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Abstract
Ferromagnetic hysteresis measurements can be used to determine both magnetic and mechanical state variables that correlate
with each other. Therefore, hysteresis measurements are suitable for mechanical material characterization. The application of
standardized hysteresismeasurementmethods is complex and can only be used to a limited extent in an industrial environment.
In this work, a BH (ferromagnetic hysteresis) curve is to be reconstructed on 22NiMoCr3-7 samples that are in different
mechanically deformed states (different histories). The reconstruction of the hysteresis is performed by an impedance analysis
of the H-field generating coil. The applied method demonstrates that the ferromagnetic hysteresis can be reconstructed by
means of an impedance analysis and is sensitive to different states of plastical deformation.

Keywords Ferromagnetic hysteresis · Yoke · Rayleigh regime · Impedance analysis

1 Introduction

Due to the bidirectional coupling between magnetic param-
eters and the mechanical stress state (magnetoelasticity) of
ferromagnetic materials, magnetic testing methods are suit-
able for characterizing mechanical stress [1–3]. These meth-
ods include: Magneto-optical methods [4, 5], Barkhausen
noise analysis [6–8], magnetic flux leakage methods [8,
9] and standardized hysteresis measurement methods [10].
The signals from the various methods offer insights into
the sample material at varying depths and across diverse
time frames. For example, mechanical stresses can be mea-
sured by magneto-optical methods at the sample surface, by
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Barkhausen noise from zero to ≈200 μm depth [11] and
by hysteresis measurement methods from zero to the entire
sample cross-section. Standardized hysteresis measurement
methods [10] exist, which are not easy to implement in indus-
trial applications, as often the sample to be examined must
be geometrically adapted (via a non-destructive way) and a
sample-encompassing magnetizing and receiving coil have
to be used.An alternative to standardized hysteresismeasure-
ment methods is the use of a yoke in an attachment technique
[12–16]. In this setup, a coil (magnetizing coil) is wound
around a soft magnetic yoke and the yoke is used to direct
the H-field into the sample. By applying a periodic signal
to the magnetizing coil, both the hysteresis of the magne-
tizing coil with the yoke and that of the sample are passed
through simultaneously. The magnetic response function of
the sample can be measured using various techniques:

1. With a further coil (pick-up-coil, PUC)wound around the
yoke, which measures the magnetic flux in the magnetic
circuit [14–19].

2. With a hall probe positioned between the legs of the yoke,
measuring themagnetic field strength close to the sample
surface [20, 21].

Another possibility is the analysis of voltage and current
at the magnetization coil. In the work of Artetxe et al. [14–
16] a current imprint is used and the voltage drop across
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the magnetization coil is measured and analysed. In combi-
nation with a Hall probe, which measures the H field near
the sample surface, the equivalent hysteresis (yoke + sam-
ple) is determined. The equivalent hysteresis is controlled to
saturation. In the work of Moorthy [22–25], the voltage drop
across the magnetisation coil is also analysed without explic-
itly determining hysteresis curves. Moorthy instead uses a
voltage imprint. Another possibility which is considered in
this work, is an impedance analysis of the excitation coil,
since the inductance of the magnetizing coil depends on the
magnetic properties of the entire circuit [26]. This approach
has the advantage of eliminating the need for additional coils
or sensors with the limitations that the developed methodic is
only applabale in low field excitations of the ferromagnetic
hysteresis.

For sufficiently low excitation, the response can be
described analytically through the Rayleigh model [27, 28].
Here, the occurring parameters are material and condition-
dependent and can be expressed by the complex permeability,
which in turn can be determined by an impedance analysis.

The aim of this work is to reconstruct the ferromagnetic
hysteresis from an impedance analysis of the magnetizing
coil over a wide frequency range and to compare it with the
measured hysteresis. By varying the frequency, the depth
range to be investigated is varied. The measurements are
carried out with a soft magnetic yoke in the attachment tech-
nique on thematerial 22NiMoCr3-7, which is used in nuclear
power plants (NPP) worldwide. The samples were employed
in different plastically deformed states.

2 Rayleigh Hysteresis and Complex
Permeability

Assuming small excitation the B-H relation can be described
analytically by a quadratic approach, the so-called Rayleigh
model [26–29]. The occurring parameters μA and ν in Eqs.
(1) and (2) of the Rayleighmodel arematerials- andmaterial-
states-dependent:

B = (μA + νH0) + ν

2
(H2 − H2

0 ) (1)

and

B = (μA + νH0) − ν

2
(H2 − H2

0 ). (2)

μA describes the initial permeability, assuming a demagne-
tized state and if μA ist plotted against H for low H -values
there will be a linear dependency between μA and H . The
slope of the linear dependency is given by the parameter ν.
The time-varying external magnetic field is described by H ,
where H0 corresponds to the amplitude of H . Ascending and

descending hysteresis branches are given by Eq. (1) and (2)
respectively. The external magnetic field is generated by a
coil, the so-called magnetizing coil. On the other hand, Eq.
(3) shows the definition of the complex permeability. The
real part of the complex permeability depends on the induc-
tance L , see Eq. (4), and the imaginary part on the electrical
resistance R, see Eq. (5), of the magnetizing coil.

