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Abstract: Modeling of hysteresis loops may be useful for the designers of magnetic circuits in elec-
tric machines. The present paper focuses on the possibility to apply the Harrison model to describe
hysteresis loops of grain-oriented electrical steel subject to compressive stress. The model extension
is achieved by introduction of an additional term into the equation that describes irreversible mag-
netization process. The extension term does not include a product of stress and magnetization, as
could be anticipated from Sablik’s theory, applicable, e.g., to the Jiles—Atherton model. The present
contribution points out the fundamental differences between the two aforementioned modeling ap-
proaches, which are based on different philosophies despite some apparent similarities. The mod-
eling results are in a qualitative agreement with the experimental results obtained from a single
sheet tester for a representative commercially available grain-oriented electrical steel grade 0.27 mm
thick.
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1. Introduction

The problems with climate change due to global warming are in the spotlight of the
international community. Nowadays, electricity is the most environmentally friendly
method to transfer substantial amounts of energy over large distances. Electric transform-
ers are indispensable components of power engineering systems used for energy transfer.
Their magnetic circuits are often assembled from grain-oriented electrical steel (GOES)
sheets, whose composition includes iron and around 3.2% wt. silicon. It is estimated that
around 5% of total electric energy produced worldwide is converted into heat during the
operation of transformers [1]. Thus, the study of phenomena occurring in the magnetic
circuits of power transformers may be helpful for optimization of their properties, e.g.,
dissipated loss, anisotropy, etc. Moreover, it may allow one to downsize the volume of
the devices, which in turn may lead to their improved efficiency, lower operational costs
and decreased environmental burden.

One of the most studied phenomena in GOES is the coupling between their mechan-
ical and magnetic properties. In the literature review, we shall limit ourselves to just a few
chosen papers published in the last fifteen years, bearing in mind that the proposed list is
by no means exhaustive. However, the interested readers shall be able to enrich their
knowledge by tracing references in those publications.

The Cardiff team carried out a comprehensive study on correlation of stress-sensitiv-
ity characteristics to material properties [2]. The researchers examined in detail the bene-
ficial effect of forsterite coating usually applied to the steel surface on the outcome prop-
erties of GOES. On the other hand, the recent paper by Dias and Landgraf [3] focused on
the experimental examination of the effect of compressive stress on hysteresis loops,
power loss and peak-to-peak magnetostriction in uncoated GOES. The observed trends
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were explained using an analysis of predicted domain structure in the material. Similar in
spirit was the paper by Perevertov and Schéfer [4] in which the authors focused on the
evolution of magnetic domain structure during re-magnetization. Magnetic domains were
observed using longitudinal Kerr microscopy at different levels of compressive stress. An-
derson [5] focused on yet another practical aspect of GOES application as a core material
for electrical power transformers, namely the relationship between harmonics present in
the magnetization waveform and those in the magnetostriction waveform. This author
developed an automated LabView-based measurement setup for the study of GOES un-
der distorted waveform conditions [5]. Several research groups [6-9] attempted to extend
the existing hysteresis models to take into account the effect of compressive stress; a sim-
ilar approach is demonstrated in the present paper in the context of the description ad-
vanced by Harrison.

The development of mathematical models that might predict the shapes of hysteresis
loops under compressive stress is important for GOES manufacturers and the scientific
community. Apart from time savings, modeling can be helpful to study different scenar-
ios, e.g. for conditions when buckling may already occur. Usually for a typical 0.27 mm
thick grain-oriented steel, buckling may occur easily; consequently, several articles ana-
lyzed the hysteresis loops below 70 MPa [2-5].

In this work, the Harrison model [10] is used to predict the hysteresis loops of GOES
subject to compressive stress. An extension of the model has been achieved by the intro-
duction of stress-dependent terms into its equations.

The paper is organized as follows. Section 2 briefly outlines the differences between
the Harrison approach and other commonly used hysteresis models, in particular with
the low-dimensional Jiles—Atherton approach. The physical background of the Harrison
model is pointed out and the basic ingredients of the formalism are described. Section 3
covers the details on the experimental part. Section 4 is devoted to modeling of hysteresis
loops using the proposed model extension. Finally, Section 5 comments on the results of
investigation.

2. The Harrison Model Versus Other Commonly Used Descriptions of Hysteresis
Curves

There are several formalisms readily used by engineers for the description of hyste-
resis curves. In recent years, much attention has been paid to the Preisach model, origi-
nally proposed in 1935 [11] and subsequently scrutinized by Mayergoyz [12]. This is a
bottom-up approach, and its essential work principle may be summarized as follows: the
total system output (magnetization in the case of ferromagnets) is obtained as a weighted
contribution from a number of outputs from abstract entities referred to as hysterons,
which possess relay-like input-output characteristics. The description is extremely flexi-
ble (and thus applicable to a very wide class of hysteretic phenomena, for example, elasto-
plastic hysteresis [13] or deperming procedures for naval warships [14]) and the obtained
hysteresis curves may agree quite well with experimental ones, but this description cannot
be interpreted in terms of underlying physics in a simple way (e.g., the aforementioned
hysterons cannot be identified as grains). Thus, the importance of the Preisach model re-
lies on its accuracy rather than on its physical meaning.

