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Abstract. One of the major factors that may impact long-term operations is structural material degradation. 
Detecting materials degradation, estimating the remaining useful life (RUL) of the component, and determining 
approaches to mitigating the degradation are important from the perspective of long-term operations. In this study, 
multiple nondestructive measurement and monitoring methods were evaluated for their ability to assess the material 
degradation state. Metrics quantifying the level of damage from these measurements were defined and evaluated for 
their ability to provide estimates of remaining life of the component. An example of estimating the RUL from 
nondestructive measurements of material degradation condition is provided. 

1. Introduction 

The global fleet of commercial nuclear power reactors has an average age of more than 20 years [1, 2]. 
The recent incident at Fukushima has brought renewed attention to safe operations of nuclear power 
reactors, especially as these reactors looks to operate beyond the initial (and any extended) license period. 
In the United States, many of the operating reactors are already moving to extended operation (from the 
initial license period of 40 years to extended life of 60 years), and similar trends are being reported 
worldwide. The question of safe and economic operation of some of these plants beyond 60 years is being 
considered. A challenge to safe long-term operations is the life-limiting nature of materials aging and 
degradation, as such aging and associated degradation in the structural response of the material can limit 
safety margins [2]. Replacement of a subset of components (such as the steam generator) may be possible, 
though the costs associated with the replacement (including the time offline) may be challenging. 
Moreover, it is economically prohibitive to replace several of the larger components, including the reactor 
pressure vessel and primary piping. Thus, management and mitigation of aging-related degradation in 
these critical components becomes important to maintaining safety margins. One step in this direction is 
the development of the scientific basis for reliably detecting and characterizing materials aging and 
degradation, to serve as input to licensing decisions for long-term operations.  

The key technology developments necessary for detecting aging and degradation in structural materials 
are: (1) nondestructive measurement methods to detect, characterize, and monitor the degradation state of 
the material; and (2) prognostic algorithms that apply the current degradation state information to 
determine remaining useful life (RUL) of the material or component. The RUL information may then be 
applied to a probabilistic risk assessment (PRA) model to assess the risk significance of the degradation 
and the corresponding safety margin. Ideally, materials degradation diagnostics must be done 
nondestructively and in-situ to detect early indications of damage [1], to enable timely application of 
suitable mitigation methods [3, 4]. This paper discusses the application of multiple nondestructive 
methods for detecting, assessing, and predicting materials degradation. Recent publications [5] have 
demonstrated the potential for detecting degradation precursor states in materials. This present paper 
provides an overview of these results and presents recent research in this area. 
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Degradation and aging issues in nuclear power plants (NPPs) have been studied in the literature over many 
years [6-11]. Examples of materials degradation mechanisms in operating light-water reactors (LWRs) 
include fatigue, intergranular stress corrosion cracking (IGSCC), irradiation-assisted stress corrosion 
cracking (IASCC), flow-assisted corrosion (FAC), and thermal aging and creep. In most cases of 
degradation, change in intrinsic material properties is dominant in the early stages. When the accumulation 
of such damage exceeds a critical limit, physically observable damage will start. At present, materials 
aging and degradation in nuclear power reactors are addressed in the United States through aging 
management programs (AMPs) and periodic in-service nondestructive inspection (ISI). The AMPs form 
part of the USNRC’s defense-in-depth approach for safety in operating reactors. However, there are 
significant challenges associated with extending this approach to long-term operations. The combination 
of new (and possibly currently unknown) degradation mechanisms [12] and the increase in the number of 
components that become susceptible to aging-related degradation as plants transition to long-term 
operations are likely to challenge the capabilities of available ISI technology [13, 14]. Current 
nondestructive evaluation (NDE) techniques for ISI are typically applied to detect large flaws that occur 
near the end of component life. In order to manage aging, earlier detection of degradation is necessary to 
ensure timely application of mitigation strategies [2, 14]. There is a possibility that such early physical 
damage can be detected as the change of locally averaged material properties with appropriate sensors [1]. 
There is also growing interest in sensors and technology for on-line monitoring for the detection of early 
damage in structural materials [1, 15].  

2. NDE for materials aging characterization 

Criteria for selection of nondestructive measurement technologies for precursor detection include high 
sensitivity to materials changes at the microscopic level (to enable early detection of degradation), long-
term (months to years) stability of the measurement system (enabling non-disruptive, in-situ 
measurements, and in-situ system calibration). In general, high-resolution scanning probe microscopy 
methods (such as scanning/tunneling microscopy or atom-probe microscopy) may be used in a laboratory 
setting to image degradation at the atomic scale. However, such techniques are difficult to use in a field 
setting. There is the associated question of determining the impact of atomic-scale damage to the structural 
integrity of the component, given the uncertainties associated with the measurement as well as scaling up 
in length [16]. Instead, methods that are sensitive to locally averaged changes in material properties that 
occur due to degradation accumulation are necessary [17]. Such changes in material properties may be 
potential precursors to degradation, are potentially measurable at a large enough length scale to provide 
meaningful indicators of macro-scale damage, and may provide sufficiently early warning of degradation. 
A number of methods have been investigated for their sensitivity to degradation precursors [18, 19]. These 
include ultrasonic velocity and attenuation [18], positron annihilation tomography [13], nonlinear 
acoustics [19, 20], eddy current [22], and magnetic Barkhausen emission [13, 18]. However, there are still 
no accepted measurement technologies for the detection and assessment of some degradation mechanisms 
unique to NPPs, such as void swelling. In this study, we applied nonlinear acoustics and micromagnetic 
methods (specifically, magnetic Barkhausen noise or MBN) to monitor prototypical degradation in a 
laboratory setting.  

