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Abstract— This article details the development of a uniaxial
magnetomechanical bench that allows measuring the effect of
constant tensile and compressive stress on the magnetic properties
of electrical steel sheets. Following international standards for
magnetic measurements, this work proposes reasonable mod-
ifications of a single-sheet-tester set up to provide a reliable
magnetomechanical characterization of the material. The mag-
netic circuit and the excitation and control techniques employed
are described. Specifications concerning magnetic measurements
are also offered, alongside mechanical considerations regarding
the antibuckling fixture developed to allow the application of
compressive stress. Finally, results obtained for various stress
levels and frequencies are validated and analyzed. Among other
results, the proposed bench allows observing the negative impact
of compressive stress on magnetic properties of nonoriented steel,
as well as the positive effect of mild tensile stress.

Index Terms— Magnetic field measurement, magnetomechani-
cal behavior, single-sheet tester (SST), standard testing.

I. INTRODUCTION

OVER the past few decades, intensive research has been
realized to improve magnetic losses management and

mitigation in transformers and rotating machines. In particular,
investigations lead the path to a better physical understanding
of hysteretic losses in electrical steel sheets. From these works,
a phenomenon overlooked for a long time resurfaced: the
magnetomechanical coupling that can be broadly defined as
the interdependence of the mechanical and magnetic states
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of a ferromagnetic material. Two particular occurrences of
this coupling are the magnetostriction—the spontaneous defor-
mation of a magnetic material exposed to a magnetizing
field—and its reciprocal effect, which consists in the alteration
of the magnetic properties, such as permeability and losses,
when imposing mechanical stress onto a material [1]–[4].

This article offers a detailed presentation of a magnetome-
chanical bench that allows measuring with precision the effect
of tensile and compressive stress on steel sheets’ magnetic
properties.

After a brief overview of the different sources of mechanical
loads that can emerge during the lifetime of electrotechnical
machinery, the modified-single-sheet-tester (SST) proposition
will be introduced and compared to similar works present in
the literature.

A. Sources of Mechanical Loads

Most electrical steel sheets used in electrotechnical
machinery are Fe–Si-based. Their properties can be affected
throughout their whole lifetime as a consequence of the
magnetomechanical coupling, whether during the conforma-
tion stages (residual stress) or their use in the machines
(applied/external stress). As examples of processes generating
mechanical deformations during the fabrication of steel sheets,
it is possible to enunciate the lamination process itself [5],
stamping and other cutting methods [6], and bad or incomplete
thermal treatments [7]. Mounting laminated sheets together to
form the cores of rotating machines and transformers can also
generate significant forces, as presented in [8] and [9]. Finally,
it is important to keep in mind that every kind of apparatus
will induce a generation of the stress of magnetic as well as
nonmagnetic origins. If the first ones can be neglected most
of the time due to their low intensity, the second ones can
reach high levels [8]. For example, in motors and generators,
inertial forces coupled to sharp geometries can generate local
stresses of high intensity [10], [11].

B. Magnetomechanical Bench Proposal

Various proposals of experimental benches can be found
in the literature. Some of them offer slight modifications of
SST testers in order to deliver rapid knowledge of standard
magnetic material properties to design engineers, as in [12].
Occasionally, magnetomechanical benches allowing the appli-
cation of various magnetic and mechanical conditions can also
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be found. However, SST standards are generally not followed.
In [13], for example, the setup exposed does not allow com-
pressive stress using standard sheet thickness, which is, thus,
increased. This configuration, also found in [14], can induce
the undesired Eddy current effects in the sheet thickness,
despite allowing the application of high compressive loads.
Furthermore, the rig used does not respect SST standards,
notably regarding the sample size and, thus, the material
representativity [15]. A solution to buckling was proposed by
Rekik et al. [16], using a specific coating technique, which
eventually allows imposing bidirectional stress onto a sample
excited by an alternating field. In this case, the main drawback
lies in the magnetic excitation method that is realized through
imposed current on the primary coil—this method that does
not allow the analysis of losses through usual segregation
method based on sinusoidal induction waveform. Bench using
a rotational magnetic field and uniaxial stress can also be
found [17], as well as fully bidirectional benches [18] and
even more complex multidirectional setups [19]. In all those
studies, concerns exist regarding notably the magnetic exci-
tation application and its control. Finally, it is important to
stress that a modified-SST proposal by Kanada [20] allows
applying uniaxial tensile and compressive stress onto a thin
sheet subjected to collinear alternated magnetic excitation, in a
quite similar way the present proposal does. However, few
details are furnished regarding the control of this excitation,
and no information is given regarding the antibuckling system
used to avoid bending of thin sheets tested under compression.