On the other hand, the Jiles—Atherton (J-A) formalism developed in the 1980s [15,16]
and derived from an analogy between dry-friction and pinning of domain walls at obsta-
cles present within ferromagnetic materials gained its position due to a relatively simple
mathematical formulation, a small number of parameters, to which physical interpreta-
tion could be assigned and implementation of some concepts, recognized by physicists to
mention the “effective field”. Thus, this description is usually considered by researchers
as a physical model of ferromagnetic hysteresis. However, this in not entirely true, as
pointed out, e.g., in the papers [17,18]. In order not to repeat the argumentation present
in the aforementioned open-source references, for brevity of the presentation, we just
mention here that the description of anhysteretic curve, which is an inherent part of the J-
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A model that depends both on the magnetic field strength and magnetization, i.e., on the
terminals of the hysteresis operator. The anhysteretic curve is by definition related to
purely reversible magnetization process, whereas in the J-A model, it is related to an irre-
versible magnetization process. The Harrison approach is at odds with the fundamental
equation underlying the J-A model; thus, it offers a thermodynamically consistent de-
scription of irreversible and reversible processes. This fact is a rationale for an in-depth
study of its properties.

Despite its simplicity, the scalar one-dimensional Harrison model has a number of
interesting features. We would like to point out that there exists a direct link between this
model and the Landau theory of phase transitions (the refinement of this theory, known
as Landau-Ginzburg-Devonshire theory, has attracted a lot of attention in the study of
ferroelectrics due to its potential applicability to explain the so-called negative capacitance
effect, thus leading to the development of innovative multilayer electronic devices [19-
23]).

It has been pointed out in the monograph [24] that the hysteresis phenomenon may
be related to the existence of a double-well energy landscape. Figure 1 depicts qualita-
tively how the energy landscape varies under the action of the applied field at constant
temperature. For zero field, both energy minima are symmetric. They are separated by an
energy barrier. The application of a magnetic field pushes the system out of equilibrium;
thus, one of those minima becomes privileged and the other gradually disappears. This
corresponds to an abrupt “jump” to another hysteresis loop branch, as shown in Figure 2.

The following relationship may describe free energy of the double-well bistable sys-
tem under a non-zero applied field [24]:

g.(mh,t) =m* - 0.5tm? — hm (1)

In Figure 1, the variation of the energy profile is depicted, assuming t = 0.8.
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Figure 1. The impact of magnetic field strength on the variation of Gibbs free energy profile for an
arbitrarily chosen temperature (t = 0.8) in the Landau theory. An illustrative depiction.
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The description for the irreversible magnetization process in the Harrison model is
given as a self-consistent relationship, written in dimensionless units as

m = tanh (h-i-Tm> (2)

Let us invert the above-given relationship to derive h =h(m, t). The result is obviously
h = tatanhm — m. Now, let us apply Taylor expansion of the inverse hyperbolic function,
atanhz = z + z3/3. Multiplication by m and regrouping leads to the relationship g =

tmT4 + (t—1)m? — hm, which for a constant t value (t € (0; 1)) behaves qualitatively

quite similarly to expression (1). The connection of the Harrison concept to the fundamen-
tal Landau theory was first elucidated in [25].

The expressions derived above are somewhat illustrative, since a simple, analytically
tractable hyperbolic tangent function or its inverse are used. For more advanced descrip-
tions of the bi-stability phenomenon in ferromagnetic systems, the reader is referred to
the monograph [24] or to the papers [26-29].

19,(m, h) Im

m h

Figure 2. The correspondence between the double-well energy profile and the irreversible hysteresis
loop due to internal positive feedback. Source: own work, based on the concept from [22].

At this point, we would like to mention some older references concerning ferromag-
nets, whose authors mentioned the existence of the negative susceptibility region (marked
in yellow in Figure 2). Helmiss and Storm carried out precise experiments concerning the
movement of an individual Bloch wall in a single crystal picture frame. In hysteresis loops
recorded by means of the magnetooptical Kerr effect, the unstable region was revealed to
some extent [30]. Similar results were later obtained by Grosse-Nobis [31]. It is very inter-
esting that the phenomenon discovered for a generic example of soft ferromagnets quite
a long time ago remained unnoticed for several decades and recently found itself in the
spotlight of the ferroelectric specialists due to its high potential for applications.

