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Magnetic Behavior of NO Fe–Si Sheets Under Tensile and
Compressive Stresses

Carlo Appino 1, Enzo Ferrara 1, Olivier de la Barrière2, Daniele Carosi3 Alessandro Morri 3,
Alessandro Ferraiuolo4, and Fausto Fiorillo 1
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2Laboratoire SATIE, CNRS/ENS Paris Saclay, 91190 Gif-sur-Yvette, France

3Department of Industrial Engineering, Università di Bologna, 40126 Bologna, Italy
4Marcegaglia Ravenna S.p.A., 48123 Ravenna, Italy

The stress dependence of the magnetic properties of non-oriented (NO) Fe–Si steel sheets has been investigated by measurement
and analysis of hysteresis loop, magnetization curve, and energy losses taken at different peak polarization values J p (0.5–1.5 T)
between dc and f = 400 Hz. The salient feature of the material response to the stress lies in the monotonic deterioration of the
soft magnetic properties, across the whole (J p − f) domain, on passing from the maximum tensile stress (σ = +30 MPa) to the
maximum compression (σ = −30 MPa). This is understood in terms of stress-induced redistribution of the domains between easy
axes, making magnetic hardening by compression directly related to unfavorably directed domains and 90◦ domain-wall-mediated
magnetization transitions. The loss decomposition is carried out across the whole investigated frequency range, taking into account
the skin effect at the highest frequencies. Quasi-static and dynamic losses follow similar behaviors, both monotonically increasing
on passing from the tensile to the compressive stress limits, according to the theoretically expected relationship existing between the
hysteresis and the excess loss components.

Index Terms— Loss decomposition, magnetic losses, magnetoelastic properties, mechanical stress, non-oriented (NO) Fe–Si sheets.

I. INTRODUCTION

ELECTRICAL machine cores are always subjected to
mechanical stresses, a condition deriving in the first place

from punching and assemblage of the steel sheets and made
worse in the running machine by magnetostrictive effects,
centrifugal forces, and heat shrinking [1], [2], [3]. The mag-
netoelastic energy content and its unfolding throughout the
magnetization process, via the domain structure and the motion
of the domain walls (dws), is responsible for the stress sensi-
tivity of the magnetic sheets. Compressive (negative) stress σ

is distinctly detrimental to the soft magnetic response of the
non-oriented (NO) Fe–Si alloys, the lower the Si content, the
stronger the deterioration of permeability and losses [4]. This
effect, descending from the positive value of the saturation
magnetostriction constant λs , is well known and phenomeno-
logically understood [5], [6]. For the same reason, tensile (pos-
itive) stress is beneficial to permeability and loss properties,
at least up to some 30–50 MPa, beyond which it monotonically
increases until yield [7], [8], [9], [10]. The modeling of
quasi-static magnetization curve and hysteresis loop and their
evolution with the applied stress σ have been for the main part
treated in the frame of the Jiles–Atherton model of hysteresis,
where a stress field Hσ = (3/2)σ (dλ/d J ), with λ the relative
magnetostrictive elongation and J the material polarization,
is introduced and added to the applied and demagnetizing
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fields [11], [12]. The Jiles–Atherton model was combined
in [13] with a single-valued free-energy-based magnetic con-
stitutive law to predict stress-dependent coercive field and hys-
teresis. The presence of a common crossover point occurring
on the hysteresis loops under compressive stress in the second
and fourth quadrants has also been highlighted [6], [14].

The ac soft magnetic properties, following a similar trend
with σ as the quasi-static hysteresis, are generally assessed
at power frequencies by invoking the loss decomposition
model [7], [8], [9], [15]. The use of Steinmetz’s equation [3]
has been proposed, as well as the adoption of an equivalent
elliptical loop as the magnetic constitutive equation of the
material [16]. No treatment of the skin effect in the analysis
of the energy loss versus frequency is, however, available.

In this work, we investigate the dc and ac properties of
Fe–(2 wt%)Si NO sheets and their frequency dependence up
to 400 Hz as a function of compressive/tensile stress, applied
in the range of −30 ≤ σ ≤ +30 MPa. The energy loss,
measured at peak polarization values Jp ranging between
0.5 and 1.5 T, is shown to monotonically decrease while
moving from compression to tension in the abovementioned
range. Such a behavior is common to the quasi-static Whyst
and dynamic excess loss Wexc( f ) components, as expected to
occur on general theoretical grounds [17]. This outcome can in
fact be translated, according to the theory, in terms of statistical
parameters of the magnetization process and their dependence
on stress. However, with the increase of permeability induced
by the tensile stress, skin effect phenomena do appear in the
upper frequency range. They affect the relative proportions
of the loss components versus frequency. Their calculation
is made here, by determining the non-uniform cross-sectional
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polarization profile versus frequency and the correspondingly
evolving share of Whyst( f ), Wexc( f ), and the classical loss
Wclass( f ).

II. METHODS FOR STRUCTURAL AND MAGNETIC
CHARACTERIZATION

This section is devoted to a description of the methods
employed in the structural characterization and magnetic test-
ing, with and without applied stress, of the high-purity NO
Fe–Si alloys prepared in the Marcegaglia plant. Emphasis is
placed, on the one hand, on crystalline structure and texture
and, on the other hand, on the setup allowing for simultaneous
tensile/compressive stress application and traceable magnetic
measurements.