Following this idea, this article offers the description of a
dedicated tool able to quantify with precision the impact of
uniaxial mechanical stress on the magnetic properties of steel
sheets. It is designed in order to comply with international
standards for magnetic measurements set as a key point
[21]–[23], thus avoiding the shortcoming found in other bench
proposals. To achieve excitation and control requirements,
a power inverter and a closed-loop nonlinear analog control
based on the sliding modes theory were used to feed the mag-
netic excitation of an SST (see Section II). This system allows
the generation of an excitation signal so that the induced
voltage obtained on the secondary coil of the magnetic circuit
corresponds to a user-defined reference (see Section II-B).
Dedicated sensors and conditioning-amplifying techniques
were developed to measure the low-intensity responses of both
the rig and tested material (see Section III). Specific mechan-
ical features were also designed to avoid the buckling of thin
sheets under compressive stress (see Section IV) and, thus,
realize the measurements in magnetically and mechanically
controlled conditions (see Section V).

This way, in Section II, the design of the SST magnetic core
will be presented alongside the excitation and control systems
required for standardized magnetic testing.

II. SINGLE-SHEET TESTER

Among the diverse techniques commonly employed to mea-
sure magnetic properties of laminated sheets (e.g., the Epstein
frame and toroidal core), it was decided to base the experimen-
tal test bench on the SST method. This approach allows a rel-
atively easy implementation of mechanical loads while being

TABLE I

INTERNATIONAL STANDARDS REQUIREMENTS & RECOMMENDATIONS
FOR SST SYSTEMS [21]–[23]

widely accepted in the scientific and industrial community as
a reliable apparatus. Indeed, SST offers easier implementation
and a lower material cost than other methods while furnishing
high precision results, versatility, and representativity. The
design simplicity of such an experimental bench could be
seen as a drawback since it limits the magnetic excitation to
one unidirectional configuration, but it, nevertheless, matches
perfectly with the fixed goal of studying simple configurations
of magnetomechanical coupling in a standardized fashion
while allowing easy replication.

A. Magnetic Circuit

The first conception step consisted in defining the general
magnetic characteristics of the modified SST. One aspect of
it is the geometry of the magnetic core (or yoke) that is
used to magnetize the sheet and, thus, of the sheet geometry
itself. Another one is the magnetic response of the core.
Various points were taken into account in order to define these
parameters, the most important ones being the adequacy with
international standards for SST development and the precision
that could be obtained on the measurement. Considerations
regarding the geometry and properties of the magnetic circuit
can be found in various international standards, with slight
differences from one to another [21]–[23]. Table I summarizes
those requirements, while Fig. 1 helps understanding their
geometrical aspects.

Taking them into account, along with the adaptations nec-
essary to mechanical stress application, the magnetic circuit
was designed and realized, as described in the following.
A configuration with two horizontal C-yokes was chosen
(see Figs. 1 and 2); despite inducing more complex instrumen-
tation due to geometrical restrictions, this configuration mostly
compensates the effect of induced current pools generated by
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Fig. 1. Schematic of the double-yoke magnetic circuit and magnetic path lm
(red dotted line).

Fig. 2. Partial scheme of the modified SST configuration for the magneto-
mechanical coupling analysis.

the magnetic flux circulating from the yoke poles into the
tested sample at a right angle, apart from homogenizing the
magnetic field within the system [24]. Horizontal disposition
of the yokes was chosen since it avoids overstressing the
tested sheet because of an upper yoke weight and so dispense
the use of a suspension system while lowering undesired
magnetomechanical effects on contact faces. Finally, as the
tested sheet is sustained perpendicularly to the floor, the risk of
self-buckling is lowered, while only simple support is needed
for the antibuckling, as shown in Fig. 2.

