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Investigation of Two-Stage Magnetic Barkhausen Noise
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The aim of the paper was to study the features of measurement of the magnetic Barkhausen noise by the
new two-stage method in the high excitation frequency region (power line frequency). The magnetic Barkhausen
noise was investigated on grain oriented Fe–3%Si steel subjected to different heat treatment. By application of an
air coil on the output of the power amplifier we were able to linearize the excitation field. At the same time, the
air coil suppressed the unwanted noise from the output of the power amplifier. We have found that the two-stage
method is able to reveal a peak of the power spectrum even if it is located at low frequency, in contrast to the
classical one-stage method. Further, we successfully applied a model of the power spectrum to the real magnetic
Barkhausen noise obtained from the two-stage measurement.
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1. Introduction

The magnetic Barkhausen noise (MBN) exhibits good
sensitivity to residual stresses and changes in microstruc-
ture of ferromagnetic materials, so the MBN measure-
ment methods are widely used as nondestructive eval-
uation techniques for inspection of the materials [1–
6]. Measurements of MBN used for assessment of the
quality (power losses) of grain oriented Fe–3%Si steels
have already been presented [7–9]. The main poten-
tial of the MBN techniques of quality evaluation is that
the MBN can be measured directly on the surface of
the sheet sample, which allows to monitor rapidly and
non-destructively the quality in the transformer sheet
production.

The quality of the Fe–3%Si steels is affected by mi-
crostructural features such as grain size, crystallographic
texture or inclusions. These features of grain oriented
steels are most significantly influenced by a high temper-
ature annealing at the end of the industrial production
process. Conventional grain oriented steel is character-
ized by a sharp Goss texture with huge grain size of few
mm or even cm. It is well known that changes in the
microstructural features strongly affect the magnetic do-
main wall movement and hence the MBN. From the past
studies it follows that the investigation of the microstruc-
tural changes can lead to inconsistent correlation to the
MBN. As an example, the influence of the grain size on
the MBN can be taken [7–14]. The situation is compli-
cated by the fact that the MBN is measured in a wide
frequency range, from frequencies below 0.1 Hz [15, 16]
up to above 100 Hz [17]. All this could explain why there
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has not been found a clear correlation between the MBN
and the quality of the grain oriented steels.

Measurements of MBN in the Fe–3%Si steel at a low
excitation frequency of 1 Hz and their correlation with
the material microstructure were also presented in [18].
Nevertheless, very little has been reported on the MBN
at power line frequencies in transformer steels. A higher
frequency of 50 Hz (power line frequency) is not only
the working frequency of transformer steels, but measur-
ing at this frequency brings several advantages, such as
a higher magnitude of MBN and shorter measurement.
On the other hand, at frequencies of tens of Hz the excita-
tion field interference signal is so large that it complicates
the measurement of MBN. In this paper we have inves-
tigated the correlation between the MBN measured at
power line frequency and the grain size of grain oriented
Fe–3%Si steel samples subjected to different annealing
temperatures. The MBN was measured by the two-stage
method, which could have better outcomes at higher ex-
citation frequencies [19]. The results were matched with
low frequency measurements on the same material pre-
sented in [18]. Further, we have studied the influence of
the important measuring condition (linearity of the exci-
tation field) on the results at power line frequency, which
could help to assess the ability of the MBN method to
immediate evaluation of the quality of the steel.

2. Methods and materials

A schematic diagram of the system designed for the
measurement of MBN is shown in Fig. 1. Besides the two-
stage method, the system allows measuring the MBN also
by the standard one-stage method utilizing a high-pass
digital filter. The system uses a U-shape yoke with two
driving coils connected in series and wound on the yoke
legs made from grain oriented FeSi sheets. A sinusoidal
waveform (with a frequency of 50 Hz) from a waveform
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generator is fed to a power amplifier, which amplifies
the waveform signal and drives the coils of the yoke.
The coil L connected in series with the driving coils is
used to linearize the excitation field waveform. The max-
imum of the excitation field strength was 300 A/m at all
measurements of MBN.

