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Abstract. CoFe lamination stacks used for high-performance electric motors can be
manufactured economically in high volumes by interlocking. In order to ensure sufficient joint
strength with minimized sheet thickness, a comprehensive knowledge of the influences of various
process parameters, such as embossing depth, clearance and counter punch force, is essential.
To analyze these parameters, which also influence the magnetic properties, experiments are
carried out and resulting joint strengths are determined in top tensile tests. The negative
influences of the cutting process on magnetic conductivity and thus hysteresis losses due to
residual stresses and plastic deformation are well known. In the subsequent stacking step, an
influence of embossing and pre-stresses on the material properties is expected. In addition,
local electrical contacts between the sheets may occur due to the interlocking process, causing
additional eddy currents. Loss measurements are conducted to investigate the effect of the
joining process on the magnetic properties of the stack. In doing so, the influence of process
parameters such as the embossing depth and clearance on eddy current power losses is analyzed.

1. Introduction
As a result of progressive electrification, particularly in the mobility sector, the importance of
economical manufacturing processes for components of electric drives is increasing while product
quality requirements remain high. In vehicles that have to meet high performance requirements,
lamination stacks made from CoFe alloys are used in the manufacturing of stator cores for
electric motors. Compared with conventional FeSi electrical steel, these are characterized by a
higher saturation flux density, allowing higher torques to be achieved within the same assembly
space and higher power density at high rotational speeds.
In addition to the hysteresis losses, which depend on the material properties and are dominant
at low frequencies, power losses in the stators of electrical machines consist mainly of eddy
current losses, which represent a significant share of the power losses at medium and especially
at high speeds [1]. These arise from eddy currents, caused by an induced voltage perpendicular to
a time-varying magnetic field in the soft-magnetic core. The thickness t of the individual sheets
enters quadratically into the specific mass-related eddy current power loss pW . Therefore, iron
cores do not consist of a solid body, but are made of individual laminations electrically insulated
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from each other. For the same height of the stator or rotor, the added losses of the laminated
core are thus lower. For this reason, efforts are being made to further reduce the thickness of
the laminations in order to reduce iron losses. In the present work, CoFe laminations with a
thickness of 0.2 mm are investigated.
One manufacturing process for stacking sheets, which represents an economical alternative
for the production of larger quantities, is interlocking. After the cutting step (usually a shear
cutting process), the process is subdivided into the process steps embossing (Figure 1(b)) and
stacking (c), in which the laminations are pressed together with the stacking force Fs . The
mechanism of action in interlocking is based on an interference fit between the outer and inner
diameter of the punching nubs [2], see Figure 1(a). The resulting joint strength Fj must be
sufficiently high to ensure safe handling during transport and further processing as well as the
necessary strength during operation. In addition, high geometric accuracy is required to avoid
stacking errors like curved or skewed stacks.
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Figure 1. Schematic representation of the process steps in.
To ensure reliable joining of the individual sheets into a stack and at the same time
minimize the sheet thickness to reduce eddy current losses, comprehensive knowledge of the
process variables in the design process is essential. To enable prediction of joint strength, the
interrelationships of numerous process parameters must be analyzed.
Thereby, the aim is to quantify the influence of the parameters embossing depth t, clearance
up , counter punch force Fc and stacking force Fs on the resulting joint strength by means of
experiments. However, different effects act along the process chain, which influence not only
the mechanical strength but also the magnetic properties of the lamination stacks leading to
increased iron losses [3]. Depending on the cutting process, thermal and/or mechanical residual
stresses are introduced into the material during the cutting step [4, 5], and plastic deformations
can cause changes in the microstructure [6].
A negative influence of these mechanisms on the electro-magnetic conductivity and thus the
iron losses has been known for FeSi electrical sheet for a long time [7, 8, 9] and can be described
with various modeling approaches [10], but are still the subject of current research activities [11].
During the stacking step, local electrical contacting between the layers may occur, which causes
additional eddy currents. Furthermore, the deformations caused by the embossing of the nubs
and the pre-stressing generated during stacking influence the material properties analogously to
the cutting process [3, 12].
In previous experimental investigations, the significance of eddy current losses in the area of
the punching nubs has been demonstrated [13]. This is due to the electrical contacting (damage
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to the insulation induces additional eddy current paths) as well as the change in the magnetic
flux density in the area of the formed nub [1]. As a result, field displacement effects lead to a
local reduction of the magnetic flux density and thus to a reduction of the available mechanical
power. Furthermore, the influence of the nub shape on the joint strength was considered [13]. An
investigation of the influence of the embossing clearance of cylindrical nubs on the deformation
of the contact zone and the joint strength was carried out by Lin et al. [14] and Park et al. [15].
The presented work investigates which parameters are relevant for the design of interlocked
joints for use in electric motors. Experimental investigations are used to determine the influence
of these parameters on the target variables joint strength and iron losses in a stator core.
2. Methods and Materials
The subject of the investigations are test stacks made of 10 layers of CeFe test rings of sheet
thickness 0.2 mm with the geometry shown in Figure 2(a) which are stacked using interlocking.
Each layer, including the bottom one, is provided with one cylindrical punching nubs with a
diameter of 1 mm. The interlocking process takes place in the unannealed state. Top tensile tests
are used to identify which influencing variables have the greatest impact on mechanical joint
strength. To determine the influence of the most significant design parameters on the component
properties with regard to the subsequent application, an annealing process is carried out in the
further test series after the stacking process before the mechanical and electromagnetic target
values of the stacks are determined experimentally.
In the annealed condition, the test material has the properties listed in Table 1. The annealing
process after stacking is performed for optimum magnetic properties at 880 ◦ C for 6 h. The sheets
are coated with a magnesium ethylate coating which is transformed to MgO during annealing.
The influence of annealing on the joint strength of interlocked components has not yet been
investigated so far. In the case of CoFe alloys, however, it is known that the mechanical and
magnetic material properties can be influenced by an annealing process, with lower coercivity
being associated with lower yield strength and vice versa. Also for FeSi alloys the influence of
the annealing process on the magnetic properties due to the strain distribution has been proved
[3]. Thus, the mechanical and magnetic properties of the material behave in opposite ways.
The investigations presented are based on material that has not yet been heat treated prior to
processing and is annealed for optimum magnetic properties following the interlocking process.
Table 1. Material properties of the CoFe alloy (∗ measured at a sheet thickness of 0.35 mm;
1 annealed for optimum magnetic properties) [16].
composition by
weight