The points at which the monotonicity of S-shaped curve changes are referred to as
bifurcation points; it is clear that their location on the M-H curve may be affected, e.g., by
the magnetization dynamics, i.e., the smearing of hysteresis loop from induced eddy cur-
rents [32]. In order to keep the considered Harrison model as simple as possible, in this
work, we neglect this effect since we believe that in the first approximation for the fre-
quency at which our experiments were carried out, the dynamic effects from eddy cur-
rents generated in the sample might be neglected. The excitation frequency (a factor af-
fecting domain wall mobility) was still close to the threshold value indicated by Haller
and Kramer [33].

The Harrison model is a reasonably simple scalar description of hysteresis curves,
which—despite its simplicity —has several interesting features and a solid physical back-
ground. A connection of the formalism to the double-well Gibbs energy profile often dis-
cussed in terms of bistable hysteretic systems was elucidated in [11]. The model developer
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has introduced a decomposition of total field strength into reversible and irreversible com-
ponents. The self-consistent relationship is applied to the latter term, written briefly in
dimensionless form as m = tanh((h + m)/t) (m corresponds to reduced magnetization,
h to reduced applied field, whereas t stands for dimensionless temperature). The inter-
nal “positive feedback” is thus relevant for the description of irreversible processes (the
points in which the curve passing through the second and the fourth quadrants of the
M = M(H) plane changes its monotonicity are the so-called bifurcation points [12],
strictly related to the coercive field strength).

It may be easily noticed that this concept is at odds with the basic idea of the Jiles—
Atherton model [13,14], which states that the so-called anhysteretic magnetization (which
should be purely reversible from the thermodynamic point of view) is a function of the
“effective field”, i.e., the weighted sum of both the applied field strength and magnetiza-
tion. This inconsistency of the Jiles—Atherton description may lead to severe problems, c.f.
[15,16].

Apart from the curve representing the irreversible field strength vs. magnetization in
the Harrison model, there exists an anhysteretic (reversible) curve, which is a function of
magnetization only. In Figure 3, it is shown how a realistic hysteresis curve emerges in
the Harrison model from summing the irreversible and the reversible field strength con-
tributions. The figure is presented in the form of H = H(M) dependence in order to stress
the fact that the Harrison model belongs to the class of the so-called inverse models, where
the computation chain is inverted, cf. Figure 4. In simulations, the Cohen formula for the
inverse Langevin function, i.e.,, h,, = ym(3 — m?)/(1 — m?) [34] was used to represent
the anhysteretic curve. The choice of the internal variable, i.e., magnetization over mag-
netic induction is preferred, since M exhibits saturation. If needed, the magnetic induc-
tion may be recovered from the constitutive relationship B = p,(H + M), where p, is con-
stant, po = 4-1m-1077 Vs/(Am).

t=0.28
vy=0.4
computed coordinates of bifurcation point:

the irreversible curve
e flat line spanning from bifurcation
point to the other loop branch
the anhysteretic curve
—— the outcome hysteresis curve

T I T I N T T I

-1.0 -0.5 0.0 0.5 1.0

m, (')

Figure 3. Summation of field strength contributions in the Harrison model.
Source: own work, based on the concept from [10].
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Figure 4. Computation chain for (a) the simple and (b) for the inverse hysteresis model.

The “classical” method to experimentally determine the anhysteretic curve has been
described in the literature [35,36]. For a preset field strength value Hy,s, the amplitude of
slowly varying alternating signal is gradually diminished until an equilibrium state is
reached. This process has to be repeated many times; consequently, it is very tedious and
time-consuming. Therefore, a simpler alternative to recover the anhysteretic curve as the
middle curve from the measured hysteresis curve [37] was applied in this paper. The ap-
proach is shown in Figure 5. In the figure, the data markers at the axes were removed in
order not to distract the attention of readers with some irrelevant details.

{ — hysteresis branches
e anhysteretic curve
Hanh = 0-5 (Hyesc * H

asc)

0
H, (kA/m)

Figure 5. An approximate method to determine the anhysteretic curve. An illustrative depiction.

In the Harrison model, the concepts of bifurcations and the anhysteretic curve repre-
senting the equilibrium state are crucial. In the present section, the readers are introduced
to its overall picture. The model implementation specific to the considered GOES is pre-
sented in Section 3.
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3. Materials and Methods
3.1. Specimen Preparation

The analyzed sample was a commercial grain-oriented electrical steel (GOES), grade
H110-0.27 from APERAM with dimensions 210 x 30 x 0.27 mm. It is well known that com-
mercial GOES has two electrical insulating layer coatings, which apply some tensile stress
over the sample; therefore, these coatings were removed to avoid the undesirable influ-
ence on external compressive stress. The removal of coating layers was performed by im-
mersing the specimen in heated solutions (>80 °C) of NaOH (20% in weight) and HCl (20%
in volume) for five minutes. Subsequently, the sample was washed with current water
and dried using a hot air fan.

