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Rotary cutting of electrical steel laminations is a novel, promising alternative in the
processing of electrical steel strip with enormous economical and technical potentials. This
paper is an extension of work originally presented on the 6th International Electric Drives
Production Conference (E|DPC) in Nuremberg, Germany 2016. The scope of this paper
includes a theoretical description of the rotary cutting process, an explanation of the
machine and tooling setup, the basics of the Toroidal Core Tests and a discussion of the
theoretical and experimental results. The methodology applied is basing on the Toroidal
Core Test per DIN 60404-6, which is elementary described in section 3. Toroidal core tests
allow a characterization in regards of technical, process and functional aspects, what is
also mainly extended in this work. Finally, a classification of the rotary cutting process into
existing processing technologies of electrical steel strip is feasible with respect to its limits

and possibilities.

1. Introduction

Due to increasing demand of high-performance electric drives
for the automotive market, German manufacturers are under
pressure towards global competitors. The lamination stack forms
the skeleton of the electric drive and guides the magnetic field in
application. [1, 2]

In mass production of laminations, stamping is the technology
with the highest application rate. Furthermore, the stacking process
can be fully integrated into the stamping tool with e.g. the
interlocking technology. However, complex machine tools are
very expensive and thus, small volumes and frequent product
changes are not profitable. Instead laser cutting can also be used
for small lot sizes as no expensive tools are necessary. Despite high
flexibility, laser cutting is not competitive due to long cycle times
and high energy costs. Moreover, the unloading and stacking of
laminations is currently only possible manually. [1, 2]

In the production of very thin laminations (smaller than
0.30 mm) for electric drive systems to reduce eddy current losses
at high frequencies, the conventional stamping process reaches its
limits due to several reasons: The cutting gap widths between
punch and die tools is very small (2%-5% of the sheet thickness).
Thus, the production of the complex cutting tools is no longer
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profitable. To absorb the high stamping forces, the kinematics
structure of the stamping machine and machine’s foundation are
very massive. Consequently, high investment costs occur.
Moreover, the stamping machine cuts sheets at intervals. Thereby
large masses must be accelerated and decelerated, what leads to
high energy costs and noise pollutions. Due to these reasons, the
enormous demand to thin sheets cannot be handled with the
conventional stamping process. [2]

This is the reason why a new approach is required. Rotary
cutting of thin electrical steel laminations is very promising.
Rotary cutting is a continuous cutting process which is currently
used in paper industry or for metal profiles. There are several
advantages due to its compact structure and special cutting
kinematics: [2]

o The distribution of the cutting force over the entire cutting
profile is more uniform and the maximum force is lower.

e The continuous cutting process without accelerations and
decelerations in strip feed and tools increases the
productivity and the quality of the cutting edges.

e The cutting gap can be set to zero as the stamp does not
immerse into the die.

e The tool structure is simpler and the tooling costs are lower.

e Fasttool introduction for new tools, as the development and
the production is less complex.
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e The machine structure is more compact thus the energy
costs are lower.

The rotary cutting process is characterized by a counter
movement of two parallel driven shafts. These tool rollers consist
of a punch and a die cylinder. Due to the movement of the
cylinders, the electric steel sheet is carried frictionally through the
shaft’s gap. Hence the laminations are cut out by the mesh of the
rollers. The tool rollers may not lift off during the cutting process,
thus a radial preload is necessary.

In contrast to conventional stamping, the kinematic motion of
the rotary cutting process is described by a cycloid movement.
Basically, each point on a rotating circle describes a cycloid curve
on a straight line or a circle wheel. Thus, the punch also describes
cycloid curves on the steel strip. [4, 5]
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Figure 1 Comparison of Rotary Cutting with Stamping [3]

According to Figure 1 and [3], the conventional stamping
process differs significantly from rotary cutting process through
the following points:

e The cutting movement at stamping is linear with a
permanent acceleration, deceleration and change of
direction. In contrast, the rotary cutting cylinder moves
continuous and describes a cycloid motion.

¢ During the rotary cutting process, the area of engagement
is very small. At conventional stamping, the entire outline
is cut at once.

e The maximum cutting force at stamping is very high and
the travel of punch is very low.

e The speed of the sheet feed is constant during the rotary
cutting process. Instead, the sheet feed speed is cyclical and
clocked at stamping.

e Regarding the cutting contour geometry, laminations show
sharp edged corners instead of a curved outline.