Fig. 1. Measuring setup.

The MBN was acquired using two encircling coils, con-
nected in such a way to have the interference signals
generated by exciting yoke cancelled, and placed near
the sample center. Both encircling coils had 200 turns
and the distance between them was maximum possible
to diminish the correlation of MBN signals from sensing
coils. The MBN signal from sensing coils was ampli-
fied by a preamplifier and then fed to a data acquisition
(DAQ) device. Data acquisition was accomplished with

the multifunction DAQ device U2542A which features
four 16-bit analog to digital input channels. Sampling
rate was 500 kHz. The personal computer (PC) con-
trolled the waveform generator as well as the DAQ device
and collected the measured data.

The DAQ device acquired three signals from a magne-
tization cycle: the MBN signal induced in sensing coils,
the signal from the Hall sensor used for estimating the
excitation field, and the voltage on the resistor R, pro-
portional to the excitation current. The excitation field
interference signal in the two-stage mode was suppressed
by using two consecutive waveforms of MBN signal [19].
In this method, we acquired two waveforms of MBN sig-
nal from two consecutive magnetization cycles starting
from zero magnetic field strength, and then we subtracted
them in a computer program. The filtered MBN signal
with a duration of one magnetizing cycle was obtained
by this method. In the one-stage mode measurement,
the MBN signal from sensing coils was acquired only
from one magnetization cycle starting from zero mag-
netic field strength, and it was not additionally filtered.
The envelope and power spectrum of MBN signal were
then determined. The power spectrum was calculated in
a field region around the coercivity, where the sensitivity
to microstructural changes is usually largest. These pa-
rameters of MBN were averaged over 30 measurements
of MBN signal, which was obtained from one and two
magnetizing cycles in the one-stage and two-stage mode
measurements, respectively.

To evaluate the waveform quality of the excitation
field, the harmonic distortion of the field was calcu-
lated as

THD =

√
H2

2 +H2
3 +H2

4 + . . .+H2
n

H1
100%, (1)

where Hn is the root mean square (RMS) value of n−th
harmonic of the excitation field.

Fig. 2. Grain structures of samples A–D.

The investigated material was a grain oriented 3% Si
steel with composition (C = 0.006, Mn = 0.20, Si = 3.17,
P = 0.006, S = 0.008, Cr = 0.029, Ni = 0.031, Cu = 0.46,

Al = 0.015, N = 0.01 wt%). Samples were cold rolled and
cut to dimensions of 40 × 10 × 0.3 mm3 with the longer
side parallel to the rolling direction. Then the samples



Investigation of Two-Stage Magnetic Barkhausen Noise. . . 385

designated as “A”, “B”, “C”, and “D” were subjected to
heat treatment at 850, 970, 1015, and 1075 ◦C, respec-
tively, for 10 min in pure H2 atmosphere. The evolu-
tion of grain size with changing annealing temperature
(Fig. 2) was observed in the longitudinal cross-section
using microscopy. The microstructure is fully recrys-
tallized after annealing at 850 ◦C (see Fig. 2a), when
the sample contains small grains with an average size of
about 40 µm. After increasing the temperature to 970 ◦C
(“B” sample), the abnormal grain growth (AGG) is start-
ing. This leads to bimodal microstructure development,
being a mix of small and huge grains of the Goss orienta-
tion (see Fig. 2b). The average grain size approaches the
millimeter level. The AGG is finished in the “C” sample,
containing practically no small grains and having a sharp
Goss texture with the average grain size of several mm
(Fig. 2c). Figure 2d reveals that the “D” sample has again
bimodal grain structure, similar to that of “B” sample,
since at 1075 ◦C the selectivity conditions for the AGG
are disrupted. The average grain size is between the grain
sizes of the “B” and “C” samples.

