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Abstract: The paper presents a new approach to non-destructive evaluation of easy/hard magnetization
axis in grain-oriented SiFe electrical steels based on the Barkhausen phenomenon and its time-frequency
(TF) characteristics. Anisotropy in steels is influenced by a number of factors that formulate the global
relationship and affect the Barkhausen effect. Due to the observed high variability in the dynamics of
magnetic Barkhausen noise (MBN) over time, obtained for various directions in grain-oriented steel,
it becomes justified to conduct MBN signal analyses in the time-frequency domain. This representation
allows not only global information from MBN signal over entire period to be expressed, but also
detailed relationships between properties in time and in frequency to be observed as well. This creates
the opportunity to supplement the information obtained. The main aspect considered in the work
is to present a procedure that allows an assessment of the resultant angular characteristics in steel.
For this purpose, a sample of a conventional grain-oriented SiFe sheet was used. Measurements were
made for several angular settings towards the rolling and transverse directions. A data transformation
procedure based on short-time Fourier transform (STFT) as well as quantitative analysis and synthesis of
information contained in the TF space was presented. Angular characteristics of selected TF parameters
were shown and discussed. In addition, an analysis of the repeatability of information obtained using
the proposed procedure under various measurement conditions was carried out. The relationship
between the selection of calculation parameters used during transformation and the repeatability of the
obtained TF distributions were demonstrated. Then the selection of the final values of the calculation
parameters was commented upon. Finally, the conclusions of the work carried out were discussed.

Keywords: non-destructive testing; magnetic Barkhausen noise; magnetic anisotropy; grain oriented steel;
time-frequency representation; signal processing; data mining methods

1. Introduction

Magnetic Barkhausen noise (MBN) is a phenomenon that occurs when a ferromagnetic material
is being magnetized. During that process, when the magnetic field strength increases, the magnetic
domain structure is gradually reorganized. This process is associated with the movement of domain
walls (DW), followed by the rotation of magnetization vectors inside domains, resulting in discontinuous
changes in the magnetic flux inside a material [1-3]. Those changes in the magnetic flux can be observed
by a coil located at the surface of the material, in the form of voltage noise induced in its turn as a
result of rapid changes in the degree of magnetization [4]. This method is used for various industrial
applications for non-destructive condition testing and quality assessment of ferromagnetic materials,
e.g., for evaluation of residual stress, active tensile and compressive stress, microstructure and micro
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hardening [5-19]. In addition to the possible applications mentioned above, the MBN is also used
to evaluate the directional properties of ferromagnetic materials. Within this group of applications,
an important aspect is the assessment of magnetic anisotropy of materials and the detection of easy
magnetization axes. Recently, the use of MBN to evaluate magnetic anisotropy in steels, which is
the result of a number of different factors, has become an equally important issue. The key in this
aspect is the possibility of non-destructive and quick assessment of directional magnetic characteristics
(introducing the axis of easy/hard magnetization) of steel formulated specially by means of surface
engineering methods.

Determining the axis of easy magnetization is particularly important in the process of designing
electrical machines, in essence the transformer cores or electric motors. Anisotropic properties allow
optimizing their constructions and in consequence increasing effectiveness and reduce the costs of
transformation and distribution of energy [20,21]. The resultant easy magnetization axis is influenced
by a number of factors, including: residual stress, grain shape and size, etc. [22,23]. Depending on the
influence of each factor, the value of anisotropy will change, which changes the magnetization ability in
different directions. Within the currently conducted research on the application of the MBN to assess the
magnetic anisotropy of materials, two approaches can be distinguished. The first one is related to the
analysis of the impact of individual factors and its rate on the scale of anisotropy [24-26]. The second
one refers to possible application for the need of rapid assessment of the resultant axis of easy
magnetization [27,28]. This paper considers the latter aspect.