2. Comprehensive Analysis of the Rotary Cutting Method
using Toroidal Core Tests

For a methodical examination of the cutting process, a suitable
geometry is necessary. This is secured by toroidal core tests. With
this simple geometry, the process behavior can be investigated
during the separation process. Especially, cutting parameters,
process stability and wear behavior can be evaluated. Thereby, it
is possible to focus the tests on the cutting process without
additional influences by complex contour elements, such as small
radii. Secondly, it is possible to determine important characteristic
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values like power losses or magnetic and electric properties. In
addition, an assessment of the sheet geometry is possible. Thus,
process influences on the geometry can be investigated. To enable
this, the toroidal core tests are comprehensively analyzed

according to DIN IEC 60404-6. [4]
§
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Figure 2 Toroidal core test per DIN 60404-6

The toroidal test specimens’ inner diameter D; is 45 mm and
outer diameter D, is 55 mm. The lamination stack length lsack is
10 mm consisting of 20 single toroidal laminations with sheet
thickness s = 0,5 mm. The single laminations are stacked without
additional insulation layers between the laminations and wrapped
with tape to a toroidal core. Finally, for investigation of electrical
and magnetic properties, the toroidal core is wound with two coils
of 16 windings each. [4]

Table 1 provides an overview of the manufacturers specific
mechanical and magnetic properties for the applied material
M 330-50 A. [4]

Table 1 Material Card for M 330 — 50 A

Material designation EN 10027-1 M330-50A
Producer Langhagel
Nominal thickness [mm] 0,50
Density [kg/dm?] 7,65
_ 1,0 T/50 Hz 135
Max. hysteresis and [W/kg] ’
eddy-current losses 1,5T/50 Hz 330
[W/kg] ’
Anisotropy of the losses [%] +14
2500 A/m [T] 1,49
Min. magnetic polarisation 5000 A/m [T] 1,60
10000 A/m [T] 1,70
Yield strength Rpo,2 [N/mm?] 340 - 380
Tensile strength Rm [N/mm?] 480 - 520
Hardness HV5 170 - 200
Bending coefficient - 3

3. Machine Setup and Process Description for Rotary
Cutting of Toroidal laminations

3.1. Machine and Tooling Setup

The prototype rotary cutting machine for toroidal laminations
consists of four main components: Cutting unit, electric drive,
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control and decoiler. The drive unit is an SIEMENS asynchronous
servomotor of type “SIMOTICS M-1PHS8”. With a higher-level
control, important motor parameters such as number of revolutions
or torque can be set, controlled and monitored. [4]

m For biasing the cutting cylinders
m Prevention of lifting off of cylinders

m Keeping the correct distance
between punch and die

m Axial and radial positioning
of cylinders

m Micro hard machined cutting
contour

= Down holder for sheet material
m Ejection of cut out parts and scrap

m Synchronisation of tool cylinders

= Guidance of outgoing
sheet material

Figure 3 Prototype Rotary Cutting Device for Toroidal Core Samples [4]

The cutting unit itself essentially consists of five components:
Tool set, gear box, pressure rollers, bearing unit and housing. The
housing consists of four plates which are detachably connected by
screws and pins. Thus, the cutting cylinders can be changed or
subsequently adjusted. Two pressure rollers, which press against
the running treads, relate to the housing to transfer the preload
force on the cutting cylinders. Therefore, the cutting cylinder
immerses in the material without lifting. [4]

The bearing unit is in the side walls of the housing. One side
consists of two double-row angular contact ball bearings to absorb
radial as well as axial forces. On the other side two cylindrical
roller bearings are mounted as floating bearings. [4]

Moreover, at the drive side of the tool set, the spur gear is
located. To ensure a synchronous and opposite rotation two gears
of the same size are mounted on the shaft ends of the cylinders. To
ensure the required dimensional accuracy and perfect cutting
edges, one gear is being secured by a clamping sleeve in order to
align both tool cylinders in radial direction. The pinion transmits
the torque from the drive shaft to the spur gears. [4]

