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Featured Application: In this study, the influence of neutron irradiation on the mechanical prop-
erties of nuclear pressure vessel materials is investigated using two independent methods of
nondestructive magnetic testing. A correlation was found between magnetic characteristics and
neutron irradiation-induced damage, regardless of the applied measurement technique. Addi-
tionally, by merging the outcome of both testing methods and applying a calibration/training
procedure, the damage to reactor steel was successfully predicted. The results are helpful for
the potential future practical application of these techniques to the regular inspection of nuclear
reactors.

Abstract: The embrittlement of two types of nuclear pressure vessel steel, 15Kh2NMFA and A508
Cl.2, was studied using two different methods of magnetic nondestructive testing: micromagnetic
multiparameter microstructure and stress analysis (3MA-X8) and magnetic adaptive testing (MAT).
The microstructure and mechanical properties of reactor pressure vessel (RPV) materials are modified
due to neutron irradiation; this material degradation can be characterized using magnetic methods.
For the first time, the progressive change in material properties due to neutron irradiation was
investigated on the same specimens, before and after neutron irradiation. A correlation was found
between magnetic characteristics and neutron-irradiation-induced damage, regardless of the type
of material or the applied measurement technique. The results of the individual micromagnetic
measurements proved their suitability for characterizing the degradation of RPV steel caused by
simulated operating conditions. A calibration/training procedure was applied on the merged
outcome of both testing methods, producing excellent results in predicting transition temperature,
yield strength, and mechanical hardness for both materials.

Keywords: neutron irradiation embrittlement; reactor pressure vessel; magnetic nondestructive
evaluation; micromagnetic multiparameter microstructure and stress analysis 3MA; magnetic adap-
tive testing

1. Introduction

The safe operational lifetime of reactor pressure vessels depends on a number of
factors, including design, chemical composition, microstructure, and mechanical charac-
teristics of the reactor pressure vessel (RPV) steels and their in-service-induced change in
properties, defect occurrence, and tolerance, as well as operating conditions. Regarding
defects, their nature, location, size, density, and growth rate also need to be considered.
Operation conditions that affect operational lifetime are neutron exposure (fluence), op-
eration temperature, and the number and magnitude of temperature/pressure cycles in
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normal conditions and hypothetical accidental conditions. During their operation, RPVs
are prone to neutron-irradiation-induced embrittlement.

Currently, progressive material degradation is assessed using destructive tests per-
formed on surveillance specimens in the frame of periodic safety reviews (PSRs). These
are standard tensile specimens and ISO-V Charpy specimens of exactly the same RPV
steels and their welds. Charpy impact tests are systematically used to assess structural
materials over a long period [1]. The impact energy is recorded as a function of the tem-
perature, where the temperature corresponding to an impact energy index value of 41 J,
representing the ductile to brittle transition temperature (DBTT), and upper shelf energy
(USE), representing fully ductile behavior, are determined. To obtain a single DBTT value,
several specimens must be tested. In parallel, tensile specimens tested under a quasistatic
loading rate are used to determine yield strength, tensile strength, uniform elongation,
total elongation, and reduction in diameter. The disadvantage of destructive methods is
that they do not allow for the characterization of the progress of material properties of
the same specimen when successively damaged, and they are not applicable to the actual
component.

In this context, the development of nondestructive evaluation (NDE) technologies
can significantly contribute to the characterization of embrittlement in reactor pressure
vessel (RPV) materials by providing complementary information about the progress of
material properties. Tests performed nondestructively, in general, do not directly deter-
mine the material properties, which are determined by destructive tests. To quantify the
material properties nondestructively, nondestructive methods must be correlated with the
standardized data measured destructively.

Numerous nondestructive methods are suitable for the characterization of operation-
induced damage to RPVs: measurement of the Seebeck coefficient [2,3], ultrasonic tech-
niques [4–6], magnetic testing methods [7–12], and magnetoacoustic emission [13].

In ferromagnetic materials, the correlation between mechanical and magnetic hardness
is well-known and understood [14,15]. Magnetic methods are advantageous because they
are technically simple, inexpensive, and can be applied easily, even on active materials in
hot cells.

A micromagnetic nondestructive method that is basically suitable for the character-
ization of damage to ferromagnetic materials such as RPV steel and for monitoring the
progress of material properties is the micromagnetic multiparameter microstructure and
stress analysis (3MA) approach, which uses several methods [16–18]. In this study, we
applied a new version of the 3MA technique, 3MA-X8 [19]. This technique is presented in
more detail in Section 2.2. This novel method offers improved sensitivity and reliability
compared with the previous implementation of the 3MA method.

Another promising candidate for magnetic nondestructive testing methods is based
on the detection of minor magnetic hysteresis loops. The philosophy behind this technique
is that by measuring minor loops instead of major hysteresis loops, the sensitivity and
reliability of the measurement can be significantly improved [20,21]. Similar to 3MA-
X8, magnetic adaptive testing (MAT) is also a multiparametric, powerful, and sensitive
procedure for magnetic inspection [22,23].