saturation
magnetization
Bs

mass
density ρ

coercivity
Hc∗,1

yield
strength
∗,1
Rp0.2

tensile
strength
∗,1
Rm

49 % Fe, 49 % Co,
2% V and Nb

2.35 T

8.12 g/cm3 50 A/m 210 MPa 400 MPa

modulus of
elasticity
E ∗,1
200 GPa

The test tools shown in Figure 2 are used to produce the interlocked lamination stacks. In
order to reduce complexity and avoid unwanted interdependencies between the process steps,
embossing and stacking are implemented in separate tools. Figure 2(b) shows the tool for
the embossing process. This has a three-part design and consists mainly of an upper tool
carrying the punches, a lower tool containing the dies and the counter punch mechanism, and
a guidance plane inbetween that carries the blank holder. The embossing tests are carried out
on an eccentric press in single-stroke operation, whereby the embossing depth t is specified by
3
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setting the bottom dead center. Figure 2(c) shows the stacking tool, in which the lamellae
are pressed into a stack by applying a defined force in the axial direction. The individual test
rings are inserted manually and centered radially via a guidance component in the middle. The
tangential centering is achieved via the nubs themselves.
𝑟o = 19,05 mm

2 mm

𝑟i = 15,875 mm

(a)

upper tool
plate

ram plate
upper tool plate
guidance plate (with
blank holder)
guidance
adapter
plate
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tool base plate

workpiece
adapter

mounting plate

tool base
plate

(b)

(c)

Figure 2. Test stack geometrie (a), embossing tool (b) and stacking tool (c).
The joint strength Fj of the interlocked specimens is evaluated by means of top tensile tests on
a tensile testing machine, whereby a force in the axial direction is applied and slowly increased
continuously until failure of the joint by separation of the stack occurs. As shown in Figure 3,
the force is applied via disposable adapters made of plastic (PLA), which are bonded both to
the test rings and to receptacles made of aluminum, which are clamped in the testing machine.
To investigate the magnetic properties, iron loss measurements are performed according to
[17] in the frequency range 50 Hz to 1000 Hz at field strengths of 0.5 T to 2 T. For this purpose,
the test stacks are placed in a trough and mechanically wrapped with a copper coil, as shown
in Figure 4. To evaluate the influence of the joining process on the iron losses in the core,
reference measurements are made for all frequencies and field strengths on a loosely stacked
package of sheets without punching nubs, which serve as a reference for the additional losses
due to interlocking.
test stack

