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ABSTRACT

Mechanical stress occurring during the manufacturing process of electrical machines detrimentally alters
the magnetic properties (iron losses and magnetizability). This affects the efficiency and performance of
the machine. Improvement of the manufacturing process in terms of reduced magnetic property dete-
rioration enables the full potential of the magnetic materials to be exploited, and as a result, the per-
formance of the machine to be improved. A high quantity of electrical machine components is needed,
with shear cutting (punching, blanking) being the most efficient manufacturing technology. The cutting
process leads to residual stresses inside the non-oriented electrical sheet metal, resulting in increased
iron losses. This paper studies the residual stresses induced by punching with different shear cutting
parameters, taking a qualitative approach using finite element analysis. In order to calibrate the finite
element analysis, shear cutting experiments are performed. A single sheet tester analysis of the cut
blanks allows the correlation between residual stresses, micro hardness measurements, cutting surface

parameters and magnetic properties to be studied.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Manufacturing the core of electrical machines affects the
magnetic properties of the electrical steel sheets in terms of the
deterioration of energy loss and magnetizability. The degraded
magnetic properties, compared to those obtained by standardized
metrological measurements carried out on the cold-rolled product,
directly affect the efficiency and performance of the electrical
machines. Among the different steps from the raw material to the
final assembled electrical machine, the shape-giving process is
critical to magnetic property deterioration.

In this regard, one possible means of reducing the power loss of
an electrical machine is to improve the manufacturing process of
the electromagnetic components. Two main components used in
nearly every electrical machine are the stator and rotor cores,
which are made from stacked non-oriented electric steel sheets.
Shear cutting (punching, blanking) and laser cutting are the two
most commonly-used manufacturing technologies. While laser
cutting is often deployed within the construction of a prototype,
shear cutting is used to manufacture large numbers of compo-
nents. No matter which of these two manufacturing methods is
used, the materials’ magnetic properties are altered [1]. This is
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caused by an increasing amount of residual stress induced near the
cutting edge. Although investigations have been undertaken using
magneto-optical Kerr effect [2] or neutron grating interferometry
(nGI) [3] to identify the residual stress penetration depth away
from the cutting edge, the residual stress distribution in the zone
affected by shear cutting (ZASC) is unknown.

Each processing step in a manufacturing chain leads to residual
stresses inside a material [4]. Consider a punching process — the
material failure occurs when the shear fracture limit due to high
work hardening is reached. The strain induced by the high de-
formation causes stress in the ZASC. Even once the parts have been
cut and all external loads have been removed, the strains are still
present. The stress left in the material is known as residual stress.
When an electrical steel sheet affected by residual stress is mag-
netized, the stress prevents the magnetic domains from being
aligned in the direction of the external magnetic field [5]. The
extent of this effect is determined by the magnitude of the residual
stress [6,7].

Besides the magnitude of residual stress, the penetration depth
of the ZASC also has an impact on the overall specific losses. In
particular, on a stator tooth of small electric machines, the ZASC of
both tooth sides can overlap. Depending on the electrical steel
material used, the degraded zone may extend up to 15 mm away
from the cut edge [8]. Whereas [9] postulated that the affected
area is less than 10 mm wide, [10] measures a penetration depth of
0.4 mm for the ZASC using nanoindentation.
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The influence of sharp and blunt cutting tools on the magnetic
properties is studied in [11]. Increasing wear on the cut edge re-
sults in higher specific losses. According to [12], a small distance
between the punch and the die implicates better magnetic prop-
erties than a large distance when a guillotine is used to separate
electrical steel sheets. The distance between the two cutting ele-
ments is also known as cutting clearance (CCL). [13] investigates
the effect of shear cutting with different CCLs and tool wear states
using an industrial cutting tool. The cut specimens are examined
with an Epstein frame. This shows that higher cutting clearances
and increasing tool wear lead to higher specific losses.

The influence of an increase in volume affected by residual
stresses has also been investigated with a single sheet tester for
guillotining [14] and for industrial shear cutting [15]. Both studies
confirm the results of the Epstein frame tests, where an increasing
cutting line length, i.e. volume of the ZASC, results in higher
specific losses.