A. Structural Characterization

The NO Fe–Si sheets were prepared at Marcegaglia
Ravenna plant starting from high-purity extra-low-carbon hot-
rolled coils. The equivalent Si content in steel is about 2.0%.
The final 0.50 mm-thick product was obtained by a sequence
of pickling, cold rolling, and annealing processes. Epstein
strips were eventually cut and stress-relieved by 2 h annealing
at 680 ◦C in vacuum.

The structural investigation was made by optical and
field-emission gun FEG-SEM microscopy. The SEM setup was
endowed with energy-dispersive X-ray spectroscopy (EDS)
and electron backscatter diffraction (EBSD) capabilities [18].
The optical micrographs show almost equiaxed grains, while
the SEM micrographs, coupled with EDS analysis, put in
evidence the presence of MnS inclusions. The results of EBSD
analyses and post-processing are provided in Fig. 1.

High-angle grain boundaries (HAGB, θ > 15◦) are found
to be prevalent with respect to low-angle grain boundaries
(LAGB, 2◦ < θ ≤ 15◦). Combined with the absence of
specific ordered structures in LAGB, this implies that the
material has undergone almost complete recrystallization [19].
The inverse pole figure (IPF) reported in Fig. 2(a) shows
that the [110] axes are the prevailing crystallographic axes
pointing toward the rolling direction (RD), with a relatively
high population of (557)[11̄0] and (335)[11̄0] orientations.
At the same time, comparably few [001] axes tend to lie
close to RD and the transverse direction (TD). Slight favorable
anisotropy along RD is eventually demonstrated by magnetic
measurements. Table I provides the basic physical parameters
of the investigated laminations.

B. Magnetic Characterization

The magnetic measurements have been performed on 300 ×

30 mm Epstein samples by means of a single-strip tester,
endowed with a double-C flux-closing laminated yoke of
cross-sectional area 30 × 30 mm [Fig. 3(a)]. The exciting
field Ha is generated by a solenoid, and the flux derivative is
detected by means of an air-flux compensated secondary coil
located at sample mid-length. A defined magnetic path length
is adopted by comparing the measurements at zero stress with
the results obtained on a standard Epstein frame. The scatter-
ing between the results obtained by the single strip and Epstein

TABLE I
PHYSICAL PARAMETERS OF THE INVESTIGATED

Fe–Si SHEETS

frame magnetic circuits is within the systematic deviations
found for the International Electrotechnical Committee (IEC)
testing standards discussed in [20].

The compressive/tensile stress is applied to the strip under
test by a built-on-purpose setup, endowed with a calibrated
linear spring and a brass structure, holding the strip. Besides
directly applying the tensile stress, this device can transform
the pulling action of the spring into a compressive force
on the strip. The strip is sandwiched between two brass
sheets, one fixed and one mobile, which accomplish the
tension-to-compression transition while averting buckling of
the strip.

The dc magnetic properties are measured by the point-by-
point (ballistic) method [21], each time repeating the test on
the RD- and TD-cut strips and averaging the results. Fig. 4
summarizes the stress dependence of the so-obtained normal
magnetization curves (−30 ≤ σ ≤ +30 MPa) up to the
maximum applied field Ha = 10 kA/m. The normal and
the anhysteretic curves measured on the Epstein frame (IEC
60404-2 Standard) in the unstressed state are additionally
shown.

AC measurements are performed by means of a calibrated
digital hysteresisgraph-wattmeter in the frequency range of
2–400 Hz under controlled sinusoidal secondary voltage at
the peak polarization values Jp = 0.5, 1.0, 1.2, and 1.5 T.
The measuring setup is based on a digital function generator
(Agilent 33220A), a power amplifier (NF HSA 4052), and a
12-bit 200-MHz MSO44 Tektronix oscilloscope. It operates
via an Agilent VEE software. A block diagram of the mea-
suring setup is provided in Fig. 3(b).

The dependence of the quasi-static major hysteresis loops
(RD strip, Jp = 1.5 T and f = 1 Hz) on the applied stress is
shown in Fig. 5. The opposite trends of area and slope of the
loops with σ changing from −30 to +30 MPa are apparent.
These trends are quantified in Fig. 6, where the decrease of
the area of the loop (i.e., the quasi-static energy loss Whyst)

is paralleled by the dramatic increase of the maximum value
of the differential permeability µ(max)

r , taken on the ascending
branch of the loop. We see here how the stress operates at the
same time on the slope of the magnetization curve, via the
cumulated magnetoelastic and demagnetizing energies, and
the coercivity, that is, the frictional resistance to the motion
of the dws. This will be discussed in detail in Section III.
It is appropriate, in any case, to figure out how the mea-
suring uncertainty associated with the present unconventional
test methods is deteriorated with respect to the conventional
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Fig. 1. Grain orientation distribution reconstructed by EBSD at three different locations of the NO Fe–Si sheet surface and corresponding distribution of the
grain diameters. Prevalent large-angle grain boundaries are found.