The yokes were made of one single strip of grain-
oriented (GO) Fe–Si material, rolled onto itself along its
rolling direction to form a rectangular bent core. The resulting
transformer was then sliced in half, and the cuts carefully
polished in order to have a better surface quality, lowering
roughness and then potential air gap, as well as preventing
any short circuits between the superposed strip parts. Those
aspects, coupled with the oxidation insulation of the orig-
inal strip and the final epoxy coating of the yoke, enable
obtaining a magnetic circuit with high performance (low total
losses at interest frequencies) and, thus, a low impact on the
measurement.

The yokes material showing a high permeability when
excited in its RD; it was possible to reduce the pole face
width ey from 25 to 19 mm (see Table I). Other dimensions
were then taken in agreement with the less restrictive standards
(ASTM 804 [21]) having in mind the accommodation with
the mechanical excitation system and the desired experiments
to be made on the SST. In that sense, Liy was fixed to
220 mm for the magnetic system to fit within the stroke

Fig. 3. Functional diagram of the magnetic excitation and control of the
developed test bench.

of the universal tension/compression test stand used for this
study. Width ly was chosen equal to 100 mm so that a
local field sensor can be accommodated in the middle of
the steel sheet, far from the specimen sides and then from
potential residual stress generated during the cutting process.
The average steel sheets dimensions used in this article are
320×100×0.5 mm3, the extra length allowing the fixation of
the strip for mechanical loading. It should be stressed that the
system could be used for thin sheets with other thicknesses,
as detailed in Section IV.

B. Control and Excitation

As noted in Table I, international standards recommend to
control the system in order to ensure a sinusoidal induced
voltage vind on the secondary coil (B-coil). Indeed, when
approaching saturation, material behavior shows high non-
linearity. Imposing a sinusoidal waveform on the induced
voltage, thus, allows proper characterization and permits the
direct application of loss segregation models [25]. In this
study, the voltage waveform induced on the secondary coil is,
thus, maintained sinusoidal (relative error on the form factor
er < 1.2%), while the magnetizing current is adjusted in
function of nonlinearities present within the material and the
SST in general.

The aforementioned control is realized using an
experimental test bench developed in [26]. In this system,
the excitation of the primary coil is realized through a
single-phase voltage inverter fed by a bilevel pulsewidth
modulation (PWM) connected to full-bridge insulated-gate
bipolar transistors (IGBTs). The exciting module is coupled
to a nonlinear closed-loop control (feedback control) based
on the sliding modes theory; the whole system consisting,
thus, of an analog sliding mode control (SMC). A functional
diagram of the test rig, including the control and excitation
components, can be found in Fig. 3. This system allows the
user to ensure the form and amplitude of the induced voltage
by the mean of a user-defined reference vref. This signal
is generated through a dedicated Virtual Instrument (VI)
developed on the LabView platform. The bridge between the
software and the hardware is made by a PCI-61160E board
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from National Instruments. The error between vind and vref

is analogically calculated and the magnetizing current i P

applied accordingly, minimizing the integrated error between
the two signals.

The primary coil configuration chosen for the test bench
slightly deviates from the one recommended by international
standards. The modification was decided due to the necessity
of easily changing the steel sheet within the antibuckling case
(see Section IV) and to simplify the access to local field sen-
sors (see Section III-B). In that sense, the primary coil consists
of two identical coils wound around the yokes and linked in
series. Each coil possesses 350 turns of AWG 20 coated copper
wire (for a total of NP = 700 turns), regularly spaced along
the 220 mm of the yokes internal length on two layers. With
such configuration, it can be expected that a slightly stronger
leakage flux will be visible on the magnetic field measurement
apparatus, matter discussed in Section III-B.