The aim of this paper is to show the coherence between elec-
tromagnetic properties and residual stress states that originate
from cutting with different process parameters. Therefore, speci-
mens are cut using an industrial shear cutting tool. The specimens
are analyzed with regard to their geometrical and mechanical
cutting influence using tactile and micro hardness measurement
systems. Single sheet tests of the processed electrical steel sheets
are performed to identify the magnetic properties for each para-
meter variation. To identify the magnitude and distribution of the
residual stresses in the ZASC for varying shear cutting parameters
and blank thicknesses, a finite element analysis (FEA) of the shear
cutting process is carried out. In order to do this, the material has
to be mechanically characterized. To ensure a good quality of the
FEA, the virtual results are correlated with shear cutting experi-
ments using the same cutting parameters. The experimental as
well as the virtual results are compared with each other in order to
find a correlation between residual stresses, hardness measure-
ments, cutting surface parameters and magnetic properties.

2. Materials

This paper studies two electrical steel grades, material A and
material B, with a silicon content of 2.4 wt% and a thickness sq of
0.35 and 0.5 mm. Both materials are produced by the same hot-
rolled material. The material is quantified using a spark spectro-
meter. The chemical composition is shown in Table 1. Optical
micrographs of the electrical steel sheet both in the direction of
and perpendicular to the rolling direction (RD) show that the
tempering of the material has led to equiaxed grains with a
slightly smaller average grain size for material A (Fig. 1). The
number of grains over the sheet metal thickness and the values
obtained from the micro hardness analysis can be found in Table 2.

The small number of grains across the sheet thickness is
characteristic for non-oriented electrical sheet metal. After cold
rolling and tempering, the material is coated with an organic EC3
coating. A comparison between the coated and non-coated ma-
terial determined that there is neither a difference in grain size nor
in the material's micro hardness.

For the FEA, it is necessary to know the stress-strain behavior of

Table 1
Chemical composition.

Material Alloying element in mass percent (wt%)

Fe C Si Mn P S Cr Al

A and B 97.00 0.02 242 0.16 0.02 0.01 0.03 0.34

the material. Therefore, uniaxial tension tests according to [16]
were carried out. In addition to the tension tests in 0°, 45° and 90°
to RD, the experiments were also carried out using higher tension
speeds v, of 200 and 750 mm/min. Table 3 shows the yield
strength Rpo., ultimate tensile strength Ry, uniform elongation A,
and the elongation at fracture Agy for both materials for the
standardized testing speed and a speed of 750 mm/min.

The results show that the crystalline texture, i.e. the angle of
the applied tension with respect to the RD, has a significant in-
fluence on all mechanical properties (Table 3). No matter which
material is objected, the yield and ultimate tensile strength rise
whereas the uniform and fracture elongations fall when the spe-
cimens are oriented perpendicular to RD. An increasing tension
test speed also leads to slightly higher tension strengths and
smaller uniform elongations, regardless of the specimen's or-
ientation to RD.

The friction values of the coated material also have to be con-
sidered when a shear cutting process is numerically simulated. A
strip-pull-out test was performed to obtain the coefficient of the
kinetic friction in between the coated material and the tool ma-
terial. The tool material used in the strip-pull-out test is the same
as the material of the blank holder, punch and die of the shear
cutting tool. The tests were carried out at pull-out speeds of 50,
200 and 500 mm/min. For two different contact pressures, 4 and
40 MPa, the coefficient of the kinetic friction resulted in the same
value of 0.15. The value also stays the same for higher pull-out
speeds and does not depend on the RD.

3. Experimental setup

To calibrate the fracture behavior of the materials in the FEA,
shear cutting experiments were performed on an industrial me-
chanical single action press. In addition to the calibration experi-
ments, specimens for the single sheet tester (SST) were produced
with the same cutting tool. Fig. 2 (a) shows the schematic setup of
the shear cutting tool used. The sheet metal is clamped between
the blank holder and the die and is separated by the punch that
travels towards the die. To prevent the tool from flattening the
burr and, in this way, changing the material's stress state when
small sample widths were cut, grooves were ground into the die
(Fig. 2 (a)).