µ = μL − iμR, (3)

μL = Ll

N 2Aμ0
(4)

and

μR = Rl

ωN 2Aμ0
. (5)

Other factors appearing in Eq. (4 and 5) such as l, N , A, ω

stand formagnetic path length, number of turns of themagne-
tizing coil, cross-sectional area of the magnetizing coil and
angular frequency of excitation. As shown in the work by
Kneller [26], the Rayleigh parameters can be expressed by
the complex permeability:

μL = μA + νH0 (6)

and

μR = 4

3π
νH0. (7)

The equations (4) and (5) as well as (6) and (7) can be
connected by inserting the expressions. In hiswork the induc-
tivity L (real part of complex permeability) and resistance R
(imaginary part of complex permeability) can be calculated
from an impedance analysis.

The impedance analysis determines the phase shift betwe-
en current and voltage and the complex value of the
impedance. The connection between the Rayleighmodel and
the complex permeability can be made by assuming that the
H-field is proportional to the current in the magnetizing coil:

H = α I . (8)

Using Eqs. (4)–(8), the analytical expression for the hystere-
sis (Eq. (1) and (2)) can be rewritten as:

B

α
= ±3π

8

μR

I0
I 2 + μL I ∓ 3π

8
μR I0. (9)

In summary, the measurement procedure can be described
as follows: by measuring the current and voltage drop
across the magnetizing coil and the resulting phase shift
and impedance magnitude, L and R can be determined from
Eqs. (4) and (5). Finally the ferromagnetic hysteresis is deter-
mined by Eq. (9).
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3 Experiments

3.1 Materials andMethods

The chosen material 22NiMoCr3-7 originates from a cool-
ing line of the NPP Kärlich (Germany) and had already been
mechanically characterized in a previous study [30]. Start-
ing point of the present work are cylindrical samples of the
material 22NiMoCr3-7, which were stress-relieved and plas-
tically deformed. The samples were plastically deformed to
ε1 = 0.82% (Lüders range), ε2 = 2% and ε3 = 4% (uniform
strain) of total strain respectively. Moreover, the reference
sample is at ε0 = 0% of total strain. For the present work,
the magnetic measurements were carried out with a FeSi
yoke in an attachment technique in the middle region of the
cylindrical specimens. The yoke is composed of individual
sheets to suppress eddy currents andwas adapted to the speci-
men geometry to reduce straymagnetic fields. Figure1 shows
the sensor application schematically. The magnetizing coil
consists of 200 turns and the cross section is 1cm2 and the
magnetic path length l is 8cm. To verify the calculated hys-
teresis by the Rayleigh model, a pick-up coil was also used
to determine the magnetic flux density B. Using a function
generator (Agilent 33210A), a sinusoidal voltage is amplified
by a bipolar operational amplifier (KEPCOBOP72-6M) and
applied to themagnetizing coil. The current through themag-
netizing coil was measured via a current clamp (Tektronix
TCP2020). On the other side, the resulting voltage drop at
the magnetizing coil and the voltage drop across the PUC
were measured with an oscilloscope (LeCroy DSO 6104).
All data were recorded by the oscilloscope and subsequently
analyzed using Matlab.

At the beginning of each measurement, a demagneti-
zation was performed by decreasing the amplitude of the

applied magnetizing voltage linearly with time until it was
zero. Starting from the demagnetized state, a fixed voltage
magnetization amplitude was selected and the magnetizing
frequency was varied from fexc = 0.1 Hz to fexc = 100 Hz.
Initial amplitudes for current andvoltage of the imprinted sig-
nal in themagnetizing coil at fexc were Imax,peak = 0.1211A
and Umax,peak = 0.3462V . At each frequency, 100 cycles
were recorded and averaged to improve the S/N ratio.

3.2 Determination of Phase and Impedance

Since AC coupling was set on the oscilloscope, DC off-
set compensation was performed first. Secondly, the data
were Hilbert-transformed and the phase and magnitude of
the impedance were determined. Since these are available
throughout the time domain (one period), the data were
averaged over one period and the corresponding standard
deviation was determined. In Figs. 2 and 3 themagnitude and
phase of the impedance are plotted versus the magnetization
frequencies. For all sample conditions, the qualitative picture
is the same: with increasing frequency, the impedance aswell
as the relative phase relationship betweenmanganization cur-
rent and voltage increases. Quantitatively, the values differ
within the measured frequency range, the standard deviation
is largest for all samples at around 30 Hz. An examination
of the raw signals shows that harmonics occur which are
not present at low and high frequencies. The relative phase
shift shows that there is a common intersection at about 30
Hz. With respect to the impedance magnitude, the curves for
stress state ε2 = 2% and ε3 = 4% lie on top of each other
respectively.