3.2. Hysteresis Loops Measurement

The hysteresis loops were measured using a Soken Single Sheet Tester (SST), model
DAC-BHW-5, at 1.0, 1.3, and 1.5 T, with 60 Hz frequency (the mains frequency in Brazil).

It is possible to consider that in the first approximation at this frequency, the dynamic
effects from eddy currents generated in the sample might be neglected since this value is
still close to the threshold value indicated by Haller and Kramer [21].

To retrieve the hysteresis loops, the magnetic field (H) and magnetic induction (B)
data were collected by NI USB-6259 board and a homemade LabVIEW software. It is im-
portant to emphasize that the magnetic field was applied only after the sample was subject
to the desired compressive stress level (the so-called 6-H case, [38]). Figure 6 shows a
photograph of the experimental setup used to acquire the B and H experimental data.

Figure 6. A photograph of the experimental setup that was used to measure hysteresis loops with
SST and NI board (USB-6259) that acquired H and B experimental data.

3.3. Compressive Stress

To perform the magnetic measurements under compressive stress, a frame with di-
mensions 334.2 x 200 x 50.8 mm was attached to SST, a strain gauge of Excell Sensors,
model PA-06-060BG-350-LEN, was glued on the sample surface using OMEGA instant
adhesive, model LOCTITE 496, and two anti-buckling guides were used to avoid buck-
ling. Since the strain gauge could measure the thermal strain produced by temperature
variation, the temperature of the test was controlled by an air conditioner, and it was held
at 23 °C; thus, it is possible to infer that the strain measured by a strain gauge is only
related to mechanical stress.

The whole experimental apparatus can be seen in Figure 7.



Energies 2022, 15,1128

8 of 21

Anti-buckling guide {8 (o) [N josia | (@

R A, (SS— Anti-buckling guide [ “S8
=3

| Sample !
‘

Strain gauge

Homemade frame to apply compressive stress

Figure 7. Photograph of the frame used to apply compressive stress in the GOES sample and (a)
frame attached on SST during magnetic measurement (b).

The compressive stress control was performed by Hooke’s law with Young’s modu-
lus of pure iron at [100], i.e., 132.4 GPa [39], and the strain was measured by National
Instruments Wheatstone Bridge, model NI 9237, using a CDAQ-9171 connector. This
Wheatstone Bridge was built with a one-quarter configuration using a strain gauge (gauge
factor of 2.14 and 350 Q) linked to NI 9237 using a NI 9945 connector and armored RJ-50
cable, as can be seen in Figure 8.

—

RJ-50 Cable /

Strain gauge
Figure 8. A photograph of Wheatstone bridge components used to measure the strain of the samples
under stress.

4. Model implementation
4.1. The Dependence of Anhysteretic Magnetization on the Magnetic Field

For simplicity of numerical implementation, the hyperbolic tangent function was
chosen to describe the dependence of anhysteretic magnetization on the applied field

strength (at this point, the usual perspective, perceiving the applied field as stimulus and
the magnetization as the material response, is meant). The hyperbolic tangent function,
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contrary to the Langevin function used, e.g., in the Jiles—Atherton description, does not
exhibit a singularity at zero field; moreover, it has an analytical inverse counterpart. An-
other argument in favor of the choice of “tanh” is that it should be appropriate for describ-
ing highly anisotropic soft magnetic materials. Figure 9 depicts the fitting results for sev-
eral amplitudes of magnetic induction (unstressed sample), using the free values of pa-
rameters A and a in the relationship M,, = Atanh (H/a). The “measured” values
marked with dots are recovered from the truly measured hysteresis loop branches using
the procedure outlined in Figure 5. In each case, an excellent fit was obtained. The average
absolute modeling deviation for each of the cases shown in Figure 9 did not exceed 16.8%
(the worst case obtained for = 1.5 T, for other induction amplitudes, considerably lower
values, of the order of 3%). We consider these results quite satisfactory, taking into account
the simplicity of the fitting formula used.

M, (MA/m)

Sl s 15T "meas." and fitted
o ----- 1.3 T "meas." and fitted
+ —— 10T "meas." and fitted
-1.9 T J T I T
-10 0 10

H, (A/m)

Figure 9. Fitting of recovered anhysteretic curves with the hyperbolic tangent function, free param-
eters.