Important tool parameters are the relative CCL between the
punch and die as well as the radii of the cutting edges of the punch
and die (Rp and Rp). For the investigations within this paper, the
clearance was set to 30 um. Hence, the relative cutting clearance of
material A and B results in 10% and 6% of the sheet metal thickness
so- Two different cutting edge radii were investigated. On the one
hand, a die and punch radius of 15 um should simulate a new
sharp cutting tool, while on the other hand a radius of 70 um on
both cutting edges should represent a blunt, worn tool. The surface
pressure under the blank holder amounts to 300 MPa. The speci-
mens for the single sheet measurements were produced with two
different cutting velocities, 0.04 and 0.15 m/s. These two velocities
correspond to a stroke speed of 60 and 200 strokes per minute.
Hence the influence of the velocity is not examined within the
FEA; a slow testing speed of 0.83 mm/s is used to calibrate the
material model.

The influence of the cutting process on the electromagnetic
properties is analyzed by increasing the length of the cutting line
of the specimens for SST measurements. Fig. 2 (b) shows a pro-
cessed steel sheet. The positioning system allows the strip widths
to be varied in order to increase the length of the shear cutting line
inside the test area of the single sheet tester. This leads directly to
a bigger material volume, which is affected by the emerging re-
sidual stresses. The cut specimen widths ws as well as the
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Fig. 1. Micrograph of material A (a) and material B (b).

Table 2
Metallographic analysis.

Table 4
Specimen widths cut for the SST.

Material A B Ws (mm) Number of samples Is (mm)
Thickness (mm) 0.35 0.5 120 1 240
Grain diameter (um) 51.3 47.8 60 2 480
Grains/thickness 71 1.3 30 4 960
Hardness (HVo.) 165 167 15 8 1920
10 12 2880
5 24 5760
Table 3
Mechanical properties.
0.045
Material RD (°) v, (mm/min) Rpo2 (MPa) Ry (MPa) Ag (%) Aso (%) ¥
A 0  Quasistatic 363 464 177 246 N% @ % @ & @ % @ <1>\
0 750 369 480 16.6 243 S & & & & o
20 Quasistatic 368 487 16.3 19.7 m 4 4 4 4 =
90 750 358 501 155 191 < 4 $ 4 $ 4 5
S
B 0 Quasistatic 358 471 185 28 = @ & @ & @ & @ & @ & <
0 750 367 484 172 256 o & N & N4 N4
90 Quasistatic 361 483 169 23 b b % b %
90 750 371 497 155 227 % & % & % & % & % &
N4 N4 N4 N4 N4
) o ) & N4 P N4 P
corresponding overall length of the shear cutting line Is are listed % & % & % & % & % & - =a
in Table 4. The specimens themselves must be cut to a length of & & & & & = |
120 mm (dashed lines Fig. 2 (b)). The specimens were cut in 0° and \ N
90° orientation so that the influence of the orientation of the

cutting line relative to the RD could be studied.

In order to calibrate the FEA, the cutting force over the tool
travel position and the characteristic cutting surface parameters
(rollover hg, clean-cut h, fracture hg and burr height hg, Fig. 3)
following [17] are measured for each parameter configuration. The

(a)

Fig. 3. Micro hardness measurement grid and characteristic cutting surface para-
meters hg, hc, hg and hg.

data is gathered using a tactile measurement system with an ac-
curacy of 1um. To understand the influences of each parameter

(b)

Positioning grid

Punch Blank holder 0000000000000000
C/)o '_“”
Y

| \
’ 3 ]
| 5 Blank
i CCL , Grooves
_ Dic — 0000000000000000
| 1€ O Slug

B SST specimens

Fig. 2. (a) Draft of the shear cutting tool; (b) processed electrical steel sheet with different SST specimen widths ws.
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variation on the volume affected by work hardening within the
electrical sheet, metal micro hardness measurements were taken.
The applied measurement grid is shown in Fig. 3. For the in-
vestigations, a Vickers spike with a test force of 0.25N was applied.

4. Mechanical FEA setup

The experimental shear cutting setup is modeled using a two
dimensional FEA. Since a symmetric cutting tool is used, a sym-
metrical boundary condition is implemented in the FEA. The
analysis is performed with a plain strain element type CPE4R. The
length of the element edges varies from 0.003 mm in the ZASC to
0.1 mm in the other blank areas. This leads to a total of 2857
elements for material A and 3083 for material B. To prevent ex-
cessive distortion of the elements in the ZASC, the Arbitrary La-
grange-Eulerian method is used every third time increment.
Friction is implemented with a penalty contact.