In the literature, different approaches to assessing the easy magnetization axis can be distinguished
by omnidirectional observation of MBN activity. The following description presents several literature
examples of the use of MBN to detect the easy magnetization axis. The first, classic approach is to
observe the MBN for various settings of directional magnetic field acting on the examined material.
In paper [28], the MBN burst expressed in the time domain was analyzed to obtain information about
anisotropic properties. A classical grain-oriented electrical steel sheet was used for the study. The authors
observed a higher amplitude value of MBN signal envelope for the rolling direction (RD), which was
characterized by the occurrence of two distinct peaks in comparison to the signals obtained for other
directions. They explained this phenomenon with much higher MBN activity for RD due to the
large number of 180° domain walls (DWs), and associated the maximum values with the process of
nucleation and annihilation of DWs. Confirmation of these observations was a distribution of the
root-mean-square (RMS) value of the measured MBN signal versus the measuring angle, showing the
highest value along the RD direction. An attempt to overcome the need for mechanical rotation of
the measuring head is to introduce an appropriate modification of the MBN transducer’s excitation
system. Examples of applications of such original solutions were presented in papers [27,29]. In [29],
the authors used two C-shaped cores with coils placed perpendicularly to each other to control the
excitation characteristics, a method named rotational Barkhausen noise (RBN). In this way;, it is possible
to generate a two-dimensional magnetizing field imitating the characteristics occurring during the
classical MBN angular measurement, without the need for mechanical rotation of the magnetizing
system. A disadvantage of this approach is the problem to obtain full homogeneity of the magnetic field.
In paper [27], a rotatable transducer was used, in which the rotating permanent magnets generated a
magnetic field, and the centrally located coil measured the MBN signal. The transducer collected data of
the generated in the material magnetic induction disturbances, and then the measured MBN signal was
analyzed in the time domain using features extracted from the MBN signal’s envelope. This method,
referred to as continuous rotational Barkhausen noise (CRBN), allows straight observation of directions
for which there is a clear increase in magnetic emission. The directional characteristics were related to
the anisotropy of the material. The performance of the proposed system was verified based on the
comparison with the classical approach. Despite the high correlation between the results obtained and
those of the classic angular measurement, the key issue of the proposed CRBN method is the selection of
the speed of the transducer motion and the rotation of the magnets. Both factors have a large impact on
the sensitivity of the measurement and, as a result, the discrimination between the directional magnetic
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properties of the material (directions of magnetization). Mindful of the need to increase the effectiveness
of assessing the anisotropic properties of magnetic materials, the idea of sequential analysis of the
MBN burst has recently appeared. Its purpose is to divide a single burst into bands (sections) defined
in relation to the magnetization period or magnetic field level. An example of such an approach
was presented in [25,30,31]. In those works, the area of greatest MBN activity (referred to main MBN
peak) was associated by authors with the motion of 180° DWs referring to the effect of roll magnetic
anisotropy (RMA). The two other sub-periods occurring before and after the major one were associated,
respectively, with the process of nucleation of reverse domains influenced by magneto-crystalline
anisotropy (MCA) energy and motion of 90° DWs. In that work, from each section the energy value of
MBN was calculated, and then the angular characteristics of the energy for individual sub-periods were
achieved. The results obtained confirmed the possibility of a more accurate analysis of the phenomenon
of anisotropy. However, the main problem of the method is the appropriate determination of signal
divisions into sub-periods. Additionally subsequent interpretation requires consideration of many
factors. Regardless of the approach finally applied, the named factors that define anisotropy are not
the only ones that affect the course of angular characteristics of the MBN. The measurement conditions
also have a significant impact on the effectiveness of anisotropy detection and measurement sensitivity,
as presented and discussed in [31]. Similar observations were made in [23], where the need to maintain
a constant value of magnetic flux density was underlined. It was also stated that during the tests it is
necessary to observe not only the height of the MBN envelope but also its shape. All of the above factors
result in a requirement for a broad analysis of the dynamics of the observed Barkhausen phenomenon,
including both time and frequency characteristics. This entails the need for sequential monitoring
of time and frequency characteristics in successive short time windows. The synchronous approach
creates the opportunity to supplement the acquired information. Therefore, it becomes justified to
carry out time-frequency (TF) analysis of measured MBN signals. This way of presentation allows
more detailed information about the analyzed phenomenon to be obtained, because in addition to
the extraction of parameters integrating global information (such as rms, energy or number of pulses)
about the signal within the entire MBN period, it is possible to observe detailed relationships between
properties in time and in frequency for subsequent time moments. As a result, it is possible to perform
additional analysis and provide more detailed data on the nature of the phenomenon, which may be
important for carrying out the final assessment. Recently, the authors presented the results of works
on the application of the TF transformation to quantify the MBN signal information [24,32]. The [32]
presents a broad description of the proposed TF analysis, TF features extraction and their interpretation
along with a comparison of the information they carry with respect to the classic features of the MBN
signal determined in the time or frequency domain. The influence of measuring conditions on the
discrimination level was also discussed. The second paper of the authors [24] proposes a procedure
based on TF characteristics enabling a clear division of the MBN signal into the aforementioned three
sub-bands and determining the corresponding distributions of directional characteristics. However
the described procedure did not allow the global anisotropy characteristic to be defined, being an
assembly of all factors. Therefore, this paper proposes a procedure for determining the resultant easy
magnetization axis based on the TF representation as well as a detailed analysis of the factors affecting
the results. The successive sections present a setup of the measuring system, a proposed procedure
for analyzing and evaluating the resultant easy magnetization axis. Ultimately, the results will be
discussed and conclusions will be presented.

2. Samples and Measuring System Setup

In the experiment, the conventional cold-rolled 3%SiFe electrical steel sheet (in reference to EN
10107 and IEC 60404-8-7 Standards) of 0.27 mm thickness, with silicon contents of 3% by mass and iron
being almost a complement (over 96%) was used. Additionally, a trace content including carbon or
other impurities (not exceeding tenths of a percent in overall) is also expected in this steel. The specific
density of steel was 7650 kg/m3. Measurements were made for 16 angles at the location on the sample
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depicted with the letter A. The Figure 1 shows the view of the sample as well as the visualization of
the first 5 measurement steps and rolling direction RD. The axis of first measurement is along to the
transverse direction (TD) which corresponds to hard magnetization axis. The transducer was rotated by
22.5° after each measurement until reaching a full turn of 360°. In order to perform the measurement,
the MBN system controlled by a personal computer (PC) equipped with a data acquisition board DAQ
(NI USB-6251) was used. The system has been described in detail in paper [32]. The scheme of the
measuring system setup is shown in Figure 2.
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Figure 1. Measurement steps and view of conventional electrical steel sheet with marked measurement
location.

During the measurements, an MBN transducer having two sections was used (Figure 2c):
the magnetizing and measuring ones. The magnetizing section consists of a coil wound on a C-shaped
ferrite core. For the need of MBN signal sensing, a setup of coils wound on a rod core placed between
the pole pieces of the electromagnetic yoke was utilized. In addition, a coil wound on one of the
columns of the electromagnet and a Hall sensor located between its columns were used to control the
magnetizing field conditions (magnetic induction and tangential component of magnetic field strength).
For the needs of excitation, the sinusoidal waveform was generated using a digital-to-analog D/A
converter of a DAQ board and then amplified using Power Amplifier (PA-OPA549) before driving the
magnetizing coil. The excitation current frequency was set to 10 Hz, and the amplitude of the current
was kept constant during the measurements. The estimated value of the magnetizing filed strength
was 1.8 kA/m. The detailed discussion of the measuring conditions and analysis of the influence of
the excitation field parameters on the MBN TF characteristic, as well as the choice of utilized settings
(applied also in this paper) were presented and discussed elsewhere [24]. The MBN signal (Upy)
induced in measuring coils was fed to the input of the analog processing system (APS) unit [24,32].
First, it was bandpass filtered in 0.6-97.5 kHz range and then amplified. The measurement was made
in the angular steps, each time acquiring signals for the successive 10 periods of the magnetization
process. The measurement was repeated 10 times, which made it possible to average the obtained
results and minimalize the influence of interfering factors. Signal acquisition was carried out using the
analog-to-digital A/D converter of DAQ board at sampling frequency of 250 kHz. Then, all measured
signals were further processed using digital signal processing procedures.
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Figure 2. The measurement system and XYZ scanner with mounted transducer: (a) schematic view of
the configuration, (b) photo and (c) 3D view of the transducer.

3. The Time-Frequency Based Procedure for Evaluation of Easy Magnetization Axis

Figure 3 presents the successive stages of the procedure for evaluation of magnetic anisotropy
based on the TF representation of the measured MBN signals along with exemplary MBN signals
received for three different transducer’s orientations. The early step is to perform the initial signal
processing and determine the TF representation.