Fig. 2. Inverse pole figure. (a) Distribution of the crystallographic axes around the RD tends to be denser around the [011] axis, consistent with the (110)
and (100) pole density figures shown in (b) and (c).

standard testing (e.g., Epstein frame). We identify, in partic-
ular, the main source of uncertainty of the loss figures in
the systematic evolution with σ of the magnetic path length
of the adopted single-strip setup. This is defined once and
for all by comparison with the Epstein frame tester at σ =

0. Based on the historical record of the laboratory, previous
intercomparisons, and the estimated evolution of the magnetic
path length with the applied stress, the systematic extended
uncertainty (Type B) is evaluated to range between ±4% and
±7%. The random (Type A) contribution, reduced to low
values (around 0.5%) by controlled repeated measurements,
is deemed negligible.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The major and most investigated effect of residual and
applied stresses on the magnetic properties of steel sheets is the

modification of the quasi-static hysteresis, namely, the coercive
field and the permeability. However, it has been shown that the
statistics of the magnetization process, eventually regulating
the dynamic evolution of the dw motion under increas-
ing frequencies, connects quasi-static and dynamic losses,
a phenomenon embodied in the so-called excess losses [17].
Remarkably, the theory permits one to separately analyze
quasi-static and dynamic losses while bringing to light, at the
same time, their intrinsic connection, as discussed in the
following.

A. Quasi-Static Magnetic Properties

We can qualitatively understand the results reported in
Section II-B by considering the mechanisms of the magnetiza-
tion process in NO Fe–Si alloys in the presence of an applied
field.
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Fig. 3. Setup for the single-strip magnetic characterization of NO Fe–Si
under tensile/compressive stress (applied along the z-direction, see Fig. 7).
(a) Sample is housed in a brass holder, preventing strip buckling under
compression. Flux closure is ensured by a double-C laminated yoke and the
stress is applied using a calibrated linear spring. (b) Block diagram of the
measuring setup. The air flux detected by the secondary winding (N2) is
compensated.

Commercial NO Fe–Si sheets display, despite a respectably
high value of the anisotropy constant [K ∼ 40 kJ/m3 in
Fe–(2 wt%)Si], a relatively low coercivity, that is, a relatively
easy motion of the dws, a property favored by the purity
of the material and the positive cubic anisotropy. A certain
inflection, therefore, sets in along the magnetization curve
between the dw processes and the rotations, the latter requiring
much higher fields. This is signaled by the peculiar transition
region appearing on the log-lin normal curves shown in
Fig. 4 upon overcoming the polarization value J ∼ 1.5 T.
In the ideal case of perfectly isotropic polycrystalline material,
this transition would reflect the passage from dw motion to
reversible moment rotations versus the applied field direction.

This should occur, in principle, inside a uniform distribution
of occupied easy axis covering a solid angle of semi-aperture
θ0 = 55◦, centered on the field direction.

As is generally the case, a certain degree of anisotropy is
observed in these NO sheets, as conveyed by the character of
pole figures shown in Fig. 2. The angular distribution of the
occupied easy axes is therefore not uniform, and moderate

Fig. 4. DC magnetization curve versus applied compressive/tensile stress
(−30 ≤ s ≤ +30 MPa). Each curve is the average of the curves measured on
the RD and TD strips. The inset compares the normal and the anhysteretic
curves, as obtained in the unstressed state (Epstein frame). The asymmetric
response of the material to compression and tension points to a large difference
of the correspondingly stored magnetoelastic energy.

differences are always observed, for example, between the
magnetization curves and the loops taken along RD and TD
(inset of Fig. 5). Consequently, lower permeability and slightly
higher losses are observed in the TD-cut strips. In addition,
residual stresses and internal demagnetizing fields can lead,
after demagnetization, to the further departure of the populated
easy axes from the previously evoked ideal distribution.

The presence of a compressive (σ < 0) or tensile (σ >

0) applied stress perturbates this scenario, by modifying the
distribution of the domains in the demagnetized state (while
maintaining the sample demagnetized) and generating an
asymmetric response (tension versus compression) upon the
application of a magnetic field. A qualitative view of the dis-
tribution of the occupied ⟨100⟩ easy axes in the demagnetized
state, after the application of either a tensile or compressive
stress, is shown in Fig. 7. Because of the positive value of the
saturation magnetostriction constant λs , the magnetization will
tend to occupy the easy axis closer to or farther from the stress
direction, according to the tensile or compressive character of
the stress, to minimize the magnetoelastic energy Eσ . For a
domain with magnetization directed at an angle θ with respect
to the direction of σ , we have

Eσ (θ) =
3
2

λsσ sin2θ, [J/m3
] (1)

with σ expressed in pascal. It is apparent how the selection
of the easy axes brought about by sign and amplitude of
σ can lead to the evolution of the quasi-static hysteresis
loops, their area, and the differential permeability observed
in Figs. 5 and 6.

1) Tensile Stress: We can attribute the moderate magnetic
softening ensuing from the tensile stress to the rearrangement
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Fig. 5. Evolution of the major (Jp = 1.5 T) quasi-static hysteresis loop versus applied tensile/compressive stress in the RD strips. The inset shows an
example of loops taken on RD and TD strips at the same Jp value.