Barkhausen “noise” is a result of the magnetic hysteresis in ferromagnetic materials [23, 24]. In these 
materials, the presence of an imposed magnetic field results in some alignment of magnetic domains in the 
direction of the imposed field. As the imposed field strength increases, larger numbers of magnetic 
domains align in the applied field direction. This realignment is, however, not a continuous process since 
the presence of dislocations, voids, inclusions, or other microscopic damage sites results in domain wall 
pinning. Increasing the applied field strength results in abrupt realignment of some domains and is 
accompanied by a release of energy, which may be detected using a sensing coil or piezoelectric sensor. 
FIG. 1 presents a schematic of the measurement system for MBN. Numerous models have been developed 
to predict Barkhausen response to microstructural defects [25-27]. 
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FIG 1. Schematic of MBN measurement system. 
 

 

FIG. 2. Schematic of NLU measurement system. 
 
The magnetic Barkhausen method is predominantly a near-surface measurement, with the skin depth, δ, 
decreasing with increasing frequency [25] defined as δ = (π f µ σ)-0.5, where f is the Barkhausen jump 
frequency, µ is the magnetic permeability of the material, and σ is the electrical conductivity. For low 
magnetization frequencies (<10 Hz), magnetization is nearly uniform throughout the sample volume. 
Barkhausen jumps arising from distances greater than the skin depth will be severely attenuated. For non-
ferritic steel (such as 316L), the skin depth at 1 kHz is about 13.1 mm. 

In recent years, nonlinear ultrasonics (NLU) has seen increased interest as a means of characterizing the 
internal damage state of the material early in the fatigue process [20, 21]. Conventional ultrasonic 
methods, currently in use in ISI, apply high-frequency (in excess of 500 kHz, typically around 2.25 MHz) 
acoustic energy and measure the resulting response due to scattering and reflection of the energy at 
interfaces. The presence of cracking is detected by means of a reflection from the crack surface. Other 
forms of damage may be detected by making use of velocity and attenuation measurements through one or 
more measurement configurations. However, most such measurements are not sensitive to earlier stages of 
damage. In contrast, NLU methods rely on the generation of harmonics from an initially monochromatic 
input. The generation of harmonics is due to nonlinearities in the elastic constants associated with the 
material. The second harmonic is of particular interest, and the resulting nonlinear material parameter is 
represented by β. A schematic of the typical measurement setup for nonlinear acoustics measurements is 
shown in FIG. 2.  

3. A framework for condition-based prognostics 

Prognostics is the prediction of a remaining safe or service life, based on an analysis of system or material 
condition, stressors, and degradation phenomena.  Several approaches to prognostics have been proposed 
in the literature (though most of these are for active components) [28].  It is likely that monitoring both the 
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stressor (such as time-at-temperature, radiation dose, etc.) as well as the resulting material degradation 
state (i.e., damage index) will result in maximum warning of degradation. This approach requires good 
physics-based models relating the stressors to the rate of aging or degradation. In general, for passive 
components with cracking, the prognostic calculations have been performed using fracture mechanics 
calculations [29]. A probabilistic fracture mechanics approach is usually applied to account for 
uncertainties. Such a model-based prognostics approach works well when the mechanism of damage 
accumulation and growth (i.e., large crack growth) is well understood, and the material degradation 
condition (i.e., crack dimensions) can be estimated relatively reliably from measurements. For prognostics 
from precursor states, the prognostics approach tends to be more data-driven, through the use of semi-
empirical models to represent damage growth. Probabilistic methods that utilize semi-empirical models 
have been proposed, as have approaches that use Monte Carlo-based simulations [30]. Purely data-driven 
approaches are also possible; however, these methods require a significant amount of degradation and 
failure data, which is not typically available for passive components. For this reason, purely empirical 
methods are not generally considered for such an application. 

In this paper, we use a Monte-Carlo-based method for prognostics. The advantage of this approach is the 
relatively easy extraction of both the RUL as well as the associated confidence bounds. Details of the 
method are described elsewhere [30] and are not included in this paper due to space restrictions. 