The cutting cylinders are core components of the rotary cutting
machine for electrical steel. The tool set is arranged on top of each
other. For rotary cutting processes in general, three tooling
concepts are possible: wedge-action cutting, resilient cutting and
stamp-die-cutting. However, for rotary cutting of electrical steel,
only stamp-die-cutting is viable. [2, 4]

With this tooling concept, one cylinder acts as stamp and the
other cylinder as die. For simple stamped holes with low accuracy
requirements, the stamp may immerse into the die. For electrical
steel processing with complex contour geometries and complete
outlines, the stamp does not immerse into the die. Instead, the
cutting unit must be designed in a way, that the stamp is located on
the outer diameter of the die, the so called “zero to zero cutting”
[5]. As a result, the lamination is cut by the stamp without
immersion. Thus, a small die clearance is sufficient. To obtain
reproducible cutting results, all process parameters have to
harmonize with each other. [4]

In the conducted experiment, the geometry of the stamp is
given by the toroidal geometry. The die has the corresponding
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negative form. In pre-trials the die clearance of 0.03 mm was
determined as optimum for different sheet thicknesses. Thus, the
outer diameter of the die D,p is manufactured 0.06 mm larger and
the inner diameter D;pis manufactured 0.06 mm smaller compared
to the stamp. The circumference of each cylinder is equipped with
four cavities in total. The cutting circle diameter d. of the stamp
cylinder as well as of the die cylinder is 108 mm. [4]

All cavities of the stamp and the die cylinders” are filled with
an elastic polyurethane casting compound with hardness of 90
Shore A. During the cutting process, the plastic performs as sheet
downholder stamp-side and counterholder die-side. Moreover, the
plastic ejects the lamination from the cutting area. This is
necessary as otherwise the sheet remains stuck in the cavities after
cutting. [5]

Since the sheet does not automatically exit the stamp
completely after cutting, an external tensile force must act in sheet
feed direction. Consequently, the sheet leaves the machining zone
completely without jamming up. [4]

3.2. Description of the Rotary Cutting Process

The rotary cutting process is divided into 4 phases (according
Figure 4). Following, the rotary cutting phases are described for
stamp-die-cutting with closed cutting outline. [4, 6]

Phase 1 Phase 2 Phase 3 Phase 4
First cut Longitudinal cut Lateral cut Extraction
~ St
— L

\;'7 ——————— — — —
— /;,,, - — - = =
— i Sheet /In cutting operation

Die— — 9P

Figure 4 Four phases of rotary cutting referring to [6]

When the front edge of the stamp touches the sheet surface, the
1* phase of the cutting process starts. By further rotation, the
cutting force is constantly increasing by forming the first crack
until the entire sheet thickness is severed. [4, 6]

The cylinders continue to rotate, whereby the lateral cutting
edges of the stamp cuts in the 2" phase. The force level remains
almost constant. [4, 6]

During phase 3, the back cutting edge impinges on the sheet
metal and completes the cut. When the sheet is completely divided,
the force level decreases abruptly. [4, 6]

After the rotary cutting process, the cutting sheet is pressed out
of the die in the 4" phase. [4, 6]

For the description of the rotary cutting process, many different
parameters are given. A decisively parameter is the angle of
impact o, which defines starting- and endpoint of the line of action
[7]. The angle of impact o depends on the circle diameter d, the
vertical center distance a and the sheet thickness s and is derived
from law of cosines. For good cutting results, the angle o should
be very small. Thus, the length of line in action /, and length of the
contour in action /. are getting small. [4]

According to [3], the angle of impact for equal diameters is
defined by (1).
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R s s?
a = cos 1_E+E €))

With a sheet thickness s of 0.5 mm and a cutting circle
diameter d of 108 mm, the angle of impact a is located at 5.5°. [4]

In contrast to the angle of impact o, the force progression
during cutting is difficult to determine. By means of a calculating
software, the length of contour in action /. for each contour can be
calculated. This parameter behaves similarly to the force
progression and can be used as a reference value. For the toroidal
core test, the following diagram results (according Figure 5): [4, 8]
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Figure 5 Length of contour in action per angle [8]

The total contour (red line) is explained as the summed curve
of inner and outer diameter (black and blue line). [4]

A further parameter is the immersion depth of the stamp into
the sheet Ay. This value is varying during the cutting process and
depends on the circle diameter d, the sheet thickness s, the angle
of impact o and the entry angle . According to [3], the immersion
depth Ay is: [4]

d d
Ay=<z+s)-cosﬁ+z-cosa—d 2)

with:

— -1
f = cos <d2+2-d-s )

d?>+d-s+ 52>
L P

During the cutting process several velocities arise at the rotary
cutting machine. The most important parameter is the
circumferential speed v., which results from the circumference d-z
and the number of revolutions n.[4]

ve=d-'m'n 4)

By means of (4), the resulting speed in x- and y-direction can
be calculated. All equations for the different speed components can
be found in [3]. [4]

Since the speed of the lower sheet surface is faster than the
upper one, there is a sheet speed difference Avgneet [4]. Table 2
gives an overview of applied process parameters.
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Table 2 Applied Parameters of the test bench

Cutting circle diameter d [mm] 108
Diameter of lamination d, [mm] 55
Sheet thickness s [mm] 0.5
Angular range € [°] 58.4
Max. length of line of action Uiz [mm] 5.18
Number of cavities Neaw - 4
Number of revolutions n [min1] 10
Preload torque Mp [Nm] 60
Output per minute X - 20
Sheet speed difference AVgpeer % =1
Transmission ratio motor/ cutting unit I - 1:2
Cutting speed in X-direction Uy [m/min] 3.4
Max. cutting speed in Y-direction vy [m/min]  0.65

3.3. Simulation model

Within the research project, a simulation model is created in
ANSYS Workbench 15.0 and explicit finite element calculations
are done by the LS-DYNA solver. Thereby, the tool cylinders are
defined as not deformable rigid bodies and the electrical steel sheet
as a flexible solid body. The simulation model is assumed as quasi
static. [8]

The material model of the electrical steel is defined by Johnson
and Cook. This approach is very popular in metal cutting process
simulations [9]. The three elementary material behaviors included
in the model are material hardening, strain rate effects and thermal
softening [10]. However, in this FEM model strain rate effects and
thermal softening are neglected. [8]
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Figure 6 Simulated force-rotation path [8]

The CAD model of the geometry only includes important

components. In addition, the cylinders are limited to 7° large shell

elements. These simplifications reduce the required calculation
time significantly. [8]
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Figure 6 shows a comparison of the stamp force engaged
cutting length over the rotation angel for a simplified geometry of
a round stamp with a diameter of 5.00 mm and a steel strip
thickness of 0.50 mm. At a rotation angle of -2.5°, the maximum
stamp force of about 1.6 kN is reached. At this point, the entire
cutting edge is in contact with the sheet. The pulling out of the
sheet causes a negative stamp force. [8]

4. Results and Discussion of the

Experiments

Rotary Cutting

To analyze the influence of the cutting process, several electric
sheet strips are cut with the test bench. The preload torque for all
tests is 60 Nm and the sheet thickness is 0.5 mm. First, the process
behavior is evaluated. Second, the geometry and the functionality
of the laminations are analyzed. Micro sections of the different
phases are made to investigate the cutting edges of the toroidal
laminations. The contour of the geometry is analyzed with a multi-
sensor coordinate measuring machine VideoCheck IP 400 HA from
Werth. And third, the electrical and magnetic behavior of the
toroidal core is evaluated on an electrical steel tester MPG 200
from Brockhaus Measurements. [4]

4.1. Characteristics of process behavior

The toroidal core samples are cut completely from the steel
strip. However, the samples adhere at the inner contour due to
slight wedging. Thus, the separation occurs manually. The toroidal
samples are slightly deformed and bent in sheet feed direction, as
high forces occur. Thus, the laminations must be arranged after
cutting. A further reduction of the bending arises with an
adjustment of the machine settings. Larger cylinders or an
additional recoiler with a further tensile force decrease the
deformations. Since the design of the test bench is very simple, the
cutting speed is very low. However, a higher cutting speed
improves the results significantly. The cutting results at a sheet
thickness of 0.5 mm and 60 Nm preload torque is shown in
Figure 7. [4]

Figure 7 Rotary cut toroidal laminations

A high process stability is mandatory for a high cutting quality
at the rotary cutting process. To fulfil perfect process settings,
several important parameters must be optimized. A precise
alignment of the tool set is essential to provide a perfect cutting
clearance and avoid squeezing the sheet. Another important factor
of the rotary cutting process is the setup of the correct preload
torque. The cutting cylinders may not take-off, when the stamp
immerses the sheet. However, deformation gets stronger with
increasing preload torque. [4]