Fig. 6. Maximum value attained by the differential permeability µ
(max)
r =

(1/µ0) dJ/dH along the ascending branch of the quasi-static major loops
(Fig. 5) decreases monotonically on passing from σ = +30 to −30 MPa.
The opposite trend is displayed by the quasi-static energy loss Whyst.

of the domains along the pattern sketched in Fig. 7(a), starting
from the somewhat broader range of occupied orientations
usually expected to occur in the zero-σ state. With the easy
axes closer to the applied field direction, (1) leads, in combina-
tion with reduced internal magnetostatic fields, to a decrease
of the energy required to achieve a defined Jp level. This
trend tends to saturate already around σ = +30 MPa and it is
expected to eventually reverse upon further increase of σ , up to
the yield strength [7], [8]. The ensuing magnetic hardening

Fig. 7. Angular distribution of the active (i.e., occupied by the magnetization)
easy axes in the polycrystalline NO Fe–Si specimen is sketched for the
demagnetized state, once this is attained after the application of a tensile
(a)/compressive (b) stress (θ0 = ϕ0 = 55◦). Rotational symmetry around the
stress axis z is assumed. The field is applied collinear with σ .

is primarily due to the lack of degrees of freedom (i.e.,
flux-closing domains) at high stresses and correspondingly
hindered propagation of the magnetization reversals. Addi-
tional non-negligible contribution to the magnetocrystalline
anisotropy from the stress-induced anisotropy will eventually
appear before yield.

2) Compressive Stress: There is an obvious geometrical
effect leading to higher coercivity and hysteresis loss under
compressive stress in polycrystalline materials because, as far
as the 180◦ dws remain anchored to or fall back along the easy
axes far-removed from the direction of the applied field (i.e.,
of the stress), the pressure p = 2HJs cos θ on the 180◦ dws



2001613 IEEE TRANSACTIONS ON MAGNETICS, VOL. 60, NO. 10, OCTOBER 2024

is relatively ineffective. Switching between easy axes, driven
by 90◦ dw processes, is needed to establish, in each grain, the
domain structure lying along the axes closer to the field direc-
tion. The threshold for this process is responsible, besides the
increase of the hysteresis loss Whyst, for loop bulging, a known
consequence of compressive stress and plastic deformation [5],
[6], [15], [16], [22], [23]. We therefore see in Fig. 8(a) how the
major quasi-static hysteresis loop measured for σ = −30 MPa
is inflated in the region surrounding the coercive field, where
the 90◦ dw transitions take place. It is further observed in
Fig. 8(b) that for compressive σ larger than −10 MPa, the
loops exhibit a common crossover point in the second and
fourth quadrants, as reported in [6], [15], [16], and [22].

We might phenomenologically look at the remarkable effect
of the compressive stress on the shape and area of the
quasi-static hysteresis loop in NO Fe–Si sheets by considering
the overall energy balance and separating the lost fraction
Whyst from the reactive contribution, reversibly exchanged
between the sample and the exciting system. We consider in
Fig. 9(a) the upper portion of the quasi-static major loops for
σ = 0 and σ = −30 MPa and the related median curves.
These are akin to, but not coincident with, the anhysteretic
curves and are assumed to describe the evolution of the
reactively exchanged energy during cycling, the frictional field
being lumped, for any J value, in the half-width of the
loop. Loop bending engendered by compression is therefore
assumed to chiefly descend from the rise of the magnetoelastic
and demagnetizing energies (i.e., the corresponding internal
fields). We can estimate the former, for the relatively high
σ = −30 MPa stress value, by considering the active easy axes
configuration sketched in Fig. 7(b). We calculate the related
magnetoelastic energy Eσ before and after application of a
field, collinear along the z-axis with the stress, bringing the
magnetization up to Jp = 1.5 T. The xy plane is, from the
viewpoint of magnetoelastic energy, an easy plane. It is fair to
stress the somewhat ideal character of the scheme adopted in
Fig. 7, for the distribution of the populated easy axes that is
likely more complex in practice, as induced by the observed
textural properties of the material. We make use of (1) to
calculate Eσ , according to the distribution sketched in Fig. 7(b)
(semi-aperture ϕ0 = 55◦) corresponding to the demagnetized
state under compression. By denoting as ϕ the angle made by
the generic occupied easy axis with the xy plane and assuming
uniform density, we obtain the distribution p(ϕ) = cosϕ/sinϕ0
by integration

E (−30 MPa)
σ (J = 0) =

∫ ϕ0

0
Eσ (ϕ)p(ϕ)dϕ

=
1
2

λsσ sin2ϕ0 ∼= 0.33λsσ. (2)

We similarly calculate Eσ at the tip point (Jp = 1.5 T),
by assuming that the applied field has brought the distribution
very close to the one depicted in Fig. 7(a) (corresponding also
to the one pertaining to the demagnetized state with σ = 0)
with θ0 = 55◦. It is now p(θ) = sinθ/(1 − cosθ0) and the
integration provides

E (−30 MPa)
σ (J = 1.5 T) =

∫ θ0

0
Eσ (θ)p(θ)dθ

=
1
2

λsσ(cos2θ0 + cosθ0 + 1)

∼= 0.95λsσ. (3)

We conclude that on passing from the demagnetized state to
Jp = 1.5 T, the magnetoelastic energy increases by the quan-
tity 1E (−30 MPa)

σ = E (−30 MPa)
σ (J = 1.5 T) − E (−30 MPa)

