
 1

 
 
Evaluation of Proactive Management Issues Associated with Materials 
Aging in Light Water Reactors     
 
T. Shoji, Y. Takeda, J. Kuniya 

Tohoku University, Sendai-shi, Miyagi, Japan   
 

 
Abstract. A Proactive Materials Degradation Management (PMDM) project has been carried out at the Fracture 
Research Institute (FRI), Tohoku University for 4 years, as a part of a Nuclear Industries Safety Agency (NISA) 
project that was formed in 2007 to define an Aging Management Program that addresses unexpected structural 
material failures in Light Water Reactors (LWRs). Such a program required, therefore, the development of a life 
prediction capability for specific combinations of degradation modes, structural materials, and reactor 
components. In this paper, the research subjects needed to predict quantitatively aging degradation phenomena in 
LWR structural materials are introduced. 

1. Introduction 
 
A project on Proactive Materials Degradation Management (PMDM) has been carried out at Fracture 
and Reliability Research Institute, Tohoku University for four years, as a part of the Aging 
Management Program of the Nuclear Industries Safety Agency (NISA) that was started in 2007. The 
objectives of this project are to evaluate potential and complex degradation phenomena and their 
mechanisms in order to identify future risks of component aging in nuclear power plants. The 
following items are of particular concern in this project: (a) Investigation of potential materials ageing 
phenomena and corresponding plant issues, and (b) Investigation of the effectiveness of evaluation 
techniques concerning potential aging phenomena. Similar to the PMDM approach of the US Nuclear 
Regulatory Commission (USNRC) [1], a Phenomena Identification and Ranking Table (PIRT) 
approach was adopted. For this purpose, a panel of international experts on materials degradation in 
light water reactor (LWR) were nominated and assigned to this task. One major difference between the  

 

 

 

 

 

 

 

 

 

 

Figure 1 An illustration of a formalized relationship between "analytical" and "a priori" approaches 
to life prediction based on expert iterations between the two approaches. 
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present PMDM project and the USNRC PMDM is that the preferred approach in the current PMDM 
project is based upon a more fundamental understanding of the scientific bases of materials ageing. 
The two approaches are considered to be essential for proactive aging management [2] as shown in 
Figure 1. One is a deductive scientifically based method and another is an induitive one based on a 
careful analysis of operating experiences. In particular, the deductive method based on a fundamental 
scientific understanding of material degradation is paramount for the management of possible latent 
materials degradation processes which have not yet become obvious in operating plants. Many of 
these fundamental and managerial issues impact on current concerns associated with, for example, 
flow accelerated corrosion, stress corrosion cracking (SCC) of nickel-base alloys in primary systems 
of pressurized water reactors (PWRs), and irradiation assisted SCC (IASCCC) of stainless steels in 
core support structures of boiling water reactors (BWRs) that were initially prioritized in 2007. Later, 
in 2010, proactive management issues associated with materials aging in LWRs were discussed in 
terms of suggested research topics that should be undertaken in either the medium or long term. Based 
on these discussions prioritized lists of medium and long term research projects were established for 
both PWRs and BWRs. In this paper, proactive management issues associated with materials aging in    
LWRs that were discussed at the Proactive Aging Management Experts' Panel Meeting of the NISA 
Project are introduced. 

2. Evaluation of proactive management issues associated with materials aging in LWRs 
    
2.1. Basic approach to extract presently unknown ageing phenomena 
 
The basic approach we adopted in this study in order to extract potential and latent materials ageing 
degradation phenomena is as follows: 
(1)No initial or boundary condition were imposed in order to stimulate free discussion.  
(2)Identify the potential thought/awareness of the issues through a free discussion. 
If we had discussed within the constraints of some initial/boundary conditions, the conclusions would 
automatically have been inside the frame of those conditions. It was expected that some unexpected 
conclusions would be derived from a free discussion without anye initial/boundary conditions. 
(3)Score the potential and latent materials ageing degradation phenomena suggested and evaluate their 
importance as a proactive materials degradation phenomena. 
It was strongly expected that the systematic elicitation, which would clarify potential and latent aging 
degradation phenomena and their mechanisms, would arise using the above guidelines (1) and (2). 
 
