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Effect of Material Processing and Imposed
Mechanical Stress on the Magnetic, Mechanical,
and Microstructural Properties of High-Silicon
Electrical Steel
Nora Leuning,� Simon Steentjes, Kay Hameyer, Markus Schulte, and Wolfgang Bleck�
This paper investigates the detrimental effect of material processing steps on magnetic,
mechanical, and microstructural properties of silicon-alloyed steel. For that purpose, both
water jet and guillotine cutting as well as various tensile loadings (elastic and plastic) are
studied, which correlate to shape giving processes and mechanical loadings that occur
during machine production and operation. Mechanical processing such as guillotine shear
cutting induces internal stresses that alter the extrinsic magnetic material properties, such
as coercivity and remnant induction. In comparison, water jet cutting causes smaller
residual stresses. Particular attention is paid to the effect of magneto-crystalline
anisotropy, i.e., the influence of the cutting direction with respect to the rolling direction. In
order to examine this further, the influence of internal stresses caused by cutting along and
perpendicular to the rolling direction is investigated with the help of single-sheet tester
magnetic measurements. Therefore, the induced anisotropy is evaluated. The induced
anisotropy due to the cutting technique is related to the stress-dependent magnetostriction
constant and the grain alignment during cutting. In order to evaluate the general influence
of elastic mechanical loadings applied along or perpendicular to the rolling direction on the
magnetic behavior, a single-sheet tester equipped with a tensile loading unit is used. In
addition, plastically deformed samples are characterized magnetically.
1. Introduction

Silicon-alloyed steel, referred to as electrical steel, is a

functional material, necessary for electrical applications

such as magnetic cores in rotating electrical machines or

transformers. Grain-oriented (GO) grades are tailored for

the use in devices, e.g., transformers, where an easy

direction of magnetization parallel to the rolling direction

is desired, i.e., where magnetic fluxes are solely oriented in

one spatial direction. Non-grain-oriented (NGO) grades
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with preferably isotropic magnetic behavior in all spatial

directions in the steel sheet plane are applied in rotating

electrical machines. Low losses, high-efficiency, and high-

power density are the principal aims for the design of

electrical machines and are directly linked to the used core

material.[1]

The tailoring of electrical, magnetic, and mechanical

properties of electrical steel is generally realized by

the following measures. Silicon, as the main alloying

element in electrical steel, reduces classical, non-local

eddy current losses by raising the electrical resistance

significantly.[2–3] However, the cold formability is de-

creased as a result of the increased silicon content.[4]

Additionally, the saturation polarization decreases in

consequence of the reduced iron content.[5] Therefore,

the silicon content is limited to about 3.5wt% for general

applications. Low contents of inclusions and precipitates

are desired to reduce impediments to magnetic domain

wall motion and to permit fast grain coarsening

during final annealing.[6,7] Thereby, hysteresis losses can

be reduced particularly. An optimum grain size of 100–
steel research int. 87 (2016) No. 9999 1
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 150mm leads to lowermost losses in high-silicon electrical

steels for the commercially important induction of 1.5

T.[8–10] A further measure to limit losses is the application

of thin steel sheets stacked together to form the machine

core. This ismainly beneficial for the reduction of classical,

non-local, eddy current losses occurring at high

frequencies.[11]

The production process of electromagnetic energy

transducers, such as rotating electrical machines, starting

from the raw material, is detrimental to the extrinsic

magnetic properties of the magnetic core.[12–14] Sheet

metal forming, i.e., blanking and shrinking duringmachine

production are particularly critical to the final magnetic

characteristics of the core.[15–18] In contrast to semi-

finished material, the adverse influence of the sheet metal

forming is irreversible for fully finished products, being

directly linked to a drop of efficiency of the electrical

machine.[19] Although beneficial for the magnetic behav-

ior, measures to limit losses interfere with the sheet metal

forming process.[20] Large grains, small sheet thicknesses,

and a limited cold formability lead to relatively poor

cutting process results, e.g., undefined cracking mecha-

nisms and fluctuating cutting forces. In addition, magnetic

properties of electrical steel are highly susceptible to any

form of mechanical stresses, residual stresses, as well as

external stresses.[21–23] A severe deterioration of magnetic

properties can be observed as a result of different cutting

techniques.[24]

The purpose of this paper is the elaboration of the

influence of cutting on the magnetic and mechanical

properties of high-silicon electrical steel with simulta-

neous consideration of microstructural characteristics.