σ (J =

0) ∼= 0.62λsσ . With λs = 8 × 10−6, we obtain 1E (−30 MPa)
σ

∼=

148 J/m3, a figure affected by the uncertainty attached to
the assumed λs value. We compare this estimate with the
integrals Er =

∫ Jp

0 Hd J taken on the median curves of the
Jp = 1.5 T loops for both σ = 0 and σ = −30 MPa.
These provide a measure of the reactive energy exchanged
with the supply system. It is E (σ=0)

r (J = 1.5 T) ∼= 135 J/m3

and E (−30 MPa)
r (J = 1.5 T) ∼= 430 J/m3. The latter is shared

between the magnetostatic and magnetoelastic contributions.
By assuming that the reactive energy in the unstressed state
E (σ=0)

r (J = 1.5 T) is of magnetostatic origin, we find the
global demagnetizing energy cumulated at Jp = 1.5 T for
σ = −30 MPa and E (−30 MPa)

dem (J = 1.5 T) ∼= 282 J/m3.
We might treat the problem, for any J value, in terms of

balance between applied field Ha and internal fields

Ha = H f + Hdem + Hσ (4)

where Ha is countered, besides the demagnetizing Hdem and
stress Hσ = dEσ /dJ fields, by the frictional field H f . This,
like the other fields, is treated like a macroscopic quantity,
embodying the energy dW hyst = H f d J lost upon a variation
dJ of the polarization. We have

Whyst =

∮
Had J =

∮
H f d J . (5)

If the major hysteresis loops in Figs. 8 and 9(a) are deprived
of the field contribution, sum of Hσ and Hdem, associated with
the median curves [Fig. 9(b)], we remain with the hypothetical
J (H f ) loops, lumping all the dissipative responses of the
material [Fig. 9(c)]. By limiting ourselves to the return curves,
we obtain by subtraction the J (H f ) branches, ranging from
σ = 0 to σ = −30 MPa, represented in the second quadrant in
Fig. 9(c). The peculiar bulging of H f shows up, inflating and
moving downward under increasing compressive stress σ . This
signals that the populated easy axes distribution concurrently
moves between the two ideal configurations shown in Fig. 7.
It is noted in Fig. 9(c) the separation of the hysteresis curves
about the coercive field Hc in their irreversible (solid lines) and
reversible (median curves—dashed lines) components. The
latter tend to fall, for compression larger than σ = −10 MPa,
through a common crossover point. This denotes the existence
of an inverse relationship between the slope of the pertaining
median curves and the extra-contribution 1Hc due to the
compressive stress. The higher the increase of coercivity by
compression, the lower the slope of the median curve.

B. AC Properties and Loss Separation

As previously remarked, the hysteresis and the
dynamic losses are affected in a connected fashion by
tensile\compressive stresses. A way to recognize this
correlation consists in retrieving the excess loss component,
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Fig. 8. (a) Close look at the quasi-static loops shown in Fig. 4 provides evidence that compression engenders a considerably inflated shape around the
coercive field. It descends from the extra-pressure required for the switching of the magnetization between different easy axes, a process taking place by 90◦

dw transitions. Magnetoelastic energy is stored in this process, resulting in loop bending. (b) Magnified detail of crossover for Jp = 1.5 T and the inset (Jp =

1.0 T) show that under sufficiently high compressive stress and appropriate Jp value, all the quasi-static loops tend to crossover at a common (H , J ) value
(P) in the second and fourth quadrant.

Fig. 9. RD sample. (a) Median curves Jm(H) of the quasi-static major hysteresis loops (dashed lines) are representative of the reactive (reversible) energy
Er (Jm) =

∫
Hd Jm involved in the cycling process. We assume Er as the sum of two contributions: a term Edem, associated with the internal demagnetizing

effects, and a quantity Eσ , introduced by the magnetoelastic interaction. We estimate in (a) the variation of Er and Eσ , cumulated up to Jp = 1.5 T,
on passing from σ = 0 to −30 MPa, by resorting to the easy axes scheme shown in Fig. 7. By subtracting the median curves shown in (b) (first quadrant)
to the hysteresis loops at different compressive stress values, the dissipative contribution (H f , J), with H f the frictional field, is singled out in the second
quadrant and the bulge concurrent with the switching of the magnetization between easy axes by 90◦ dw processes is revealed in (c). The dashed lines in the
second quadrant (c) are partial replicas of the median lines shown in the first quadrant (b). Their crossover suggests the existence of an inverse relationship
between the stress-induced coercivity and the slope of the median curves.

the quantity providing a measure of the discrete nature
of the magnetization process, and its evolution with the
magnetizing frequency. We will discuss this in the following,
by additionally treating, with certain simplifications, the
rise of the skin effect, which cannot be neglected when

the product of frequency and permeability is sufficiently
high.