2.2. Issues proposed associated with materials aging 

    
2.2.1. Identification and Prioritization of Generic Issues in 2008                                       

42 generic issues relating to materials degradation were identified based on 50 presentations and 
associated discussions. These issues impacted on general corrosion, flow-accelerated corrosion, and 
corrosion product release, environmentally assisted cracking, fracture resistance, and wear. These 
issues were prioritized by the expert panel according to the following criteria. In general, the issues 
were divided between those that could be brought to an acceptable level of resolution by appropriate 
research in 3-5 years or in greater than 5 years. Each issue was “scored” according to the following 
criteria: 0 points if the issue was considered unlikely to be of importance even over an extended time 
period ; 1 point if the issue could be resolved if there was a relaxation in the 3-5 year completion time; 
2 points if the issue could might be delayed 1-2 years but could be addressed within 5 years; 3 points if 
the issue must be addressed immediately if there was to be any chance of it have in impact on plant 
safety within 5 years. There was broad agreement that stress corrosion cracking remained a prime 
degradation phenomenon of concern, regardless of whether it be in BWR or PWR systems,and that 
crack initiation and surface stress/strain aspects presented the most significant generic issues hindering 
adequate prediction capabilities. Table 1 shows an example of highest score ageing phenomena. 

2.2.2. Specific subjects proposed in 2008  
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The following potential degradation phenomena were predicted by laboratory experiments or field 
incidents: ①Cracking of PWR steam generator nozzle dissimilar welds and adjacent austenitic 
stainless steels HAZ; ②Corrosion of the backside surface of spent fuel pool structure; ③Any 
potential risk of degradation such as corrosion in pipe penetrations through the concrete confinement 
due to neutralization of the concrete; ④Condition monitoring as an on-line maintenance activity 
and/or a backup technique to ensure adequate degradation monitoring and/or confirmation of 
mitigation; and ⑤Effects of temperature and ECP transients on environmentallyassisted cracking 
from the point of view of oxide film transients experienced in plants. In addition, following any latent 
ageing phenomena and potential future degradation mechanisms of particular concern to old plants 
were also suggested: ⑥Any possible mechanism allowing localized highly oxidizing zones to form  
at particular parts in NPP components; ⑦Possible role of hydrogen as an aid to oxidation when 
absorbed in metals, as recently reported and what potential degradation mode would be induced or 
accelerated; and ⑧ Effect of small ripple stress and/or higher harmonic stress waves on 
environmentally assisted cracking. Figure 2 show the scoring results for some of the potential 
degradation mechanisms. 

2.2.3. Specific subjects proposed in 2009 

Tthe majority of effort was centered on the prediction of environmentally-assisted cracking (EAC) 
(including stress corrosion cracking (SCC), corrosion fatigue and hydrogen embrittement) of metallic 
alloys which continue to present operating concerns to LWRs worldwide. However, some attention 
was also directed towards to potential failures of polymers and reinforced concrete. Much discussion 
was focused initially on the fundamental scientific questions associated with, the following eight 
specific issues identified by the program facilitator and/or  international expert panel: (1) The 
acceleration of oxidation in metals due to absorbed hydrogen; (2) The susceptibility of 
environmental-fatigue in austenitic alloys (SS and Ni based alloy) containing dissolved hydrogen ; (3) 
The physical chemistry of high temperature water, e.g. the cluster theory of water and oxidation ; (4) 
The drop in fracture resistance in low alloy steel due to long term aging; (5) The possibility of 
ordering in Ni based alloys (Ordering), (6) The fundamental understanding of LTCP ; (7) The long 
term reliability of shot-peened surface; and (8) The strain path effects on SCC-Underlying mechanism 
(Strain path). Figure 3 shows the scoring results for each specific issues. 

