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The decrease in magnetic permeability and increase of local hysteresis loss in the vicinity of lamination edges originating from
the cutting process need to be accounted for during the design of electrical machines. A flexible method is needed, which is able
to account for different degradation profiles due to different cutting techniques. This paper presents a quantitative analysis of the
impact of material degradation on iron losses and magnetizability due to guillotine shear and CO2 laser cutting for non-oriented
electrical steels.

Index Terms— Ferromagnetic material modeling, iron losses, magnetic hysteresis, material degradation, non-oriented electrical
steel (NOES).

I. INTRODUCTION

NON-ORIENTED electrical steel (NOES) used in traction
drives is mainly characterized by its magnetic properties,

i.e., the specific iron loss Pfe, magnetic saturation polariza-
tion Js , and permeability. In addition, mechanical properties,
e.g., manufacturability, yield strength, and coatings become
more and more important since they strongly influence the
power density and cost of the resulting electric machine.

A negative side effect of material processing is the decrease
in magnetic permeability [1] and increase of local hysteresis
loss [1] in the vicinity of lamination edges.

The reason for this is related to local detrimental changes
in the micro-structure of the electrical steel, such as disloca-
tions, internal stresses, and grain morphology. These adverse
influences need to be accounted for during the design of
electrical machines.

Currently, these effects, to the greatest possible extent, are
studied qualitatively and included in the design process using
building factors [2]; however, just a few attempts are made
to include the occurring material degradation effects in the
simulation process [3]–[5].

In addition, knowledge on the correlation of material
processing steps and magnetic material properties is indis-
pensable to fine-tune not only the material processing itself,
as for instance, the cold-rolling process or the cutting process
parameters [1], but also the material composition [6].

This paper presents a pragmatic modeling approach that
enables us to consider the effect of material degradation on
magnetizability and iron losses of soft magnetic materials.
The paper is structured as follows. Section II briefly dwells
on the sample preparation and metrological characterization.
Furthermore, an evaluation of the iron-loss increase due to
cutting and increased need of magnetic field strength to reach
a particular magnetic polarization level in samples with an
increased proportion of degraded zone is presented. Section III
introduces the main modeling approach to describe the local
magnetization behavior together with exemplary results for
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Fig. 1. Exemplary sample sets. Left: Uncut 120 × 120 mm sample. Right:
Sample set consisting of eight (N = 8) b = 15 mm wide stripes (b = 120/N)
of 120 mm length lined up to reach an overall width of 120 mm.

a 2.4% Si NOES grade. Section IV presents a pragmatic
approach to include the increased iron losses due to cutting.
Finally, Section V provides a discussion of the results and
points out the scope for future work.

II. SAMPLE SETS AND METROLOGICAL

CHARACTERIZATION

To study the influence of material degradation due to various
cutting techniques, material characteristics are measured for
sample sets with different ratios of cut surface versus overall
lamination volume, i.e., with different proportions of the
degraded zone, as in [7] and [8].

Therefore, several 500 mm × 500 mm samples of 2.4 wt%
Si NOES of thickness 0.3 mm are taken from different
positions in a cold-rolled stripe. To ensure that the different
base materials are magnetically equivalent, metrological char-
acterizations of the samples using unidirectional, sinusoidal
magnetic flux density waveforms are conducted. A deviation
of less than 1% between the values of different samples both
along and perpendicular to the rolling direction confirms the
homogeneity of the studied materials.

Starting from this base material, a number of single sheet
tester (SST) samples of 120 mm × 120 mm are cut into
smaller stripes by guillotine shear cutting (simulating the
actual punching) others by CO2 laser cutting (Fig. 1).

Some of the samples do not have overlapping degraded
zones, i.e., have degraded zones smaller than the half stripe
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Fig. 2. Iron-loss increase due to a decreasing single stripe width, i.e.,
increasing proportion of the degraded zone, at 50 Hz for a 2.4 wt% Si NOES
with guillotine shear cut samples.

Fig. 3. Iron-loss increase due to a decreasing single stripe width at 50 Hz,
i.e., increasing proportion of the degraded zone, for a 2.4 wt% Si NOES grade
with CO2 laser cut samples.

width, and therefore unaffected material in the center of the
sample. Others have overlapping degraded zones.

The sample sets consisting of N smaller stripes are lined up
and fixed by a non-magnetic adhesive tape to yield sample sets
with a total width of 120 mm (Fig. 1), which are characterized
in the 120 mm × 120 mm SST [9]. Measurements are per-
formed utilizing the field-metric method [9] under sinusoidal
magnetic flux densities up to high amplitudes at 50 Hz. For
clarity, in this paper, merely results for measurements in rolling
direction are presented. Perpendicular to the rolling direction,
the cutting effect is less pronounced.

Figs. 2 and 3 give an overview of the change of the
iron-loss measured along the rolling direction with respect to
the single stripe width of one sample set (Fig. 1). To study
the differences resulting from different single stripe widths and
cutting methods, a factor is defined: the iron-loss factor CPfe.