The energy loss W (Jp, f ) measured in the NO Fe–Si
sheets from dc to 400 Hz (RD + TD) at different peak
polarization values (Jp = 0.5, 1.0, 1.2, and 1.5 T) increases
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Fig. 10. Measured energy loss in the NO Fe–(2 wt%)Si sheets increases
monotonically on passing from tensile to compressive stress at all frequencies
and peak polarization values.

monotonically on passing from tensile to compressive stress
across the whole investigated (Jp, f ) matrix. This is illustrated
by the comprehensive data reported in Fig. 10. As already
observed in Fig. 6 for Whyst, the rate of variation of W (σ ) tends
to saturate toward σ = ±30 MPa, at least up to 50 Hz, while
the major detrimental effect of compression is found at Jp =

0.5 T. This is an expected result, because the permeability in
the unstressed state peaks at this Jp value.

The frequency dependence of the energy loss in steel
sheets is conveniently approached through modeling of the
magnetization process by the statistical theory of losses (STL)
[17], [24]. This approach provides solid ground to the concept
of loss separation, where the energy loss is derived as the
sum of the previously discussed quasi-static component Whyst
and the dynamic classical Wclass( f ) and excess Wexc( f ) loss
components. The physical interpretation of the loss separation

is based on a critical analysis of the mechanisms of the
magnetization process and their evolution with the magnetiz-
ing frequency. It is assumed according to the experimental
evidence provided by the Barkhausen effect that the magne-
tization process is driven by randomly distributed statistically
independent regions named magnetic objects (MOs), each
accounting for the role played by a dw or group of strongly
interacting dws. The sequence by which the MOs are acti-
vated depends on the balance between the uniformly applied
magnetic field Ha and the local fields (pinning, magnetostatic,
magnetoelastic, and eddy current fields). To manage the com-
plex statistics of the problem, it is assumed that the local
pinning fields H (loc)

c are homogeneously distributed throughout
the cross section of the sheet, up to a maximum value
H0 (probability density function g(H (loc)

c ) = 1/H0). At any
frequency, n of the total N0 of MOs, separated one to another,
on average, by a field increment V0 = H0/N0, is assumed to
be simultaneously reversing the magnetization. n is bound to
increase with f because the eddy current counterfields call for
increased Ha , if the defined Jp value and dJ/dt law (e.g., sinus)
are to be preserved. Additional MOs are therefore recruited by
the larger Ha . It is shown by Bertotti [17], [24] that in steel
sheets, the linear relationship

n = n0 + Hexc/V0 (6)

holds, where Hexc = Wexc/4Jp and n reduces to n0 for
f → 0.

Simplified in this way, the arduous problem of dynamic
losses is amenable to simple analytical assessment, with the
components given, for sinusoidal J (t) in a sheet of thickness
d , by the expressions

Wclass
(
Jp, f

)
= (π2/6ρ)d2 J 2

p f [J/m3
] (7)

Wexc
(
Jp, f

)
= 2n0V0 Jp

(√
1+

16
ρn2

0V0
GS Jp f −1

)
, [J/m3

]

(8)

where ρ is the resistivity and G = 0.1356. The less-than-linear
increase of W ( f ) is predicted by (8). Since the memory of
the quasi-static situation is progressively lost as the frequency
increases, (8) generally simplifies, beyond a few Hz, into the
well-known square root dependence of Wexc on frequency

Wexc
(
Jp, f

)
= 8.76

√
GSV0/ρ J 3/2

p

√
f [J/m3

]. (9)

We see the interpretative approach offered by STL at work
in the examples given in Fig. 11, where W ( f ), measured up
to 400 Hz at Jp = 1.5 T under the symmetric stress conditions
σ = ±30 MPa, is decomposed according to (7) and (9). The
correspondingly obtained n(Hexc) (inset) is shown to obey the
linear law (6) and the measured W ( f ) (symbols) is eventually
predicted (solid line) as W ( f ) = Whyst + Wclass( f ) + Wexc( f ).
To note that Whyst and Wexc( f ) follow the same trend with
σ , bringing forth the known relationship existing between
quasi-static and dynamic losses.

1) Skin Effect: The pre-requisite of uniform flux density
(i.e., skin depth larger than d/2) for calculating Wclass( f )

with (7) may not be fulfilled for certain combinations of
conductivity, permeability, and sheet thickness, even at power
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Fig. 11. Energy loss W ( f ) measured at Jp = 1.5 T for σ = ±30 MPa (symbols) on an RD specimen is decomposed in the Whyst, Wclass, and Wexc
components. Whyst is obtained by extrapolating W ( f ) to f = 0 and Wclass( f ) is calculated with (7). The remainder is the excess loss Wexc, obtained with (9),
following an f 1/2 dependence. The sum of these three components (the black solid curves) fits the experiments to an extent demonstrating that the skin depth
is large enough to assume a uniform induction level across the sheet thickness. The insets in (a) and (b) show that the calculated number of MOs n(Hexc)
(symbols) follows with good approximation of the linear law (6).

frequencies. This is what occurs in the present 0.50 mm-
thick sheets for tensile stress σ ≥ 10 MPa, f ≥ 200 Hz,
and Jp = 0.5–1.0 T, where the use of (6) for Wclass( f )

leads to incompatible behavior of Wexc( f ). This does not put
the concept of loss separation in jeopardy, but it calls for
the calculation of the actual profile J (x) across the sheet
thickness and the ensuing re-formulation of the dynamic
loss. The problem was solved in the past, in the framework
of loss decomposition, by numerical solution of Maxwell’s
diffusion equation in a material endowed with rate-dependent
hysteretic magnetic constitutive equation, as given by the
dynamic Preisach model [25]. However, it was shown that
one can arrive at an acceptable assessment of the loss in the
presence of skin effect, at the cost of a somewhat restricted
(Jp, f ) range (e.g., up to a few kilohertz, far from saturation),
by identifying the magnetic constitutive equation with the
elliptical loop having same Jp, and Hp values and same area
as the actual quasi-static loop [26], [27]. This amounts to say
that the loop is defined, besides Hp and Jp, in terms of real µ′

and imaginary µ′′ permeabilities. With the defined quasi-static
µ′ and µ′′ values, the field diffusion equation for sinusoidal
J (t) is