Table 1 Highest priority issues of  42 generic issues initially identified 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Highest Priority Issues Identified Mean std.
Score dev

Assessment of surface stress/strain; role on residual stress and
microstructure and effect on SCC initiation 2.82 0.4
Effects of environment on fracture resistance, including LTCP 2.8 0.42
Crack growth mechanisms and modeling 2.55 0.52
Effects of irradiation on stainless steel core support structures: 
IASCC initiation criteria as a function of dose, stress, time and 
dynamic loading. Grain boundary Si and Mo effects. Neutron 
spectrum effects, high neutron doses, 2.55 0.69
Residual stress/strain modeling in complex geometries including 
weld HAZs and its validation. Changes due to irradiation creep, 
etc. 2.55 0.69
Characterization of weld dilution and heat affected zones, 
residual stresses and their measurement, strain localization and
deformation path, dissimilar metal welds 2.5 0.53

Highest Priority Issues Identified Mean std.
Score dev

Assessment of surface stress/strain; role on residual stress and
microstructure and effect on SCC initiation 2.82 0.4
Effects of environment on fracture resistance, including LTCP 2.8 0.42
Crack growth mechanisms and modeling 2.55 0.52
Effects of irradiation on stainless steel core support structures: 
IASCC initiation criteria as a function of dose, stress, time and 
dynamic loading. Grain boundary Si and Mo effects. Neutron 
spectrum effects, high neutron doses, 2.55 0.69
Residual stress/strain modeling in complex geometries including 
weld HAZs and its validation. Changes due to irradiation creep, 
etc. 2.55 0.69
Characterization of weld dilution and heat affected zones, 
residual stresses and their measurement, strain localization and
deformation path, dissimilar metal welds 2.5 0.53
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Figure 2 The scoring results for each potential degradation identified in 2008 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 The scoring results for each specific issues identified in 2009 
 
2.2.4. Research subjects proposed in 2010 
 
Many of these fundamental and managerial issues identified in 2009 impact on concerns associated 
with, for example flow accelerated corrosion, SCC of nickel-base alloys in PWR primary systems and 
IASCCC of stainless steels in BWR core structures that were initially prioritized in 2007. 
Subsequently, in 2010, proactive management issues associated with materials aging in Light Water 
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③ Any potential risk of degradation such 
as corrosion in pipe penetration to the 
concrete confinement due to 
neutralization     

④ Condition monitoring as an on-line 
maintenance and/or a backup technique 
to ensure the degradation monitoring 
and/or mitigation confirmation  

⑤ Effects of temperature and ECP 
transients on environmentally 
assisted cracking from a point of view 
of oxide film transient in plants 

⑥ Any possible mechanism to form a 
condition of a localized highly 
oxidizing area at particular parts in 
NPP components  

⑦ Possible role of hydrogen as an oxidant 
is recently reported and what would be 
a potential degradation mode to be 
induced or to be accelerated with 
oxidant hydrogen  

⑧ Effect of small ripple stress and/or 
higher harmonic wave on 
environmentally assisted cracking 
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Reactors were discussed in terms of suggested research topics that should be undertaken in either the 
short- or long-term. Arising from these discussions prioritized lists of medium and long term research 
projects were established for both PWRs and BWRs [3].  
 
For PWR materials, the following issues for shorter term research projects, which could be completed 
in ~3 to 5 years were proposed: (1) Crack Initiation Phenomena, including the Effects of Surface 
Stress/Strain, Residual Stress and Microstructure; (2) Effect of the Environment on Fracture 
Resistance; (3) Development of Qualified Mechanisms-Based Lifetime Models for PWSCC  
Propagation in Nickel Base Alloys, ;(4) Characterization of Weld Dilution and Heat Affected Zones; 
(5) Strain Localization and Strain History and Relationship to Cold Work and Compositional Banding.  
 
The following longer term projects for PWR topics, which could be completed in ~5 to 10 years were 
proposed: (1) Effects of Irradiation Flux and Fluence on Local Compositions in Stainless Steels and 
Nickel Base Alloys and the Effect these have on EAC; (2) Modeling and Validation of Residual 
Stress/Strain Profiles in Complex Welded Geometries and how these may Change with Neutron 
Fluence; (3) Analysis of the Effect on the Cracking Susceptibility of a Superposition of one 
Degradation Mode upon another; (4) Initiation of SCC in Structural Alloys taking into account 
modeling stochastic features, heat to heat variability, effects of long exposure periods; (5) Quantitative 
Modeling of Oxidation and EAC based on Fundamental Physical Principles.   
 