First, in order to minimize low-frequency instrumentation disturbances, the digital signal filtration
was performed by the Butterworth high pass filter (with a cutoff frequency fc of 2 kHz). Then the
measurements obtained were divided into half periods of magnetization, each corresponding to
the individual MBN burst. In the next step, for each individual burst, transformation of the Upy
(time representation) to the TF domain was performed. For this purpose, the STFT transformation
was used, which enables a homogeneous division of the computational grid in the TF space to
be obtained and, in consequence, the dynamics of the Barkhausen phenomenon to be observed in
detail [24]. The Kaiser type of the computational window having a length of 512 samples along with
the overlapping technique with a rate of 0.75 was used during the STFT transformation. The given
above parameters of the window resulted in a computational time step AT of 512 ps and frequency
step AF of 488 Hz, what allowed to precisely observe the changes in dynamics of the MBN activity for
various measurement angles. A more detailed analysis of the impact of the window width and the
value of the filter’s cutoff frequency fc on the quality of the acquired angular characteristics and the
possibility of assessing the examined dependence is presented in the following sections of this paper.
Finally, as a result, the complex TF representations Sgn(f, f) of Upn voltage signals were obtained.
In next step, the spectrograms expressed as |Spn(t, f)|? were calculated.

Multiple measurements for a single angular orientation enabled implementation of a smoothing
procedure of the results obtained. Its purpose was to average all the spectrograms achieved for a single
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angular orientation of the transducer. Selected averaged spectrograms BNgrpr g calculated for the
measurements acquired within the half range of the transducer rotation (with respect to the TD from 0°
to 180°) are shown in Figure 4. There is a noticeable difference between spectrograms for subsequent
angles in the activity of the measured MBN. The highest activity was obtained for orientation of the
transducer in accordance with the rolling direction of steel and along its easy magnetization axis
(Figure 4, @ = 90° i.e., RD). In this case, the highest energy level is visible practically throughout the
entire MBN period, excluding the time span in which the magnetizing field changes its direction
(around a time of 25 ms, see Figure 3b). At the same time, the frequency band occupied by the highest
activity level of MBN is also the widest. Moreover, it can be seen that along with the gradual rotation
of the transducer into the transverse direction to the RD (TD direction: @ = 0° and « = 180°), a gradual
delay of the beginning of the MBN activity area (arises more slowly) as well as the general decrease
in its area can be seen. The bandwidth of the MBN activity is also noticeably reduced. On all the
distributions presented, regardless of the angle of measurement, one can notice two distinct areas of
MBN activity, one at the beginning of the period around 15 ms and the other at its end around 40 ms.
In addition, a third area of activity is strongly visible at the RD angle. This follows the observations
presented by other researchers. Considering this, those activity regions could be associated with the
aforementioned (three) processes of nucleation of reverse domains, 180° and 90° DWs motion and
the growth of the MBN activity for RD could be explained in reference to the large quantity of 180°
DWs [2,25,28,30,31,33]. Despite clearly visible variation of the MBN activity in spectrograms, for proper
assessment it is necessary to carry out a detailed quantitative analysis enabling the quantification of
observed relationships.
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Figure 3. Time-frequency (TF) calculation procedure: (a) diagram of the procedure, (b) exemplary Ugy
signals for orientation « = 0° (transverse direction, TD), « = 45°, and « = 90° (rolling direction, RD) vs.
time (left column) and magnetic field (right column—presented in accordance to descending half of
magnetizing period).
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The magnetic anisotropy of the material ends up with differences in the magnetic properties
occurring for different test angles. Based on the spectrograms, it can be noticed that these changes in
properties are then reflected in the course and the intensity of the observed Barkhausen phenomenon.
In consequence, the dynamics of the energy distribution, concentration, centroid shift in time and
frequency, and the degree of order/disorder or scope of changes of the MBN TF representation may be
affected. Therefore, in order to quantify information expressing the angular variations of magnetic
characteristics, a multi-parameter extraction was used to define vectors of TF features for each test
angle. As a result, the set of several parameters carried by the TF representation were calculated
from the BNgrpt s. The first group refers to some statistical properties, including various forms of
mean values (i.e., arithmetic, geometric, etc.), centroid, variance or standard deviation, skewness or
kurtosis. The next subset are the features describing of the shape of the TF spectrogram and its energy
distribution or entropy, thus allowing the dynamics of variance, uniformity of distribution or the
degree of disorder of the MBN spectral content to be assessed. The last, but no less important part of
the TF features vector is parameters that indicate different characteristics values of the BNt g, such as:
symmetry, center shift in the f or f axis, flatness, homogeneity or monotonicity, etc. The definition
and properties of all proposed TF features and the used calculation procedure have been introduced
earlier and discussed in detail in [32]. The results of the angular distributions of selected features will
be presented in the following chapter.

4. Angular Distribution Results of Time-Frequency (TF) Features

Figure 5 presents results of four selected parameters obtained from the TF representation:
spectral flatness BNTp gp, concentration measures BNTg cwMm, spectral entropy BNTp gg and mean value
BNTr MEAN Of the spectrogram. The chosen parameters refer to all three groups described above,
allowing generalization of the TF characteristic. The definitions of the presented parameters were
shown in Table 1. Before presentation all features were normalized, to eliminate the isotropic part of
information (presented in 0-1 scale).

Table 1. Definition of selected features based on spectrogram BNTp g of TF representation Spn(t, f).

Feature Formula
1
Spectral Flat BN .y T T e, [
ectral Flatness =M-
P TF_SF X, L) BN,
N M 1y
Concentration Measure BNtE oM = Zl 4):1 BNt g,
1=1j=
= —= 10 —_—
Spectral Entropy TF_SE = T3 '08&2 S5 N LM, BN,
, N M
Mean BNtr MEAN = 71 L L BNTr s,