∂2 H̄(x)/∂x2
=

1
ρ

∂ J̄ (x)/∂t = j
ω

ρ
µ̄H̄(x) (10)

where H̄ , J̄ , and µ̄ are complex quantities and no distinction is
made between magnetic polarization and induction. Following
the detailed discussion given in [27], under the boundary
conditions:

(∂ H/∂x)x=0 = 0, (∂ H/∂x)x=±
d
2

=
d

2ρ
jωσ Jp (11)

where Jp =
2
d

∫ d/2
0 Jp(x)dx is the thickness-averaged (i.e.,

measured) peak polarization value, we calculate the profile
Jp(x , f ), the classical loss Wclass( f ), and the frequency-
dependent Whyst. These quantities are shown in Fig. 12(a) for
Jp = 0.5 T and σ = +30 MPa, a measuring condition affected
by incomplete skin depth. The theory [27] modifies (7) into

Wclass
(
Jp, f

)
=

π

2

J 2
p

µ′
·

(
λ ′

+ λ ′′
)

sinh
(
λ ′

− λ ′′
)
−
(
λ ′

− λ ′′
)
sin
(
λ ′

+ λ ′′
)

cosh
(
λ ′ − λ ′′

)
− cos

(
λ ′ + λ ′′

)
[J/m3

] (12)

where

λ
′
= (d/2)

√
ω

ρ
|µ| ·

√
1 + µ′/|µ|

λ
′′

= (d/2)

√
ω

ρ
|µ| ·

√
1 − µ′/|µ|. (13)

The so-calculated Wclass( f ) displays, in the example shown
in Fig. 12, a less-than-linear dependence on frequency beyond
f ∼ 200 Hz. This behavior is caused by the decreased intensity
of the peripheral eddy currents under non-uniform Jp(x) pro-
file. This is responsible, at the same time, for a certain increase
of the hysteresis loss Whyst with f [see Fig. 12(b)]. Whyst( f )

is generated by very localized dw processes and, exhibiting
a more than linear dependence on Jp, is expected to grow
with increasingly non-uniform J p(x) profile [e.g., on passing
from 50 to 400 Hz in the example of Fig. 12(a)]. The
experiments show that Whyst (Jp) follows under quasi-static
excitation a power law dependence Whyst (Jp) = kJα

p on Jp.
For the case shown in Fig. 12, it is α = 1.86 and k = 14.87
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Fig. 12. Quasi-static hysteresis loop measured at Jp = 0.5 T on an RD specimen is assimilated to an elliptical loop of identical area, which can be described
in terms of real µ′ and imaginary µ′′ permeabilities. This permits one to analytically solve Maxwell’s diffusion equation and obtain both the Jp(x , f ) profile
versus (a) depth x and (b) Wclass( f ) in the presence of the skin effect. Because of non-uniform Jp(x) profiles, Whyst becomes, beyond a few hundreds of
hertz, frequency-dependent, and Wclass( f ) increases less than linearly with f .

(for Whyst expressed in mJ/kg). Consequently, we find at any
frequency

Whyst
(
Jp, f

)
=

1
d

∫ d/2

−d/2
k Jα

p (x)dx (14)

by integrating on the profile. We therefore see how the less-
than-linear increase of Wclass( f ) is paired by an increase of
Whyst with increasing f , with Wexc( f ) still approximately
following the f 1/2 law [inset in Fig. 12(b)]. However, note
that Wclass( f ) will eventually reverse its trend with f for a
suitable combination of high frequencies and high induction
values, not attained in the present experiments [28].

C. Excess Loss and Statistical Parameters Versus Stress

The concept of loss separation and its assessment by the
STL bring to light the physical mechanisms lying behind
the generation of the excess losses, lumping them in the
statistical parameters n and V0 of the MOs and their mutual
relationship (6). Such statistics is simplified, as previously
mentioned, by assuming a uniform distribution of the strength
of the local pinning fields [17]. The notion of locality implies
that macroscopic demagnetizing effects do not interfere with
the statistics and the loss. The resulting (somewhat idealized)
parallelogram-shaped quasi-static hysteresis loop has the coer-
cive field Hhyst = Whyst/4Jp and peak field value Hmax =

2Hhyst. Looking back at a similarly idealized major loop and
its representation in the second quadrant in Fig. 9(c), we might
approximately identify Hhyst with the frictional field H f .

Whatever the degree of simplification, it is apparent that,
by revealing the role of the parameters associated with the

distribution of the local coercivities in the predictive formula-
tions of the excess loss, we recognize the connection between
Whyst and Wexc. These two components are therefore expected
to follow related trends under the effect of applied and residual
stresses, which is exactly what we observe in the example of
Fig. 13, showing the similar monotonic dependence of Whyst
and Wexc( f = 50 Hz) on σ at four different Jp values. Fig. 11
provides a clear example of the concurrent increase of Whyst
and Wexc( f ) upon changing σ from +30 to −30 MPa.

