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A B S T R A C T

The effect of uniaxial stress on iron losses of M400-50A grade non-oriented electrical steel sheets cut by
punching process is experimentally studied. Samples cut along the rolling and transverse directions and having
different number of cutting edges are used for this purpose. Measurements are carried out in the range of 10–
100 Hz frequency of sinusoidal excitations at different magnetization levels under varying uniaxial stress by
using a single sheet tester. The iron losses are obtained from the measurements and comparative analyses are
made for different cases. The study shows that the effect of stress on the iron losses of the punched samples
varies depending on the degradation level that the samples have after the cutting process. By considering this
varying effect, when the combined effect of stress and punching is analyzed, it is observed that the iron losses
increased up to 55.2% under compressive stress. It is also observed that the increase in the losses due to the
effect of cutting can be recovered by applying tensile stress.
1. Introduction

Electrical steel sheets are usually cut to specific shapes by different
techniques during the manufacturing process for appropriate usage
in electrical machine parts. These processes cause degradation in the
magnetic properties of the electrical steel sheets and increase the iron
losses [1–3]. In addition to the residual stress introduced by manufac-
turing processes, materials are also subjected to additional mechanical
stress due to the operating conditions of the machines [4–6]. Due to
these mechanical stresses, the magnetic properties and the iron losses
of the materials are further affected. In order to model and analyze
the electrical machines more accurately, it is needed to investigate the
combined effect of stress and cutting on magnetization and iron losses
of the electrical steel sheets.

Effect of different cutting techniques on magnetization and iron
losses of electrical sheets were studied in several studies experimen-
tally. In these studies, waterjet cutting [7–9], electrical discharge ma-
chining (EDM) [10–12], laser-cutting [9,12–17], and different mechan-
ical cutting techniques such as guillotine [1,10,15,16] and punching [2,
3,17–20] were studied. Among these cutting techniques, EDM can only
cut one sheet at a time by following the line cut; whereas, the laser

∗ Corresponding author.
E-mail address: ismet.t.gurbuz@aalto.fi (I.T. Gürbüz).

and waterjet cutting follow a similar process with the possibility to
cut multiple sheets. Alternatively, punching can cut a whole surface at
once for a single sheet pressed between dies. Hence, punching presents
a faster cutting rate for the electrical steel sheets used in electrical
machines.

Several comparative analyses for these cutting techniques were con-
ducted. Waterjet cutting was compared with mechanical cutting in [7,
8] and laser-cutting in addition to mechanical cutting in [9]. Similarly,
EDM was compared with laser cutting in [11,12] and mechanical cut-
ting in [10], and laser-cutting was compared with mechanical cutting
in [15–17]. The studies related to the effect of cutting are in agreement
with the result that the cutting deteriorates the magnetization and
increases the iron losses. Nevertheless, the comparative analyses in [7–
12,15–17] show that the amount of the deterioration and the increase
in the losses varies depending on the cutting technique. It was found
that mechanical and laser-cutting techniques affect the magnetization
and iron losses more than waterjet cutting [7–9] and EDM [10,11];
however, the superiority of mechanical and laser-cutting techniques
among each other is still controversial. So far, the selected literature
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studies in [1–3,7–20] showed and analyzed the effect of cutting for
different techniques extensively. However, all these studies focused
solely on the effect of cutting on the magnetization or iron losses, and
the effect of additional stress on the cut samples was not considered
separately.

The effect of mechanical stress on the magnetic properties and iron
losses of the materials was also widely studied. Experimental studies
were performed for uniaxial [21–30], biaxial [31,32], and multiax-
ial [33–36] cases. In these studies, the effect of compression [21,22],
tension [23–25], and both tension and compression [26–36] were
investigated. While in [25,26,32,33] the effect of stress solely on the
magnetic properties was studied, in [21–24,27–29,31,35,36] the effect
of stress on the iron losses was studied additionally.