i=1j=1

All feature distributions were approximated using a piecewise fitted curve to facilitate the analysis
and interpretation of the obtained angular characteristic. It should be emphasized that obviously
interpreting the distributions obtained is not the same in each case and the minimum values of some
presented features do not have to refer to the minimum values of others, and the same for maximumes.
First, two of the selected parameters relate to the assessment of the energy concentration of the
analyzed spectrogram. The BNt gp parameter specifies the ratio of the geometric to the arithmetic
mean and obtains higher values when the distribution is homogeneous (e.g., random). In reference to
the presented TF spectrograms, this parameter takes the highest values for the hard magnetization axis.
As the transducer orientation approaches to 90 degree angle (easy magnetization axis), value of the
parameter begins to decrease, which indicates a growth of MBN activity (energy) area. Confirmation of
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this observation is found in the distribution of the second parameter, the BN1r cp, which takes
higher values in case of the evenly distributed energy over the entire TF plane. However, at the
same time, the parameter is not sensitive to small quantities. Thus when the level of MBN activity
is growing in all spectral bands in general, the parameter value is reaching higher values as well.
According to the received angular distribution, the BN1r cym value increases as the angle increases
within the 0-90 degrees range. This parameter achieves the largest value in the direction of the easy
magnetization axis, which is consistent with the observation for the angular distribution of the BNt gp
parameter. The spectral entropy allows the rate of disorder of the spectrogram to be assessed. It can
be noticed that BNt sg assumes the highest value for relatively wide orientation range around TD
(o = 0° and a = 180°), at the same time showing a sudden decrease of value for the angle close
to RD (a = 90° and a = 270°). This can be understood as leading the spectral distribution BNTp g
to a higher degree of order and to accommodate the existing energy states for easy magnetization
direction. The last presented parameter, BNTr MEAN, relates to the statistical quantity. The angular
characteristic of the feature is well correlated with the course of the BNp cp. This confirms the earlier
observations regarding the increase in value levels practically throughout the whole spectrogram
space for angles consistent with the RD direction or close to it. All obtained distributions allow to
draw similar conclusions. One can see a general indication of the directions of high and low activity
of MBN, which are also consistent with the direction of, respectively, easy and hard magnetization.
In reference to Figure 4, for the RD angle, one can observe a clear increase in MBN activity, expressed
by a global increase in its level (reflecting among others, in BNt Mpan and BNTp gp values). At the
same time, the greatest energy values accumulate within the three mentioned sub-periods (affecting
among others, the BN1r cym), with a growing difference between areas with low and high MBN
activity (accommodation of existing energy states depicted by among others, BNTp sg). Moreover,
this increase in activity is most visible on the presented spectrograms near the central part of the
entire MBN signal period. From extensive research reported in the literature, RMA has a particular
impact on activity in this area [25,30,31]. This would indicate the greatest impact of RMA on the
distribution of resultant anisotropy and the occurrence of the easy magnetization axis. The information
contained in the proposed TF features can be validated by classical MBN features. Figure 6 presents
the distribution of two frequently utilized MBN parameters, i.e., number of events BNy and energy
BNgN. The distributions obtained confirm the directional properties of the tested steel, showing a clear
increase in energy for the direction consistent with RD. An increase in activity for the RD direction
was also observed in other publications [26,28], where authors explained the higher MBN activity
(determined by the higher amplitude of the MBN envelope and RMS or energy values) by a much larger
number of 180° domain walls in this direction. Similar conclusions were also presented in a number
of other works [25,27,30,31], under consideration of only a middle part of the MBN signal associated
with the movement of the 180° DWs and related to the influence of RMA. Based on the obtained
angular characteristics (Figures 5 and 6) one can notice good agreement with the presented TF-based
results. Recently the authors presented detailed comparison of the various features obtained from the
time, frequency and time-frequency domain [32]. A good correlation between the spectral flatness and
number of events, and between concentration measure and energy as well was reported. The presented
results in Figures 5 and 6 confirmed the previous observations. The observed increase for RD in activity
also translates into energy carried by MBN, while the decreasing number of events can be explained
by the increase in the MBN phenomenon intensity and the superposition of smaller impulses into
a larger cluster. This confirms the observations made for the parameters of the TF characteristics.
Higher pulse values obtained for the RD direction compared to the TD direction cause a significant
increase in energy value, but also a noticeable increase in the bandwidth occupied by the areas of
highest activity, which (considering the scale of both factors) finally affects an increase in the value of
the BNTp cMm parameter. Furthermore, the increase in the difference between the energy states of the
highest activity areas and the rest of the spectrogram determines the decrease in the BNTp gr parameter
value. In addition, the overlapping of MBN events and accumulation of energy lead to a decrease in
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the parameter BNt gg. Considering all aspects, the results obtained indicated the possibility of using
this proposed method based on the TF representation of full-period for the analysis of the resultant
anisotropy in SiFe steel.
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Figure 5. View of calculated parameters for 2 kHz and 512 window size: Markers represents the
features values obtained for selected test angles; solid line refers the piecewise fitting result; all results
are normalized with respect to maximum value.
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Figure 6. Results of the angular distributions of classical magnetic Barkhausen noise (MBN) parameters,
that is the number of events BNy and the energy BNy derived from time domain representation:
markers represents the features values obtained for selected test angles; solid line refers the piecewise
fitting result; all results are normalized with respect to maximum value.

Finally, despite the sparse measurements (22.5° angular step) and the occurrence in some cases
of non-compliance of measuring points with angular characteristics, which also affects the achieved
approximations, the RD and TD axes can in almost all cases be uniquely identified by the location of
maximum or minimum values of individual parameters.

However, due to the observed discrepancies, it becomes justified to verify the repeatability of the
results obtained. As a significant number of MBN bursts were registered each time (10 measurements,
10 magnetization periods each) the assessment of the divergence of individual TF features obtained
for subsequent measurement angles can be performed. Therefore, in the next stage of the work, the
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impact of possible causes affecting the range of the dispersion of parameter values obtained for a single
angular orientation of the transducer was analyzed.

5. Analysis of the TF Features Dispersion

Several factors may influence the dispersion of the parameters’ distributions described above
and in the previous section. They concern both the stage of measurement and hardware configuration
of the system as well as the subsequent stage of data processing and the selection of computational
procedure parameters. It should be emphasized that one of the key factors affecting the smoothness of
the characteristic transitions between successive measurement angles is the number of adopted angular
steps. The step applied in the paper is relatively large, however, it still makes it possible to determine
general trends of the characteristic. On the other hand, it can be noted that errors for individual
measurement points have a significant impact on the local course of the characteristic. Another key
factor affecting errors is the relatively large size of the transducer used, which means that the measured
values should not be treated as spot, but measurements in a certain vicinity of the given point.
Furthermore, the minimization of possible influence of random factors on the recorded signals was
obtained by repeating the measurements sequence several times under the same conditions (excitation
parameters, transducer orientation angle in relation to the sample axis) and then by implementing the
procedure of data averaging. At the same time, the influence of alternating interfering components
having a frequency constant over time (if appears) would result in constant energy level over the
entire spectrogram period for a given frequency band, and thus could also be clearly identified on the
time-frequency distributions. Some systematic error may also be the result of a small angular shift
between the sample edges and the actual magnetization direction, but it is replicated for all orientations
in very similar scale and has no major impact on values dispersion or on the achieved shape of the
distributions, but possibly only on the angular shift of the characteristics. Another possible source of
measurement errors may also be a small misalignment of the transducer’s symmetry axis in relation
to its rotation axis. This misalignment error would result in an asymmetrical angular relationship of
the calculated TF parameters. However, it would not affect the assessment of the direction of the
easy or hard magnetization axis, but would end in obtaining a different scale of values on both sides
(assuming high repeatability of the angular magnetic properties of the steel the difference would be
negligible) of the symmetry of TF features’ characteristics. Nevertheless, it would also not results
in dispersion variation between orientations of the TF parameters. Therefore, bearing in mind the
above considerations, the assessment of the impact of the computational procedure configuration on
the repeatability and dispersion of the results still remains. There are two key elements within this
aspect. The first concerns the choice of window width used during the transformation of data into the
TF domain. The second is related to the pre-transformation data preparation stage and refers to the
adjustment of the digital high-pass filter (HPF) band fc. These parameters are crucial in the process of
obtaining information.