𝑭

𝑖1
𝑁1

connector

𝑁2

𝑢2

𝐵

PLA plate

lamination
stack

𝑭
Figure 3. Test setup for determination of the Figure 4. Test setup for measuring iron losses
axial joint force.
of test rings according to [17].
In a preliminary test, it is first checked whether the number of interlocking spots has a
significant influence on the joint strength of the stacks. A comparison of the joint strength of a
stack provided with 5 nubs distributed over the circumference with a stack with only one nub per
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layer shows that the achieved strength scales in good approximation with the number of nubs.
The result of this comparison normalized to the joint strength of the one-nub stack is shown
in Figure 5. For this reason, the following investigations can be carried out representatively
using rings with only one nub. In this way, the influence of the varied process variables on the
individual nubs can be considered.

normalized joint force

6

4.89
4

2
1
0

1
5
number of nubs per layer

Figure 5. Influence of the punching nub
number on the joint force of the lamination
stack normalized to the joint strength of a stack
with one interlocking spot.

3. Results
3.1. Joint Strength
To identify the main influencing variables on the target quantity joint strength, a full factorial
23 DOE is carried out varying the embossing depth, the embossing gap and the blank holder
force. Previously, a variation of the stacking force was done to evaluate its influence on the
joint strength. The results of this is shown in Figure 6(a). It should be mentioned that all
results are normalized to the maximum achieved joint force in this test series. Accordingly, the
joint strength increases slightly with increasing stacking force. For the conducted experiments, a
stacking force of 1500 N was considered to be sufficient to investigate the influence of the relevant
process parameters of the embossing step. The blank holder force was set to 30% of the maximum
punch force during emobssing, according to preliminary experiments. The embossing depth is
set to 50% or 90% of the sheet thickness s by adjusting the lower dead center. The embossing
clearance is varied between 0.5% and 1.5%s by changing the punching dies. The counter punch
force is set to 15% or 25% of the maximum punch force by varying the pre-stress of a spring
in the counter punch mechanism located in the tool base plate. As can be seen in Figure 6(b),
an increase in the embossing depth leads to a significant increase in the joint strength achieved.
An increase in the embossing clearance leads to a moderate decrease (Fig. 6(c)) while increasing
the counter punch force only leads to a slight drop in the joint strength (Fig. 6(d)).
Using the normalized step values listed in Table 2, the effect of the varied parameters and
their combinations on the resulting joint strength is calculated. These are shown in Figure 7. It
can be seen that embossing depth and clearance have the greatest influence on the joint strength,
while the counter punch force has no direct influence. However, it can be observed that a higher
counter punch force helps to increase the maximum achievable embossing depth, without failure
due to nub break-off or local fracture.
Based on these findings, the influence of stamping depth and embossing clearance is further
investigated in another fully factorial 32 series of experiments. Figure 8(a) shows the joint
strength as a function of embossing depth at an embossing clearance of 1%, and Figure 8(b)
shows the joint strength as a function of embossing clearance at an embossing depth of 70%.
Analogously to the results in Fig. 7, all results in Fig. 8 are normalized to the maximum joint
strength achieved in this test series. From these results, a regression model was used to derive
the diagram shown in Figure 8(c) to predict the achievable joint strength when the embossing
5
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Figure 6. Influence of the embossing depth and clearance on the joint strength of a single
interlocking nub.

effect on joint force in %

Table 2. Standardized step values of variation parameters for calculating the effects on the
joint force.
standardized step values

-1

1

embossing depth t in %s
embossing clearance up in %s
counter punch force Fc in %Fs

50
0.5
15

90
1.5
25

100
effects
95% confidence interval

50
0
-40
parameters

Figure 7. Effects of process parameters on
joint force; entries labelled with ’Int-...’ denote
the effects of the interaction of two parameters.