The outcomes of these studies demonstrate that compressive stress
deteriorates the magnetization and increases the iron losses along the
applied direction. On the other hand, low tensile stress improves the
magnetization and reduces the iron losses, while high tensile stress
shows similar effect to the compressive stress along the applied di-
rection. It was reported in [22,23,30] that the effect of stress on
the magnetization and iron losses exhibits quantitative differences for
the rolling direction (RD) and transverse direction (TD), which can
be attributed to anisotropic behavior of the material as a result of
its crystallographic texture [37]. All these selected literature studies
in [21–36] present highly relevant results showing how the stress
affects the electrical steel sheets. Nonetheless, in none of these studies,
the degradation caused by cutting was not addressed properly, and the
effect of stress on the cut samples was not quantified based on the
different deterioration levels caused by cutting.

The literature study shows that even though the effect of stress
and cutting were studied separately in several studies comprehensively,
their combined effect on the magnetization and iron losses has not
been addressed properly. Different local regions of the materials used
in electrical machine parts are exposed to variant levels of degradation
due to cutting. In order to model and simulate the electrical machines
parts subjected to additional stress more accurately, it is needed to
consider the effect of stress and cutting together. Therefore, in this
article, the effect of stress on the magnetic properties and iron losses of
the punched non-oriented electrical steel sheets used in conventional
electrical machines are experimentally determined for the first time.
The remainder of this paper is organized as follows. In Section 2, the
measurement system is described in detail. The measurement results
and the analyses based on those results are presented in Section 3.
Then, Section 4 summarizes the most important findings of this study.

2. Measurement system

2.1. Preparation of samples

Measurements were performed on M400-50 A grade non-oriented
electrical steel sheets, which are cut by EDM and punching to 24, 12, 8,
and 6 mm wide strips with a length of 280 mm. For the measurements,
24 mm wide samples were then assembled from 1 × 24 mm, 2 × 12 mm,
3 × 8 mm, and 4 × 6 mm strips. Fig. 1 shows the geometry of the
assembled samples, which consist of two sets in terms of the cutting
direction. The first set includes the samples cut along the RD and the
second set includes the samples cut along the TD.

Based on the experiments performed in the literature, it was found
that EDM-cutting causes little degradation in the materials compared
to the punching [10,11]. In order to see the effect of punching on the
magnetization and iron losses of the materials, the EDM-cut sample is
taken as a reference for the comparisons. The details of the assembled
samples are given in Table 1.
2

t

Fig. 1. Assembled samples for the measurements. The height of the samples is 280 mm,
and the total width of the samples is 24 mm. The samples are assembled by joining
different numbers of strips.

Table 1
The details of the assembled samples. Sample A is
EDM-cut and taken as a reference for comparisons
with the other samples.

Sample No. of Cutting
Strips Type

A 1 EDM
B 1 Punching
C 2 Punching
D 3 Punching
E 4 Punching

2.2. Measurement procedure

The measurements were performed by using a self-made modified
single sheet tester (SST), a NI USB-6251-based data acquisition device
(DAQ) connected to a PC with a MATLAB-based waveform control and
an Elgar SW5250 A power supply. In Fig. 2, the SST and positioning of
the sample and search coils are shown.

The SST consists of a magnetizing core, a stressing mechanism, and
a single sheet sample. The sample is aligned with the stressing mech-
anism by clamping the sample ends with metallic plates. In addition,
to avoid buckling of the sample under compressive loading, the sample
is supported from the top and bottom by glass fiber retention plates.
In order to measure the magnetic flux density 𝐵(𝑡) and magnetic field
strength 𝐻(𝑡), a B-coil with 10 turns and a H-coil with 400 turns are
laced in the middle of the sample. The B-coil surrounds the surface
f the sample, and the H-coil is located on the top of the sample. The
imensions of the H-coil are 24 mm × 24 mm × 0.5 mm; therefore,

the cross-sectional area is 24 mm × 0.5 mm, and thus the H-coil covers
the entire width of the samples. Stress is applied to the samples with
a screw mechanism through a spring for a better control of stress
resolution. The stress value is read from a load cell. In this study, we
are interested in the average quantities of the magnetic flux density
and the magnetic field strength. Therefore, the local distribution of
the quantities in the damaged and undamaged zones was not studied
separately.