The window size affects the resolution of time and frequency steps of the computed TF representation
during the STFT transformation. For a narrow window, a high resolution in the time domain and a lower
one in the frequency domain is achieved. In the opposite case, the wider the window is, the lower the
resolution in time (larger time steps) and the higher in frequency is achieved. Therefore, the adjustment of
the size is crucial to sensitivity for variations in analyzed spectrograms. As discussed in the introduction,
anisotropy can be caused by a number of factors affecting the various stages of the reorganization
of the domain structure during a single period of magnetization, and consequently appearing with
different activity of the Barkhausen phenomenon in the time sequences. Thus, when analyzing individual
factors, there is a need to obtain a high resolution over time, enabling unambiguous distinction between
subperiods of increased Barkhausen phenomenon activity. Recently, the authors have considered the
possibility of using TF analysis to distinguish time spans of MBN activity corresponding to various
factors affecting anisotropy [24]. In that work, the key aspect was to maintain high resolution over time.
Therefore, a relatively narrow window (guaranteeing steps AT = 128 us and AF = 1.952 kHz) was used
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during STFT transformation. However, the purpose of this work is to explore the possibility of conducting
a quick assessment of the resultant anisotropy. The entire period of MBN activity is then analyzed, not its
subperiods. Therefore, in this situation, a high resolution over time is not so crucial, and higher resolution
in frequency may have a greater impact on the effectiveness of the proposed analysis.

The second factor that may affect the amount of dispersion of features in a given measurement
group is the value of the lower band f ¢ of the MBN signal frequency range. As can be noticed in Figure 4,
the highest MBN activity is obtained within the lower frequency range of presented spectrograms
BNtr s. This means that the selection of the lower band value can be decisive for the TF parameter
distributions obtained during the analysis. In this range, interference from measuring instrumentation
can affect the signal. In addition, distortions of a frequency close to the lower range of the hardware
filter may also occur. Therefore, it is crucial to properly filter the signal prior further analysis. The cutoff
frequency fc of the digital high-pass filter should be high enough to effectively cut off the effect of
low-pass interference, but at the same time low enough not to lose information about the magnetic
anisotropy of the material.

Finally, during the analysis of the impact of both factors on the spread of TF parameters, a series
of calculations was carried out for four cases determined by two window sizes: 128 and 512 samples
and two digital filter border frequencies: 0.5 kHz and 2 kHz. The choice of window width was made
taking into account the resolution in time and frequency that they guarantee. In the first case, it is
possible to obtain relatively small steps of AT = 128us and large of AF = 1.952 kHz, while in the
second one inversely, relatively large steps of AT = 512us and small steps of AF = 488 Hz. In this way,
it was possible to estimate the impact of the individual resolutions of the computational grid on the
repeatability of the obtained distributions. When choosing the f¢ value, the cutoff frequency of the
hardware filter (0.6 kHz) was taken into account, as well as the values of the frequency steps for both
computational grids. Therefore, finally the analysis was carried out for f¢ less than 0.6 kHz and greater
than 1.952 kHz, which allowed evaluation of the spread of TF parameters for two extreme settings.

In the first stage of the analysis the averaged spectrograms BNTg g were calculated for each out
of 10 measurements made for a given angular orientation. Next, for each averaged spectrogram the
TF parameters were calculated. Then, spreads of TF features values were determined in reference
to their average values achieved from all measurements. Finally, the values obtained for individual
orientation angles (individual subsets) were further averaged and presented in the form of a common
bar representation. Figure 7 presents a bar graph illustrating the dispersion range expressed in
percentage scale (%CumRange indicator) of selected TF parameters accumulating the results achieved
for all transducer orientations. Each bar specifies a dispersion range received under different data
processing conditions. It can be noted that in most cases the smallest range value is obtained for the f
of 2 kHz (first two columns of Figure 7). Considering the dispersion values of BNt MEaN, One can
notice that when the f¢ is 2 kHz the window size is not so significant, as the %CumRange values are
comparable for both widths considered. However, the situation changes when the f¢ is equal to 0.5 kHz.
In that case, a smaller %CumRange is achieved for wider window. This confirms the high importance
of the low-frequency range of the spectrogram on the TF features distributions. For a window width of
128 samples, the frequency step AF is 1.952 kHz. As a result, the use of a cutoff frequency of 0.5 kHz
causes that any undesirable components of the transformed Ugy signal can be reflected in the lower
range of the spectrogram band. Therefore, it can be concluded that the improvement of the robustness
can be obtained when the f¢ is set to greater value than the first frequency step of the calculation
grid, i.e., for fc =2 kHz. On the other hand, in the case of window size of 512 sample the AF is equal
to 488 Hz. Thus both considered cutoff frequencies are higher than the first frequency step of the
spectrogram grid. Therefore, mostly similar results of the %CumRange are obtained for both f¢ values,
and the distributions of BNTp MEAN are more convergent in those cases.
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Figure 7. Bar graph of %CumRange indicator values of used features.

In the case of the spectral flatness parameter, smaller spreads were obtained using a smaller size
of window. However, as in the case of the mean parameter, also in this case the use of a higher cut-off
frequency significantly reduces the dispersion range. In the case of the BNtr ¢ parameter, convergent
results were obtained to those obtained for the BNTr mpan parameter. The smallest spread value was
obtained for a window of 512 samples and f¢ of 2 kHz. However, it must be noted that the BNTr cm
presents the highest stability over various computation parameters. The values of %CumRange obtained
for feature BNTp gg are the smallest for window width 512 samples and fc = 2 KHz. Thus, the BNTr cm
feature proves high repeatability and resistance to interfering factors.

