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Abstract. A reactor internal preventive maintenance technology, Water Jet Peening (WJP), has been developed 
as a stress corrosion cracking (SCC) mitigation technology  that has been successfully implemented during 
refuelling outages at 15 Boiling Water Reactors (BWR) and three (3) Advanced BWRs (during the site 
construction and in the shop fabrication) in Japan. WJP is one of the most successful underwater peening 
methods, which utilizes the energy generated from the collapsing of bubbles produced by the cavitating water jet 
nozzle.  The energy produced from the cavitations introduces compressive residual stress on the metal surface 
and subsurface up to a depth of several hundred micrometers. Most recently, we have successfully applied WJP 
to the bottom head components and to some cracked areas on the shroud support in the Tokai-2 plant. In the case 
of the bottom head components, we produced inspection and repair tooling as a contingency in the event SCC 
was identified and would be required to be repaired prior to the implementation of WJP.  

1. Introduction 

The contributing factors to SCC can be categorized into three areas; aggressive environment, 
susceptible material and tensile stress.  Mitigation can be accomplished by removing or reducing any 
one of the three areas. In the case of Water Jet Peening, it reduces the residual tensile stress by 
changing the metal surface and near-surface layer to highly compressive residual stress thus removing 
or reducing one of the three contributing areas as shown in FIG.1. In the early 1990s, many cases of 
SCC were identified on the Core Shrouds of Boiling Water Reactors. With the cost to replace 
susceptible materials (stainless steels and nickel based alloys) utilized in the existing BWR’s being 
cost prohibitive, WJP has provided an alternative for utilities to mitigate SCC without the need to 
replace components as a significantly reduced cost.  

2. Outline of WJP 

WJP is a successful underwater peening method that utilizes the energy generated from the collapse of 
bubbles produced by the a cavitating water jet, as shown in FIG.2, which produces compressive 
residual stress on the metal surface and subsurface up to several hundred of micrometers in depth as 
shown in FIG.3. Since WJP uses water flow, it has several significant benefits from the view point of 
material science and the field application feasibility/economy. These benefits include a simplified 
delivery system which reduces the risk of foreign material exclusion concerns, flexibility based upon 
the system allowing adjustment to a wide range of implementation parameters, minimal, if any, 
change to the surface finish or dimension of the surface being mitigated. The durability of the WJP 
mitigation has been analysed for both the BWR and Pressurized Water Reactor (PWR) environments 
by numerous organizations utilizing several methodologies such as thermal relaxation and cyclic stress 
relaxation tests. Each test result validated the durability of the WJP mitigation and its ability to 
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maintain the compressive residual stress layer in the material under test. In order to apply WJP on 
various shaped surfaces and to have a tool that can consistently navigate through the complicated in-
core structures of a BWR, significant development and the implementation of years of continuous 
improvement has resulted in several types of the purpose-built tooling being available to apply WJP to 
many different surfaces requiring mitigation.  

Prior to the first field application of WJP on actual reactor components, a certification test was 
conducted by JAPEIC (Japan Power Engineering and Inspection Corporation). The result of the 
certification was that WJP was an acceptable SCC mitigation method that can be applied to reactor 
internals. This type of certification test is performed by JAPEIC, an independent third party agency in 
Japan, to validate a newly developed technology for repair and SCC mitigation (e.g., its design, its 
material, manufacturing, and inspection). During the validation process, technical justification of the 
technology was fully examined by the academic experts' committee. After this certification test, WJP 
was incorporated into JSME’s (Japan Society of Mechanical Engineers) code for Nuclear Power 
Generation Facilities “the Rules on Fitness-for Service for Nuclear Power Plants”, as an acceptable 
peening methodology that would also result in providing inspection relief. WJP was also incorporated 
as an acceptable “Peening Method” into the JANTI (Japan Nuclear Technology Institute) Guideline 
for Preventive Maintenance. In this industry Guideline, WJP is identified as a preventive maintenance 
method that can be applied to the internals of both BWRs and PWRs. Recently, WJP was incorporated 
into the EPRI (Electric Power Research Institute) MRP’s (Material Reliability Program) document and 
is being evaluated as one of the available peening methods for SCC mitigation on Nickel based alloy 
used in US-PWRs. 

As a result of the development and certification efforts to date, Water Jet Peening (WJP) has been 
widely deployed as a stress corrosion cracking (SCC) mitigation technology with many successful 
experiences (15 Boiling Water Reactors (BWR) during their refuelling outages and in three (3) 
Advanced BWRs during their site construction and in the shop fabrication in Japan) as shown in 
FIG.4. Most recently, we have successfully applied WJP to the welds on the CRD (Control Rod Drive) 
stub tubes, ICM (In-core Monitor) housings and Shroud Supports. In addition, we have developed a 
contingency repair system as a risk management technique to address any existing SCC that might 
have been identified in the pre-inspection phase of the BWR bottom head are mitigation.  

3. WJP Effects 

As a first opportunity to document the effectiveness of WJP in the actual BWR environment, a 
periodic inspection was performed at Tokai-2 in 2008 following a successful WJP mitigation. The 
results of the on-going inspections were that no cracks or adverse tendencies were identified. Most 
notably was that there were no cracks or adverse tendencies noted in the highly radiated areas, such as 
the weld line of the middle Shroud, where WJP had been applied to the reactor internals as a brand-
new surface residual stress mitigation method in 1999. This evaluation provided actual plant data that 
backed up the laboratory data indicating the effectiveness of WJP.  Examples of residual stress levels 
achieved following the application of WJP on various materials used in reactors, such as Alloy 600, 
Type 304/316L S.S., are shown in FIG.3 [1]. The data shows that wide and deep compressive residual 
stress was achieved on each specimen. In addition, both stress shake down tests and thermal relaxation 
tests were performed and the results showed that the compressive stress achieved by WJP was 
maintained through the length of the test [2].  