3. Results and discussion

The output impedance of the power amplifier and thus
the excitation field waveform can be controlled by the
R–L circuit (Fig. 1). The MBN is usually measured at
a low excitation frequency. The impedance of the driv-
ing (or other output L) coils is negligible in compari-
son with the impedance of resistor R connected in series
with them, and all the output voltage from the power
amplifier is across the resistor. Therefore, the excita-
tion field waveform can be assumed to be the same as
the output voltage waveform. However, at higher excita-
tion frequencies (power line frequency), the impedance of
driving coils increases and cannot be neglected. We have
investigated two cases of the influence of the excitation
field waveform quality on measurement results. Firstly,
we used only the resistor with a negligible resistance, so
the entire voltage from the power amplifier was across
the driving coils. The resistor was used only for mea-
surement of the distorted excitation current (Fig. 3a).

Fig. 3. Excitation current for the “A”, “B”, and
“C” samples measured without (a) and with (b) the out-
put coil.

Consequently, the excitation field (Fig. 4a) is also highly
distorted, especially around the coercivity located near
the zero field level, which causes a steep decrease of the

Fig. 4. Excitation field for the “A”, “B”, and “C” sam-
ples measured without (a) and with (b) the output coil.

field slope in this field range (see Fig. 4a). The distor-
tion of the excitation field calculated by Eq. (1) amounts
to roughly 25%. The envelopes of MBN for this output
impedance (Fig. 5a) show that the dependence of the en-
velope on the grain size is rather complicated, though it is
quite similar to that depicted in [18], where one can find
a description of the envelope peaks and their evolution
with microstructure changes. Overall, we can say that
the “A” sample with the smallest grain size has the high-
est envelope, which is attributed to the largest number of
domain walls in this sample [18]. The other samples, with
much higher grain size, have a lower number of domain
walls and thus their envelope is smaller.

Fig. 5. MBN envelopes from the two-stage measure-
ment without (a) and with (b) the output coil.

Then we added a coreless output coil (air coil in what
follows) in series with driving coils, which provides almost
frequency independent waveform improvement of the ex-
citation field, if we neglect the resistance of both coils.
Such linearization can be achieved also by a resistor with
an elevated resistance. However, the output coil has an-
other useful property, as we will see later. The induc-
tance of the coil was chosen so that it was significantly
higher than the maximum inductance of the driving coils,
which was estimated as about 30 mH by an additional
measurement of the driving coils current and voltage.
Accordingly, we used an output coil with an inductance
of 150 mH.

Using the output coil we achieved a linearization of the
excitation current and field, as can be seen in Figs. 3b, 4b.
The linearization coil has a similar effect as using a series
resistor or a constant current amplifier. After connecting
the coil, the increase of the field slope around the coerciv-
ity is evident (compare Fig. 4a and b), even though the
field is not strictly proportional to the excitation current,
as the yoke–sample system is not an ideal closed magnetic



386 J. Pal’a, M. Šoka

circuit. More effective linearization can be achieved by
using a complex digital feedback. The distortion of the
field (THD) decreased to roughly 6%. Nevertheless, the
envelopes were only slightly different than in the case of
missing output coil (Fig. 5b). The main change is the in-
crease of the “B” sample envelope around the zero field.
On the other side, the change in the power spectrum of
MBN was more meaningful. Experimental results of the
power spectrum of MBN (Fig. 6a) showed that the peak
of the spectrum, well known from measurements of the
power spectrum of MBN, was revealed only in the case of
the two-stage method with the output coil present, pre-
sumably due to the lower distortion of an excitation field.
When we used the output coil, the spectrum from the
two-stage measurement at higher frequencies (> 5 kHz)
was twice higher than that from the one-stage measure-
ment, as was predicted in [19]. Below 4 kHz, the one-
stage mode spectrum starts to increase rapidly due to a
large interference signal. This parasitic signal can be sup-
pressed by a high-pass filter, which also diminishes the
peak of the real MBN spectrum. The spectrum from the
measurement without the output coil was smaller than
that with the coil, apparently due to a lower field rate.
We can conclude that we were able to get the real shape
of the power spectrum of MBN only when using the two-
stage method, and after linearization of the excitation
field waveform.