4. Examples of Recent Results 

A series of experiments were carried out in the laboratory, using mechanical strain and thermal fatigue as 
the prototypical damage mechanisms, to assess the various NDE methods for materials aging monitoring 
and precursor detection. For mechanical stress measurements, ASTM-standard tensile specimens were 
fabricated using both 304 and 410 grades of steel, with a gauge length of 152.4 mm and specimen 
thickness of 9.5 mm. The specimens were annealed prior to the tensile test to ensure that all samples had 
the same initial stress state. Each specimen was held in an Instron MTS machine and strained in 
increments of approximately 2%. After each strain increment, the stress was released and magnetic 
Barkhausen measurements made at two locations on the specimen that were approximately 76.2 mm apart, 
and symmetric about the center of the specimen. The measurements were made with the magnetization 
direction parallel and perpendicular to the applied strain direction. The expectation was that the measured 
data at these locations would be similar (within measurement noise) until such time as damage localization 
occurred, at which point the two sets of measurements should start to deviate. For each location and 
magnetization direction, three measurements were made to assess repeatability and quantify measurement 
noise levels. Probe placement was done manually, with the probe lifted away from the surface between 
successive measurements. NLU measurements were made at the center of the specimen, using incident 
frequencies of 4.5 MHz, 5 MHz, and 5.5 MHz. At each frequency, three different input power levels were 
applied to the ultrasonic probe. Probe coupling force was controlled by using a mechanical fixture to hold 
the transmitting and receiving probes in contact with the specimen. In addition, the specimen was 
monitored during the mechanical test using acoustic emission sensors.  

Accelerated thermal fatigue was studied using tubular specimens of 316-grade stainless steel that enabled 
relatively easy online nondestructive monitoring. The tubular specimens were heated from the inside by 
means of a resistance heater, with periodic cooling on the outside with a water spray. The specimen was 
heated to temperatures up to 600°C and cooled to temperatures as low as 30°C by a periodic water spray 
controlled by a timed solenoid valve arrangement. The resulting thermal stresses initiated a crack (thermal  
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fatigue crack) on the outside surface of the specimen, providing easy access for NDE measurements. The 
process was monitored using acoustic emission, and MBN measurements (along the length of the tube) 
were made after a crack was determined to be present by visual examination.  

FIG. 3 shows an example of the MBN peak value (measured using the mechanical strain setup) as a 
function of applied strain (as fraction of life), from the two locations on one specimen, with the applied 
magnetization oriented parallel to the strain direction. Similar behavior was observed on other specimens 
as well [5]. Clearly, based on the data to date, MBN is able to track microstructural changes as a function 
of degradation accumulation. Preliminary measurements of the nonlinearity parameter β as a function of 
fraction of life did not appear to present any clear trends. The most likely explanation for this is 
inconsistencies in coupling of the probes to the specimen, especially as the specimen dimension changes at 
high strain levels due to necking in the gauge length. Additional experiments to confirm these 
observations are underway.  

Preliminary measurements from the thermal fatigue setup also provided intriguing results. The preliminary 
acoustic emission data indicate that it may be possible to detect the accumulation of damage prior to crack 
initiation [31]. MBN measurements after the thermal fatigue process was complete are still being 
evaluated, with early indications being that changes between the undamaged regions, thermally aged 
region, and the region with thermal fatigue may be observable. However, these measurements need 
confirmation using additional specimens and measurements. These experiments are underway as of this 
writing. 

FIG. 4 presents an example of RUL estimation using the Monte Carlo method based on MBN 
measurements. Each estimate was made using the measurement at that instant as well as all available 
information from previous measurement instants. Implicit in these results is the determination of current 
material degradation condition from the measurements, with RUL estimation utilizing a semi-empirical 
damage accumulation rate model. The Monte Carlo method enables the calculation of confidence bounds 
as well, and these are indicated in the figure as error bars. Ongoing work in this area revolves around 
better quantifying the uncertainties associated with the measurement and prognostics process. 

 

FIG. 3. MBN peak value as a function of fraction of life. 
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FIG. 4. Estimates of RUL as a function of measurement instant. 
 
5. Conclusions and Future Work 

Methods to detect and characterize the material state of aging materials in NPPs approaching long-term 
operations are important, as are approaches to estimating remaining useful life. Several NDE methods for 
assessing material state are available. However, methods that are sensitive to changes in material 
properties early in the degradation lifecycle are likely to be important for long-term operations. Three 
methods for early detection of degradation were evaluated in this preliminary study—magnetic 
Barkhausen noise, acoustic emission, and nonlinear ultrasonics. MBN and acoustic emission showed some 
observable trends that may correlate with damage accumulation in this preliminary study. It is 
hypothesized that measurement issues (such as lack of consistent coupling of probes to specimen) may 
have compromised the NLU measurements, and additional experiments are underway to determine this. 
The estimation of RUL using a prognostic algorithm is also important for managing degradation in passive 
components in LWR environments. While several prognostics approaches are available, methods that 
utilize semi-empirical models of damage accumulation rate, and a probabilistic mechanism for 
incorporating uncertainties, are likely to provide the best trade-off between accuracy and speed of 
computation. Preliminary results using a Monte Carlo-based prognostic algorithm demonstrate the 
potential for estimating RUL along with confidence bounds for materials with degradation. Future work 
will focus on analysis of sources of uncertainty in RUL estimates for a number of different types of NDE 
measurements, as well as examine the sensitivity of advanced NDE methods to precursor states for other 
damage mechanisms of interest to operating LWRs. 
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