Fig. 1 Schematic representation
of the sensor application on the
cylindrical specimens. The
sensor is adapted to the
specimen geometry and is
placed in the middle area of the
specimen
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Fig. 2 Magnitude of impedance
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Fig. 3 Relative phase between magnetizing voltage and current

3.3 Determination of the Complex Permeability

The complex permeability was calulated by using Eq. (3),
as shown in Figs. 4 and 5. The high error values result from
the fact that the standard deviation was calculated according
to the Gaussian error propagation and the error is propor-
tional to the inverse of the frequency. I.e. small frequencies
automatically produce a high error. Towards higher frequen-
cies, the individual materials states asymptotically approach
a parallel to the horizontal axis.
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Fig. 4 Imaginary part of complex permeability
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Fig. 5 Real part of complex permeability

3.4 Reconstruction of the Rayleigh Hysteresis

Based on the determined complex permeability, the hystere-
sis can be determined according to Eq. (9) up to a scaling
factor α. In order to validate the calculated Rayleigh hys-
teresis curve, the magnetic flux density in the circuit was
also measured by means of a PUC. By normalizing the data
on the abscissa for each frequency, it is possible to compare
the calculated hysteresis curves with the measured hysteresis
ones. Figure6 shows both the normalized calculated and the
normalized measured hysteresis curves. The material state
is ε1 = 0.82% and the magnetizing frequency 2 Hz. The
shown data are normalized. To quantify how well calculated
andmeasured hysteresis curves agree, the sum of the squared
deviations was calculated (Fig. 7). Here it can be seen that
remarkable accordance for all material states was achieved.
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Fig. 6 Normalized measured and calculated hysteresis curve for the
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Fig. 7 Sum of the distance squares between measured and calculated
hysteresis for the material states plotted against the magnetization fre-
quency

For the ε3 = 4% mechanical load, the deviations are a min-
imum. For all four cases, it can be seen that the deviation is
greatest at low frequencies.

3.5 Discussion

Compared to standard measurement methods for ferromag-
netic hysteresis (for example Epstein-frame), the approach
taken here, the use of a soft magnetic yoke in the attachment
method, offers several advantages. In an industrial environ-
ment, it allows samples to be measured quickly. In addition,
the sample does not have to be adapted to the sensor, but
the sensor can be adapted to the sample. This possibility was

exploited in the experiments performed. By using a soft mag-
netic yoke on a hard magnetic sample material, the magnetic
resistance in the yoke becomes relatively small, making the
sensor sensitive to changes in the magnetic circuit. However,
as the samples were plastically deformed, the mechanical
treatment results in microstructural changes such as a change
in dislocation density or electrical conductivity, which are
varyingly pronounced depending on the plastic deforma-
tion. As themechanical properties change, themagnetization
dynamics also change, resulting in a changed magnetic flux
in the magnetic circuit.

The second approach pursued, the reconstruction of the
superimposed hysteresis (yoke and sample) by applying the
Rayleigh model is possible in the small field limit. Since the
Rayleigh model is independent of the excitation frequency, it
can be applied to a wide range of frequencies. This makes the
Rayleigh parameters frequency-dependent. Another prereq-
uisite that allows theRayleighmodel and impedance analysis
to be used to reconstruct ferromagnetic hysteresis curves is
the proportionality between the H-field and current in the
magnetizing coil. This in turn is justified by considering
Maxwell’s equations.

Since both the yoke and the samples are magnetically
different (soft and hard magnetic), the measured and recon-
structed ferromagnetic hysteresis curves are a superposition
of both curves respectively. In an industrial environment,
however, this has the advantage that relative changes caused
by changes in the sample material can be detected by using
the same sensor in all measurements.

4 Conclusion

It has been shown that the superimposed ferromagnetic hys-
teresis can be reconstructed by an impedance analysis of the
magnetizing coil using a yoke in the attachment method. The
ferromagnetic hysteresis is superimposed as the ferromag-
netic hysteresis of the yoke is soft and of the material hard.
As the hysteresis itself is excited in a low H-field region
the measured and calculated hysteresis curves are a effec-
tive hysteresis curve which depend on the hysteresis of the
yoke and the material. Since the Rayleigh model for recon-
structing ferromagnetic hysteresis is frequency-independent,
it can be applied over a wide frequency range. The normal-
ized hysteresis curves calculated by impedance analysis were
comparedwith the normalizedmeasured hysteresis curves. A
comparison of the hysteresis curves shows good agreement.
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