From the results presented in Figure 9, it can be concluded that the hyperbolic tan-
gent function might be appropriate for the description of anhysteretic curves for the con-
sidered material in a wide range of excitation amplitudes; however, the slope of the curve
depends on By, (My,). Therefore, the relationship for the anhysteretic curve is

M., = A M_ m* tanh i 3)
an — S amB
Notation: m = M,,/My is the excitation amplitude in dimensionless form, My, = By, /1,
whereas My is the saturation magnetization. The fitting parameter A is now dimension-
less. In order to obtain a unique set of model parameters, additional degrees of freedom
to the hyperbolic tangent relationship by introducing other power laws for m were
added. Similar functional relationships for reduced magnetization were considered pre-
viously, e.g., in Refs. [40—44]. At this point, it can be remarked that fractional power laws
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occur very frequently in research related to the so-called scaling hypothesis [42—45], and
they may be quite useful in studies of phase transitions and in nondestructive testing and
evaluation applications.

The values of model parameters were determined using the non-linear generalized
reduced gradient algorithm implemented in a spreadsheet. They were as follows:
A=0552(-),a=0.825A/m, Mg = 1.6-10° A/m, a = —0.735, B = —3.251. Figure 10 de-
picts the fitting of the considered anhysteretic curves using the aforementioned set of
model parameters. It can be concluded that a reasonable modeling accuracy has been
achieved for all considered excitation amplitudes using Equation (1).

104 - 1.5 T "meas." and fitted B
' » 13T'meas"andfitted ., " .« . " .
+ 10T "meas" and fitted * ] ’
0.5 - ‘
E
<
= 00
=
-0.5 -
a0{ Co L

-10 0 10
H, (A/m)

Figure 10. Fitting of anhysteretic curves according to Formula (1).

It was assumed that the equation for the irreversible (S-shaped) curve might be given
in physical units with the relationship [10]:

M = M, tanh [B%(H + aM)] )

Notation: Mg, A/m, is saturation magnetization, p, = 4. 1077 Vs/(Am) is free space
permeability, mg is the Bohr magneton, mg = 9.27.1072* A.m?, k= 1.38.10"2J/K is
Boltzmann’s constant, T, K, is the absolute temperature and « is Weiss” mean field pa-
rameter. The dimensionless parameter B introduced by Harrison accounts for the multi-
plicative effect of spin switching on the quantum size. It is important to stress that  may
vary for lower excitation levels [46].

A reasonable assessment of the Weiss” mean field for hysteresis loops may be ob-
tained from measured data, a < H./M;, where H, is the coercive field strength for the
major loop [47]. For the considered sample, a = 1.57.107°was assumed. This value
should be valid for a wide magnetization range except for very deep saturation, i.e.,
around 0.97-0.99 of M; [48]. Comparing Equation (2) to the expression in dimensionless
units m = tanh((h + m)/t), it is possible to notice that they are equivalent when m =
M/M; and h = H/(aMy); thus, the respective  values can be computed for each of the
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H, (A/m)

24

20

16

considered loops, provided the measured value of its coercive field is known. These vary
over two orders of magnitude, as shown in Figure 11. It can be remarked that in this ap-
proach, no a priori assumption on the domain size function is made, contrary to the orig-
inal approach of the model developer [46].

Finally, by summing the irreversible and reversible field strength components (Fig-
ure 3), the instant values of applied field strength are obtained. The values of parameter t
in dimensionless units for the GOES sample are considerably smaller for higher magnetic
induction amplitudes than for the non-oriented electrical steel shown in Figure 3; thus,
the irreversibility practically implies offset of the anhysteretic curve by +H pinor, Where
He¢ minor 15 the measured value of the coercive field for the given minor loop. Therefore,
for the grain-oriented steel, it suffices to introduce appropriate shifts of the “local” anhys-
teretic curve by +H¢ yinor in order to model minor loops quite accurately (“local” means
that we take the specific amplitude of magnetic induction for the considered minor loop).

Figure 11 provides the measured values of coercive field strength and the computed
B values, whereas Figure 12 presents a visual comparison of the modeled and the meas-
ured symmetric minor loop for B, = 1.3 T. The anhysteretic curve was modeled using
Equation (3). It can be stated that despite its high simplicity level, the model can generally
describe the symmetric minor loops satisfactorily.

* 10
o ' 10
i O
L ]
410°
=
i BN
. o coercive field ‘; 10°
. « mean field dependent
parameter g
T T | T T '
1.0 1.2 1.4 16

B, (T)

Figure 11. The measured values of coercive field strength and computed values of parameter f.
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0.5 1
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-1.0 4 PO S S
=5 T T T T T T T
-40 20 0 20 40

H, (A/m)
Figure 12. The measured and the modeled minor hysteresis loop for = 1.3 T.