This factor represents the ratio between measured losses in
the sample set consisting of N single stripes of smaller width b
and the uncut sample set of 120 mm width

CPfe(J, f, b) = Pb(J, f )

P120 mm(J, f )
(1)

where b represents the width of a single stripe of the complete
sample set under study (Fig. 1). For instance, factor 5 in Fig. 3
means that the iron-loss at a polarization of 0.1 T is five times
larger in 30 stripes each CO2 laser cut of 4 mm width than in
one stripe of 120 mm width.

Figs. 4 and 5 depict the increase of magnetic field strength
in the sample set consisting of N single stripes of smaller
width b, which is required to reach the same magnetic polar-
ization level as in the uncut sample set of 120 mm width.
Therefore, a magnetic field factor CH is defined as

CH (J, f, b) = Hb(J, f )

H120 mm(J, f )
. (2)

It is apparent that for increasing magnetic polarizations, the
material degradation effects get less significant (Figs. 4 and 5).

Fig. 4. Increase of required magnetic field strength to reach a particular
magnetic polarization level at 50 Hz in sample sets consisting of N single
stripes of different widths b cut by guillotine shear for a 2.4 wt% Si NOES
grade.

Fig. 5. Increase of required magnetic field strength to reach a particular
magnetic polarization level at 50 Hz in sample sets consisting of N single
stripes of different widths b cut by CO2 laser for a 2.4 wt% Si NOES grade.

III. LOCAL MAGNETIZATION BEHAVIOR

Due to cutting, a spatial distribution of magnetic polariza-
tion J (x) as function of the distance x to the cut edge is
present. Thereby, it is important to emphasize that measured
magnetic polarizations represent a mean value across the
samples’ cross section. A non-uniform flux distribution over
the width of the sample originates from the degraded proper-
ties at the cut surface.

Micromagnetic measurements reported in [10] show that
the spatial distribution in case of guillotine shear cutting
is parabolic and can have a depth, depending on its def-
inition, of up to 10 mm [1], [10], and [11]. However,
recent studies for different laser cutting techniques enabling
neutron grating interferometry point toward other degradation
profiles [12].

In case of laser cutting, the absorption of laser power in
combination with the thermal conductivity of the material
leads to thermal deterioration. Across the heat-affected zone,
elastic and plastic deformations or even phase transformation
can occur. These deformations change the residual stress state;
hence the degradation could be attributed to induced internal
biaxial stresses. Therefore, a flexible methodology is needed
that is able to account for different degradation profiles due
to various cutting techniques [1], [10]–[12].

The approach proposed in [13] offers the sought for
flexibility. The homogeneity of the magnetic field strength H
over the sample enables a consideration of the material degra-
dation as a local inhomogeneous decrease of the magnetic
permeability μ, noted as �μ(H, x) [13].

According to [13], the increase of microstructural defects
at the cut surface and the corresponding maximal per-
meability drop �μcut(H ) = �μ(H, x = 0) are
assumed to be material constants. Hence, the spatial dis-
tribution of �μ(H, x) can be expressed in terms of a
field-independent spatial distribution function η(x) [13].
This field-independent spatial distribution function relates
to the degradation profile, which could be identified based
on the calculation of induced plastic deformation [3], [14],
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Fig. 6. Magnetic polarization J [T] as a function of the distance to the cut
edge x[mm] for guillotine shear cut samples.

Fig. 7. Magnetic polarization J[T] as a function of the distance to the cut
edge x[mm] for CO2 laser cut samples.

the distribution of thermal induced stresses due to various laser
cutting methods or based on assumptions for a stable Finite-
Element simulation [15].

Because of the homogeneity of the magnetic field strength
across the samples’ cross section, this spatial distribution
relates to that of the magnetic polarization [13]. Therewith it is
possible to reconstruct the magnetic polarization distribution
as a function of the distance to the cut edge.

Here, due to the lack of experimental data, a parabolic
distribution of the magnetic polarization as a function of the
distance to the cut edge is assumed [8], [9] for both studied
cutting techniques.

Figs. 6 and 7 show the obtained results according to [13]
of the local distribution of the magnetic polarization for
stripes cut by a guillotine shear and a CO2 laser beam. It is
apparent that in case of CO2 laser cutting, a significantly larger
degraded zone appears compared with the guillotine shear cut.

IV. IRON-LOSS MODELING APPROACH

In the following, an approach to consider the increased iron
losses (Figs. 2 and 3) will be introduced. Therefore, the impact
of cutting is implemented into the coefficients of a state-of-the-
art iron-loss formula (3)–(6) [13], [16], which was developed
to predict the iron losses at higher magnetic polarization levels
and higher frequencies more accurately

PPfe(B̂, f, x) = Phy(B̂, f, x) + Pcl(B̂, f, x) + Pexc(B̂, f, x)

+Psat(B̂, f, x)

including hysteresis loss Phy, Foucault eddy current loss Pcl,
excess eddy current loss Pexc, and saturation eddy current
loss Psat

Phy(B̂(x), f ) = a1

(
1 + Bmin

Bmax
(rhy(B̂(x)) − 1)

)
B̂(x)α f (3)

Pcl(B̂(x), f ) = a2

∑∞
n=0

(
B̂(x)2

n f 2
n

)
(4)

Fig. 8. Parameter a1 as a function of the cut edge proportion with α = 1.8.
Left: Guillotine shear cut samples in rolling direction. Right: CO2 laser cut
samples.