In Fig. 3, a diagram showing the measurement procedure is given.
Initially, the PC sends a command to the DAQ, and the DAQ sends a
control signal 𝑈c(𝑡) to the AC power supply. This reference signal is
amplified with the gain of the power supply 𝐾s such that

𝑈s(𝑡) = 𝐾s𝑈c(𝑡). (1)

fter the amplification, the power supply sends the supply voltage 𝑈s(𝑡)
o the magnetizing coil of the SST. The incoming primary 𝑈 (𝑡) voltage
s



Journal of Magnetism and Magnetic Materials 549 (2022) 168983I.T. Gürbüz et al.
Fig. 2. Single sheet tester (a) and positioning of a single sheet sample and search coils
(b).

Fig. 3. Schematic diagram of the measurement procedure.

creates a varying flux in the sample, and the flux induces voltages in
the B-coil and H-coil. Then, the signals from the B-coil 𝑈b(𝑡) and H-
coil 𝑈h(𝑡) are transmitted to the PC through the DAQ. In the PC, the
flux density 𝐵(𝑡) and the field strength 𝐻(𝑡) are calculated by using the
relationship in Faraday’s law as given by Eq. (2) and (3).

𝐵(𝑡) = 1
𝑁b𝐴b ∫

𝑇

0
𝑈b(𝑡)𝑑𝑡 (2)

𝐻(𝑡) = 1 𝑇
𝑈h(𝑡)𝑑𝑡 (3)
3

𝑁h𝐴h𝜇0 ∫0
where 𝑁b and 𝑁h are the number of turns in the B-coil and H-coil, and
𝐴b and 𝐴h are the cross-sectional areas of the coils. After obtaining 𝐵(𝑡)
and 𝐻(𝑡), according to the control mechanism in the PC, a new control
signal is sent to the power supply and the same procedure continues as
long as the control mechanism continues. The purpose of the control
mechanism is to force 𝐵(𝑡) to be sinusoidal. When it is obtained, the
control mechanism ends and the measurement results are recorded.

2.3. Control mechanism

Initially, a sinusoidal voltage is sent to the SST. Due to the non-
linearity of the sample, the induced voltages in the B-coil become non-
sinusoidal above the saturation level. In order to control the waveform
to be sinusoidal, amplitude and waveform controls are applied.

In amplitude control, ratio 𝜖𝑖amp between the amplitude of the mea-
sured flux density 𝐵𝑖 and reference flux density 𝐵ref at iteration 𝑖 is
found, and the new control signal 𝑈 𝑖+1

c is sent by dividing the control
signal at the previous iteration 𝑈 𝑖

c with the obtained ratio 𝜖𝑖amp such that

𝜖𝑖amp =
max(𝐵𝑖)
max(𝐵ref )

(4)

𝑈 𝑖+1
c =

𝑈 𝑖
c

𝜖𝑖amp
. (5)

The iterative process continues until 𝜖𝑖amp is below the pre-set tolerance.
The waveform control is based on the adaptive feedback control

principle presented in [38]. The new control signal 𝑈 𝑖+1
c is obtained

by including the proportional 𝐾P and 𝐾I terms such that

𝑈 𝑖+1
c = 𝑈 𝑖

c +𝐾P
𝑈 𝑖
c1

𝑈 𝑖
b1

(𝑈 𝑖
b − 𝑈b,ref ) +𝐾I

𝑈 𝑖
c1

𝐵𝑖
1

(𝐵𝑖 − 𝐵ref ) (6)

where 𝑈 𝑖
c1, 𝑈

𝑖
b1 and 𝐵𝑖

1 are the fundamental components of the control
signal 𝑈 𝑖

c, B-coil voltage 𝑈 𝑖
b, and 𝐵𝑖, respectively. 𝑈b,ref stands for the

reference of the B-coil voltage.
Initially, the amplitude control is performed. After adjusting the

amplitude properly, the waveform control begins and continues until
the convergence criterion is met. The convergence criterion is checked
at each iteration based on a relative error calculation. The relative error
𝜖𝑖wav is calculated by

𝜖𝑖wav =
‖

‖

‖

𝐵𝑖 − 𝐵𝑖
ref

‖

‖

‖

‖

‖

𝐵ref
‖

‖

. (7)

The convergence criterion is met when 𝜖𝑖wav < 1%. The control mecha-
nism is shown in Fig. 4 as a flow chart.