Use of (6)–(9) permits one to recognize the role of the
parameters V0 and n( f ) and their connection with the material
microstructure. Equation (9) exclusively binds the dependence
of Wexc( f ) on σ to the corresponding variation of V0. This
parameter marks the granularity (inhomogeneity) of the dis-
tribution of the local coercivities of the MOs, and within the
scheme of their uniform distribution, it is quite appropriately
found to follow the route taken by the upper limit H0, that
is of Whyst (Fig. 13). The parameter V0 is the trait d’union
between Whyst and Wexc, justifying their common response to
stress application. Thus, a widened distribution subtends to a
more granular structure and the increase of H0 and V0 under
increasing compression. This is consistently accompanied,
at any frequency, by a decrease of n( f ) (Fig. 13), that is,
by the growing mean size λMO of the concurrently reversing
MOs. λMO can be estimated versus the sign and amplitude of
σ according to the derivation made in [29]

λMO = Wexc

/(
8.76Jp

√
2
ρ

⟨Js⟩Hhyst f

)
(15)

where ⟨Js⟩ = 0.83Js is the upper polarization limit at the
(ideal) boundary separating dw processes and rotations. The
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Fig. 13. Quasi-static and the excess loss components display similar trends
under changing applied stress. These behaviors are predicted by the STL,
via the statistical analysis of the magnetization process. The theory lumps the
correlation between Whyst and Wexc( f ) in the distribution of the local pinning
fields for the MOs and the related parameters V0 and n( f ). The passage from
tensile to compressive stress brings about a widened distribution of the local
coercivities (increasing V0) and an increased discretization of the active MOs
[i.e., decreasing n( f )].

so-calculated λMO value, shown versus σ in Fig. 14, is of the
order of grain size. It increases under increasing compression
(σ < 0), pointing to a dw correlation range growing with
the growth of the barriers to be overcome in setting forth the
combination of 90◦ and 180◦ dw motion.

IV. CONCLUSION

The lattice strain caused by an applied stress makes the ori-
entation distribution of the magnetic domains among the easy
axes sensitive to the tensile/compressive character of the stress,
depending on sign and value of the magnetostriction constant.
NO Fe–Si sheets, endowed with positive magnetostriction,
have their domains in the demagnetized state prevalently

Fig. 14. Average size λMO of the reversing MOs increases on passing from
tensile to compressive stress. λMO denotes the correlation range of the moving
dws. It oscillates around the average grain size and it depends on Jp . The
larger value engendered by σ < 0 reflects the rise of the threshold field
for reversal when this requires the supplementary role of the 90◦ dws for
magnetization switching between the easy axes.

distributed along the directions close either to the stress
direction, if tensile, or to the plane orthogonal to it, if com-
pressive. This favors the magnetization process under tensile
stress while hindering it under compression, resulting into
monotonical increase of hysteresis (quasi-static) loss and
decrease of permeability across the here investigated stress
range ±30 MPa. In this work, we have measured the stress
dependence of the quasi-static and dynamic loss properties of
high-purity 0.50 mm-thick NO Fe–(2 wt%)Si steel sheets and
discussed the resulting monotonical increase of the loss at all
frequencies following the passage from tensile to compressive
stress. The main conclusions can be summarized as follows.

1) With an assumed distribution of the populated easy
axes in compressed sheets and its evolution with the
applied field, the magnetoelastic energy variation across
the major hysteresis loop and its share compared to the
magnetostatic energy is calculated. Recourse is made to
the median curve, which identifies the reactive exchange
of energy with the supply system. In this way, the
frictional field H f , fully associated with dissipation,
is separated and a peculiar bulged appearance of the
(H f , J ) curve in the second quadrant is singled out and
justified. At 30 MPa compressive stress, H f is estimated
to be around 30 A/m, versus a coercive field in the
unstressed state of 45 A/m.

2) The measurements performed up to f = 400 Hz and
the loss separation procedure demonstrate the direct
relationship existing between the quasi-static Whyst and
the dynamic excess loss Wexc components. Whyst and
Wexc exhibit parallel trends with the evolution of σ in
sign and value, fulfilling the prediction of the STL.
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We therefore find, for example, that the 20% increase to
the measured loss at 50 Hz and Jp = 1.5 T introduced
by a 30 MPa compressive stress is the result of 28%
and 34% enhanced Whyst and Wexc values (Wclass is
independent of σ).

3) The increase of permeability engendered by the tensile
stress (Fig. 6) and its effect on incomplete flux pene-
tration (skin effect) on approaching the upper frequency
limit is dealt with by analytical calculation. In particular,
the classical loss Wclass( f ) is obtained by solution of
Maxwell’s diffusion equation. The involved magnetic
constitutive equation of the material is approximated
by the elliptical hysteresis loop having the same area
and Jp values of the experimental dc loop. Wclass( f ) is
in this way expressed in terms of equivalent real and
imaginary permeabilities. It becomes a non-linear func-
tion of frequency, with the slope declining toward f 1/2.
At the same time, Whyst is affected by the concurrent
rise of non-uniform profile of the magnetization across
the sheet thickness and is consequently found to slightly
increase with the frequency.
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