In order to further examine the influence of the cutoff frequency on the information contained
in the lower frequency ranges of spectrograms, one more analysis was performed. Its purpose was
to determine the angular distributions (characteristics) of TF parameters as a function of successive
frequency ranges of the spectrogram’s computational grid. Graphic visualization of the calculation
procedure is shown in Figure 8. For a given spectrogram, the entire time vector (single row) is
considered, representing a single frequency range. Then the TF parameter value is calculated for this
vector and the received value represents then a single cell of the resulting distribution presented in the
form of the heat map.

Figure 9 presents two heat maps obtained for the BNt mpan parameter under two considered
cutoff frequencies. In order to compare both conditions, the input spectrograms were computed using
a window of 512 samples. Then the distributions were normalized to the (0-1) range and plotted in
individual scales. If the lower frequency band value is used, the resulting distribution (top row) in the
lower frequency ranges undergoes quite rapid changes of a rather random nature and not dependent
on the angle of testing. Only for 90 and 270 degrees angles (along RD), in the higher frequency ranges,
the characteristics present the angular relationship more visibly. In the second case, after applying
a high-pass filter with a cutoff frequency of 2 kHz, a clear angular relationship in all compartments
characterized by smooth and repeatable transitions between individual angles is obtained. Moreover,
for angles that determine the axis of easy magnetization, large parameter values that at the same
time cover a much wider frequency band are clearly visible. Attention should be paid to normalized
ranges of values of both distributions as well. The unwanted components of low-frequency signals,
not containing anisotropic information, reach much higher values. Therefore, they affect the sensitivity
of the TF parameters and distort the crucial information.
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Figure 9. Visualization of the BNt pmpan angular distribution in successive frequency ranges of the
spectrogram; left column is a perspective presentation of the results in the right column.

Summarizing, the results of the analysis confirmed the impact of the computational parameters
selection on the achieved dispersion of TF features values in successive subgroups, which in turn
affects the repeatability of the entire method. In addition, it should be emphasized that the choice of
the digital filter cutoff frequency f¢ value is closely related to the window width value used during the
STFT transformation. Therefore, in order to obtain the highest convergence of results and minimize the
impact of external factors on parameter distribution, during the final analysis all results were (presented
in previous chapter) achieved using the width of the window equal to 512 samples. This allowed the
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frequency resolution of spectrograms to be obtained enabling observation of even small variations
of the MBN band, and at the same time to minimize the influence of the fc value on the results.
Nevertheless, aiming at maximum reduction of the influence of external factors on the computed TF
distributions, additionally during the signal-processing procedure a cutoff frequency of 2 kHz was
used. With these values of calculation parameters, the percentage dispersion of TF features values
practically do not exceed 2%.

6. Conclusions

The ability to carry out rapid validation of the angular distribution of the magnetic properties of
electrical steel is an important practical issue. Therefore, the purpose of this article was to investigate
the possibility of using the Barkhausen effect and its time-frequency representation as a non-destructive
tool to develop a procedure that allows retrieval of information about the resultant magnetic anisotropy
in a classic grain-oriented electrical steel sheet. By assumption, this method is to be an alternative
to the classic MBN approach, and ought to enable broad assessment of changes in the dynamics of
the MBN phenomenon synchronously considering both time and frequency characteristics. For this
purpose, tests were performed for a sample of 3% SiFe grain-oriented electrical steel. The measurements
were made for 16 angles of transducer orientation, equally spaced within the range corresponding
to full rotation. The paper presents the procedure of signal transformation into the TF domain,
presentation of TF spectrograms and quantification of information contained therein. The obtained
TF parameters expressing the change of the spectrogram allow the angle corresponding to the easy
and hard magnetization axis to be determined. The possibility of extensive analysis of properties
and observation of changes in the MBN activity makes this method possible to detect even small
variations in the dynamics of the phenomenon over time resulting from the changes in magnetic
properties. This creates a chance to obtain complementary information about the properties of the
material, which can allow the formation of more complete knowledge.

The proposed method, based on the analysis of time-frequency characteristics in the full period of
the MBN signal, allows detailed observation of the relationship between MBN properties expressed in
time and in frequency for subsequent time moments. In consequence, it enabled the three characteristic
MBN activity areas to be noticed. The occurrence of these areas in the MBN period has already been
widely analyzed in many other works, and the angular characteristics of TF parameters obtained
in this work are consistent with the other results reported. According to observations, these areas
were associated with nucleation of reverse domains and, furthermore, the movement of the 180°
and 90° DWs. The course of the first two was associated respectively with the magnetocrystalline
anisotropy MCA and roll magnetic anisotropy RMA. Considering this, the angular distributions
obtained by the authors underline the key importance of RMA for the alignment of resultant easy
and hard magnetization axes in the tested steel. The angular characteristics of Barkhausen noise
energy and numbers of events can be treated as confirmation of the effectiveness of the proposed
TF method. These parameters, being used many times by other authors in the classic analysis, show
convergent results with the TF ones. However, the results of both methods show some asymmetries
and disturbances in the characteristics. The relatively small number of utilized measurement steps
may have a decisive impact on the smoothness of the transitions of the characteristics obtained
between successive measurement angles. The step applied in the paper makes it possible to determine
general trends of the characteristic. On the other hand, errors for individual angles have a significant
impact on the local course of the characteristics. Nevertheless, due to the sequencing of calculations
procedures and the use of a sliding window over the analyzed signal, the STFT transformation leads to
generalization of the phenomenon characteristics. In results, it can affect the increase of the robustness
of the method for interfering external factors. This could be an explanation for obtaining slightly
smoother courses of approximated TF characteristics.

In addition, the paper presents a detailed analysis of measurement errors and assesses the
repeatability of the method in the context of the dispersion of TF parameters values within individual
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subsets of measurement signals. The choice of calculation parameters of the transformation procedure
enables optimization of resolution in time and frequency, in reference to the nature of the observed
changes. Based on the analysis conducted, it is crucial to emphasize the importance of the concentration
measure parameter (carrying convergent information to MBN energy), which, regardless of the
calculation parameters used, was characterized by high repeatability. The study also showed that the
frequency value of the high-pass filter used for signal conditioning before TF analysis should not be
lower than the value of the first step of the applied TF computational grid, which in turn allows for a
significant increase in TF parameter robustness.