In Section III, methods and tools employed in this work to
obtain reliable induction and magnetic field measurements are
detailed.

III. MEASUREMENT OF MAGNETIC QUANTITIES

It is necessary to measure two main quantities in order
to properly describe the behavior of a magnetically excited
material: the magnetic field H [A/m] at the sheet surface and
the mean induction in the sample cross section B [T]. Both
quantities are linked by expressions (1)–(4). It is important to
note that since the developed test bench only allows unidirec-
tional magnetic excitation, all related material quantities are
expressed in terms of scalars

B = μ0(H + M) (1)

= μH (2)

= μrμ0 H (3)

Wtot = 1

mv

∫ B|t=T

B|t=0

H d B (4)

where μ0 = 4π 10−7 H/m is the void permeability, M is the
magnetization of the tested specimen [A/m], μ is the material
permeability [H/m], μr is the material relative permeability,
mv is the material volumetric density [kg/m3], T is the period
associated with B(t) [s], and Wtot [J/kg] is the total energy
lost over one period per unit mass.

A. Magnetic Induction

Material induction is calculated from the induced voltage
vind measured by an inductive sensor, commonly known as
secondary coil or B-coil, as shown in (5). Cumulative discrete
integration is realized using the common trapezoidal rule with
a small time-step (defined by the chosen sampling frequency).
This coil is wound around the sample center of an effective
magnetic section S and consists of 375 turns of AWG 27 cop-
per wire equally spread on a single layer. The small dimension
of the B-coil in comparison with the yoke internal length
lowers the impact of leakage flux near the pole faces on the
measure. As mentioned in Section II-B, the signal measured

Fig. 4. H-coil support geometry used in this work—support thick-
ness: 0.60 mm; final thickness: ≈1.6 mm.

on the B-coil is maintained sinusoidal using the SMC

B(t) = − 1

NS S

∫ t

0
vind(t

′)dt ′. (5)

B. Local Magnetic Field

Following measurement recommendations based on
Poynting’s theorem and developed in [27], the magnetic
field is here considered at the air/sheet interface. Direct
local measurement of the magnetic field is, thus, realized
due to flat air-cored coils, commonly known as H-coils,
as shown in Fig. 4. Such a measurement method leads to
a better approximation of the actual magnetic field present
at the laminated sheet surface while overcoming most of
the limitations of the indirect method based on the current
flowing through the exciting coil. It also avoids the need for
SST calibration since direct magnetic field sensors are not
subjected to errors that arise because of the yoke and air
gaps [28].

1) Principle: The direct measurement is based on the
conservation of the tangential component of the magnetic
field [24]. Because of this phenomenon, the sensor shows a
response to the varying external magnetic field H (t) given
by (6), where vH (t) is the induced voltage in the terminals
of the sensor, SH is the mean section of the coil, and NH is
the number of turns. The field can then be calculated from the
coil signal because of expression (7)

vH (t) = NH μ0 SH
d H (t)

dt
(6)

H (t) = 1

NH μ0 SH

∫ t

0
vH (t ′)dt ′. (7)

2) H-Coil Parameters: Due to its conception, the winding
is limited in size and, thus, shows parasite capacitances along
its length. These, as well as the self-inductance of the coil
and its resistance, can be modeled with lumped parameters.
Analyzing the equivalent circuit, it can be shown that the
sensor operates as a second-order low-pass filter, with a cut-
off frequency depending on its construction parameters. The
H-coil characteristics were then chosen taking into account this
information, the limitations of available tools, and the dimen-
sions of the magnetic circuit. Table II shows the constructive
parameters of the sensor. The H-coil thickness was chosen
as low as possible—0.6 mm without the winding and a total
of ≈1.6 mm with the winding and its protective layer–due
to the restriction of the antibuckling system (see Section IV).
All H-coils and amplifiers were calibrated due to a Helmholtz
coil [29].
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TABLE II

MEAN CHARACTERISTICS OF H-COIL SENSORS

Fig. 5. Scheme of the employed linear regression and extrapolation principle
based on the measure of three H-coil sensors placed at different sheet surface
distances, without magnetic shield.