2.4. Performed measurements

Our objective is to study the effect of uniaxial stress on magneti-
zation and iron losses of the punched non-oriented electrical sheets
used in conventional electrical machines, for which the fundamental
frequency is 50–100 Hz. For this purpose, measurements were per-
formed for varying frequency and stress values at several magnetization
levels in the range of 0.63 T - 1.5 T. Details of the measurement
variables are given in Table 2. It should be noted that the negative
values of the stress correspond to compression; whereas, the positive
values correspond to tension. Although the measurements were made
under different magnetization levels, the results are presented for 1.5 T
magnetization level, which is the standard level for characterizing steel
sheets [39]. The findings are similar for the other magnetization levels
in terms of the analyses presented for 1.5 T magnetization level.
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Fig. 4. Flow chart of the control mechanism for the flux density waveform.

Table 2
Flux density, frequency, and stress values of the
performed measurements.
Flux density 0.63, 0.83, 1.04, 1.25, 1.5 T

Frequency 10, 20, 50, 100 Hz

Stress −30, −20, −10, 0, 10,
20, 30, 40, 60, 80 MPa

3. Results and discussion

3.1. Measurement results

The measurements for the cases shown in Table 2 were performed
and B–H curves were obtained for each case. In this section, example
B–H curves that show the effect of the punching and stress will be given
at 10 Hz for the purpose of demonstration.

In Fig. 5, B–H curves for the stress-free case of the least degraded
sample (sample A) and the most degraded sample (sample E) at 10 Hz
frequency are given. It is seen that as the degradation on the material
due to cutting increases, the average permeability of the material
reduces. In Fig. 6, B–H curves of sample A under different stress values
at 10 Hz frequency are given. When the low tensile stress of 20 MPa
is applied, the average permeability of the material improves; whereas,
the application of high tensile stress of 80 MPa reduces the average
permeability. Additionally, the application of compressive stress of −30
MPa reduces the average permeability and increases the coercive field
significantly.

The characteristics of the B–H curves for the samples cut along
the RD and TD in Fig. 5 show that at stress-free case, the material
is not isotropic as assumed in the simulation of electrical machines.
This anisotropy is attributed to the crystallographic texture of the
material [37]. Considering the B–H curves in Fig. 6, it is seen that
the effect of stress on the average permeability also varies for the
samples cut along the RD and TD depending on the applied stress level.
For instance, at 20 MPa, the average permeability of the sample cut
along the RD is almost same as its stress-free case, while the average
permeability of the sample cut along the TD improves compared to
the its stress-free case. On the other hand, at 80 MPa, the average
permeability of the sample cut along the RD reduces compared to its
stress free case, while the average permeability of the sample cut along
the TD is almost same as its stress-free case. Under −30 MPa, the
average permeability reduces for both directions; however, the quantity
4

of decrease is distinctive. Similar results emphasizing the differences B
Fig. 5. Measured B–H curves of the samples A and E, cut along the (a) RD and (b)
TD, at the stress-free case at 10 Hz.

Fig. 6. Measured B–H curves of the sample A at 10 Hz under (a) 20 MPa (c) 80 MPa,
(e) −30 MPa for the RD, and under (b) 20 MPa (d) 80 MPa, (e) −30 MPa for the TD.

for the effect of stress on the magnetic properties along the RD and TD
were reported in [22,23,30] for different grade non-oriented electrical
steel sheets.

Similar to the B–H curves presented in Figs. 5 and 6, the B–H curves
of the measurements for each case were obtained. Afterwards, the iron
losses were calculated from the B–H curves. The average power loss
densities 𝑝 per supply period 𝑇 were obtained by

𝑝 = 1
𝑇 ∫

𝑇

0
𝐻(𝑡) ⋅

𝑑𝐵(𝑡)
𝑑𝑡

𝑑𝑡. (8)

.2. Repeatability of the measurements

The repeatability of the measurements was tested at 1.5 T induction
evel and 10 Hz and 100 Hz frequencies under different stress levels.
easurements for sample C were repeated 5 times for every case.
efore each repetition, the sample was dismantled from the setup. The
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search coils of the samples were removed and located again. Then, the
sample was assembled back into the SST. Losses for each repetition
were calculated, and coefficient of variation, the ratio of the standard
deviation to the mean, was found four each case. Fig. 7 shows the
coefficient of variation for the measured cases. In the worst case,
coefficient of variation was found as 4.15%.

Fig. 7. Coefficient of variation vs stress at 10 Hz and 100 Hz frequencies.