Pexc(B̂(x), f ) = a5

(
1 + Bmin

Bmax
(rexc(B̂(x)) − 1)

)

×
∑∞

n=0

(
B̂(x)2

n f 2
n

)0.75
(5)

Psat(B̂(x), f ) = a2a3 B̂(x)a4+2 f 2. (6)

It is assumed that the quasi-static hysteresis losses are most
prone to cutting, corroborated by the behavior of the coercive
field Hc(H ) and quasi-static hysteresis loops J (H ) [13].
Hence, parameter a1 related to pure hysteresis loss (3)
is adapted to account for an increased proportion of the
degraded zone. Parameter α is kept constant to 1.8, resulting
in best agreements between measured quasi-static hysteresis
loss and estimated ones.

In addition, it is supposed that the chemical composition,
and consequently, the specific electrical resistivity are locally
not influenced by the cutting process. Hence, the classical
induced eddy currents (4) are not directly influenced by the
cutting technique, only their distribution will (indirectly) be
affected by the cut surface properties. This is due to the
aforementioned variation of the local magnetic polarization J .
Further on, the saturation behavior of the magnetization
process is assumed to be uninfluenced. Hence, losses due to
material saturation (6) are not affected.

The degrading effect on iron losses is described by the
cutting strains defined by Hribernik as the cutting surface
A(m2) referenced to the sample volume V (m3) [18].
Assuming constant thickness and specific density, the cutting
strains can be expressed as cut edge length lcut per unit
mass ms , named cut edge proportion S[m/kg].

As a first step, parameter a1 is identified for each sample
set using point-by-point dc-measurements, which allows a
determination of a1 solely [17]. Fig. 8 shows the obtained
parameters as a function of the cut edge proportion S [18].
A linear relation is apparent for both cutting techniques.
Comparing the slopes of the interpolated curves for the CO2
laser and guillotine shear cut sample sets, it is apparent that
the increase of hysteresis loss, directly correlating with coeffi-
cient a1, in case of CO2 laser cutting is much more significant.
This is in line with the estimated local flux density distribution
(Figs. 6 and 7).

As a result, the hysteresis loss component (3) is rewritten as

Phy
(
B̂(x), f

) = a1(S)
(

1 + Bmin

Bmax
(rhy

(
B̂(x)

)−1)
)

B̂(x)α f. (7)

In this hysteresis loss description, the hysteresis coefficient
a1 is dependent on the cut edge proportion S

a1(S) = a1;ref + d
(
S − Sref

)
(8)

where d is the gradient of the linear equation, which could
be determined by a line of best fit through the estimated



7027804 IEEE TRANSACTIONS ON MAGNETICS, VOL. 50, NO. 11, NOVEMBER 2014

Fig. 9. Specific iron losses Pfe[W/kg] as a function of the magnetic flux
density for a 2.4 wt% Si NOES grade at 50 Hz excitation frequency for
guillotine cut samples.

Fig. 10. Specific iron losses Pfe[W/kg] as a function of the magnetic flux
density for a 2.4 wt% Si NOES grade at 400 Hz excitation frequency for
guillotine shear cut samples.

a1-parameters of different sample sets. a1;ref is the hysteresis
loss parameter of the reference sample set with the correspond-
ing reference cut edge proportion Sref .

Therewith it is possible to calculate the iron loss in stripes
of any width at least from two parameter sets a1 and S, for
instance, using the parameter set of the uncut sample as a ref-
erence (a1;ref = a1;120 mm and Sref = lcut;120 mm/ms;120 mm)
combined with a1 and S of any sample set consisting
of N smaller stripes to determine the slope (a1;b and
Sb = lcut;b/ms;b).

This model is subsequently applied to calculate iron losses
in sample sets consisting of guillotine shear cut stripes of
width b. Fig. 9 presents the obtained loss predictions at 50 Hz
and Fig. 10 for an excitation frequency of 400 Hz.

The accuracy is sufficient for various stripe sizes, i.e., dif-
ferent proportions of degraded zone, using just two measured
sample sets with adequate difference in their cut edge propor-
tion for parameterization. The relative deviation is always less
than 10% for both cutting methods.

V. CONCLUSION

The phenomenon of iron-loss increase and local magnetic
polarization profiles due to guillotine shear and CO2 laser
cutting of electrical steel laminations has been characterized
in case of a 2.4 wt% Si NOES grade. A flexible methodology
to account for the local magnetization distribution has been
applied. Different sizes of degraded zones depending on the
cutting method are observed emphasizing the need for a
thorough investigation.

Further on, cutting increases the iron loss due to two
phenomena. On the one hand by modifying the magnetization
profile and on the other hand due to the increase of hysteresis
loss through modifications in the micro-structure and stress
state of the material. To account for this, a method based on
the influence of induced cutting strains is used and validated
by measurements.

Future work will focus on an inclusion of the local change
of the shape of the hysteresis loop in the aforementioned iron-
loss model, i.e., in parameter a1.
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