For that purpose, the guillotine shear cutting is chosen

in place of sheet metal blanking which is used for batch

production of electrical machines and water jet cutting.

This is assumed to be very gentle for magnetic property

deterioration and is used for preparation of reference

sample sets. In particular, the coupling of magnetic

properties to stress fields, i.e., magneto-elastic inter-

action, is studied characterizing sample sets cut

along and transverse to the rolling direction. Therefore,

the interdependence of roll magnetic anisotropy and

induced anisotropy due to internal stresses is worked

out.

In order to disentangle the subtleties of the local

magneto-elastic coupling originating from the internal

stress distribution, the effect of elastic and plastic

deformations on extrinsic magnetic properties is investi-

gated with the help of single-sheet tester measurements.

Again, particular attention is paid to the effect of roll

anisotropy.

The experimentally determined correlations between

material processing and magnetic properties are indis-

pensable for the accurate prediction of magnetizability

and iron losses in electrical machines with the help of

simulation tools and substitution of currently used

empirical building factors by a physical-based model of
2 steel research int. 87 (2016) No. 9999
the complex magneto-mechanical interactions in core

materials.
2. Experimental Section

2.1. Material and Investigation Method

The chosen material under study is a commercially

available 0.5-mm thick fully finished electrical steel sheet

that contains 0.0024wt%C, 2.9wt% Si, 0.2wt% Mn, and

0.75wt% Al. Regarding its magnetic and technological

properties, it can be classified as M270-50A according to

DIN EN 10106:2007. The microstructure of the completely

recrystallized material was evaluated on the cross-

sectional area parallel to the rolling direction by optical

microscope. The average final grain size of the ferritic steel

is 119mm measured by traditional intercept method. The

microstructural analysis of the cut surfaces was conducted

perpendicular to the direction of cutting. Etching was

performed by 3% HNO3 (Nital). Different specimens were

prepared by guillotine cutting or water jet cutting in rolling

(RD) and transverse direction (TD).

The characterization of mechanical properties in the

as-delivered state and the adjustment of the mechanical

preload were performed by Zwick Z100 tensile testing

machine with a maximum force of 100 kN equipped with

a video extensometer for the contactless strain measure-

ment. The cutting surfaces were investigated by Zeiss

Sigma SEM and confocal microscope Nanofocus msurf

explorer. An extraordinary resolution in the range of a

few nanometers in the z-direction enabled the determi-

nation of the sheet roughness. A microhardness of HV

0.05 was measured with the help of Leitz Durimet

hardness tester.
2.2. Magnetic Measurements

A metrological characterization was carried out on a

120� 120mm2 single-sheet tester (SST) which was incor-

porated into a computer-aided setup according to the

international standard IEC 60404–3. For a magnetic

characterization under tensile stress, a 100� 600mm2

single-sheet tester, equipped with a tensile and compres-

sion loading unit is used, which enables to apply

mechanical stresses up to a maximum force of 5 kN. In

the course of the magnetic measurements, the spatial

direction of magnetic flux and applied tensile stress are

collinear (uniaxial loading).

In order to study the influence of an increasing fraction

of the cut surface related to the sample volume, different

strips widths are cut and taped together with a non-

magnetic adhesive tape to ensure a comparable geometry

of 120� 120mm2, e.g., two strips of 60mm, four strips of

30mm, etc. (Figure 1).
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 1. Sample preparation for investigations of different
proportions of cut surface per initial sample volume on magnetic
behavior. Smaller sample widths result in a higher amount of cut
surface per sample set. Samples are cut in rolling direction (RD)
and transverse direction (TD) by guillotine and water jet cutting.
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3. Results and Discussion

3.1. Effect of Tensile Stress on Magnetic Properties

In order to study the general influence of tensile stresses on

the magnetic properties of the 2.9wt% FeSi electrical steel,
Figure 2.Hysteresis loops at 1.0T and 100Hz for increasing elastic ten
rolling direction and b) transverse direction.

� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
two different experimental setups are required to charac-

terize the effect of elastic as well as plastic stresses. For

each setup both spatial directions, rolling as well as

transverse direction, are studied.