The factors affecting the repeatability are positioning of the B-
coil and H-coil on the samples, alignment of the magnetizing cores
with respect to the samples, alignment of the stressing mechanisms
with respect to the sample, control of the signals, and the change in
the temperature of the samples. The effect of these factors was not
quantified separately. Similar factors are reported in [40].

3.3. Iron losses

The calculated iron losses of the assembled samples under varying
stress levels at 1.5 T induction level and different frequencies are
given in Figs. 8 and 9 for the samples cut along the RD and TD,
respectively. The iron losses are shown in the 𝑦-axis and the applied
stress values are shown in the 𝑥-axis. In each graph, there are 5 curves
llustrating the iron losses of each assembled sample under varying
tress values. Based on the previous literature studies in [10,11] and
he measurement results presented in Figs. 8 and 9, we considered that
he EDM-cutting technology induces very small degradation compared
o the punching. Hence, we assumed the number of cutting edges for
he EDM-cut sample (sample A) as 0 for the purposes of comparison
nd demonstration. The number of cutting edges for samples B, C, D,
nd E corresponds to 2, 4, 6, and 8, respectively.

Figs. 8 and 9 show that the losses increase as the number of cutting
dges increases as a result of the degradation introduced by punching
rocess. The application of compressive stress increases the losses
urther in all samples. On the other hand, the application of tensile
tress on the samples with lower number of cutting edges (samples
, B, and C) decreases the losses until different magnitudes of the
tress. Beyond these magnitudes, the losses increase again. However,
t is observed that the application of tensile stress on the samples with
igher number of cutting edges (samples D and E) decreases the losses
ontinuously for the stress range that could be applied with our setup.
he difference in the trends shows that the effect of stress on the iron

osses of the punched samples changes according to the degradation
evel that the sample has after the cutting process. In the next section,
his effect will be explained in detail.

.4. Effect of stress on the iron losses of the punched samples

In order to study the effect of stress on the iron losses of the punched
amples having an increasing number of cutting edges, the loss values
f each sample for different stress levels are normalized to the loss value
f the stress-free case of each one separately. The percentage variation
f the losses 𝛥𝑝 compared to the reference of each sample is calculated

by

𝛥𝑝 =
𝑝(𝜎) − 𝑝(0)

𝑝(0)
(9)

here 𝑝(𝜎) and 𝑝(0) are the iron loss density of the sample for the
corresponding stress level and iron loss density of the sample at its
5

Fig. 8. Iron losses vs stress graphs (a) at 10 Hz, (b) at 20 Hz, (c) at 50 Hz, and (d)
at 100 Hz for the samples cut along the RD.

Fig. 9. Iron losses vs stress graphs (a) at 10 Hz, (b) at 20 Hz, (c) at 50 Hz, and (d)
at 100 Hz for the samples cut along the TD.

stress-free case (Figs. 8–9). The calculated percentage variations are
given in Figs. 10 and 11 at 1.5 T induction level and different fre-
quencies for the samples cut along the RD and TD, respectively. The
𝑥-axis and 𝑦-axis show the applied stress values and the number of
cutting edges that each sample has, respectively. As the measurement
results are at discrete values, a linear variation was assumed between
the measurement points for visualization purposes. The different colors
indicate the percentage variation values of the losses, and the iso-value
lines connect the regions having the same percentage variation values.
It should be noted that at 0 MPa value, the line is vertical as own
reference points of each sample is taken at 0 MPa; therefore, the value
of the percentage variation is 0.

According to Figs. 10 and 11, under compressive stress, the loss
of each sample increases as the applied stress value increases. When
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Fig. 10. Percentage variation of the losses (a) at 10 Hz, (b) at 20 Hz, (c) at 50 Hz,
and (d) at 100 Hz compared to stress-free case of each sample, which is cut along the
RD, separately.