The purpose of this work is to analyze parameters derived from the 3MA-X8 and MAT
methods separately, as well as in combination, to predict material properties. The reason
for combining several measured parameters for material characterization is the increased
robustness against disturbing influences such as material variations and surface treatment.

In previous work, a similar attempt was made: power scale laws (PSLs), magnetic
Barkhausen noise (MBN), and MAT results were compared with each other on the same
series of neutron-irradiated nuclear reactor pressure vessel steel material [24]. However,
DBTT values were taken from the literature; they were not directly measured in the
investigated specimens.

In the present work, specimens of two different steels of eastern and western RPV
design were investigated. The results obtained from measurements carried out using 3MA-
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X8 and MAT techniques on Charpy specimens were compared, before and after neutron
irradiation at different neutron fluences, and were correlated with different measured
mechanical properties. 3MA-X8 and MAT data, measured on the same specimen series,
were collected into a common database and normalized so that they could be quantitatively
compared with each other to study their reliability and sensitivity. Finally, a regression
analysis was performed to predict neutron-irradiation-induced damage, and conclusions
were drawn about the potential applicability of the method for nondestructive evaluation of
RPV steel degradation. These results provide information complementary to that obtained
from destructive tests of surveillance specimens, which are currently assumed to represent
the whole component and cannot account for possible local material variations.

2. Materials and Methods
2.1. Materials and Mechanical Tests

To characterize the damage caused by neutron irradiation, two types of RPV materials
were considered: western RPV material A508 Cl.2 and eastern RPV material 15Kh2NMFA.
A large part of the Lemoniz reactor vessel, a Spanish reactor of the western type that was
never in operation, was chosen to manufacture Charpy specimens at the Belgian Nuclear
Research Centre (SCK CEN) [25,26]. ISO-V Charpy specimens were cut out from 3/4 depth.
Figure 1 shows the geometry of the Charpy specimen and the dimensions as well as the
definition of the T-L orientation. The T-L specimen orientation was selected according
to ASTM E23-16b (Standard Test Methods for Notched Bar Impact Testing of Metallic
Materials) except if otherwise stated.

Figure 1. Schematic representation of ISO-V Charpy specimens.

The chemical composition was measured with a spark atomic emission spectrometer
(Spectromaxx LMX06) (Table 1). The working method and manipulations were conducted
according to the ASTM E415 standard. The typical heat treatment of RPV forgings con-
sists of quenching, tempering, and postweld heat treatment; methods and conditions are
described in ASME and ASTM specifications.

Table 1. Chemical composition (wt %) of A508 Cl.2 base metal, as measured by optical emission
spectroscopy at the Belgian Nuclear Research Centre (SCK CEN) on a Charpy specimen.

C Mn Si S P Cr Ni Mo Cu

0.201 0.578 0.27 0.0085 0.0091 0.372 0.668 0.599 0.0472

A part from original eastern 1000 MW RPV steel was provided. ISO-V Charpy spec-
imens were cut out from the 1

4 depth. The 15Kh2NMFA (CrNiMoV) forging steel was
manufactured by the IZHORA company (Russia) for a 1000 MW WWER (Water Water
Energy Reactor). The original heat number was 181,358, and the forging steel was pro-
duced according to Russian specification TU 108.765-78. The chemical composition of
15Kh2NMFA steel is provided in Table 2.

Table 2. Chemical composition (wt %) of the 15Kh2NMFA material.

C Mn Si S P Cr Ni Mo V Cu

0.16 0.42 0.29 0.008 0.012 1.97 1.29 0.52 0.12 0.12
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The microstructure of the as-received specimens was a mixed-tempered ferrite–bainite
structure. After manufacturing Charpy specimens from western RPV material A508 Cl.2
and from eastern RPV material 15Kh2NMFA, one part of them was mechanically tested and
the other parts were nondestructively investigated. After the nondestructive examination
(Sections 2.2 and 3.2), this set of specimens was divided into three sets of specimens for
neutron irradiation. They were neutron-irradiated in the BR2 reactor at three different
irradiation fluences (E > 1 MeV) in the primary water pool at an irradiation temperature
of ~100–120 ◦C (Tables 3 and 4). The neutron irradiation was performed in a specially
designed rig called NOMAD_3 [27], where 24 Charpy specimens were directly irradiated.
This ensured that the damage created was large enough to be detected by nondestructive
analysis. The fluence achieved was between 1.55 and 7.90 × 1019 n/cm2 (E > 1 MeV). Four
Charpy specimens for each irradiation level (low, middle, and high fluence) were available.
Subsequently, the irradiated specimens were nondestructively investigated. To correlate
the results of the micromagnetic testing measurements with the mechanical properties
of the same specimens, several mechanical tests were conducted on Charpy specimens
after they were nondestructively characterized. They were tested using an instrumented
pendulum according to ISO 148-1 and ASTM E23 for the as-received nonirradiated and
neutron-irradiated materials. Uniaxial tensile tests were performed with a crosshead rate of
0.2 mm/min, according to ASTM standards E8M and E21 on a conventional static universal
tensile test machine. Vickers hardness HV10 tests were performed according to ASTM
92-17 on each Charpy specimen after neutron irradiation.