The presented method of time-frequency analysis is largely derived from the development of
commonly applied methods of time or frequency analysis and is intended to present a possible path
of development. The parameters defining the time-frequency characteristics are for the most part
an extension of the classically used statistical coefficients. In principle, classical methods of analysis,
in a single time or frequency domain, can be expressed as a generalization of the trends of changes
presented in the time-frequency characteristics. Of course, at the same time it is not said that obtaining
more detailed information will significantly improve the effectiveness of the MBN method in the future.
However, the possibility of sequential data analysis itself (due to the potential to supplement the
knowledge about the tested material) affects the validity of TF analysis usage and should be further
examined. In the context of the presented arguments and already published papers, it can be seen that
the use of time-frequency methods certainly does not affect the loss of information. On the contrary it
can provide significant arguments to the discussion, as it gives a much wider perspective and brings a
broader analysis of complex relationships of time and frequency characteristics.

In addition to the content of the work, one more aspect should be noted related to the development
of future measurement systems. The classic method of analysis, despite many years of use, is still
not standardized, and often the calculation procedures differ between researchers. The problematic
element is, among others, the way of determining the MBN signal’s background level or procedure
of counting the number of events. Therefore, the time-frequency calculation procedures are not
showing greater complexity in terms of the practical implementation of the MBN method, especially
currently when the advancement and miniaturization of computing units is common. It should be also
considered that today’s diagnostic systems are increasingly based on monitoring many parameters
and formulating multi-variate rules and correlation dependencies. Under these circumstances the
results presented here show good potential. However the investigation with a large number of angular
steps for steels having various textures and under influence of various anisotropy factors should be
reaped. The issue, which also requires further research, is the synthesis method of the knowledge
contained in TF representations, enabling greater efficiency to generalize and detailed analysis of
information. The authors will present work on multiple samples and on multi-threaded analysis and
synthesis procedures in the future.

Author Contributions: Conceptualization, G.P. and M.M.; methodology, G.P. and M.M.; software, G.P. and
M.M.; validation, G.P. and M.M.,, formal analysis, G.P. and M.M.; investigation, G.P. and M.M.; resources, G.P;
data curation, M.M.; writing—original draft preparation, M.M.; writing—review and editing, G.P. and M.M.;
visualization, G.P. and M.M.; supervision, G.P. All authors have read and agreed to the published version of
the manuscript.

Funding: The APC was funded by Research Funds of Faculty of Electrical Engineering of West Pomeranian
University of Technology, Szczecin, Poland.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jiles, D. Introduction to Magnetism and Magnetic Materials, 3rd ed.; CRC Press, Taylor & Francis Group:
Boca Raton, FL, USA, 2016; ISBN 978-1-4822-3887-7.

2. Jiles, D.C. Dynamics of domain magnetization and the Barkhausen effect. Czech J. Phys. 2000, 50, 893-924.
[CrossRef]


http://dx.doi.org/10.1023/A:1022846128461

Materials 2020, 13, 3390 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hubert, A.; Schifer, R. Magnetic Domains: The Analysis of Magnetic Microstructures; Springer: Berlin, Germany;
New York, NY, USA, 1998; ISBN 978-3-540-64108-7.

Cullity, B.D.; Graham, C.D. Introduction to Magnetic Materials, 2nd ed.; IEEE/Wiley: Hoboken, NJ, USA, 2009;
ISBN 978-0-471-47741-9.

Nahak, B. Material Characterization using Barkhausen Noise Analysis Technique—A Review. Indian .
Sci. Technol. 2017, 10, 1-10. [CrossRef]

Deng, Y.; Li, Z,; Chen, J.; Qi, X. The effects of the structure characteristics on Magnetic Barkhausen noise in
commercial steels. J. Magn. Magn. Mater. 2018, 451, 276-282. [CrossRef]

Makowska, K.; Kowalewski, Z.L.; Augustyniak, B.; Piotrowski, L. Determination of mechanical properties of
P91 steel by means of magnetic Barkhausen emission. J. Theor. Appl. Mech. 2014, 52, 181-188.

Yamazaki, T.; Furuya, Y.; Nakao, W. Experimental evaluation of domain wall dynamics by Barkhausen noise
analysis in Fe30C070 magnetostrictive alloy wire. |. Magn. Magn. Mater. 2019, 475, 240-248. [CrossRef]
Gatelier-Rothea, C.; Chicois, J.; Fougeres, R.; Fleischmann, P. Characterization of pure iron and (130 p.p.m.)
carbon-iron binary alloy by Barkhausen noise measurements: Study of the influence of stress and
microstructure. Acta Mater. 1998, 46, 4873—-4882. [CrossRef]

BartoSova, I.; Veternikova, J.; Slugeti, V. Study of candidate materials for new reactor systems using positron
annihilation spectroscopy and Barkhausen noise. Nucl. Eng. Des. 2014, 273, 376-380. [CrossRef]

Drehmer, A.; Gerhardt, G.J.L.; Missell, EP. Case depth in SAE 1020 steel using barkhausen noise. Mater. Res.
2013, 16, 1015-1019. [CrossRef]

Sorsa, A.; Santa-aho, S.; Vippola, M.; Lepisto, T.; Leiviskd, K. Utilization of frequency-domain information
of Barkhausen noise signal in quantitative prediction of material properties. Aip Conf. Proc. 2014, 1581,
1256-1263.

Maass, P.; Teschke, G.; Willmann, W.; Wollmann, G. Detection and classification of material attributes-a
practical application of wavelet analysis. IEEE Trans. Signal Process. 2000, 48, 2432-2438. [CrossRef]
Tomkowski, R.; Jonsson, S.; Lundin, P.; Nerman, P. Penetration Depth Investigation of Barkhausen Noise Signal
for Case-Hardened Components; ICBM: Dresden, Germany, 2017.