For BWR materials, the following shorter term projects, which could be completed in ~3 to 5 years 
were proposed: (1) Definition of the Metal/Environment Interface and Precursor Events to EAC;        
(2) Quantification of Crack Initiation for Unirradiated Structural Alloys in BWRs; (3) Development of 
Qualified Mechanisms-Based Algorithms for EAC Propagation in Unirradiated Structural Alloys;   
(4) Effect of Environment on Fatigue and Fracture Resistance in BWRs; (5) Flow-Accelerated 
Corrosion in BWRs.   
 
The following longer term projects to be completed in ~5 to 10 years were proposed for BWRs: (1) 
Prediction of Stress Corrosion Cracking of Stainless Steels in BWR Core Internals; (2) Life-Prediction 
Capability for EAC of Structural Alloys in BWR Components; (3) Quantification of Potential 
Synergistic Effects between Competing Degradation Modes for both PWRs and BWRs; (4) 
Development of an in-situ monitoring/diagnostics and a risk-informed management capability for 
BWR components subject to EAC; (5) Quantitative Modeling of Oxidation and EAC based on 
Fundamental Physical Principles in BWRs. 
 
It should be pointed out that several of these proposals are common to both PWRs and BWRs (for 
example, “Quantitative Modeling of Oxidation and EAC based on Fundamental Physical Principles in 
BWRs). This is to be expected, given the focus on the fundamental aspects of materials degradation 
and the fact that although the details of each proposal differs with reactor design, the essential issues 
are similar. 
 
2.2.5. Specific subjects proposed in 2011 
 
It was suggested that the following point of view will be important when identifying degradation 
phenomena which have not been observed to date: (1)Transitional conditions（frequent start up); 
(2)Phenomena which have a Low Probability of occurrence but have a high impact on safty and; 
(3)Synergisms between different degradation modes, such that the likelihood of material degradation 
by one mode may be enhanced by another degradation mode that becomes significant during long 
term operations. 
The following possible example of synergism between different degradation mode were identified.                                
(1)Irradiation and Surface finish may accelerate SCC occurrence in stainless steels; (2)Thermal ageing 
and increasing ferrite contents  accelerate SCC growth rate of cast stainless steels, and; (3)Thermal 
ageing and ferrite contents decrease in fracture toughness.  
 
2.3. Discussion 
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In general higher score in the priority Table 1 were given to topics which were relevant to degradation 
modes that had already been observed in operating plant. On the other hand, lower scores tended to be 
given to the issues that were suggested deductively from the scientific or fundamental understanding. 
The future priority is to examine the relevance of the specific issues and the potential/latent material 
degradation phenomena surveyed so far in the light of our collective, qualitative judgment of their 
impact on plant operations and system safety and show how to manage them for the technical 
assessment of aged plant.  
 
An example of a synergy / cascade phenomena based on inductive proactive reasoning is as follows:  
①From the experimental data on SCC occurrence in Alloy 182, it is assumed that SCC reaches the 
Alloy 182 and LAS fusion boundary; ②Temperature change from room temperature to 288℃ caused 
by reactor start up and shut down may lead to enhanced SCC susceptibility due to an increase in the 
applied strain rate. (A similar increase in strain rate may be associated with dynamic strain aging) ; ③
Increase in Cl- due to seawater leak increase SCC growth rate of LAS.  
 
On the other hand, the following synergy / cascade phenomena may be proposed via a deductive 
methodology based on fundamental understanding of scientific degradation mechanisms: ①Hydrogen 
permeates into LAS and accumulates in the grain boundary(GB) during Long Term Operation(LTO); 
and ②GB embrittlement occurs due to long term ageing.  
 
Figure 4 shows the worst scenario to be supposed from the above discussion leading potentially to 
failure of the RPV due to SCC growth, drop in fracture resistance and rapid fracture. 
 