3) H-Coils Spatial Configuration: Even if the use of an
H-coil enhances the representativeness of magnetic field mea-
surements in SST, it does not guarantee its precision. Indeed,
the distance between the tested sheet surface and the sen-
sor influences obtained results [24]. Studies have notably
demonstrated that in the present configuration—two C-yokes
with symmetric primary coils—and in presence of a magnetic
shield, the field intensity measured by an H-coil decreases
linearly with the increasing distance. When using the same
configuration but without shielding, the intensity slightly
increases due to the leakage flux measured, following once
more a linear pattern [24], [30].

Thus, three H-coils placed at different distances from the
sheet surface are used to measure the magnetizing field in this
work. A numerical regression is realized using those various
measurement points in order to obtain a better precision on the
magnetic field intensity at the sample surface, as schematically
shown in Fig. 5. The distances between sensors were defined
taking into account the mechanical resistance requirements of
the antibuckling fixture needed for compressive tests.

Furthermore, a configuration without a shield is chosen.
Such choice was motivated by the fact that low-frequency tests
are realized, so it is important to maximize the field amplitude
perceived by the sensors in order to increase the signal-to-noise
ratio obtained on all H-coils [30].

4) Signal Conditioning: The induced voltage on the H-coil
terminals is composed of the information signal and interfer-
ences. To acquire the information signal with the best signal-
to-noise ratio, an analog filter was employed prior to the

Fig. 6. H-coil fully differential amplifier scheme.

amplification stage. This consists of the use of a low-pass
filter with an adequate bandwidth in order to attenuate the
high-frequency components since they can be responsible for
the saturation of amplifiers. The filter used in this article was
a second-order low-pass filter made with the sensors coil and
an external capacitor. This way, it is possible to change the
cutoff frequency by switching the external capacitor value
(see Table II).

Besides the high noise in the induced voltage on the sensor
terminals, the signal also presents a low amplitude in the order
of tens of millivolts. Because of this, it is fundamental to
implement an amplification stage in the analog conditioning
system. Taking advantage of the differential nature of the out-
put signal of the sensor, an instrumentation amplifier was used.
Its topology allows high gain and high common-mode noise
rejection. In this article, an INA118P from Texas Instruments
was used in addition to a fully differential operational amplifier
OPA1632 acting as a preamplifier. After the amplification
stage realized by the INA118P, the output signal is inverted
using an OP1177, thus obtaining a fully differential amplified
signal. Each “side” of it then passes through active filters
using an OPA1632 in order to recover a cleaner output signal,
with high gain and low phase. A scheme of the amplification
process can be found in Fig. 6.

C. Data Acquisition and Treatment

The digitalization of the data originated from the mag-
netic field and induction sensors is realized through a
PCI6251 board coupled with a BNC2111 socket by National
Instruments. In order to simultaneously acquire the voltage
from the secondary coil and the three amplified signals from
H-coil sensors, a dedicated VI was developed in LabView.

Posttreatment of obtained experimental results is partially
realized in another external LabView program, which is able
to treat multiple files at once. The linear extrapolation of mag-
netic fields calculated from H-coil signals is also automatically
done point by point, and the extrapolated surface tangential
field, thus, recovered. The user can choose whether or not
to apply an additional numerical filter and treat the data in
a global or per period fashion in order to reduce the noise
in the magnetic field measurement [31]. Finally, B–H loops
are exported for a second treatment in the dedicated routines
developed under GNU Octave [32].

In Section IV, the design of the antibuckling fixture and
the mechanical system allowing the application of tensile and
compressive stress onto the sheet sample is presented.
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IV. MECHANICAL LOADING

In order to realize the mechanical excitation of the steel
sheet while magnetically exciting it, a mechanical stress sys-
tem was added to the test bench. The lamination, presenting a
really thin thickness in comparison with the other dimensions,
is subject to buckling under compressive stress. An antibuck-
ling fixture was, thus, developed to avoid the occurrence of
such phenomena.