The stress-strain data is extrapolated by a mixed swift voce
approach. The ductile damage model is chosen as the damage
criterion. Since the only purpose of the FEA is the qualitative in-
vestigation of the remaining residual stresses after the cutting
process, the stress—strain curve as well as the damage criterion is
calibrated using the measured cutting force-tool travel data and
characteristic cutting surface parameters.

Each experimental process step is transferred directly to the
shear cutting FEA model, ensuring a realistic model. The sequence
is divided into three steps. First, the electrical sheet metal is
clamped between the die and the blank holder with the same
surface pressure as in the experiment. Then, the blank is cut
within the second step. The last step models the pull-out process
of the punch and the release of the cut part between the blank
holder and the die. In this way, each stress state that is induced by
external forces is removed, which allows the residual stresses left
in the processed electric sheet metal to be examined.

As in the calibration experiment, the cutting speed is set to
0.83 mmy/s. Due to the fact that only one CCL (30 um) is in-
vestigated within the experimental shear cutting process, the re-
sidual stresses at two additional CCL (15 and 50 um) are con-
sidered in the FEA at two different cutting tool radii (10 um and
70 pm).

5. Electromagnetic test setup

The metrological characterization of a sample series with an
increasing cutting line for both materials was performed on a
120 mm x 120 mm single sheet tester (SST), which is incorporated
into a computer-aided setup according to the international stan-
dard IEC 60404-3. In order to study the influence of the area of cut
surface related to the sample volume, samples of
120 mm x 120 mm were cut into a different number of strips with
a fixed width per sample. These strips are then taped together
with a non-magnetic adhesive tape to ensure that the effect of
sample geometry is negligible, e.g. one strip of 120 mm, two strips
of 60 mm, four strips of 30 mm, etc. A detailed overview of the
strip widths investigated is given in Table 4 and Fig. 4. Samples are
characterized using controlled sinusoidal magnetic flux density
with a form factor error of less than 1%. Measurements were car-
ried out under quasi-static conditions and in a frequency range
from 10 Hz to 1000 Hz.

6. Mechanical experimental results

The tactile cutting surface parameter measurements show that
rollover, clean cut and burr heights are much smaller when the

120 . 60_ 30 15 10 )
=
a
1x 2x 4x 8x 12x 24x

Fig. 4. Sample preparation for magnetic characterization of different proportions of
cut surface per initial sample volume.

blanks are cut with a sharp instead of a worn tool. In terms of
cutting speed variation, the clean cut height slightly increases
when a sharp tool is used for cutting, and slightly decreases when
a blunt tool is used. These effects can be observed regardless of the
sheet metal thickness and the RD. Taking a closer look at the RD, it
is apparent that the rollover and clean cut height increase slightly
and the fracture height marginally decreases when cutting is
performed in a perpendicular direction instead of in RD. This be-
havior can be explained by the slight difference in mechanical
material properties in and perpendicular to RD. This occurs be-
cause the deformation and fracture behavior when cutting is
performed in RD is determined by the mechanical properties
perpendicular to the RD, and vice versa.

Fig. 5 shows the relative cutting surface parameters for blanks
of material A that were cut in RD and 90° to RD with a sharp tool,
using a cutting speed of 0.04 m/s and in 90° to RD with a blunt
tool, using two different cutting speeds 0.04 and 0.15 m/s.

The cutting surface parameters shown in Fig. 5 are the median
values of 42 measurements per configuration. When the dis-
tribution of the cutting surface parameters is examined more
closely, a smaller deviation within the clean cut and fracture
height can be discerned in Fig. 6, when the cutting tool is worn
instead of sharp.

Fig. 7 displays images of the cutting surfaces for material A and
B. The cutting line is oriented in RD and the cutting speed is
0.04 m/s. A higher roll over, clean cut and burr height can be ob-
served when the tools are worn in Fig. 7 (b) and (d). The smaller
deviations within the clean cut height when cutting is performed
with a worn tool can also be clearly ascertained. The apparent
larger blank thickness in (b) and (d) result from the higher burr.
The influence of the cutting edge wear state on the characteristic
structure of the ZASC can also be clearly seen when looking at the
optical micrographs in Fig. 8. A worn tool leads to an increased
material structure deformation.
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Fig. 5. Cutting surface parameters for material A; CCL 30um; (a) sharp, 0.04m/s, 0°;
(b) sharp, 0.04m/s, 90°; (c) worn, 0.04m/s, 90°; (d) worn, 0.15m/s, 90°.
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Fig. 6. Detailed cutting surface parameters for material A; CCL 30um; (a) sharp,
0.04m/s, 90°; (b) worn, 0.04m/s, 90°.