4.2. The Dependence of Anhysteretic Magnetization on Applied Stress

As discussed in the introduction section, it is important to measure the hysteresis
loops under compressive stress since this will be the condition closely to transformer op-
eration. Thus, the general approach to recover anhysteretic magnetization from measured
hysteresis loops outlined in the previous section is also applicable to samples under ap-
plied stress. Figure 13 illustrates a qualitative change of shape of hysteresis loops when
(a) the sample is not stressed and (b) the sample is subject to compressive stress o =-10
MPa. It is clear that the slope of the sample without stress is significantly steeper. In order
to capture the effect, the value of scaling parameter a in the proposed hyperbolic tangent
relationship should be increased; thus, for compressive stress, which is taken as negative
(6 = —1; for tensile stress § = +1), it is possible to rewrite Equation (3) in a general form

H

Man = AMS m?* tanh m (5)

where a power law relating to the compressive stress and the effective value of the de-
nominator in (1) is assumed. a and y are exponents in the power laws for the dimension-
less magnetization and stress, respectively, whereas b is an additional parameter (a pos-
itive constant for a given material).

Figure 13 shows typically measured hysteresis loops at B, = 1.5 T. For the com-
pressed sample, a characteristic distortion of loop shape in the low field (Rayleigh) region
is observed. It is similar to the shape of hysteresis loops for two-phase materials [49,50] or
those measured in the transverse direction for highly anisotropic steels [2,3,51-55]. Briefly
speaking, this effect may be explained by the interchange of the roles of 180° (Bloch) and
90° (Néel) domain walls upon a specific threshold field. The value of threshold field that
separates two distinct regions in the M—-H dependence has been estimated in Ref. [56] as
being equal to 1.54;400/M;.
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Figure 13. Experimental hysteresis curves: dotted line—for o =0 MPa, dashed line—for compressive
stress o =-10 MPa.

Figure 14 illustrates the anhysteretic curves for some chosen values of compressive
stress. It can be remarked that as the compressive stress is increased, the slope of the curve
becomes steeper.

1.5
1.0 o .
et
051 P
=
<
é 0.0
= reconstr. -2 MPa
-0.5 reconstr. -6 MPa
kT reconstr. -10 MPa
1ol LT ‘model -2 MPa
’ . o —— model -6 MPa
————— model -10 MPa
-1.5 T T T T T T T T T T T T T T T
-160 -120 -80 -40 0 40 80 120 160

H, (A/m)

Figure 14. Anhysteretic curves recovered as the middle curves of measured hysteresis loops
and modeled using Equation (2) for chosen values of compressive stress.
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It can be noticed that for the highest value of compressive stress, 6 = —10 MPa,
for H > 90 A/m, the anhysteretic curve fitted with Equation (2) deviates significantly
from the one recovered as the middle curve, as shown in Figure 5. These discrepancies
could be related to experimental issues since the GOES grain area is comparable to the
analyzed pick-up coil area of SST. Consequently, during the magnetization process, if
these grains have distinctive Goss texture misalignment, the hysteresis loops will show a
mix of both grains’ behavior. Figure 15 shows a photograph of GOES structure, in which
the dotted lines are the grain boundaries, the red square delimits the pick-up coil area (4
x 3 cm), and the SG area corresponds to the spot where the strain gauge was glued.

Analyzed
region

a5,

Figure 15. Photograph of GOES structure, showing the grain boundaries (dotted lines), pick-up coil
area (red square), and the spot where strain gauge was glued.

In order to capture this effect, it might be necessary to avail of a more complicated
expression. This issue shall be the subject of forthcoming research.

As pointed out previously, compression affects not only the shape of anhysteretic
curves but is also reflected in the altered shape of hysteresis (irreversible) curves, as shown
in Figure 13. In order to make the Harrison model sensitive to stress, the self-consistent
relationship that describes the irreversible effects by introducing the stress-dependent
term is rewritten; thus, in the dimensionless form, it takes the form

h+m+f(0)) ©)

m = tanh(
t

where all symbols have their previous meaning and f(c) is an odd (increasing) function
of applied stress expressed in dimensionless units, whose exact mathematical form is to
be resolved later.

It is important to emphasize that in Equation (6), there is no assumption that the last
term in the numerator might be a product of both stress and magnetization, as might be
inferred from the analysis of Sablik’s extension to the Jiles—Atherton model [56-58], in
which the effective field is given with

30 /dA
Ho —zp—o(m) @
and magnetostriction A = A(M"), where n is an even integer. It is straightforward to
prove that the assumption of simplest parabolic dependence A = A(M?) leads to the
product om; see the derivation in Appendix A.
The explanation for the assumed relationship is twofold. First of all, the irreversible

effects act in the Harrison model on the quantum scale (the upscaling to the domain scale
is achieved by the introduction of phenomenological parameter § in Equation (2)),
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whereas in the Jiles—Atherton-Sablik description on the scale of magnetic domains, this
makes a direct transfer of some ideas from one formalism to another rather difficult. Sec-
ondly, it can be found that for the om term, the modeled value of the bifurcation field, ,
the coercive field strength would decrease upon the application of compressive stress,
which contradicts the experiment.