 

Figure 4 The worst scenario to be supposed showing failure of the RPV due to the combination of SCC 
growth, drop in fracture resistance 

 
3. PMDM and system safety 
 
Prevention of loss of coolant and function are considered to be the most important system safety issues 
arising from fracture of the RPV, fracture of RPV/piping welds, fracture of piping, damage of cables 
etc. Maintenance of integrity of structure and crisis management (suppose various accident, 
countermeasures）are also indispensable for system safety. 
Figure 5 shows the relationship between the combination of PMDM, Design and Management and 
system safety. Although many proactive management issues associated with materials aging in LWRs 
were proposed during meetings of the PMDM Experts’ Panel Meeting as is shown in Figure 5, they 

Synergy / Cascade phenomena supposed from 
Inductive proactive methodology based on the root 
cause analysis of the events which have occurred in 
the past. （（（（severe case））））
①SCC occurrence in Alloy 182
→SCC reaches the Alloy 182 and LAS fusion boundary
②Start up and shut down
・RT→288℃ change in Temperature
・Dynamic strain

③Long term ageing at operating temperature
・Change in DSA characteristics（?）
④Increase in Cl- due to seawater leak

【【【【Worst scenario to be supposed】】】】
Failure of the RPV due to the combination of SCC 
growth, drop in fracture resistance

Synergy / Cascade phenomena 
supposed from Deductive 
proactive methodology based on 
fundamental understanding  of 
scientific degradation 
mechanisms. （（（（severe case））））
①Hydrogen permeation into LAS 
and accumulation in GB during 
LTO
②GB embrittlement due to long 
term ageing

Synergy / Cascade phenomena supposed from 
Inductive proactive methodology based on the root 
cause analysis of the events which have occurred in 
the past. （（（（severe case））））
①SCC occurrence in Alloy 182
→SCC reaches the Alloy 182 and LAS fusion boundary
②Start up and shut down
・RT→288℃ change in Temperature
・Dynamic strain

③Long term ageing at operating temperature
・Change in DSA characteristics（?）
④Increase in Cl- due to seawater leak

【【【【Worst scenario to be supposed】】】】
Failure of the RPV due to the combination of SCC 
growth, drop in fracture resistance

Synergy / Cascade phenomena 
supposed from Deductive 
proactive methodology based on 
fundamental understanding  of 
scientific degradation 
mechanisms. （（（（severe case））））
①Hydrogen permeation into LAS 
and accumulation in GB during 
LTO
②GB embrittlement due to long 
term ageing
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must be related to design and management. Here, design includes material characteristics (ex. K) , 
design stress, temperature, pressure, cyclic loading, safety margin, defect shape/size, water chemistry, 
etc. Management includes surveillance tests, periodic inspection, everyday maintenance, site 
maintenance, planned maintenance, monitoring, etc.  
 

 
 
Figure 5 Relation between the combination of PMDM, Design and Management and system safety.  
 
4. Conclusions 
 
Conclusions obtained from PMDM activities in Japan are as follows. 
 
(1) The following potential and latent material degradation phenomena in LWRs were identified 

during meeting of the PMDM experts’ panel meeting which were held between 2007 to 2011.   
(a) 42 generic issues relating to materials degradation were identified and given priority scores. 
(b) 19 specific high priority subjects were proposed and scored. 
(c) Research subjects for fundamental studies of environmental degradation of LWR Materials 

were proposed during the specialist meeting in 2010. 10 shorter term projects to be completed 
in ~3 to 5 years, and 10 longer term projects to be completed in ~5 to 10 years were 
highlighted. The shorter and longer term proposals were evenly divided between those 
applicable to PWRs and those to BWRs. 

(2) Worst scenarios for system safety hitherto raised from considerations of potential and latent 
material aging degradation phenomena have been suggested for RPVs. 

(3) Potential and latent material aging degradation phenomena and mechanism were surveyed and 
evaluated from a new point of view. It is noted that the following points could be important for the 
occurrence of degradation phenomena that have not found to date: (a)Transitional conditions such 
as a frequent start up; (b) Phenomena which have a low probability but have a high impact on 
safety; and (c) Synergisms between different degradation modes. 

(4) Cooperation through the International Forum for Reactor Aging Management (IFRAM) has been 
planned. 

 
The following plan has been defined for the future.   

Management
Surverance test, 
Periodic inspection, Everyday 
maintenance,
Site maintenance,
Planned maintenance,
Monitoring, etc

Design
Material characteristics (ex. K) ,
Design stress, Temperature, 
Pressure,
Cyclic, Safety margin, 
Defect shape/size,Water
chemistry, etc

Materials Type Degradation
Thermal Aging

Irradiation Damage
Fatigue damage accumulation

Defect Type Degradation
Loss of Function Type 
Deg.