Fig. 7. Cutting surface images at two different wear states; sharp tool material A
(a), material B (c); worn tool material A (b), material B (d).

Hardness measurements for material A (Fig. 9) show that a
blunt cutting tool leads to an increased area that is affected by
work hardening. The values in between each indentation are in-
terpolated linearly. The black line surrounding the hardness
measurement represents the cutting surface. Due to the small
distances from the part edge it is often impossible to make every
indentation (Fig. 3) without risking a damage of the indenter. The
local Vickers Hardness values are always referred to the hardness
values of the virgin material (Ho= 171 HV,5). It is apparent that
the hardness does not only vary the closer the indentations are to
the clean cut but also over the blank thickness.

A mean of all hardness values that have the same distance from
the cutting edge simplifies the comparison between the parameter
variations investigated. Fig. 10 depicts an average of three

hardness measurements for material A cut with sharp and worn
cutting edges in and perpendicular to the RD at two different
speeds. Regardless of the thickness and the RD, the material is
affected by higher strain hardening, and furthermore, the plasti-
cally-deformed zone reaches further into the material when a
blunt tool is used. When cutting operations in and transverse to
RD are compared, only a small difference can be determined,
which also originates from the different mechanical properties.

The plastically-deformed zone is also increased when cutting is
performed at higher velocities. When compared to the influence of
tool wear state, the impact of velocity variation is smaller. The
largest extent of the plastically-deformed area is reached when the
electric steel sheet is cut at 0.15 m/s using a blunt cutting tool. Low
speed and sharp tools minimize the area affected by work hard-
ening. As seen in Fig. 10, the impact of the orientation of the
cutting line to the RD is quite small.

7. Mechanical FEA results

The FEA provides the stress distribution inside the ZASC. When
analyzing these stresses it is important to display the stresses in a
way that enables comparison of the different results. It is not ex-
pedient to analyze the residual stress by means of an equivalent
stress such as oy mises, Decause it is not possible to distinguish
between tensile and compression stresses. Fig. 11. shows a shear
cutting simulation of material A in RD with a worn tool and a CCL
of 50um. The distribution of the stresses o; (a), o2 (c) and the
shear stress o5 (b) illustrates that certain areas undergo different
distortions to others. In this case, 1 and 2 correlate to the global
coordinate system. In the area near the cut edge, where the frac-
ture starts, one can see high compression and tension stresses c».
In the roll-over area and on the lower edge of the blank we can see
the same effect for ;. Compression stresses in 1 and 2 directions
are located in the middle of the blank. Compared to the stresses o4
and o,, the shear stress o> is quite small. For electromagnetic
considerations, the analysis of von Mises stress is insufficient,
because it is not possible to differentiate between tension and
compressive residual stresses. This differentiation, however, is
essential because tensile and compressive stresses affect the
electromagnetic properties to different extents, according to
[18,19]. To minimize the effort needed to compare the parameter
variations to each other, the mixed stress value owmax,ip,abs. (d) is
used. Here, the highest local in-plane absolute principal stress is
chosen. The algebraic sign is not considered in the selection but in
the presentation of the results.

Fig. 12 shows the influence of a variation of the CCL and cutting
edge condition for material B. In (a) and (b) the CCL is 10pm and in

Fig. 8. Micrograph perpendicular to the cutting surface of material A cut with a sharp (a) and blunt (b) cutting tool.
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Fig. 9. Normalized micro hardness measurement in the ZASC for material A; CCL 30 um; (a) sharp, 0.04 m/s, 90°; (b) worn, 0.04 m/s, 90°.
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Fig. 10. Mean normalized micro hardness measurement for material A; CCL 30 um;

(a) sharp, 0.04 m/s, 0°; (b) sharp, 0.04 m/s, 90°; (c) worn, 0.04 m/s, 90°; (d) sharp,
0.15 m/s, 90°; (e) worn, 0.15 m/s, 90°.

(c) and (d) the CCL is set to 30um. The tool edge condition is sharp
in (a) and (c). In (b) and (d) a worn cutting tool is used.