The value of bifurcation magnetization obtained from the inversion of Equation (6)
and setting the derivative dh/dm =0 (see Appendix A) remains unchanged, mgp =
FV1 —t; however, the value of the bifurcation field is given with the formula

hgr = t atanh mgp — mgjp — f(0) 8)

For the compressive stress, 0 < 0 denotes the increase in coercive field by —f(o) in com-
parison to the stress-free case.

The form of the pressure-dependent function f(c) may be assumed from coercive
field measurements. In the past, some authors have suggested power-law relationships,
linking the dependencies of coercive field strength on dislocation density, strain, etc. [59-
62]. Following their line of reasoning and assuming a linear € = £(o) work regime, in Fig-
ure 16, the measured dependence of excess coercive field strength (the difference H¢(p) —
Hc(0)) versus |o| at Bm=1.5T is presented. The value of stress-free sample was assumed
to be Hc = 25 A/m. Moreover, in this figure, the same functional dependence is simu-
lated, but with the weighting coefficient, decreased to 0.2. This simulation discloses that
it is straightforward to model the loss asymmetry of compression—tension characteristics
[63-65] (in the first approximation, power losses are proportional to Hc). It should be re-
called that the aforementioned asymmetry holds not only for power losses but also for
magnetostriction [3]; this effect has been addressed in some other stress-dependent hys-
teresis models [6-8,38].

30
B =15T ’
25
s measurement
--------- power function fit, k = 1 o
,g 20 s simulation fork =0.1 G
g: 154 AH_ = sign(c) k |s]” ,’/
E" 1 w=1.451+0007 i
104
5_ ,
0_ .ﬁf:_':: ---------------------------------------------
T v T i : ! J ' I I ;
ls|, (MPa)

Figure 16. Measured and modeled dependence of excess coercive field strength on compression
pressure at Bm= 1.5 T. Moreover, the simulated trend for k = 0.1 is also shown (concerns tension).

Figures 17-20 illustrate the modeling results for several compressive stress values
and different induction amplitudes. It can be stated, as a general remark, that despite its
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simplicity, the stress-dependent Harrison model was able to describe the overall trends
observed during the experiment, which confirms its usefulness for engineering purposes.

1ol Ba=15T s L.
“lo=-2MPa
* meas. .
054 —— model
£
<
= 00-
=
054
-1.0- o
- .I 1 T L T T
-60 -30 0 30 60

H, (A/m)

Figure 17. Measured and modeled hysteresis loops for 0 =-2 MPa, Bn=15T.

104 B, =15T
o =-6 MPa
°  meas.
054 — model
E
<
=  0.01
-
-0.51
-1.01
T T T T I T T
-100 -50 0 50 100

H, (A/m)

Figure 18. Measured and modeled hysteresis loops for o =-6 MPa, Bn=1.5T.
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-1.0 1 . .
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Figure 19. Measured and modeled hysteresis loops for o =-10 MPa, Bn=1.5T.

1.0
B, . =10T .
o =-10MPa
054 * measurement
model
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E OD_
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-1.0 T

I L | » I d " I g I
-150 -100 -50 0 50 100 150
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Figure 20. Measured and modeled hysteresis loops for o =-10 MPa, Bn=1.0 T.
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5. Conclusions
The following conclusions can be drawn:

e  The Harrison model has been extended to take into account the effect of compressive
stress.

e Despite its highly simplified character, the description has a solid physical back-
ground; the anhysteretic curve in this model is truly reversible in the sense of irre-
versible thermodynamics. Moreover, the description inherently belongs to the class
of “inverse” models (Figure 4), which implies that it reflects the real-life excitation
conditions in measurement systems complying with international standards.

e It was confirmed that the value of phenomenological parameter 8 introduced by
Harrison does depend significantly on the amplitude of minor loop. This value is not
affected by the compression pressure. Modeling was carried out for GOES in the
range of working induction 1.0-1.5 T. For this material, the values of parameter f3
are higher than 6.42 - 107 (see Figure 11—this can be confronted against the value
reported by Harrison in Ref. [10], Figure 18). Parameter B, in physical units, and pa-
rameter t, in reduced units, are inversely proportional; thus, the values of t for this
induction range exceed 0.785 and quickly rise up to 0.927 for B, =1.0 T. This implies
practically that the location of bifurcation and switching magnetization values are
such that almost whole modeled hysteresis loop branches may be constructed by off-
setting the anhysteretic curve by the + coercive field value (the sketch in Figure 3 for
illustrating the logic of the model refers to non-grain-oriented electrical steel, for
which somewhat higher values of coercive field (and consequently lower 8 values)
are expected). This implies that the quality of modeling results depends significantly
on the correct representation of the anhysteretic curve.