depth and clearance are varied. Increasing the embossing depth from 50% to 70% results in
a significant increase in joint strength. A further increase in the embossing depth only causes
a smaller increase. Up to an embossing depth of 80%, reliable stacking was possible in all
configurations. With further increase, a critical range was identified. Above an embossing
depth of 80%, there is an increased risk for failure of the nubs during the embossing process and
thus a safe joining process is not guaranteed.
Counter punch force and embossing clearance have been shown to influence the maximum
achievable embossing depth. Both factors make it possible to further increase the embossing
depth before the residual cross section of the nub fails. The embossing clearance also has a
direct influence on the joint strength. As the embossing clearance decreases, an increase in
joint strength can be observed. Furthermore, the stacks were subjected to a final annealing
to achieve the optimum magnetic properties. This also has an influence on the joint strength
6
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Figure 8. Influence of the embossing depth and clearance on the joint strength of a single
interlocking nub: (a) variation of the embossing depth at an embossing clearance of 1.0%; (b)
variation of the embossing clearance at an embossing depth of 70%; (c) regression map for
variation of embossing depth and clearance
as in all parameter configurations the joint force of the annealed stacks was at least two times
higher than the joint force of the unannealed stacks. The explanation for this can be assumed
to be locally occurring thermal welding at the contact surfaces of the nubs during the annealing
process.
3.2. Iron Losses
Figure 9 shows the results of the iron loss measurements for different embossing depths (a-c)
under variation of the embossing clearance. The graphs show the relative change of the total
iron losses in the stack compared to the reference measurement on loosely stacked samples. No
significant influence of the stamping depth on the core losses can be detected.
In Figure 9, the 95% confidence intervals of the plotted curves are shown in dashed lines.
The large measurement uncertainty is due on the one hand to the small number of samples (3
repetitions) and on the other hand to the fact that test rings with only one interlocking spot
were used, which cause only small amounts of additional iron losses, so that the percentage
deviations are highly afflicted with uncertainty.
However, it can be observed that the losses of the interlocked samples are always higher than
those of the loose lamination stacks for all configurations in the entire frequency range. This
leads to the conclusion that interlocking causes an increase in hystereses as well as eddy current
losses. At high frequencies, there is a tendency for the iron losses to be higher the smaller
the embossing clearance becomes. This indicates that the eddy current losses in particular are
influenced by the embossing clearance. One explanation for this is the contact area at the nub
flank, which is shown in Figure 9(d-f) as an example for an embossing depth of 80%. In the
case shown, the contact area is significantly larger for an embossing clearance of 0.5 % than for
a clearance of 1.0 % or 1.5 %.
4. Discussion and Conclusion
The presented investigations show that a reliable interlocking process is possible for 0.2 mm thin
sheets of cobalt-iron, where the embossing depth and the embossing clearance can be identified
as significant influencing factors on joint strength. Entscheidend für die Verbindungsfestigkeit
sind die radialen Spannungen zwischen den Fügepartnern und die Höhe der Kontaktfläche. A
larger embossing clearance causes a higher deformation of the joining zone during the stacking
step due to the interference fit and a higher draft angle. This leads to a reduction in the
7
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Figure 9. Experimentally determined interlocking-induced iron losses under variation of the
embossing clearance at embossing depths of 70% (a), 80% (b), and 90% (c) and contact area
height at the nub flank for a embossing depth of 80% at a clearance of 0.5% (d), 1.0% (e), and
1.5% (f).
effective contact area heigth and a lower joint force after removal of the punch. This observation
is consistent with the investigations of Lin et al. [14]. A clear influence of embossing depth and
clearance on the core losses cannot be proved.
The counter punch force shows no direct influence on the joint strength but is necessary to
increase the maximum achievable embossing depth before failure occurs. An increase in the
pressing force in stacking leads to a slight increase in the joint strength.
The annealed stacks show at least a doubling of the joint strength compared to the unannealed
stacks. The comparison of a stack that has five interlocking spots with the stacks that have only
one seems to show good scalability in terms of joint strength.
The interlocking of test stacks consisting of 10 layers of 0.2 mm thick individual sheets of the
selected annular geometry made of a CoFe alloy with 49% cobalt using single cylindrical nubs of
1 mm diameter leads to a measurable increase in the core losses in all combinations of embossing
depth and clearance considered under variation of the excitation frequency in the range from 0
to 1000 Hz. This increase was demonstrated experimentally. The measured increase in power
loss is due to an increase in both hysteresis (offset between the curves) and eddy current losses
(higher slope of the curve). However, the difference between the iron losses in the entire stack
of sheets with only one interlocking spot compared with the reference measurement on a loose
stack of sheets without interlocking spots is small. Taking into account the present measurement
uncertainty in the investigated range of the process variables embossing depth and embossing
clearance, no clear relationship to the iron loss performance can be described.
This suggests that when designing an interlocked joint in which the area of the nubs is small
compared with the total stack, as in the case studied, the embossing depth and embossing
clearance can be selected for the maximum achievable joint force of the individual nubs.
Accordingly, the number of nubs required to achieve the necessary joint strength of the stack
can be minimized. However, this initially applies only to a constant nub diameter. A statement
on the influence of the nub diameter and thus an evaluation of whether many smaller nubs
should be preferred over a few large ones with the same overall joint strength is not yet possible.
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Therefore, additional stack properties such as vibrational behaviour will have to be taken into
account in further investigations. In addition, the influence of different nub shapes on the iron
losses needs to be further investigated.
Acknowledgments
The research presented here was carried out at the Institute of Production Engineering and
Forming Machines (PtU) at Technical University of Darmstadt in close cooperation with
Vacuumschmelze GmbH, Hanau. We would like to thank Vacuumschmelze GmbH for financing
the tools, providing the experimental equipment for the magnetic measurements, and providing
industrial expert advice. Values of experimental results have been normalized for this paper as
the exact values are considered intellectual property by Vacuumschmelze GmbH. The authors
would like to thank the German Federation of Industrial Research Associations (AiF) and the
German Federal Ministry for Economic Affairs and Climate Action (BMWK) for funding for
personnel resources within the framework of project no. IGF 22036 N. Additionally, thanks go
to Mr. Robin Löw, who provided a valuable contribution to the execution and evaluation of
the experiments. Furthermore, the authors would like to thank Bruderer AG for providing the
high-speed press BSTA 810-145 on which the tests were carried out. 15:30
References