3.1.1. Elastic Tensile Stress in Rolling and Transverse
Direction
Figure 2 depicts the resulting hysteresis loops of samples

under applied tensile mechanical stresses within the

elastic region up to yield strength. Increasing the applied

tensile stress in rolling direction shears the hysteresis loops

uniformly, i.e., both coercivity Hc as well as the magnetic

field strength H which is required to achieve a specific

polarization level, increase. Concomitant, the remanence

polarization Jr decreases with increasing tensile stress

leading to a less distinct slope, i.e., lower relative

permeability. Increasing magnetic field strengths to

achieve specific polarizations represent inferior electro-

magnetic applicability for the material, under the investi-

gated stress states. The extrinsic properties coercivity and

remanence determine the shape and size of the hysteresis

loop to a great extent. Larger values for these properties

indicate a larger hysteresis area and thus increased iron

losses. The behavior under tensile stresses in rolling

direction is monotonic, whereas the behavior in transverse

direction shows a non-monotonic effect of increasing

tensile stress on the shape of hysteresis loops. Starting

from the unloaded state, the hysteresis loops become

steeper, i.e., more upright (Figure 2b). The remanence

increases while the coercivity decreases. Less magnetic

field strength is required to induce a polarization of 1.0 T at

100Hz.

A further increase of tensile stress shears the hysteresis

loop analogous to the samples stressed in rolling direction.

For its electromagnetic application, this implies a benefi-

cial effect of small induced tensile stresses.

Figure 3 depicts the characteristic magnetic values

(H, Hc, Jr) extracted from the measured hysteresis loops
sile stress. Magnetic flux and applied tensile stress are parallel to a)

steel research int. 87 (2016) No. 9999 3



Figure 3. Coercivity, remanence polarization, and magnetic field strength at 1.0T and 100Hz for increasing elastic tensile stress.
Magnetic flux density and applied tensile stress are parallel to the a) rolling direction and b) transverse direction.
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(Figure 2). It is apparent that two distinct sections can be

differentiated in rolling direction. For small tensile

stresses up to 15MPa, the characteristic attributes show

a minor increase (H, Hc) and decrease (Jr), respectively.

Ensuing from 15MPa onward, the slopes of the curves are

constant and larger compared to the first segment. On the

contrary, a distinctively different behavior is apparent in

transverse direction. For tensile stress levels above

15MPa, a similar behavior to the rolling direction is

observed with a constant increase of coercivity and field

strength and decrease of remanence. In comparison to

the measured data along the rolling direction, results for

transverse direction are inferior. At smaller tensile stress

values, the characteristic attributes show pronounced

minima and maxima (Figure 3b). For instance, the

magnetization behavior is affected beneficially by the

application of tensile stresses up to 50MPa. Beyond this

stress level, increasing values of magnetic field strength

are required compared to the unloaded state. Therefore,

tensile stresses in transverse direction can be beneficial

up to a certain threshold value. Nevertheless, the

magnetic properties, i.e., magnetizability and iron-loss

in rolling direction are in general advantageous at all

tensile stress levels compared to the respective stress

states in transverse direction.

The effect of an applied tensile elastic stress on the

magnetization curve, i.e., on the hysteresis loop of a

soft magnetic material can be explained based on the

induced magneto-elastic energy that is proportional to the

magnetostriction and stress tensor.[25,26] The response of

a material to an applied mechanical stress depends on

the sign of the tensorial product.[27,28] In order tominimize

the magnetic free energy, the domain structure is reorgan-

ized.[28] The effect of two elastic strain stages could be

related to the effect of micro-yielding which can be

measured by a change in Barkhausen noise parameters

below Rp0.2.
[11,29] Geometrical necessary dislocations are

created close to the grain boundaries to accommodate the
4 steel research int. 87 (2016) No. 9999
strain between grains with different orientations. These

dislocations act as pinning sites that reduce the mean free

path of the domain wall displacement.[28,30] The effect of

two distinct sections within the elastic region is more

evidenced in TD, as shown in Figure 3b.