2.2. Micromagnetic Methods

Nondestructive methods for materials characterization are based on physical princi-
ples that are correlated to macroscopic physical properties and microscopic effects.

Micromagnetic techniques are widely used for the nondestructive characterization of
the material properties of ferromagnetic steels and are based on the correlation between
the magnetic properties of ferromagnetic materials and their mechanical–technological
characteristics, which are dependent on the microstructure. This correlation is related to
microstructure interaction with both the magnetic structure (Bloch walls) as well as the
dislocations [7,14,15].

The requirements for the procedure for measurement of magnetic hysteresis behavior
are strict: the test specimen to be measured must be long and rod-shaped and must be
magnetized as homogeneously as possible at low frequency (mHz range). The magnetic
flux induced in the test specimen must be measured by a coil surrounding the test specimen.
For these reasons, direct measurement of the hysteresis curve is unsuitable for practical
application to components. Several magnetic methods are suitable for the characterization
of ferromagnetic materials (such as RPV base and weld materials). The following effects
are often used in micromagnetic nondestructive testing: minor hysteresis loops, magnetic
Barkhausen noise, harmonics analysis in the time domain signal of the magnetic tangential
field strength, eddy currents, and incremental permeability.

Generally, micromagnetic measuring devices contain a magnetization unit, a probe,
and a unit for measurement control and data processing (usually a PC). Depending on the
design of the magnetization unit as well as the measurement parameters, different material
depths and areas can be investigated. Micromagnetic methods can, therefore, be used
to analyze a controllable fraction of the specimen volume. Commercial micromagnetic
devices use different effects to describe the material’s condition.

Fraunhofer IZFP developed the 3MA technique, which indirectly and nondestruc-
tively determines mechanical material properties using a one-sided access micromagnetic
sensor. 3MA is based on a combination of several magnetic methods and has been de-
scribed in previous studies in detail [16–18]. The latest implementation of 3MA is 3MA-X8,
which was applied in this work [19]. 3MA-X8 is a variant of 3MA, defined around a
minimalistic, rugged sensor design, using the magnetization coil on a U-shaped core as
the only sensing element. 3MA-X8 uses low-frequency excitation (f < 20 kHz) and offers
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high-speed multichannel measurement (>>100 measurements/s on 3, 8, or more chan-
nels synchronously, depending on the exact device variant). Compared with previous
implementations of 3MA, 3MA-X8 does not contain Barkhausen noise analysis. Harmonics
analysis, eddy current incremental permeability analysis, and eddy current impedance
analysis are accomplished by supplying a voltage signal of two superimposed frequencies
to the electromagnet. The drive current depends on the material contacted by the probe and
is analyzed along with the voltage to extract characteristic parameters (Figures 2–4) that
describe the magnetization behavior, which is then correlated to the mechanical material
properties. Due to the lower frequency range compared with previous 3MA implemen-
tations, a higher penetration depth of the magnetic field is reached. Within the present
application, this is an important advantage, given the correlation of the magnetic properties
to the material properties, such as DBTT and yield strength, as these are also integral values
of the examined specimens.

The following section describes the 3MA-X8 analysis in more detail:

I. Eddy currents (ECs) arise in a material if it is exposed to an alternating magnetic
field and depend on the electrical conductivity σ and the magnetic permeability µ of
the material [16,17]. The higher-frequency EC-affected impedance (Z) is not constant
throughout the rather low-frequency hysteresis loop. Therefore, Z describes a loop
in the impedance plane throughout one hysteresis cycle [19]. Figure 2 illustrates the
parameters derived from this loop.

Figure 2. Schematic illustration of the impedance loop and derived parameters.

II. Incremental permeability (IP) analysis is a method of separating magnetic perme-
ability information from electrical conductivity information in EC analysis [16,17].
Plotting the change in EC coil impedance (DZ) against drive voltage U lecads to an
incremental permeability plot (Figure 3, left) [19]. Several parameters are derived
from the incremental permeability curve (Figure 3).

Figure 3. Schematic illustration of the incremental permeability curve and the parameters derived.
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III. The measured magnetizing current exhibits a low-frequency distortion due to hys-
teresis in the magnetic circuit. The fundamental and harmonic components can be
determined numerically using a fast Fourier transform; thus, the distortions of the
magnetizing current are quantified. The harmonic components determined through
this procedure allow for the determination of material properties (Figure 4) [19].

Figure 4. Schematic illustration of the harmonic analysis in the time domain signal of the magnetiza-
tion current.