A. Antibuckling Case Development

For this part, the sheet thickness was fixed to 0.35 mm
for the diverse calculations: from one side, it represents the
lowest sample thickness commonly obtainable, and from the
other side, it is the configuration that will buckle the fastest
and then will induce a higher level of stress for a given
mechanical compression because of the sheet high out-of-
plane deformation rate. To define the antibuckling system
geometry, mechanical analytical and numerical calculations
were employed. An advanced structural analysis was notably
realized using the finite element software code_aster [33],
as briefly described in the following.

First, it was fundamental to define the critical load from
which the sheet starts to buckle as well as its oscillation
modes. From this point, the so-called postcritical buckling
numerical analysis was realized to observe the influence of
the sheet material (purely elastic or bilinear elastoplastic)
on the mechanical behavior of the laminated strip. Once
verified that the material stays in elastic regime while buckling,
rigid contact was included in the simulation and the pressure
induced by the deforming sheet on the surface collected.
Extrapolation techniques then allowed the determination of the
maximum pressure to which the antibuckling system would be
subjected to a compressive stress of 20 MPa.

The geometry of the antibuckling case was then defined
accordingly (see Section IV-B) taking into account the
necessity of allowing the entrance of sheets having various
thicknesses and the requirements regarding the magnetic mea-
surement tools. Further calculations were realized to ensure
the mechanical stability of the system. A conservative value
of the calculated contact pressure was chosen (σcontact =
0.1 MPa) and applied uniformly on the case surface. This
allowed defining the material in which it should be realized,
remembering that it must be magnetically and electrically
neutral.

B. Antibuckling Case Realization

The antibuckling case can be seen in Fig. 7: it consists of
a two-part case of polyether ether ketone (PEEK) material,
conferring to the system excellent geometrical stability, high
shear modulus, and low friction. Moreover, the material is
nonmagnetic and electrically insulating.

The geometry allows the insertion of the sheet having
different thicknesses due to an adjustable clearance, resulting
in a “sandwiched” laminated sample. Once the sheet is in its
position, a set of sixteen (16) nylon screws are used to fix the
system setup. A calculation (Kellerman–Klein formula) was

Fig. 7. Final antibuckling case design.

realized in order to define the torque necessary to be applied
on each screw in order to compensate for the contact pressure
of the buckling plate without overstressing the sheet in its
thickness. Indeed, this stress could alter the material response
to the magnetomechanical excitation, which is to be avoided.

Some features were added in order to conveniently place
up to four H-coils—or other thin local probes, such as ARM
or the Hall effect sensors—at various distances from the sheet
surface. In Fig. 7, two of them are visible as cuts on the case
side (red arrows). Around the middle of the case, the secondary
coil is wound, enveloping the H-coils. A space dedicated to
the positioning of the strain gauge was also foreseen.

C. Unidirectional Tension and Compression System

In order to apply mechanical loads of various intensi-
ties, a universal tension/compression test stand is used. This
machine allows the generation of uniaxial loadings up to
2500 N, which corresponds to stresses up to 50 MPa for
a laminated sheet of cross section S = 100 × 0.5 mm2.
A commercial tester was chosen to realize the mechanical
excitation: the MECMESIN MultiTest-d 2.5 test bench that
allows close control of the displacement due to a potentiometer
having a resolution of 0.01 mm. The applied force is measured
due to a commercial force gauge (MECMESIN BFG 2500N),
with a resolution of 0.5 N (⇔0.01 MPa for the defined
section S).

Now, as all aspects of the proposed magnetomechanical
bench are exposed, design validation and results analysis can
be performed, as presented in Section V.

V. RESULTS

The magnetomechanical bench previously presented is
based on a robust theory and design, allowing high repeatabil-
ity rates and the application of a wide variety of waveforms.
The measurement procedure plays an important role in obtain-
ing a precise characterization of the material. In particular,
demagnetization is a crucial step that needs to be periodically
realized on the yoke and accomplished on the sample before
and after each test. The procedure used in this work can
be summarized in the following way—for a given excitation
waveform, test frequency, and stress level, the material induc-
tion is elevated up to near-saturation and then slowly lowered
(demagnetization stage); the material magnetization is once
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TABLE III

COMMON TESTING CONDITIONS

more risen to saturation and then lowered using small steps
according to the data to acquire; a second demagnetization is
realized; and test conditions are changed, or the experiment
ended. Such a procedure allows eliminating the presence of
remanent induction that could cause an unwanted effect, thus
enhancing the confidence in obtained results.