3.1.2. Elastic and Plastic Tensile Stresses in Rolling
and Transverse Direction
A further increase of applied tensile stress above Rp0.2

leads to plastic deformations caused by crystallographic

slipping as a result of the dislocation movement. When

trying to elaborate the overall effect on the magnetic

properties, these need to be accounted in addition to the

externally applied elastic stresses. In order to study the

effect of plastic deformations on the extrinsic magnetic

properties, several samples were plastically deformed on a

universal testing machine and subsequently metrologi-

cally characterized using a single-sheet tester.

Figure 4 shows the magnetization requirements and

coercivity along the entire tensile stress range of elastic and

plastic deformations up to tensile strength. Three stress

levels between tensile and yield strength were applied for

rolling (Figure 4a) as well as the transverse direction

(Figure 4b): 470, 500, and 530MPa. This results in different

plastic strains for RD and TD. The respective stress and

strain relations are listed in Table 1.

Mechanical tensile stresses below yield strength lead to

homogenous elastic elongation of the whole specimen.

When exceeding the yield strength, the applied stress

causes a rising dislocation density which results in the

plastic deformation of the specimens. Consequently, a

significantly steeper slope of the magnetic field strength

than in the elastic region can be observed. This behavior

can be explained by a deterioration of the domain size

and restricted domain mobility. For that reason, the

external magnetic field has to be increased to achieve an

alignment of an adequate number of domains along the

external magnetic field. In the plastic strain domain, the
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 4. Magnetic field strength and coercivity at increasing tensile stress of elastic and plastic deformations at 1.0T and 100Hz.
Magnetic measurements and mechanical material parameters (tensile and yield stress) are considered in a) rolling direction and b)
transverse direction.

smech¼ 470MPa smech¼ 500MPa smech¼530MPa

Rolling direction (RD) e� 4.5% e� 6.5% e� 12.5%

Transverse direction (TD) e� 2.5% e� 4.5% e� 7.5%

Table 1. Stress and resulting strain in rolling and transverse direction under uniaxial tensile stresses above yield strength.
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multiplication of dislocations leads to a progressive

deterioration of the magnetic behavior.

For the specimens excited parallel to the rolling

direction, smaller field strengths are required compared

to those in transverse direction. The overall behavior is

similar to inferiormagnetic properties and the exception of

the formerly discussed range of small mechanical stresses.

The effect of internal mechanical stress is clearly

evidenced by the results shown in Figure 3 and 4.

According to the work of Becker and Kondorski,[31] the

inverse of the initial permeability that is related to the

required magnetic field strength and the magnetic

coercive field strength have a linear relationship with

the amount of internal stress.
3.2. Influence of Different Cutting Techniques on Material
Properties

3.2.1. Cut Surface Characteristics
At first, a detailed study of the influence of the cutting

process on the microstructure and surface morphology is

conducted using both SEM andmetallographic imaging as

well as confocal microscopy.

Figure 5a and b depict the SEM images along the cut

surface. In the case of guillotine shear cutting, the
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
percentage of the sheared surface amounts around 50%

whereas the other half of the surface is fractured. This leads

to different roughness values in the corresponding areas.

While the roughness along the sheared surface is small

(Figure 5b1), it rises on the fractured part (Figure 5b2). The

surface after the water jet cutting is jagged (Figure 5b3)

which is partly caused by a fast growing oxide layer due to

the use of water as a cutting medium. It could not be

removed without altering the surface roughness. In top

view, no difference between topside and bottom can be

detected.

The vicinity of the cross-section after shear cutting

shows deformed grains (Figure 5c, left) and shear bands

induced by cold deformation. Water jet cutting leads to a

bigger burr and transcrystalline material separation

(Figure 5c, right). Neither a grain deformation nor the

appearance of shear bands can be determined after water

jet cutting which confirms that water jet cutting is the

smoother process.

3.2.2. Microhardness Measurements
Results of microhardness measurements HV 0.05 mea-

sured from the cut surface to the core are shown in

Figure 6. Displayed are twomeasurements for each sample

series: guillotine shear (RD) (TD) and water jet (RD) (TD).