Figure 5 shows the 3MA-X8 device, including a probe and a PC. The 3MA-X8 mea-
surements were performed at a magnetization frequency of 50 Hz, a magnetization current
voltage of 2 V, and a superimposed EC frequency of 2000 Hz. The 3MA-X8 device is con-
trolled by modular measuring system (MMS) software. The output of the data acquisition
and evaluation module was a set of 21 magnetic parameters derived from the 3MA-X8
measurements, as listed on the right-hand side of Figures 2–4. A specimen holder and a
probe holder improved reproducibility by minimizing positioning variations.

Figure 5. The micromagnetic multiparameter microstructure and stress analysis (3MA)-X8 system,
including 3MA-X8 device, probe, and PC (left); (right) specimen holder and probe holder.

The Centre for Energy Research developed and applied the MAT method. The MAT
method uses the systematic measurement of large families of minor hysteresis loops from
minimum amplitudes up to, possibly, the maximum (major) on degraded ferromagnetic
samples/objects. From the large volume of recorded data, the data that reflect material
degradation in the most sensitive, or otherwise most convenient, manner are applied
for evaluation of the degradation. These data, best-adapted for the investigated case,
were used as the MAT parameter(s), and their dependence on an independent variable
accompanying the inspected degradation is referred to as the MAT degradation function(s).
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The magnetic induction method appears to be the easiest method of systematic mea-
surement for MAT. A specially designed permeameter [28], with a magnetizing yoke, was
applied for the measurement of families of minor loops of a magnetic circuit’s differential
permeability. Measurement of the hysteresis loops was performed by a magnetizing yoke,
which is placed on the flat surface of the Charpy specimens. A C-shaped laminated Fe–Si
transformer core was used. The yoke had a cross-section of 10 × 5 mm and a total external
length of 18 mm. This size was chosen to fit the size of the investigated specimens. The
specimen holder, designed for hot-cell measurements, is shown in Figure 6 [29]. The
driving coil wound on the yoke produces triangular variations in the applied magnetic
field, with stepwise increasing amplitudes and a fixed slope magnitude in all the triangles
(Figure 7a).

Figure 6. Photo of the specimen holder. A Charpy specimen is placed on the top (V-notch is opposite
the magnetizing yoke) [29].

Figure 7. The time variation of the magnetizing current (a) and the measured permeability loops
(b) [30].

The signal coil picks up the induced voltage, proportional to the differential perme-
ability of the sample. This triangular variation of the magnetizing field, with time t and a
voltage signal U, is induced in the pick-up coil for each kth sample:

U(dF/dt, F, Aj, εk) = K×∂B(dF/dt, F, Aj, εk)/∂t = K×µ(dF/dt, F, Aj, εk)×dF/dt, (1)

where K is a constant determined by the geometry of the sample and by the experimental
arrangement; ε is the independent degradation variable, in our case, Vickers hardness,
yield strength, or transition temperature. As long as F = F(t) sweeps linearly with time,
i.e., |dF/dt| is (the same) constant for measurement at each of the samples, Equation (1)
states that the measured signal is simply proportional to the differential permeability µ of
the measured magnetic circuit as it varies with the applied field F within each minor loop
amplitude Aj for each kth measured sample. If we wish to obtain correct results that are not
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influenced by any previous remanence, each sample has to be thoroughly demagnetized
before it is measured.

The permeameter works under the control of a notebook, which sends the steering
information to the function generator and collects the measured data. An input/output
data acquisition card accomplishes the measurement. The computer registers two data files
for each measured family of minor loops. The first one contains detailed information about
all the preselected parameters of the demagnetization and the measurement. The other file
holds the course of the voltage signal U induced in the pick-up coil as a function of time t
and of the magnetizing current IF and/or field F. As an illustration, Figure 7b presents the
families of permeability loops. Large amounts of data were generated, and our task was
to compare them and find the most suitable data for characterizing the changes between
samples.

Instead of keeping the signal and the magnetizing field in shapes of continuous time-
dependent functions, it is practical to interpolate the family of data for each εk sample
into a discrete square (i, j) matrix, U(Fi,Aj,εk), with a suitably chosen step, ∆A = ∆F.
Because dF/dt is a constant, identical for all measurements within one experiment, it is not
necessary to write it explicitly as a variable of U. MAT is a relative method (practically all
the nondestructive methods are relative), and the most suitable information regarding the
degradation of the investigated material can be contained in the variation of any element
of such matrices as a function of ε, relative to the corresponding element of the reference
matrix U(Fi,Aj,ε0). So, we divided all U(Fi, Aj, εk) elements by the corresponding elements
U(Fi,Aj,ε0) of the reference sample matrix and obtained the normalized elements of the
matrices of relative differential permeability µ(Fi,Aj,εk) = U(Fi, Aj, εk)/U(Fi, Aj, ε0), and their
proper sequences

µ(Fi,Aj,ε) = U(Fi, Aj, ε)/U(Fi, Aj, ε0) (2)

as normalized µ-degradation functions of the inspected material. These µ elements are
referred to as MAT descriptors, and they characterize the degradation of the material.