The penetration depth of the residual stresses in the ZASC can
be reduced significantly when cutting with small CCLs. When a
sharp instead of a worn tool edge is used, the penetration depth
can also be reduced. Compared to (a) and (c) the absolute stresses
and the area affected by residual stresses in (b) and (d) is larger.
These tendencies stay the same regardless of the alignment of the
cutting line to the RD or the sheet metal thickness.

A simplified analysis of the stress distribution is shown in
Fig. 13. Like in the analysis of the hardness measurements, a mean
OMax,ip,abs. Value across the sheet metal thickness (white lines in
Fig. 12) is calculated.

In this case, we also distinguish between compression and
tension stresses. One can see that both small cutting CCLs, as well
as sharp tools, reduce the extent of the ZASC. When a blunt cutting
edge and a large CCL is used, the tension residual stresses reach up

to 900 um deep into the material.

Fig. 14 depicts the influence of the cutting edge condition for
large CCL for material A in 90° to RD. For a CCL of 50um the extend
of the ZASC stays the same regardless of the cutting edge
condition.

8. Electromagnetic test results

The magnetic properties of the material studied deteriorate as
the proportion of cutting line per sample increases, i.e. with de-
creasing strip widths. The magnetization curve is shifted to higher
magnetic field strengths, Fig. 15 (a) and specific losses increase (b).
Even though non-oriented (NO) electrical steel is supposed to have
a homogenous isotropic microstructure and texture, distinctly
anisotropic behavior can be observed, as for most NO materials.
Magnetic behavior in RD (0°) is beneficial when compared to the
behavior in a transverse direction (90°) with lower losses and
lower magnetic field strength required to achieve a certain po-
larization. For magnetization behavior, the range between 0.5 T
and 1.5 T is particularly crucial, whereas in saturation the effect of
cutting diminishes. However, relative loss deterioration increases
constantly with higher polarizations. Fig. 15 (b) further shows the
influence of the sheet thickness on the losses. For material A
(0.35 mm), losses at 100 Hz are lower than for material B (0.5 mm)
due to the influence of sheet thickness on the classical eddy cur-
rent losses, which decrease with decreasing sheet thickness. These
general coherences pertain to all investigated sets of cut para-
meter combinations, i.e. sharp/worn tools with a speed of 0.04 m/s
and 0.15 m/s.

The effect of different cutting parameters on the magnetic be-
havior with samples of decreasing strip width can be deducted
from Fig. 16. Variations of cutting parameters influence the mag-
netic properties to a different extent. An increasing cutting speed
and wear of the tool affect losses and the required magnetization
to reach a certain polarization negatively. The effect is more pro-
nounced for increasing amounts of cut edge per sample (Fig. 16
(a)). However, magnetization behavior is affected to a far greater
extent than losses. Fig. 16 (b) and (c) illustrate this behavior. For
120 mm strips all B-H-hysteresis loops are congruent irrespective
of the cutting speed and wear state of the tool. For 5 mm strips the
hysteresis loops shear to higher magnetization. Concurrently with
a shearing of the hysteresis loop the remanence polarization de-
creases, whereas the coercivity increases. This results in a sig-
nificantly higher magnetization while the overall size of the hys-
teresis loop remains mainly unaffected. The wear state of the tool
is more detrimental than an increased cutting speed. Samples of
material A (90°) show analogous behavior as the exemplarily de-
picted diagrams of Fig. 16 for Material B (0°).

Magnetic characterization was performed in a quasistatic
manner, as well as with frequencies up to 1000 Hz.
Fig. 17 (a) shows the absolute values for specific losses with



256 H.A. Weiss et al. / Journal of Magnetism and Magnetic Materials 421 (2017) 250-259

2

o in MPa
250

125
0
-125

-250
0.1 mm
—

Fig. 11. Residual stress distribution for material A with a blunt tool, a CCL of 50 pm and in 90° to RD; (a) o1; (b) o2; (¢) o12; (d) oMmax.ip.abs.

increasing frequency and decreasing strip widths. At 750 Hz, losses
are between 60 and 80 W/kg, compared to 1.4-2.0 W/kg at 50 Hz.
A deeper analysis of the loss increase as a result of an increasing
cutting line can be obtained by examining normalized losses.
Normalized losses (b), i.e. relative loss, increase for smaller strip
widths compared with the 120 mm sample at given frequency. In
addition, the relative deterioration decreases with increasing fre-
quency. This behavior illustrates that cutting influences primarily
the static loss components, i.e. hysteresis losses, whereas the in-
fluence on dynamic loss components is significantly lower. Fur-
thermore, the extent of deterioration, up to 60% (worn, 0.15 m/s) is
noteworthy considering that actual motor geometries, e.g. tooth
sizes, can include even geometries with dimensions smaller than
5 mm.