The core strength amounts to 242� 10 HV 0.05. For all
steel research int. 87 (2016) No. 9999 5



Figure 5. SEM image of the cut surface a), roughness of cut surface b), and metallographic image of sheet cross-section c), for guillotine
shear (left column) and water jet cut samples (right column).
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samples, cutting raises the hardness close to the cut

surface. No difference in the hardness profile between RD

and TD can be encountered. On the other hand, an

influence of the different cutting processes is reflected in

the microhardness. Guillotine shear cutting has a major

effect on hardness which is represented by a maximum

hardness of 400 HV 0.05 compared to 327 HV 0.05 by water

jet cutting, measured in the sheet cross-section perpen-

dicular to the cut surface in a distance of 22mm from the

cut surface. As a result of guillotine cutting, the area with

increasedmicrohardness compared to the core hardness is

100mm deeper than after water jet cutting.

Due to hardening, it can be assumed that cutting causes

stresses in the region close to the cut surface. The shear

bands close to the cut surface, induced by guillotine

cutting, indicate larger cold deformation and therefore

higher stresses.

The stresses from water jet cutting are estimated to be

lower compared to guillotine cut samples. Despite no

visible influence on the microstructure of the water jet cut
6 steel research int. 87 (2016) No. 9999
samples, a hardening near the cut surface can bemeasured

nonetheless. A possible heating during water jet cutting,

as a result of the abrasive particles, pressure and speed

can be excluded because sample thicknesses are small.

Therefore, temperature influence on the samples, as

occurring during laser cutting can be excluded indicating

solelymechanical originated, residual stresses as a result of

water jet cutting.

3.2.3. Effect of Cutting on the Magnetic Properties
Figure 7 depicts hysteresis loops at 1.0 T and quasi-static

excitation. For three sample series, an analogous behavior

is observed. Guillotine shear cutting of the samples along

rolling (RD) and transverse direction (TD) shows shearing

of the hysteresis loop with increasing amount of cut

surface per sample volume, see Figure 7a and b. Both the

magnetization field strength as well as the coercive field

strength increase, whereas the remanence decreases.

Generally, samples cut in TD show larger hysteresis loop

areas and require higher magnetization field strengths.
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 6. Microhardness measurements HV 0.05 with increasing distance from the cut surface for a), b) water jet cutting and
c), d) guillotine shear cutting in a), c) rolling direction (RD) and b), d) transverse direction (TD).

Figure 7.Quasi-static (DC) hysteresis loops at 1.0 T for different cutting techniques, sample directions, and increasing proportions of cut
surface per initial sample volume. a) Guillotine shear cut, rolling direction, b) guillotine shear cut, transverse direction, c) water jet cut,
rolling direction, and d) water jet cut transverse direction.
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 The shearing, e.g., change of the characteristic magnetic

values is larger compared to RD. Water jet cutting in RD

(Figure 7c) shows analogous shearing of the hysteresis

curve with increasing amount of cut surface per sample

volume. However, the deterioration is much less severe

than with guillotine shear cutting.

In contrast, water jet cutting along TD leads to a

completely different magnetic behavior. A slight improve-

ment of magnetization with increased amount of cut

surface per sample volume is observed with an increasing

permeability leading to a steeper curve.

Closer investigation of the loss behavior further

confirms the possible improvement for water jet cut

samples in TD for certain excitations. In Figure 8, static

and dynamic losses calculated from the quasi-static

measurements and experimental results at different

frequencies are displayed for three different excitations.

The observations of the behavior of Figure 7 with three

analogous sample series can be applied to losses for lower

frequencies and polarizations. 50Hz guillotine cut samples

series in RD and TD, just as water jet cut samples RD, show

increasing specific losses with an increasing amount of cut
Figure 8. Influence of frequency, polarization, cutting technique, an

8 steel research int. 87 (2016) No. 9999
surface per volume, for each polarization. In contrast,

water jet cut samples in transverse direction show

decreasing losses with increasing cut surface per sample

volume for polarizations of 0.5 T and 1.0 T. At higher

polarizations of 1.5 T, specific losses increase. In each of

these cases, specific losses show the same tendencies as

the respective static losses but with smaller differences in

dynamic losses for the different strip widths, indicating a

larger influence of stresses on the hysteresis losses. For

higher frequencies, the influence of dynamic losses

increases. For the specimens cut by water jet in TD at

0.5 T and 400Hz static and total losses decrease. At 1.0 T

total losses increase even though static losses decrease. At

1.5 T and 400Hz total losses increase and it is apparent that

dynamic losses increase with an increasing amount of cut

surface per sample volume.