As a proof of concept, first, experiments are realized using a
sinusoidal reference for a frequency range of [1; 100 Hz]. The
low-frequency tests allow observing the quasistatic phenom-
enon of magnetomechanical coupling, while high-frequency
tests offer an insight into the effects of mechanical loads on
dynamical losses. All tests are realized following the so-called
σ − �H methodology, consisting of first applying a constant
mechanical load to the sample and then subjecting it to a
magnetizing field. The material used and the testing conditions
are described in Table III.

Results obtained from the developed modified-SST on
unstressed materials (σ = 0 MPa) are compared to some ref-
erences obtained on a commercial Brockhaus MPG100 tester
using both Epstein frame and standard SST, to prove the liabil-
ity, precision, and representativeness of the measurements. The
behavior under mechanical loads is then qualitatively analyzed
and compared with the expected material response based on
some considerations from the literature.

A. Validation for Unstressed Samples

Results obtained for unstressed samples are compared
to some references originating from a commercial tester.
Various frequencies are analyzed {5;10;50;100}Hz, showing
good accordance between B–H curves of both apparatuses,
as shown in Fig. 8.

Slight differences in the curves’ shape can be observed.
At low frequency, the loops obtained through the magnetome-
chanical bench tend to have a squared shape in comparison
with the sigmoid shape of the loops originating from the
Brockhaus tester. Nevertheless, this can be easily explained
by the use of a direct magnetic field measurement (H-coil
sensors) in comparison with indirect measures [28]. At high
frequency and high induction, an important discrepancy can
also be observed, and the origin of which is still unclear—
additional analysis are being realized.

Furthermore, it can be observed that the curves obtained
on the developed bench are quasiperfectly symmetrical in
terms of induction and magnetic field and that inner curves
are all included within the major B–H loop. This is not the

Fig. 8. Comparison of unstressed material behavior at (a) 5 and (b) 100 Hz
obtained on the developed magnetomechanical bench (lines) and a Brockhaus
tester (diamonds �).

Fig. 9. Effect of tensile (+) and compressive (−) stresses on the quasistatic
magnetic behavior at 1 Hz and 1.2 T.

case for results acquired on the commercial rig, denoting a
better control of the measurement condition in the proposed
experimental bench.

B. Impact of Uniaxial Stress on Magnetic Properties

To assess the impact of stress on magnetic properties, one
can primarily observe the global changes occurring on a
B–H loop in the function of the applied load. Fig. 9 shows
the effect of compressive and tensile stresses on the quasistatic
magnetic hysteresis (1 Hz) for the tested material. Changes
observed in hysteresis-curve forms due to the application of
compressive and tensile stresses are coherent with anterior
findings [34], [35].

If no strong changes are observed when tensile stresses are
applied, this is not the case for compressive ones: indeed,
in that case, even small levels of compression dramatically
worsen the magnetic properties. A strong decrease of the B
versus H slope is shown, denoting a fall in magnetic perme-
ability, whereas the loop area increases, which means higher
static losses. Those observations are consistent with previous
analysis realized on the same type of material [36]. Focusing
on the loops obtained under tensile loads, it is possible to
observe that small levels of stress enhanced magnetic prop-
erties, slightly improving the permeability, and diminishing
losses (decrease in the coercive field). However, as the stress
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Fig. 10. Effect of stress on the relative secant permeability and specific total
losses at 1 Hz. (a) μr . (b) Wtot.

level increases, this behavior is reversed, and at +20 MPa,
the effect of stress begins to worsen the magnetic properties.
This nonmonotonic behavior of the material under tensile
stress is in close accordance with earlier studies [35], [37].
That way, it can be said that the developed magnetomechanical
bench is able to faithfully reproduce known experimental
results, which are—at least qualitatively—in accordance with
expected material behavior under stress.