Fig. 11. Percentage variation of the losses (a) at 10 Hz, (b) at 20 Hz, (c) at 50 Hz,
and (d) at 100 Hz compared to stress-free case of each sample, which is cut along the
TD, separately.

the same value of compressive stress is applied to the samples, the
percentage variation of the losses decreases as the number of cutting
edges increases. For instance, at 10 Hz and −30 MPa stress level, as
the number of cutting edges increases from 0 (sample A) to 8 (sample
E), the percentage variation decreases from 35.3% to 19.5% and 22.8%
to 13.5% for the samples cut along the RD and TD, respectively. One
reason is that when the compressive stress is applied to the already
deteriorated sample, the additional deterioration that can be added
6

by compressive stress is limited. As the initial deterioration intro-
duced by the cutting process increases, the deterioration added by the
compressive stress decreases.

Under tensile stress, the losses of each sample initially decrease
until different threshold values of the applied stress. These thresholds
correspond to the states where most of the domains of the material
are aligned in the direction of magnetization. Application of additional
stress beyond these thresholds increases the losses due to the Villari
reversal. As the number of cutting edges increases, the samples become
more deteriorated, and more tensile stress is required to align the do-
mains in the direction of magnetization. Therefore, the threshold values
become higher as the number of cutting edges increases. At 10 Hz for
sample A cut along the RD, the highest percentage variation in the
losses is in 20–40 MPa region, where the threshold value is reached.
At higher values of stress (40–80 MPa), the percentage variation in the
losses decreases due to the increase in the losses. On the other hand,
for the samples with the higher number of cutting edges, the regions
where the highest percentage variations are observed shift to the higher
values of the applied stress, as a result of the higher threshold values.
It is observed that sample E has not reached its threshold value even at
80 MPa as the decreasing trend in the losses continues as can be also
seen in Figs. 8 and 9. Therefore, at high values of tensile stress, the
percentage variations of the losses compared to the stress-free states
are more for the samples having higher number of cutting edges. For
instance, at 80 MPa, the percentage variation of the losses for sample
A cut along the RD is 10.8%; whereas, the percentage variation of the
losses for sample E cut along the RD is 25.8%.

It is observed that the percentage variation decreases as the fre-
quency increases. In order to justify the reason behind it, an example
loss separation for hysteresis and eddy-current losses was made for the
stress-free case by using Jordan’s method, which can be expressed as

𝑝tot = 𝑘hy𝐵
2𝑓 + 𝑘e𝐵

2𝑓 2 (10)

where 𝑝tot is the total power loss density averaged for RD and TD,
and 𝑘hy and 𝑘e are the hysteresis and eddy-current loss coefficients.
The coefficients 𝑘hy and 𝑘e were obtained by least-squares fitting for
each sample separately. While fitting the parameters, data from all
measured frequencies and magnetization levels were used. The fitted
coefficients for samples A and E are given in Table 3. Based on the
fitted parameters, the contribution of the hysteresis and eddy-current
losses to the total iron losses was calculated for each frequency. Fig. 12
shows the contribution of losses for (a) sample A and (b) sample E at
1.5 T magnetization level.

Table 3
Fitted loss coefficients for sample A and sample E.

Sample 𝑘hy 𝑘e
(W kg−1 Hz−1 T−2) (W kg−1 Hz−2 T−2)

A 0.0258 1.59 × 10−4

E 0.0347 1.86 × 10−4

Fig. 12. Contribution of hysteresis and eddy-current losses to the total losses for (a)
sample A and (b) sample E at 10 Hz, 20 Hz, 50 Hz, and 100 Hz for stress-free case.
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As shown in Fig. 12, at lower frequencies, eddy-current losses are
small and hysteresis losses dominate. As the frequency increases, the
dominance of the hysteresis losses reduces, while the contribution of
the eddy-current losses to the total losses increases. Even though the
coefficients of the hysteresis and eddy-current losses could change for
the other stress levels, their contribution to the losses should be affected
in a similar manner when the frequency increases. In other words,
the contribution of eddy-current losses to the total losses compared
to the hysteresis losses always increases as the frequency increases
since the eddy-current losses grows with the higher order of frequency.
Therefore, while the frequency increases, the decrease in the percentage
variation of the losses in Figs. 10 and 11 implies that the effect of stress
on the eddy-current losses is less compared to the hysteresis losses.
Otherwise, we would expect an increase in the percentage variation
for the higher frequencies, where the eddy-current losses are more
dominant than the lower frequencies. This also aligns with the findings
of [35], where M400-50 A grade non-oriented electrical sheets were
studied.