Numerous MAT descriptors are calculated during evaluation; their number depends
on the density and how µ(Fi,Aj,εk) points are calculated. Normally, about 1000 MAT
descriptors are calculated. The majority of them do not reflect the correlation between
magnetic parameters and actual material degradation. The purpose of our evaluation is to
choose the elements that provide the best correlation between MAT parameters and the
independent parameter from this big data pool. These parameters are called optimally
chosen MAT descriptors, and they are provided below in the Results section. The choice
is correct if these parameters have the best sensitivity and yield good reproducibility
simultaneously. The MAT evaluation process is described in detail in [23].

3MA-X8 and MAT measurements were carried out similarly: to adequately perform
measurements in the hot cell, the specimens were placed on the top of the 3MA-X8 and
MAT probes, respectively, to allow the easy replacement of specimens by a manipulator.
The 3MA-X8 and MAT devices were placed outside the hot cell for remote control of the
measurement.

Both 3MA-X8 and MAT are comparative-type measurement methods. This means that
the measured magnetic parameters describe the material behavior from the magnetic point
of view. For the quantitative characterization of specimens with unknown mechanical
properties, an initial calibration/training process is needed on a well-defined calibration
set of specimens (with known target properties, e.g., DBTT or hardness). A polynomial
function describing the relation between all collected micromagnetic parameters, the mag-
netic fingerprint (MFP), and the target quantity (e.g., hardness, DBTT) of each material
can be determined via regression analysis based on a database of calibration specimen
measurements. Assuming a regression analysis is used, a simple calibration using a poly-
nomial function can be written as Y = a0 + a1×1 + a2X2 + . . . + aNXN, where Y is the target
quantity (e.g., DBTT or hardness), ai are the coefficients, Xi are the measured parameters
(components of the MFP), and N is the number of selected measured parameters [18]. The
parameters are selected based on the least-squares algorithm. This polynomial function is
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generated empirically since there is no physical equation that describes the dependency
between individual magnetic parameters and mechanical properties. The detailed calibra-
tion procedure is described in [18]. The trained system can be used to determine target
quantities of specimens of the same material after a prior recording of the micromagnetic
parameters.

3. Results
3.1. Mechanical Properties

The BR2 material test reactor at SCK CEN, with a nominal power of 125 MW and
unique, adaptable core configuration, is the most powerful material test reactor currently
operating in Europe. The neutron spectrum is typical of a research reactor, with thermal
fluxes between 7 × 1013 and to 1015 n/(cm2s) and fast fluxes (E > 0.1 MeV) between 1 × 1013

and 6 × 1014 n/(cm2s). Like all nuclear reactors, there is no single neutron energy. The
actual fast fluence values for all Charpy specimens were measured (Tables 3 and 4) by Fe
dosimeters. The 235U equivalent fission neutron flux was calculated from the 54Mn activity
formed by the 54Fe(n,p)54Mn reaction. The flux (fluence) was calculated using the 235U
fission spectrum averaged cross-section <σ> = 81.7 mb, adopted from [31]. The equivalent
fission fluence was converted to a fast fluence (E > 1 MeV) in Fe to provide the material
damage of the reactor pressure vessel specimens.

First, the actual fluence values for all Charpy specimens were measured (Tables 3
and 4). The results of the Charpy impact tests are shown in Figure 8 for A508 Cl.2 and
15Kh2NMFA. An irradiation-induced embrittlement shift, ranging between 100 and 200 ◦C,
was achieved.

A correlation usually exists between the yield strength increase, hardening, and
embrittlement. To obtain some estimations on the correlation between yield strength
increase and the embrittlement (∆T41J), some additional tests were performed. The first
was Vickers hardness at HV5 (Figure 9). Correlations between hardness increase and
neutron fluence were found for both steels. In Figure 10, the increase in yield strength
∆σY is plotted for the two grades at the three neutron fluence levels. The increase in yield
strength was similar for both grades at the tested fluence levels, even though the initial
yield strength was different between the two grades. All test results are summarized in
Tables 3 and 4 for A508 Cl.2 and 15kHNMFA steel, respectively.

Table 3. Fast fluence (E > 1 MeV), Vickers hardness (HV5), yield strength (hardening ∆σy), and ductile to brittle transition
temperature (DBTT; embrittlement ∆T41J) for A508 Cl.2. RT, room temperature.

A508 Cl.2. Fast Fluence (E > 1 MeV)
(×1019 n/cm2)

Vickers Hardness
HV5 (∆HV)

Yield Strength
@RT (MPa) (∆σy)

DBTT
T41J (◦C) (∆T41J)

Baseline 0 181.2 ± 2.8 448 −33 ± 9

Low fluence 1.55 237.9 ± 2.8 (56.7) 710 (262) 76 ± 15 (109)

Medium fluence 4.38 254.4 ± 1.5 (73.2) 793 (345) 125 ± 15 (158)

High fluence 7.04 258.5 ± 3.1 (77.3) 823 (375) 126 ± 15 (159)

Table 4. Fast fluence (E > 1 MeV), Vickers hardness (HV5), yield strength (hardening ∆σy), and DBTT (embrittlement ∆T41J)
for 15Kh2NMFA.