e  Two factors affecting the shape of hysteresis loops upon compression were identi-
fied: the modified shape of the anhysteretic curve and the increase in coercive field
strength. The proposed model extension relied on the introduction of an additional
stress-dependent term into the equation that describes the irreversible processes. The
anhysteretic curve was identified using a simplified method, and its equation was
parametrized. The increase in coercive field strength was accounted for by introduc-
ing a power law that considers the applied compressive stress.

e  The consequence of the previously formulated conclusion on the effect of correct
identification of the anhysteretic curve on the overall performance of the model is the
distortion of loop shape for By, =1.5T, 0 =-10 MPa (Figure 19). The highly simpli-
fied character of the model (the assumption of only two wells in the Gibbs energy
profile as well as the discrepancy between the modeled and reconstructed anhyster-
etic curves, c.f. Figure 14) contributed to the fact that the model could not describe
the complicated loop shape in this case.

e It can be stated that generally, the modeled hysteresis loops are in qualitative agree-
ment with their experimental counterparts. The results might be of interest to the
physicists and engineers that cope with the effects of compressive stress on magnetic
materials, especially at higher stress values in which buckling may occur. In the pub-
lished papers focused at the effect of magnetoelastic coupling on the shapes of hys-
teresis loops, the considered range of compressive stress rarely exceeds 70 MPa be-
cause of buckling that occurs in the relatively thin (0.27 mm) GO sheet.

e  Future work shall be focused on description fine-tuning as well as on the analysis of
the tension case.

Author Contributions: Conceptualization, M.B.d.5.D., F.].G.L. and K.C.; methodology, M.B.d.S.D.,
K.C,; software, K.C.; validation, M.B.d.S.D.; formal analysis, M.B.d.S.D., and F.].G.L.; investigation,
M.B.d.S.D.; resources, M.B.d.S.D.; data curation, M.B.d.S.D., F.J.G.L. and K.C.; writing—original
draft preparation, K.C.; writing—review and editing, M.B.d.S.D.; visualization, M.B.d.S.D., K.C.,
supervision, F.J.G.L.; project administration, F.J.G.L.; funding acquisition, K.C. All authors have
read and agreed to the published version of the manuscript.



Energies 2022, 15, 1128

19 of 21

References

Funding: This research was funded by Fundacao de Amparo a Pesquisa do Estado de Sao Paulo
(FAPESP) (grant number # 2017/11645-3) and Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico (CNPq) (grant number # 307631/2018-4)

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available from the first author upon request.

Acknowledgments: M.B.d.S.D. and F.J.G.L. would like to thank the Fundacio de Amparo a
Pesquisa do Estado de Sao Paulo (FAPESP) (grant number # 2017/11645-3) and Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq) (grant number # 307631/2018-4) for financial
support.

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

Appendix A. An Analysis of the Harrison Model and MATLAB Code Implementation

Let us examine in detail the ascending branch of the hysteresis loop described with
the Harrison model in the quasi-static regime. The reversible term is given with a hyper-
bolic-tangent-like function; thus, h,, « atanh m. The irreversible term is given with m =
tanh((h + m)/t) or h = tatanhm — m.

The coordinates of the bifurcation points are determined by equating dh/dm =0,
which leads to

t

1—mip
mBIF = i\) 1 —t (Az)

The corresponding field strength coordinate is obtained from hg;r = tatanh mg;p —
mgr, Aninspection of Figure 3 leads to the conclusion that for the ascending loop branch,
mpr is negative, mgr = —V1 —t, whereas hgjp = —tatanhv1 —t++/1 —t takes a posi-
tive value. The constant value h = hgp = h¢ (coercive field strength) is preserved until a
positive value of magnetization mgyr is reached (crossing of dash-dotted line with dot-
ted line); this can be determined in Matlab using an anonymous function handle:

~1=0 (A1)

Mexit = Q@(t, hc, m) m-tanh((hc + m)/t)
mexit fzero(@(m) Mexit(t, -t*atanh(sgrt(l-t)) + sqgrt(l-t), m),
1)

% the starting point for iteration is +1, i.e., positive satura-
tion.

Thus, the irreversible curve is composed of three distinct regions:
(1) me€ (-1; = where h;, =tatanhm —m
(2) m € (—V1 -t mEXIT) where hirr = hC
(3) m € (mgxr; 1) where h;,. = tatanhm — m.

The descending branch may be obtained from symmetry considerations, using the
“flipud” command in MATLAB.
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