Ding, S.; Tian, G.; Dobmann, G.; Wang, P. Analysis of domain wall dynamics based on skewness of magnetic
Barkhausen noise for applied stress determination. J. Magn. Magn. Mater. 2017, 421, 225-229. [CrossRef]
Roskosz, M.; Fryczowski, K.; Schabowicz, K. Evaluation of Ferromagnetic Steel Hardness Based on an
Analysis of the Barkhausen Noise Number of Events. Materials 2020, 13, 2059. [CrossRef]

Chmielewski, M.; Piotrowski, L. Application of the Barkhausen effect probe with adjustable magnetic field
direction for stress state determination in the P91 steel pipe. J. Electr. Eng. 2018, 69, 497-501. [CrossRef]
Qiu, E; Ren, W,; Tian, G.Y.; Gao, B. Characterization of applied tensile stress using domain wall dynamic
behavior of grain-oriented electrical steel. ]. Magn. Magn. Mater. 2017, 432, 250-259. [CrossRef]

Lopato, P,; Psuj, G.; Herbko, M.; Maciusowicz, M. Evaluation of stress in steel structures using electromagnetic
methods based on utilization of microstrip antenna sensor and monitoring of AC magnetization process.
Inf. Cntrl. Meas. Econ. Environ. Prot. 2016, 4, 32-36. [CrossRef]

Elleuch, M.; Poloujadoff, M. Anisotropy in three-phase transformer circuit model. IEEE Trans. Magn. 1997, 33,
4319-4326. [CrossRef]

Lee, J.-J.; Kwon, S5.-O.; Hong, ].-P.; Ha, K.-H. Cogging Torque Analysis of the PMSM for High Performance
Electrical Motor Considering Magnetic Anisotropy of Electrical Steel. World Electr. Veh. ]. 2009, 3, 365-369.
[CrossRef]

Clapham, L.; Heald, C.; Krause, T.; Atherton, D.L.; Clark, P. Origin of a magnetic easy axis in pipeline steel.
J. Appl. Phys. 1999, 86, 1574. [CrossRef]

Pal’a, J.; BydZzovsky, J.; Stoyka, V.; Kovag, F. Barkhausen noise study of microstructure in grain oriented FeSi
steel. J. Electr. Eng. 2008, 59, 4.

Maciusowicz, M.; Psuj, G. Time-Frequency Analysis of Barkhausen Noise for the Needs of Anisotropy
Evaluation of Grain-Oriented Steels. Sensors 2020, 20, 768. [CrossRef]

Pérez-Benitez, ].A.; Espina-Hernandez, ].H.; Man, T.L.; Caleyo, F.; Hallen, ].M. Identification of different
processes in magnetization dynamics of API steels using magnetic Barkhausen noise. J. Phys. D Appl. Phys.
2015, 48, 295002. [CrossRef]


http://dx.doi.org/10.17485/ijst/2017/v10i14/109697
http://dx.doi.org/10.1016/j.jmmm.2017.11.041
http://dx.doi.org/10.1016/j.jmmm.2018.11.011
http://dx.doi.org/10.1016/S1359-6454(98)00205-5
http://dx.doi.org/10.1016/j.nucengdes.2014.01.030
http://dx.doi.org/10.1590/S1516-14392013005000095
http://dx.doi.org/10.1109/78.852022
http://dx.doi.org/10.1016/j.jmmm.2016.08.030
http://dx.doi.org/10.3390/ma13092059
http://dx.doi.org/10.2478/jee-2018-0085
http://dx.doi.org/10.1016/j.jmmm.2017.01.076
http://dx.doi.org/10.5604/01.3001.0009.5186
http://dx.doi.org/10.1109/20.620441
http://dx.doi.org/10.3390/wevj3020365
http://dx.doi.org/10.1063/1.370930
http://dx.doi.org/10.3390/s20030768
http://dx.doi.org/10.1088/0022-3727/48/29/295002

Materials 2020, 13, 3390 18 of 18

26.

27.

28.

29.

30.

31.

32.

33.

Chévez-Gonzalez, A.F; Martinez-Ortiz, P.; Pérez-Benitez, J.A.; Espina-Hernandez, J.H.; Caleyo, F.
Comparison of angular dependence of magnetic Barkhausen noise of hysteresis and initial magnetization
curve in API5L steel. J. Magn. Magn. Mater. 2018, 446, 18-27. [CrossRef]

Caldas-Morgan, M.; Padovese, L.R. Fast detection of the magnetic easy axis on steel sheet using the continuous
rotational Barkhausen method. NDT E Int. 2012, 45, 148-155. [CrossRef]

De Campos, M.E,; Campos, M.A.; Landgraf, FJ.G.; Padovese, L.R. Anisotropy study of grain oriented steels
with Magnetic Barkhausen Noise. J. Phys. Conf. Ser. 2011, 303, 012020. [CrossRef]

Tsuchida, Y.; Oka, M.; Enokizono, M. Rotational Barkhausen signals under rotating magnetic flux. In Proceedings
of the 35th Annual Review of Progress in Quantitative Nondestructive Evaluation, Chicago, IL, USA,
20-25 July 2008; AIP: New York, NY, USA, 2009; Volume 1096, pp. 459-466.

Martinez-Ortiz, P.; Pérez-Benitez, ].A.; Espina-Hernandez, ].H.; Caleyo, F.; Hallen, ].M. On the estimation of
the magnetic easy axis in pipeline steels using magnetic Barkhausen noise. . Magn. Magn. Mater. 2015, 374,
67-74. [CrossRef]

Martinez-Ortiz, P.; Pérez-Benitez, ].A.; Espina-Hernandez, J.H.; Caleyo, F.; Mehboob, N.; Grossinger, R.;
Hallen, J.M. Influence of the maximum applied magnetic field on the angular dependence of Magnetic
Barkhausen Noise in APISL steels. |. Magn. Magn. Mater. 2016, 401, 108-115. [CrossRef]

Maciusowicz, M.; Psuj, G. Use of Time-Dependent Multispectral Representation of Magnetic Barkhausen
Noise Signals for the Needs of Non-Destructive Evaluation of Steel Materials. Sensors 2019, 19, 1443.
[CrossRef]

Shilling, J.; Houze, G. Magnetic properties and domain structure in grain-oriented 3% Si-Fe. IEEE Trans. Magn.
1974, 10, 195-223. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jmmm.2017.08.089
http://dx.doi.org/10.1016/j.ndteint.2011.10.003
http://dx.doi.org/10.1088/1742-6596/303/1/012020
http://dx.doi.org/10.1016/j.jmmm.2014.07.068
http://dx.doi.org/10.1016/j.jmmm.2015.10.036
http://dx.doi.org/10.3390/s19061443
http://dx.doi.org/10.1109/TMAG.1974.1058317
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Samples and Measuring System Setup 
	The Time-Frequency Based Procedure for Evaluation of Easy Magnetization Axis 
	Angular Distribution Results of Time-Frequency (TF) Features 
	Analysis of the TF Features Dispersion 
	Conclusions 
	References