The behavior observed for relative deterioration of losses is
similar for all sample series, e.g. materials A and B, 0° and 90° and
different speed and wear of the tool. By way of example, values for
the influence of a tool's wear state, for both materials in rolling as
well as in transverse direction, is given in Table 5. The values lie in
comparable ranges. For 50 Hz, the lowest deterioration for 5 mm

(b

- 0
-125
2250
/ 0.1 mm
—

strips compared with 120 mm strips is 1.33 (0.35 mm, 0.04 m/s,
sharp). The data from Table 5 suggests that the tool's wear state
has a more detrimental effect on losses in RD (5-6%) than in
transverse direction (1-2%). This highlights the complexity of the
interdependence between different effects. In this case, the be-
havior may be due to the texture in combination with the dis-
tribution of residual stresses as a result of cutting. Material para-
meters, as for example the magnetostriction, depend on the crystal
orientation. Furthermore, magnetostriction for a given silicon
content of 2.4 wt% has a different sign in the [100] and [111] di-
rection [20]. The macroscopic behavior in one spatial direction
thus depends on the textural distribution of these orientations.
According to [5], the behavior of a material under stress depends
on the stress tensor and the magnetostriction. Magnetization in
the direction of the applied stress increases if the two terms,
magnetostriction constant and stress tensor, have the same sign. In
the observed case, losses increase in both spatial directions.
However, the comparison of a sharp and a worn tool shows a more
detrimental effect in RD for both sheet thicknesses.
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Fig. 12. Residual stress distribution for material B in 90° to RD; (a) 10pm CCL, sharp tool; (b) 10pm CCL, worn tool; (c) 30um CCL, sharp tool; (d) 30um CCL, worn tool.
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Fig. 13. Tension and compression mean residual stress over sheet thickness for
material B in 90° to RD; (a)/(aa) 10um CCL, sharp tool; (b)/(bb) 10um CCL, worn
tool; (c¢)/(cc) 30um CCL, sharp tool; (d)/(dd) 30um CCL, worn tool.
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Fig. 14. Tension and compression mean residual stress over sheet thickness for
material A in 90° to RD; (a)/(aa) 10pm CCL, worn tool; (b)/(bb) 50um CCL, worn
tool; (c¢)/(cc) 50um CCL, sharp tool.

9. Conclusions

In-depth studies of the correlations between FEA and electro-
magnetic properties after shear cutting enable us to predict the
magnetic and mechanical behavior of NO electrical steel in its final
geometry with respect to the cutting parameters.

In this research the results gathered show that a sharp tool
edge always leads to better results than a worn cutting edge. This
applies whether we look at the increase of the clean cut height,
plastically-deformed area, specific losses or residual stresses. In
addition, the experiments show that high cutting speeds lead to a
larger strain-hardened area, which, in turn, gives rise to higher
residual stresses and losses. The FEA of the CCL influence showed
that smaller cutting clearances may lead to higher residual stresses
right next to the cutting surface, but they also reduce the pene-
tration depth.

Due to the effects of size, the deformation and fracture beha-
vior of electrical steel differs from that of standard steels [21]. Next
to a transcrystalline deformation and fracture behavior, the large
grain size of around 100 um supports intercrystalline material
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Fig. 15. (a) Magnetization in 0° and 90° for material A; (b) specific losses for dif-
ferent sheet thicknesses.

deformation and fracture behavior. This results in high deviations
when we look at the cutting surface parameters. Thus, when
materials with different chemical composition, heat treatment and
mechanical properties are compared, an analysis of the cutting
surface parameters may not lead to satisfying results, because of
the high deviations.

The FEA of the shear cutting process is a useful tool for the
qualitative residual stress prediction when the influence of the CCL
and tool wear state on the electromagnetic properties of electric
sheet metal is investigated. The analysis also confirms the ex-
perimental results, showing that the residual stresses rise with
increasing wear on the cutting edges. Nevertheless, the compu-
tational analysis at elevated cutting speeds is difficult to realize
because, in addition to the material behavior at high strain rates,
the behavior at high temperatures has to be implemented into the
FEA model.