EAC CGR 
Codes and Standards 

Integrity Analysis

Surface Type Degradation
Local water chemistry

Pitting, Fatigue
EAC initiation

AM
LTO

Material degradation

System safety should 
be evaluated by the 
combination of MD, 
Design and 
Management

�Surface hardening effects in 
EAC initiation.
�Strain localization and IG 
attack.
�Effects of Vacancy, 
Dislocation cluster, Hydrogen 
on micro-structure evolution by 
aging and possible impact on 
initiation of EAC and fatigue 
crack.
�Segregation and  precipitation.
�Oxidation localization by CW, 
irradiation, deformation

�Crack resistance and 
integrity
�Fracture Resistance
�Temper Embrittlement
�DBTT, USE, 
�EAC CGR,
�Concrete and Polymer 
aging under thermal and 
radiation environments 

Initiation to propagation.
Short crack growth.
Crack Coalescence.
Fretting and SCC.
Local chemistry
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(1) Survey the potential and latent material aging degradation phenomena and its mechanism and 
propose the R&D actions to resolve them – Development of associated Request for Proposal (RFP) 
proposed in 2010. 
(a) Investigation of scenarios affecting system safety derived from the potential and latent material 
aging degradation phenomena identified in 2011 – consider interactions with design condition and 
management programs -, and (b) Continue to survey the potential and latent material aging 
degradation phenomena and mechanisms. 

(2) Investigation of verification methods to confirm the possibility of occurrence of potential and 
latent material aging degradation phenomena by: 
(a) Investigation using Knowledge Extraction Methods applied to operating experience, and (b) 
Analysis of proposed RFPs. 

(3) The following activities will continue: 
(a) Face to face discussion at PMDM Experts’ Panel Meetings; (b) Expert interaction through the 
PMDM web; (c) Evaluation using “Text mining techniques”; and (d) Information exchange 
through IFRAM 
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– Prof. Yoshinori Kitsutaka (Tokyo Metroporitan U.)
– Prof. Hirozo Mihashi (Tohoku Institute of Technology)
– Dr. Kunio Onizawa (JAEA)
– Mr. Takashi Hirano (IHI)
– Mr. Masayuki Takizawa (MRI)
– Prof. Tetsuo Shoji (Tohoku U)
– Prof. Tatsuo Kondo (Emeritus, Tohoku U)
– Prof. Yutaka Watanabe (Tohoku U)
– Associate Prof. Makoto Takahashi (Tohoku U)
– Assistant Prof. Yoichi Takeda (Tohoku U)
– Visiting Prof. Jun Kameda (Tohoku U) 
– Specially Appointed Prof. Tatsuo Funada (Tohoku U) 
– Visiting Prof. Jiro Kuniya (Tohoku U)

– Dr. Peter Ford (Consultant)
– Dr. Roger Staehle (Consultant)
– Dr. Karen Gott (Consultant)
– Dr. Tiangan Lian (EPRI)
– Dr. Claude Amzallag (ONET - Technologies)
– Dr. Jean-Paul Massoud (EdF SEPTEN)
– Dr. Peter Scott (Consultant)
– Dr. Peter Andresen (GE CRD)
– Prof. Hannu Hanninen (Helsinki U. of Tech.)
– Dr. Armin Roth (AREVA)
– Prof. Roger Newman (U. Toronto)
– Prof. Il-Soon Hwang (SNU)
– Prof. En-Hou Han (IMR)
– Dr. Dolores G. Briceno (CIEMAT)
– Dr. Stephen Bruemmer (PNNL)
– Dr. C.E. (Gene) Carpenter (NRC)
– Dr. Alan Turmbull (NPL)
– Prof. Robert Cottis (U. Manchester)
– Prof. Philippe Marcus (ENSCP)
– Dr. Thierry Couvant (EdF)
– Dr. Torill M. Karlsen (OECD Halden)
– Prof. Jean-Y. Cavaille (INSA-Lyon)
– Prof. Yves Brechet (INPG)
– Dr. Pierre Combrade (Consultant)
– Dr. Hans-Peter Seifert (PSI)
– Prof. Tim Burnstein (U. Cambridge)
– Dr. Damien Feron (CEA)
– Dr. Ren Ai (SNPI)
– Prof.  Z. P. Lu (Shanghai U)
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