Fig. 6. Typical MBN power spectra, measured for the
“B” sample by the one-stage method with the output coil
included, as well as by the two-stage method with and
without the output coil (a), and all MBN power spec-
trum curves measured by the two-stage method with
the output coil (b).

All experimental power spectra obtained by the two-
stage method utilizing output coil are shown in Fig. 6b.
This figure also contains a 1/f reference line. The spec-
trum variation with the grain size at higher frequen-
cies fairly correlates with the envelope evolution shown
in Fig. 5b. The power spectrum for all samples exhibits
one main peak at the frequency fm. Above this fre-
quency, the spectrum decays approximately according to
the 1/f law [20]. Durin et al. [21] also observed such
a decline, but only within a certain distance from fm.
After that point, their spectra scaled with an exponent
of 1.5–2.

The peak of the spectrum moves with the grain size of
the samples. For the “A” sample with the lowest grain
size, the peak locates around 20 kHz. After increasing the

grain size, the peak moves towards a smaller frequency
of about 2 kHz. This shift of the peak frequency with
the grain size is in agreement with the model described
in [22], where the correlation length parameter ξ of the
model, which represents the range of interaction of do-
main walls with pinning sites, was found to be propor-
tional to the grain size. The dependence of the peak
position fm on the correlation length can be obtained
from the ABBM model [23] in the form

fm =
1

2π
√
σGξ/|dH/dt|

=
k√
ξ
, (2)

where σ is the electrical conductivity and G is a dimen-
sionless coefficient. As the correlation length ξ is pro-
portional to the grain size, fm should be inversely pro-
portional to the grain size according to Eq. (2), which
is confirmed in Fig. 6b. The grain sizes in the “B”, C”,
and “D” samples are comparable and thus it is difficult to
distinguish the peak positions for these samples. The ac-
curacy in the determination of the peak position is gen-
erally poor, as was described in [23]. As a consequence,
the quantitative assessment of the dependence between
the grain size and the peak position is a hard task.

Next, the dependence of the maximum of the spec-
trum Fm on the correlation length [23] can be written as

Fm = 4Sµ

∣∣∣∣ dHdt
∣∣∣∣ A

(σG)
2

×
(

1

σGSµ
+

1

ξ/(Sµ|dH/dt|)

)−2

, (3)

where S is the sample cross-sectional area, µ is the per-
meability and A is the parameter describing the range
of spatial fluctuations of short-range domain walls inter-
actions. This suggests that an increase in the grain size
should rise the Fm, which is in agreement with our exper-
imental results (Fig. 6b). It should be noted that reveal-
ing the peak is harder at lower values of fm due to the
closeness of the excitation frequency, as the disturbing
noise is large there.

Besides the shift of the peak, a high frequency spec-
trum of the MBN for the “A” sample also changes in com-
parison with the other samples. This can be attributed
again to the much smaller grain size of the “A” sample,
which causes a rise in the number of irreversible pro-
cesses with short duration. These processes overlap in
time [24], which raises the spectrum amplitudes at higher
frequencies.

As it was mentioned, the output coil also has the other
feature, namely it suppresses an unwanted noise from the
output of the power amplifier. This can be regarded as a
quite useful feature, as the MBN from the sensing coils is
generally a very small signal. As can be seen from Fig. 7,
this suppression is quite noticeable. With the coil, the
RMS value of unwanted noise decreased about 1.6 times
from the noise level measured without the coil at the
output of the power amplifier. Better suppression can
be achieved by using a higher inductance coil, which is
limited by the maximum power amplifier output voltage.
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Fig. 7. Disturbing signals measured with and without
the output coil.

4. Conclusions

A new method of measuring the MBN at power line
frequency was tested in this paper. The purpose of this
method was to obtain the MBN without using a filter for
removing the excitation field interference with the MBN
signal. The experimental results proved that the two-
stage method can help in estimating the true shape of
the MBN power spectrum, which was not possible by us-
ing the classical one-stage method in our case. We have
simultaneously made an improvement of a measuring sys-
tem, now equipped with the output coil, which increases
the signal-to-noise ratio as well as the linearity of the
excitation field.
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