To implement the downholder and ejector function, the cavities
of stamp and die are filled with plastics. During the cutting process,
the plastic performs as a downholder and establishes a
counterforce to avoid deformation. After cutting it also applies the
force to eject the lamination from the die. In absence of the plastics
component, the sheet strongly deforms and is pulled into the die
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by tensile stresses after the cutting process. Consequently, strong
deformation occurs at the cutting edges and in the lamination. [4]

Elastic polyurethane casting compound
Two components: hardener and resin
Shore A hardness of 90

Bubblefree and smooth surface

Easy to exchange in case of wear

Cut sheet

Plastic Stamp \

Die Plastic Ejector force Die

\Q&fce pressure
/\)

Figure 8 Characteristics of the plastics matrix

In contrast to the rotary cutting process, the process stability of
the conventional stamping is very high. This is due to long
experiences in this traditional process. The cutting speed and the
application rate is thereby very high. In addition, the flat tooling
structure and further downholder generate flat blanks without any
deformations. However, the high cutting forces of up to 2,500 kN
are very inefficient. To reach the required accuracy, massive and
rigid stamps are necessary, which cause high investment costs. The
High production costs of tools and large conversion effort are the
main challenges of stamping with a wide variety. [1]

4.2. Toroidal lamination geometric properties

For the geometry measurement of the toroidal laminations, the
Werth VideoCheck IP is used. In Figure 9 the results of the toroidal
core sample are shown with a tolerance of = 0.05 mm. The areas
marked in red represent an exceedance of the tolerance limit.
Consequently, the green areas are inside the tolerance. A total of
approximately 25% of the measurement points are within the
tolerances of + 0.05 mm. [4]

Lower Upper

tolerance ::8&mm tolerance | tolerance

Outer diameter

55.02 mm
of stamp

55.13 mm

Outer diameter
Sheet el

| feed
direction

55.04 mm 55.06 mm

Inner diameter

44.87 mm
of stamp

44.99 mm

Inner diameter

of die 44.94 mm

44.96 mm

Figure 9 Matching of actual and target toroidal contour

In the tolerance field of = 0.05 mm, the measured contour of
the inner diameter exceeds the lower tolerance limit and the
measured contour of the outer diameter exceeds the upper
tolerance limit. Further investigations on the outer diameter show,
that all measured values for the outer diameter are between
55.02 mm and 55.13 mm. Therefore, the average outer diameter is
55.07 mm. At the inner diameter, the measured values are between
4487 mm and 44.99 mm. The average inner diameter is
44.93 mm. [4]
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When considering the results of measurement, two factors are
particularly of relevance. First, a general deviation of the
dimensions of inner and outer diameter. The outer diameter is at
most of the measuring points larger and the inner diameter smaller
than the target contour. This is due to the tolerances of the tools.
The cutting clearance of 0.03 mm is applied die sided and tolerated
from 55.04 mm to 55.06 mm on the outer diameter and from
44.96 mm to 44.94 mm on the inner diameter. As a consequence,
for future design of tools, the die is to be tolerated with the nominal
dimension and the stamp must be adapted for the cutting clearance.
The second deviation is at the inner diameter. It deviates most from
the nominal dimension right of the inlet. The corresponding range
on the outer diameter is close to the target dimension. This context
implies a slight general deformation of the sheet. This can be
explained by bumpy placement of the toroidal laminations on the
measuring table and as a result the inner and outer diameter appear
smaller in evaluation. [4]

An advantage of stamping is the very high accuracy of the
manufactured parts. Stamped laminations do not have any
deviations or failures and reach tolerance classes up to IT6/7. The
separated laminations also can be stacked or packaged in the
stamping machine. However, stamping of very thin sheets (lower
than 0.30 mm) is process-related very difficult. Furthermore, the
production of thin sheets with a high accuracy is cost-intensive and
the processing speed must be reduced. This is due to the exact
positioning of the thin and limp sheets in the stamping tools. [1]

For investigation of the cutting edge and burr, micro sections of
the rotary cut laminations are made. The shown sectors in
Figure 10 are the different phases of the rotary cutting process. The
top of each micro section shows the stamp side and the bottom the
die side of the lamination. [4]

