired over inspection angles of 30 to 70 degrees in 1-

degree increments.  

RESULTS 

The INNP data were analyzed by an independent contractor and by PNNL personnel with similar 

results. Only the data as acquired from the side of the weld opposite the application of the MSIP are 

included as the data from the MSIP side are negatively influenced by the OD deformation introduced 

from the MSIP. This deformation can tilt the suite of refracted angles sending the beam outside of the 

area of interest. Additionally, the deformation introduces a gap between the wedge and OD surface, 

which can decrease ultrasonic coupling. These issues are avoided by examining the data from the side 

opposite the MSIP application. The 9C003 data, however, were analyzed from both the nozzle side 

(near side to flaw) and the safe end side, which is the side of MSIP application.  

Eight cracks were detected from the INNP data and ranged in through-wall depths from an 

estimated 34 to 72%. A crack with an estimated 63% through-wall depth was no longer detected after 

the MSIP. From the remaining seven flaws, an average amplitude decrease, as measured by a signal-

to-noise ratio (SNR) of −4.1 dB was realized. If all eight flaws were included, the amplitude change is 

−6.8 dB. The data are plotted in Figure 7 and generally show a range of amplitude decrease from 

essentially zero (+0.4 dB) to as much as −23 dB of change. This later point represents the flaw that 

was no longer detected.  

The six 9C003 flaws were all detected before and after the MSIP application. The values as 

calculated from the 1.5-MHz probe, nozzle and safe-end sides, and the 2.0-MHz probe from the 

nozzle and safe-end sides are presented in Figure 7. Average amplitude changes for the 1.5-MHz 

probe are −3.8 dB from the nozzle side and −0.2 dB from the safe-end side. The 2.0-MHz probe 

average amplitude changes are −1.9 dB from the nozzle side and −0.8 dB from the safe-end side. Both 

frequencies produce a drop in signal response with MSIP; however, the safe-end side change is 

negligible. While much work has been done to understand residual stress fields from welding, the 

effects of the flaw implantation process are unknown. For instance, localized compressive stresses 

could be introduced at the flaw site. If the localized area was already in compression, after the flaw 

implantation and prior to MSIP, then adding the additional compressive stress from MSIP would 

likely not alter the ultrasonic response from a flaw. 
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Figure 7 - Change in flaw amplitude (signal-to-noise) observed after the MSIP application 

DISCUSSION AND CONCLUSIONS 

Both types of flawed specimens show favorable responses to the MSIP in that flaw amplitudes 

decreased on average. The Ignalina data show a greater reduction in flaw response predicated on the 

ultrasonic signal from the base of the crack after MSIP. This is evident over the full range of flaw 

depths. Furthermore, one flaw was no longer detected. The implanted TFCs produce an average 

reduction but it is less than that seen in the service-induced flaws and none of the implanted cracks 

became “undetectable” with the MSIP application. The applied MSIP process indeed added a 

compressive stress to specimen 9C-003 but the initial state of the specimen was not fully known. It is 

recommended that future studies on MSIP-related flaw responses use in-situ flawed specimens. 

Finally, profiles from before and after MSIP show local deformations that may affect future 

inspections.  
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