When the hardness and residual stress distributions are viewed
more closely, two things can be noticed. On the one hand, it is
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clear that the penetration depth of the residual stresses always
exceeds the penetration depth of the strain-hardened area. How-
ever, a qualitative analysis in between each cutting parameter
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Table 5

Relative loss deterioration for 5 mm strip widths compared to 120 mm strip
widths.

Sharp 0.04 m/s 50 Hz Worn 0.04 m/s 50 Hz

Material A 0° 133 138
90° 144 146
Material B 0° 144 1.60
90° 1.44 1.45

configuration is still possible. On the other hand, it is apparent
from the distributions that the stress and hardness values are not
constant over the blank thickness and over the whole penetration
depth. Hence, a MOKE and hardness analysis performed in a plane
parallel to the blank surface are only representative when the
distance from the surface in question to the blank surface is
known. And even if the distance is known, the maximum residual
stresses might not be located in the surface observed, especially
when different separation techniques and processing parameters
are under consideration.

The results of the electromagnetic characterization display a
steady rise in specific losses with increasing cutting line length for
all observed sample series, i.e. regardless of the orientation of the
cutting line relative to the RD, blank thickness or cutting process
parameter settings. Although, the material studied is a NO grade,
the magnetic behavior, e.g. losses and magnetization, displays
considerable anisotropic behavior. This anisotropy is also exhibited
for the mechanical properties in the form of higher values for Ry
and Ry, as well as lower values for A, and Agp in 90° direction.
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Anisotropic effects can be directly linked to the material's texture.
Even though a final annealing treatment after cold rolling ensures
a recrystallized microstructure, various research shows that tex-
tures are inherited from preceding processing steps [15,22].
Magnetostriction constants of single crystals depend on the
magnetization vector relative to the crystal orientation [20]. Thus,
the global magnetostrictive behavior of a polycrystal depends on
the distribution of all orientations within the material, i.e. the
crystallographic texture. Interrelated effects of mechanical stress
and magnetostriction can result in either a shearing or steepening
of the B-H-Hysteresis loop [5]. Shearing generally causes a dete-
rioration of magnetic properties, as observed within this research.
In their entirety, the results indicate that changes in the elec-
tromagnetic deterioration between sample series stem from dif-
ferences in the residual stress state after cutting, because materials
A and B are comparable in chemical composition, grain sizes,
hardness and microstructure. Sheet thickness and cutting para-
meters alter the stress state and the structure near the cut edge.
The wear state of the cutting edge, as well as the cutting speed,
have an influence on the resulting magnetization. The analysis of
normalized specific losses at different frequencies affirms that
cutting primarily affects the hysteresis losses and, therefore, the
detrimental effects of cutting are graver at low frequencies.

10. Future outlook

The residual stress and hardness analysis show that a review of
the mean values over the blank thickness along the distance from
the cutting surface is sufficient to evaluate each cutting parameter
configuration. Hence an analysis of the cutting influence on the
electromagnetic material properties using the nGI is a good
method for analyzing this interdependence at different magnetic
field strengths, without changing the residual stress state of the
test specimen when preparing a micrograph. In addition to the
advantage that the residual stress state in the specimen is not
changed by a preparation step, the nGI allows very small residual
stress changes to be detected. [3] shows that even a small cutting
parameter variation can be detected. For this reason, an in-
vestigation of the interdependence of different shear cutting
parameters and the resulting electromagnetic properties will be
performed using the nGI. Further studies on the precise combi-
natory effects of residual stresses and microscopic magnetic pro-
cesses needs to be conducted in order to deduct the relations to
global behavior.

Further to an investigation of the electromagnetic influence of
the shear cutting process, the mechanical material behavior
throughout the deformation and fracture process has to be ana-
lyzed. The influence of size effects on the shear cutting process is
widely unknown. Firstly, the material failure behavior has to be
investigated. Cutting large grains not only leads to a mixed trans-
and intercrystalline fracture behavior, but also increases the cut-
ting force. Secondly, the temperature in between the two cutting
edges will rise when smaller blank thicknesses are cut, because of
the smaller material that can transfer the heat into the connecting
material regions and the reduced cutting time.
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