As WJP utilizes water jet flow with cavitations to perform the mitigation, it can be applied to 
components that have complicated shapes and also to small bore pipe Inner Diameters (ID). Examples 
of stress levels achieved following the application of WJP on these types of components are shown in 
FIG.5. Recently, Hitachi-GE Nuclear Energy (HGNE) has utilized a computational fluid dynamics 
(CFD) analysis, as shown in FIG.6, to improve the mitigation by optimizing the process parameters. 

It is very critical to evaluate any possible adverse effects that could be associated with a new 
technology prior to utilizing it in the field. With SCC mitigation, it is preferable to avoid the addition 
of any cold work during the stress mitigation process as much as possible, since cold work is known as 
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one of the contributing factors in the generation SCC in some materials, such as Type316L S.S. 
Hardness data for Type316L S.S. measured from the surface to 1 mm in depth is shown in FIG.7 [3]. 
A review of data from a Shot peened specimen shows strong hardening from the surface to 
approximately 200 micrometer deep, whereas review of data from a WJP treated specimen shows 
weak or negligible hardening. As a result of this analysis, WJP was found to be one of the best 
mitigation methods from a viewpoint of avoiding cold work addition to the materials being mitigated. 
In addition, Electron Backscatter Diffraction (EBSD) in FIG.8 [4] shows that very minor localized or 
no significant deformation areas in the subsurface of WJP treated specimens were identified. These 
results demonstrate that WJP has no adverse effect in the area of hardening and/or deformation. 

Finally, SCC mitigation methods applied to a cracked surface were evaluated [5, 6, 7]. Each 
evaluation showed that WJP would not add any adverse effects on the existing crack, such as crack 
propagation. Ultrasonic Testing (UT) was performed on the cracked surface before and after being 
mitigated by WJP which showed that there was no significant difference in the crack sizing data pre or 
post WJP, as shown in FIG.9. 

4. Field application of WJP 

As noted earlier, the field experiences where WJP have been applied are shown in FIG.4. It should be 
noted that components and/or areas to be mitigated in BWRs have a lot of different shapes, such as 
large cylindrical inner/outer surfaces, small bore inner surfaces, cornered shapes and continuously 
changing 3D surfaces. Accessibility to these components can be different so each must be addressed 
on a case by case basis. WJP tools are purpose-built in order to deliver the WJP nozzle to the 
application area. Examples of purpose-built WJP tools are shown in FIG.10. Most recently, HGNE has 
developed Double-nozzled WJP tools which have been used to apply WJP on bottom head 
components such as CRD stub tubes and ICM housings. An overview of nozzle heads from this tool 
and a field application picture are shown in FIG.11. The treated area is easily distinguished by the 
colour of the remaining surface CRUD (Chalk River Unidentified Deposit). 

5. Risk Management for SCC Inspection 

As noted above, having a method of repair available in the event a crack is identified during SCC 
inspection is critical from a risk management perspective. We have developed a contingency repair 
system which utilizes a Seal Welding methodology. With the Seal Welding method, as shown in 
FIG.12, corrosion resistant Nickel based alloy material is overlaid on the cracked surface without 
removing detected SCCs. With this method, SCC is isolated from the reactor water environment in 
order to prevent its growth, and leakage from a penetrated crack is prevented. An example of a 
contingency repair system utilizing tools for ICM housings are shown in FIG.13. These tools are 
applicable to the whole ICM housings attached to the bottom head and remotely operated from the 
refuelling floor in order to reduce exposure. It should be noted that Seal Welding, UT and Eddy 
Current Testing (ECT), as well as certification tests by third party were performed for each technology 
utilized during the development of this tool. 

6. Conclusions 

As a reactor internal preventive maintenance technology, WJP has been widely and continuously 
applied to the nuclear reactors in Japan since 1999. WJP has no adverse effect on the applied material 
and is effective on the various shaped components. In the latest experience, a set of contingency tools 
and technologies has been developed and prepared to address any areas of SCC that could be 
identified on the bottom head components where no such system exists. 
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FIG.1. SCC mitigation by WJP 

 

 

FIG.2. Mechanism of WJP 

 

 

FIG.3. Example of stress levels achieved after WJP 
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FIG.4. Field experiences of WJP for reactor internals 

 

FIG.5. Example of stress levels achieved after WJP on complecated surface 

  

(a) Analysis of Void Fraction (Vapor Volume Fraction) (b)Analysis of Cavitation Strength 

FIG.6. Computer-aided Fluid Dynamics Analysis 
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FIG.7 Cross sectional hardness profile of WJP treated specimens (Type316L S.S.) [3] 

 

 
Note: The processes from (b) thru (e) are treated after (a) Electro-polishing. 

FIG.8 Band contrast maps of EBSD for Type316L S.S. [4] 

 

 

FIG.9 Ultrasonic Test before and after WJP on Alloy182 
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FIG.10 Purpose-built WJP tools 

 

  

FIG.11 Field Application example of WJP on CRD stub tube 
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FIG.12 Overview of Seal Welding 

 

FIG.13 Overview of a contingency repair system for ICM housings 
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