The effect of stress on specific ferromagnetic proper-
ties of tested material can also be more closely analyzed.
In Fig. 10(a), the evolution of the relative secant permeability
μr in the function of applied external stress is presented for a
sample tested at 1 Hz.

As highlighted previously, a strong decrease in permeability
is observed when a compressive stress is imposed on the
tested sample. However, tensile stress impact is nonmonoto-
nous. Indeed, the material shows an increase in the perme-
ability at low-stress levels, but as the tension intensity is
raised, the behavior is reversed, and a decrease is observed.
This negative impact of high-amplitude tensile stress on the
permeability is stronger for high induction levels although
already present on a smaller scale at 0.2 T for a stress
amplitude of +20 MPa. Obtained experimental results are,
thus, in accordance with previous observations realized on
iron–silicon alloys [3]. In Fig. 10, the evolution of total losses
at 1 Hz is shown. As seen previously, the material endures
a strong increase in total losses when compression is applied
and a small reduction of them for low tensile stress. For high-
tension levels, no improvement is visible, and even a slight
increase seems to appear for higher inductions, as already
highlighted in [3], [4], and [38].

Measurements at higher frequencies show that the impact
of mechanical loads on dynamic losses can be neglected in
comparison with its effect on static ones (one to two orders
of magnitude lower). However, an interesting point is that
the relative contribution of dynamic losses in the total one’s
changes in function of the applied stress. At +20 MPa/100 Hz,
dynamic losses account for more than 60% of total losses,
whereas it represents less than 35% of those under high
compression (−20 MPa/100 Hz). It is particularly visible
in Fig. 11, where the frequency increase does not induce
a significant variation of the loop area for a sample under
strong compressive stress, whereas its impact on unstressed
or positively stressed samples is way more noticeable [see
Fig. 8(a) and (b)]. Those results are coherent with the ones

Fig. 11. Effect of a 20-MPa compressive stress on the magnetic losses of a
sample tested at 1.0 T and frequencies from 1 to 100 Hz.

obtained for a wide range of tensile stress levels in [38] and
for compressive stresses in [4].

Such information can be extremely useful when optimizing
the performance of electrotechnical machinery since it allows
targeting specific material and/or structure arrangement and
properties. One can for example add silicon content to a
material in order to lower its conductivity if it is aimed to
be used in an application involving tensile stress and high
frequency. On the contrary, the structure and geometry of a
rotating machine can be altered in order to lower the surge
of high-intensity compressive stress in the direction of the
magnetic field and, thus, diminish global losses observed at
a fixed frequency.

VI. CONCLUSION

This article proposes a unidirectional magnetomechanical
bench that follows international standards for magnetic mea-
surements. It describes the different aspects of the bench,
notably the closed-loop control used to ensure the induced
voltage waveform and the advanced field measurement method
employed to enhance precision and representativity. The
mechanical aspects are also detailed, in particular the con-
ception and geometry of a dedicated antibuckling fixture that
allows imposing strong compressive stress levels onto thin
sheet samples in a controlled fashion. Results for unstressed
tests are compared to the ones obtained on a commercial bench
under the same conditions, showing good accordance and,
thus, validating the magnetomechanical bench design. Results
under tensile and compressive stress are also shown, demon-
strating close conformity with the literature and expected
outcomes.

Experimental results obtained on the proposed magnetome-
chanical bench embrace a wide range of testing conditions,
allowing their usage into numerical models. For example, they
are currently used to test loss separation models, in order
to evaluate their validity and the behavior of their parame-
ters under magnetomechanical conditions. Studies are notably
realized to propose some improvements to the well-known
Steinmetz’s law and ensure its consistency when stress is
applied to magnetic material. Finally, the data obtained
through this magnetomechanical SST are exploited in more
complex models used in finite element modeling (FEM) [39].
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They are necessary for parameter identification and the vali-
dation of models allowing the simulation of electromagnetic
devices [40].
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