The presented results indicate that water jet as well as

guillotine cutting lead to residual stresses in the material.

Microhardness measurements and a microstructural

analysis, e.g., higher hardness close to the cut surface, a

further mechanically influenced zone, shear bands, and a

more severe deterioration of magnetic properties indicate
d strip width on the dynamic and static losses.

� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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higher internal stresses resulting from guillotine cutting in

comparison to water jet cutting. In TD, an improvement

can occur if the induced stresses originating from the

cutting method are below a specific value. In this way, the

overall magnetic behavior can be improved by a rising

number of cuts in TD. From the theoretical point of view,

this observation might be caused by a combination of

different effects, some of which have briefly been

discussed in Section 3.1.

Processing can cause misorientations in the mechani-

cally influenced area. Linked to the domain theory, this

could lead to a different distribution of magnetic domains

which might simplify their rotation along the external

applied field during magnetization process.

Moreover, the anisotropy ofmagnetostriction should be

taken into account. If the external field and the applied

stresses are collinear, it will facilitate the magnetization

process in case of positivemagnetostriction which is found

in the [100] direction. Between [100] and [111] directions,

magnetostriction changes its values from positive to

negative depending on the magnetic field strength which

might explain why the observed magnetic improvement

occurs as a function of polarization.[32] The actual

influence of stresses on the magnetostriction constants

and change of the global anisotropy of the magnetostric-

tion as a result of the alignment of grains are yet to be

identified.

Finally, a favorable combination of grain orientations,

magnetic domains, magnetostriction, and applied stresses

might be an explanation for the magnetic behavior along

TD for the discussed limited value range of polarization,

frequency, tensile stress, and strip width. Because of the

limited value range, a direct practical benefit of this effect

seems to be improbable. Moreover, for non-grain-oriented

electrical steels, isotropic electromagnetic properties are

desired to ensure an evenly distributed magnetic behavior

in rotating machines and the improvement of the

magnetic flux in one direction of the electrical steel sheet

might harm the flux in the other directions.

In order to optimize non-grain-oriented electrical steel

with regard to its application in rotating electrical

machines, the microstructural- and stress-related changes

of electromagnetic properties in FeSi steels need to be

studied and understood. The results for the investigated

material enable correlations between the material, the

processing, and its application with regard to different

interdependence levels. The presented findings show the

importance of considering rolling and transverse direction

when studying effects on electrical steel. NGO is ought to

have isotropic magnetic behavior to ensure a homogenous

isotropic magnetic field in all spatial directions at all

rotational angles. The results showed the effect of

anisotropy on the magnetic properties was considerable.

Consequently, this shows that today’s modeling and

design of electrical machines, with its simplifications

regarding the description of magnetic material behavior

with neglect of anisotropic effects as well as disregard of
� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
mechanical processing, is insufficient. Furthermore, the

results introduce the potential of possible beneficial effects

of stresses on the magnetic properties for electromagnetic

applications which need to be considered in simulation

tools. In order to include these effects in modern day

machine modeling, the phenomenology and appropriate

quantification methods need to be conducted. However,

other vital correlations need to be discussed in further

studies, especially the influence of stress on intrinsic

material properties such as magnetostriction or crystalline

anisotropy in order to explain the behavior of smaller

stresses.
4. Conclusions

Based on the results above, it may be concluded that
1.
 Cutting by guillotine compared to cutting by water jet is

more detrimental to the magnetic properties of high-

silicon steel.
2.
 If mechanical stress is applied parallel to the rolling

direction with the same magnetic flux direction during

magnetic measurements, increased losses and sheared

hysteresis loops can be observed.
3.
 If tensile stress is applied in transverse direction, the

influence is more complex compared to the behavior in

rolling direction. For small tensile stresses, in this study

to about 50MPa, the magnetization improves com-

pared to the unloaded state with minimum required

magnetization field strength for about 10MPa tensile

stress and given low polarizations and frequencies.
4.
 An improvement of magnetic properties can also be

observed with a rising number of cuts performed by

water jet. The beneficial effects on magnetic properties

depend on polarization, frequency, orientation of the

specimen in the sheet plane and test direction.
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