15Kh2NMFA Fast Fluence (E > 1 MeV)
(×1019 n/cm2)

Vickers Hardness
HV5 (∆HV)

Yield Strength
@RT (MPa) (∆σy)

DBTT
T41J (◦C) (∆T41J)

Baseline 0 226.1 ± 5.5 600 −51 ± 12

Low fluence 2.78 278.5 ± 3.4 (52.4) 875 (275) 88 ± 15 (139)

Medium fluence 6.83 292.8 ± 3.1 (66.7) 973 (373) 136 ± 15 (187)

High fluence 7.9 294.1 ± 4.5 (68.0) 987 (387) 124 ± 15 (175)
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Figure 8. Embrittlement of 15Kh2NMFA and A508 Cl.2 after NOMAD_3 irradiation as a function of
neutron fluence. The dashed lines are added to guide the eye (power law fit).

Figure 9. Vickers hardness (5kgf) for A508 Cl.2 and 15Kh2NMFA. The dashed lines are added to
guide the eye.

Figure 10. Tensile strength increase (hardening), tested at room temperature for A508 Cl.2 and
15Kh2NMFA steels, as a function of the fast neutron fluence. The dashed lines are added to guide the
eye (power law fit).
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All mechanical properties, such as hardness, yield strength, and DBTT, increased
with increasing irradiation fluence. The increase in yield strength and DBTT caused by
neutron irradiation for both materials was almost the same; the increase in the hardness
of the eastern RPV material was slightly higher than that of the western RPV material.
Additionally, we observed that hardness, yield strength, and DBTT slowly increased at
middle and high fluence for the western RPV material. The same behavior was observed
in terms of hardness and yield strength for the eastern RPV material. For this material, the
DBTT at high fluence was slightly lower than at medium fluence. However, no conclusions
can be drawn here due to the uncertainties in these values.

3.2. Micromagnetics Results

Both nondestructive techniques, 3MA-X8 and MAT, were applied to the specimens
described in Section 2.1 using predefined measuring parameters (magnetic field amplitude
and magnetization frequency) on the opposite side of the Charpy notch to avoid possible
side effects that can alter the outcome of the measurements. All measurements were carried
out at the Laboratory of Medium and High Activity (LMHA) at SCK CEN due to the
high activation of the specimens. The exact same specimens were tested before and after
neutron irradiation under the same environmental conditions: in a hot cell. Therefore, the
disturbing influences of material inhomogeneity and scatter between different specimens
of the same material were eliminated.

Both micromagnetic measurements recorded from Charpy specimens of RPV materials
A508 Cl.2 (Figure 11) and 15Kh2NMFA (Figure 12) before and after neutron irradiation
showed clear differences between the four irradiation conditions (nonirradiated; low,
medium, and high fluence). We observed that the magnetic material properties of different
specimens measured before irradiation were not exactly identical. After neutron irradia-
tion, these differences were observed in the magnetic properties of specimens irradiated
at the same fluence as well. Nevertheless, a trend was clearly identified: neutron irradi-
ation caused easily measurable differences in magnetic parameters, although different
procedures, 3MA-X8 or MAT, were used for measurements.

In the case of MAT measurements, the parameters are normalized by the correspond-
ing parameter of the reference (nonirradiated) specimens. As shown in Figures 11 and 12,
a clear increase in magnetic parameters was found due to neutron irradiation. This pa-
rameter depends on the material’s condition. For A508 Cl.2 material, this descriptor was
characterized by Fi = 780 mA and Aj = 1200 mA values, while 15Kh2NMFA material was
characterized by Fi = 30 mA and Aj = 1080 mA.

Figure 11. Dependency of the amplitude of third harmonics P3 (left) and of the magnetic adaptive
testing (MAT) descriptor (right) on the fluence level for western reactor pressure vessel (RPV) material
A508 Cl.2.
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Figure 12. Dependency of the amplitude of third harmonics P3 (left) and of the MAT descriptor
(right) on the fluence level for eastern RPV material 15Kh2NMFA.

In the case of 3MA-X8 measurements, several magnetic parameters (e.g., P3, A3, K,
Ucdz) showed a clear trend with increasing neutron fluence. Figures 11 and 12 show the
amplitude of the third harmonics P3-derived from upper harmonics analysis in the time
domain signal of the magnetization current as a function of neutron fluence.

The results of the micromagnetic measurements were evaluated in terms of DBTT
determined by Charpy tests, hardness, and yield strength. Trends in several quantities
extracted from upper harmonics analysis and magnetic adaptive testing were observed in
relation to different mechanical properties (DBTT, mechanical hardness, and yield strength).