Phase 1 OD -

Phase 1 1D
Phase 2 0D Phase 2 ID

Phase 3 ID

Sheet feed direction

Phase 3 0D

Figure 10 Microsections of rotary cut toroidal lamninations

The cutting edges of phase 1 show a typical cutting surface of
shear cutting with the following areas. Top sided, there is a
fractured face with burr. In the middle of the cutting edge, a smooth
cutting zone is visible. Lastly, dented edges are at the bottom.
Resulting from the inaccurate orientation of the cylinders, the
largest burr formation is at the outer diameter of phase 3. In
contrast, the inner diameter of phase 3 is nearly burr-free.
Consequently, the cutting clearances of inner and outer diameter
are different. The test results show that the cutting clearance of the
outer diameter is too small. Moreover, it is possible that the stamp
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pushes against the sheet. As the cutting clearance is perfect at the
inner diameter, no burr appears. The angels of all cutting edges are
between 94.0° and 98.0°. These deviations arise from tilting
between stamp and die. Due to the rotary movement, the angle
changes constantly during cutting process. [4]

4.3. Toroidal lamination magnetic and electric properties

The electric and magnetic properties of the rotary cut toroidal
cores are determined with an Brockhaus Measurements electrical
steel tester. The Toroidal cores specimens consist of 20 single
laminations, wrapped in tape and wound with two coils of 16
windings. [4]

To determine the hysteresis loop and the hysteresis- and eddy-
current losses, measurements are carried out at polarizations of up
to 1.50 T and frequencies between 50 Hz and 200 Hz. [4]

2 T T T T
15} 1
1k 1
E
2 05F -
w
[} 1]
3 50Hz
ER - 100Hz —
5 ‘ 200Hz
o
S .05 1
(0]
£
Ak 1
15} 4
2 1 1 1 1
23000 -2000 -1000 O 1000 2000 3000

magnetic field strength [A/m]

Figure 11 Hysteresis loops for rotrary cut electrical steel at 50, 100 and 200 Hz

At a frequency of 50 Hz and a field strength of 2,500 A/m, the
toroidal core shows a polarization of 1.48 T. However, the
hysteresis curve is very flat and does not have the desired Z-shape.
Thus, the remanence is not very high after magnetizing the toroidal
core. In a magnetization of 200 Hz, the remanence of the toroidal
core is 0.57 T. With optimal magnetic properties, this would be as
close as possible to the applied polarization of 1.5 T. [4]

According to Table 1, the total losses of the starting material at
a polarization of 1.50 T and a frequency of 50 Hz are 3.30 W/kg.
Although hysteresis and eddy-current losses, which are influenced
by unevenness, burr formation and air gaps between the individual
sheets, are significantly higher in case of the rotary cut toroidal
cores, the result is typical for electric steel laminations. Due to
deformation during the cutting process, cold forming occurs in the
metal sheets, what is negatively effecting electrical and magnetic
properties. Figure 12 shows the hysteresis and eddy-current losses
of the toroidal core at different frequencies. [4]
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30 T T
eddy-current losses
hysteresis losses
25 total loss 1

losses [Wikg]

0 1 1
50 100 150

frequency [Hz]

200

Figure 12 Hysteresis and eddy current losses of the toroidal core

The total of hysteresis and eddy current losses in the toroidal
core at 50 Hz is 4.46 W/kg. This value is factor 1.35 greater than
the starting value. After conventional stamping, the increasing of
total losses is similar to this value. In order to achieve
improvements in electrical and magnetic properties, deformation
during rotary cutting has to be reduced by further development of
the process. [4]

5. Conclusion

With the help of the rotary cut toroidal core samples, it has been
shown that the process is generally suitable for the processing of
electrical steel strip. However, the results also indicate that a great
deal of development work still needs to be done. In particular, a
detailed adjustment of the process parameters is necessary to
achieve a stable level of high quality. To further intensify process
understanding, a long-term experiment with a real application is
recommended. Process stability, reproducibility and tool life can
then be demonstrated.

6. Summary

This publication constitutes the state of research of rotary
cutting of electrical steel strip using a toroidal core sample. Based
on this analysis, a distinct statement on the technically feasible
parameters is achieved and it allows a comparison with applied
industrial processes.
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