Also, it is observed that the percentage variation of the losses is
higher for the samples cut along the RD under compressive stress, while
it is higher for the samples cut along the TD under tensile stress. This
is due to the fact that the material is anisotropic and the impact of the
applied stress differs for the RD and TD as discussed in Section 3.1,
which also affects the percentage variation of the losses. Similar results
were found in [22,23,30,34,35] for different grades of non-oriented
electrical steel sheets.

3.5. Combined effect of stress and punching on the iron losses

In Section 3.4, the effect of stress on the iron losses of the punched
samples is analyzed thoroughly by considering the percentage variation
of the losses from the stress free case of each sample separately. In this
section, in order to see how the losses are affected when the effect of
stress and punching is combined, the percentage variations of the losses
are calculated by taking the loss value of sample A at the stress-free
case as a reference for each sample. The loss values of each sample at
different stress levels are normalized to the loss value of the sample A
at stress-free case. The percentage variation of the losses compared to
the reference point is calculated by

𝛥𝑝 =
𝑝(𝜎) − 𝑝A(0)

𝑝A(0)
(11)

where 𝑝(𝜎) ab 𝑝A(0) are the iron loss density of the sample for the
corresponding stress value and iron loss density of the reference sample
(sample A) at stress-free case. The calculated percentage variations are
given in Figs. 13 and 14 at 1.5 T induction level and different frequen-
cies for the samples cut along the RD and TD, respectively. The 𝑥-axis
and 𝑦-axis show the applied stress values and the number of cutting
edges that each sample has, respectively. As the measurement results
are at the discrete values, a linear variation was assumed between
the measurement points for visualization purposes. The different colors
indicate the percentage variation values of the losses, and the iso-value
lines connect the regions having the same percentage variation values.
It should be noted that (0,0) is the reference point of each sample and
the value of the percentage variation is 0.

Figs. 13 and 14 show that, when the combined effect of stress and
punching is considered, under compressive stress, the losses increase
up to 55.2% and 40.1% for the samples cut along the RD and TD,
respectively. The increase in the losses due to the effect of punching
increases further with the application of compressive stress. On the
other hand, when the applied stress is tensile, at certain levels of the
applied stress, the increase in the losses due to the effect of punching
is recovered by the applied tensile stress. The value of these required
stress levels for the recovery increases as the number of cutting edges
increases since the samples become more deteriorated and more tensile
stress is required to compensate for this deterioration.
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Fig. 13. Percentage variation of the losses (a) at 10 Hz, (b) at 20 Hz, (c) at 50 Hz,
and (d) at 100 Hz compared to stress-free case of sample A cut along the RD.

Fig. 14. Percentage variation of the losses (a) at 10 Hz, (b) at 20 Hz, (c) at 50 Hz,
and (d) at 100 Hz compared to stress-free case of sample A cut along the TD.

4. Conclusion

The measurement results of the samples cut by punching process
and subject to different uniaxial stress levels are presented throughout
the paper in detail. The measurement setup and measurement proce-
dure were explained in detail. Afterwards, the results showing the effect
of stress on the iron losses of punched samples were analyzed. Lastly,
the combined effect of stress and punching on the iron losses were
discussed. This is the first study showing the effect of stress on the iron
losses of the punched samples and taking the combined effect of stress
and punching into account together.
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The analyses showed that the effect of stress on the iron losses of the
punched samples change depending on the degradation level that the
samples have as a result of the cutting process. Within the applied stress
range, while the effect of compressive stress on the losses decreases as
the number of cutting edges increases, the effect of tensile stress varies
with the magnitude of the applied stress. Initially, the applied tensile
stress reduces the losses until different thresholds, which increase as the
number of cutting edges increases. Then, the losses begin to increase
again if the threshold value for the sample is reached. It is observed
that these threshold values increase as the deterioration introduced
by cutting process increases. Therefore, under high tensile stress, the
percentage variation of the losses are higher for the samples having
higher number of cutting edges.

It is shown that when the combined effect of stress and punching
is considered, the losses introduced by the cutting process can be
recovered by certain magnitudes of tensile stress, while the compressive
stress further increases the losses introduced by the cutting process. In
order to model the magnetic properties and the losses of the electrical
sheets used in electrical machines more accurately, the effect of stress
and the effect of punching should be combined in the modeling based
on the measurements at different magnetization levels.
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