Differences between the irradiation conditions can hardly be identified, especially
between specimens irradiated at medium and high fluence. In this context, it has to be
emphasized that for both materials, the mechanical properties of the specimens under the
middle- and high-irradiation conditions were almost the same as well. In Figures 13–16, the
same parameters as in Figures 11 and 12 are presented in terms of embrittlement (DBTT)
and hardening (hardness and yield strength) for both materials and both testing methods.

We observed that the 3MA-X8 method is more sensitive to changes in the material
properties of western RPV steel A508 Cl.2, whereas the MAT method is more sensitive to
the changes in the material properties of eastern RPV steel 15Kh2NMFA.

Figure 13. Dependency of the amplitude of third harmonics P3 on the ductile to brittle transition temperature (DBTT)(a),
hardness (b), and yield strength (c) of western RPV material A508 Cl.2.
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Figure 14. Dependency of the MAT descriptor on the DBTT (a), hardness (b), and yield strength (c) of western RPV material
A508 Cl.2.

Figure 15. Dependency of the amplitude of third harmonics P3 on DBTT (a), hardness (b), and yield strength (c) of eastern
RPV material 15Kh2NMFA.

Figure 16. Dependency of the MAT descriptor on the DBTT (a), hardness (b), and yield strength (c) of eastern RPV material
15Kh2NMFA.

3.3. Nondestructive Prediction of Embrittlement and Hardening

All measured micromagnetic parameters were collected and classified in terms of
irradiation condition, embrittlement, and hardening. The reason for using more than one
measuring parameter for material characterization is the increased robustness against
disturbing influences such as material variations and surface conditions (similar to the
benefits of having and combining different human senses). Having collected all measured



Appl. Sci. 2021, 11, 2917 14 of 18

parameters obtained from 3MA-X8 and MAT measurements, parameters were separated
into two data sets: one set for the calibration/training procedure and another set for testing.
In the data set for calibration/training, all parameters obtained by means of MAT and
3MA-X8 methods on the predefined calibration set of specimens were merged with the cor-
responding mechanical properties. In the next step, the calibration/training procedure was
conducted: polynomial functions empirically describing the relation between measured
micromagnetic parameters and the target quantities (DBTT, mechanical hardness, and
yield strength) were determined via regression analysis [18]. These polynomial functions
quantitatively and empirically describe the correlation between mechanical properties and
measured micromagnetic parameters. Finally, these polynomial functions, determined
on the training set of specimens, were tested using the micromagnetic data obtained on
the testing set of specimens; thus, the target quantities were estimated. Figures 17 and 18
show the results of the training (dark dots) and testing (light crosses) procedures for A508
Cl.2 and 15Kh2NMFA, respectively. The combination of both 3MA-X8 and MAT methods
allows for the prediction of mechanical properties, independent of the difference between
individual specimens under the same irradiation condition.

Figure 17. Prediction of DBTT (a), mechanical hardness (b), and yield strength (c) for A508 Cl.2 material using combined
data from 3MA-X8 and MAT methods.

Figure 18. Results of the calibration procedure to predict DBTT (a), mechanical hardness (b), and yield strength (c) for
15Kh2NMFA.

Tables 5 and 6 show the correlation coefficients (R2) and root mean square errors
(RMSEs) for the estimation of all targeted quantities: DBTT, hardness, and yield strength.
All targeted quantities were estimated with an accuracy higher than 91%, demonstrating
the suitability of this procedure to estimate target quantities in a nondestructive manner.
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Table 5. Correlation coefficients (R2) and root mean square errors (RMSEs) for the estimation of
DBTT, mechanical hardness, and yield strength of A508 Cl.2 material.

Parameter R2 RMSE

Training Test Training Test

DBTT 99.8% 97.5% 2.9 ◦C 12.5 ◦C

Yield strength 99.9% 94.5% 6.2 MPa 38.0 MPa

Hardness 99.9% 96.4% 1.1 HV 6.6 HV

Table 6. Correlation coefficients and root mean square errors for the estimation of DBTT, mechanical
hardness, and yield strength of 15Kh2NMFA material.

Parameter R2 RMSE

Training Test Training Test

DBTT 99.6% 92.5% 5.2 ◦C 21.4 ◦C

Yield strength 99.4% 91.5% 13.2 MPa 51.6 MPa

Hardness 99.5% 92.8% 2.1 HV 7.9 HV

4. Discussion

In this study, several material properties were determined through mechanical tests
and micromagnetic examinations. Changes in mechanical properties are caused by neutron-
irradiation-induced microstructure defects, which, in turn, influence the magnetic proper-
ties measured using micromagnetic measurements.

It is well-known that an increase in neutron fluence yields an increase in the density
and diameter of microstructure defects. The nature of the microstructure defects and of
the degradation mechanism caused by neutron irradiation in RPV steels is dependent
on, among other parameters (irradiation fluence, irradiation temperature), the chemical
composition of the RPV steel, especially the Cu, Ni, and P contents. There are three
important neutron-irradiation-induced damage mechanisms caused by matrix features,
Cu-rich precipitates and Mn–Ni–Si-precipitates. The first one is responsible for hardening
in both RPV steels, having Cu content below and above 0.04 wt %, generally at low
fluences. The second one occurs at high fluences in RPV steels with Cu content higher
than 0.04 wt %. The third one is typical for low-Cu RPV steels at high fluences [31]. In
this study, the Cu contents of both RPV steels were higher than 0.04 wt % (Tables 1 and 2).
Thus, for both RPV steels, the neutron-irradiation-induced embrittlement could be caused
by matrix features at low fluence and Cu-rich precipitates at high fluences. However,
microstructural examinations (e.g., small neutron angle scattering and high-resolution
transmission electron microscopy) were not performed in this study.

For both materials, we observed that neutron irradiation at low fluences caused a
significant modification in material properties: hardness, embrittlement (DBTT), and yield
strength. A further increase in neutron fluence caused a much smaller further degradation
of the mechanical properties, whereas a further increase in the neutron fluence did not
cause any further change in the mechanical properties, indicating saturation that was
observed (Tables 3 and 4). For 15Kh2NMFA steel, a small decrease in DBTT was observed
at high neutron fluence, but it remained within the uncertainties of such measurements. All
these material properties and their progress, induced by neutron irradiation, are strongly
influenced by neutron-irradiation-induced microstructure changes.

Microstructure defects impede dislocation movement and Bloch-wall movement
and cause changes in mechanical and magnetic properties, respectively. Micromagnetic
parameters depend on Bloch-wall movement during magnetization and characterize their
interaction with microstructure defects such as precipitates, voids, dislocations, or grain
boundaries. Coercivity proportionally depends on the interaction intensity between Bloch
walls and microstructure defects. Kersten’s and Dijkstra and Wert’s theories describe the
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correlation between coercivity, volume, and diameter of small microstructure defects [32].
All these theories describe an increase in magnetic hardness with the rising volume and
diameter of microstructure defects. Since all other micromagnetic parameters strongly
correlate with coercivity, they similarly depend on the microstructure defects’ diameter
and volume.

The clear difference in the results of magnetic measurements between the nonirra-
diated and irradiated conditions correlates well with the results of the mechanical tests
and can be explained by the occurrence of microstructure defects due to neutron irra-
diation (matrix features at low fluence and Cu-rich precipitates at high fluence). Small
microstructure defects impede Bloch-wall movement due to the foreign body effect and,
therefore, cause an increase in magnetic hardness, as illustrated by the magnetic parameters
in Figures 13–16. The foreign body effects describe the interaction between Bloch walls and
small microstructure defects [31]. The higher the volume of small microstructure defects
(matrix features), the higher the mechanical properties and the stronger the foreign body
effect. The smaller change in mechanical properties at increased neutron fluence can be
explained by an increase in the microstructure defects’ (Cu-rich precipitates) diameter
and a smaller increase of the volume of defects, which, in turn, similarly influence the
magnetic properties. The foreign body effect and the interaction between Bloch walls and
microstructure defects both weaken; thus, magnetic properties increase more slowly.

For the irradiated eastern RPV steel 15Kh2NMFA, we observed that parameters
derived from both magnetic methods reached saturation. For western RPV material A508
Cl.2, the MAT descriptor continuously increased, but most 3MA-X8 parameters reached
saturation.

Another conclusion is that by applying different nondestructive magnetic techniques,
a similar correlation was found between mechanical properties and the modification of
magnetic parameters. This finding is encouraging for future practical applications of
magnetic NDE.

The innovative part of this study is the combination of the results obtained using both
magnetic methods, followed by a training procedure to determine targeted material proper-
ties (hardness, DBTT, and yield strength). Excellent correlation coefficients and impressively
low RMSEs were achieved for the prediction and quantification of hardness, ductile to brit-
tle transition temperature, and yield strength of the tested specimens (Figures 17 and 18).
Correlation coefficients larger than 91% were obtained between nondestructively predicted
and destructively determined mechanical properties (Tables 5 and 6). Therefore, the two
magnetic methods resulted in a strong correlation between their outcomes, and their
combination can be used to precisely predict different mechanical properties.

5. Conclusions

Changes in mechanical properties due to irradiation of standard surveillance Charpy
specimens have often been published according to standard surveillance programs [1].

As experimentally observed, the relationship between neutron fluence and the mi-
cromagnetic parameters is nonlinear since the dependence of the mechanical properties
on neutron fluence is nonlinear as well. The results of the individual micromagnetic mea-
surements, performed following MAT and 3MA-X8 methods, prove their suitability for
characterizing the progressive degradation of RPV steels caused by simulated operation
conditions in terms of low-temperature neutron irradiation. Differences between individual
specimens at the same irradiation condition or the same damage stage (same DBTT, yield
strength, or hardness) affect the outcome of both kinds of measurements.

The combination of both magnetic methods allows for the prediction of mechanical
properties with high accuracy, independent of the microstructural differences between
individual specimens at the same irradiation condition.
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