[1] Lamprecht E 2014 Der Einfluss der Fertigungsverfahren auf die Wirbelstromverluste von StatorEinzelzahnblechpaketen für den Einsatz in Hybrid- und Elektrofahrzeugen: Zugl.: Erlangen, Nürnberg,
PhD thesis (Fertigungstechnik - Erlangen vol 247) (Bamberg: Meisenbach) ISBN 9783875253627
[2] Groche P, Wohletz S, Brenneis M, Pabst C and Resch F 2014 Journal of Materials Processing Technology
214 1972–1994 ISSN 09240136
[3] Senda K, Toda H and Kawano M 2015 IEEJ Journal of Industry Applications 4 496–502 ISSN 2187-1094
[4] Leuning N, Steentjes S, Stöcker A, Kawalla R, Wei X, Dierdorf J, Hirt G, Roggenbuck S,
Korte-Kerzel S, Weiss H A, Volk W and Hameyer K 2017 AIP Advances 8 047601 URL
https://aip.scitation.org/doi/10.1063/1.4994143
[5] Schauerte B, Leuning N, Vogt S, Moll I, Weiss H, Neuwirth T, Schulz M, Volk W and Hameyer K 2020
Journal of Magnetism and Magnetic Materials 504 166659 ISSN 03048853
[6] Senda K, Ishida M, Nakasu Y and Yagi M 2006 Journal of Magnetism and Magnetic Materials 304 e513–e515
ISSN 03048853
[7] Nakata T, Nakano M and Kawahara K 1992 IEEE Translation Journal on Magnetics in Japan 7 453–457
ISSN 0882-4959
[8] Hubert O and Hug E 1995 Materials Science and Technology 11 482–487 ISSN 0267-0836
[9] Emura M, Landgraf F, Ross W and Barreta J 2003 Journal of Magnetism and Magnetic Materials 254-255
358–360 ISSN 03048853
[10] Bali M and Muetze A 2017 IEEE Transactions on Industrial Electronics 64 2547–2556 ISSN 0278-0046
[11] Leuning N, Elfgen S, Weiss H A, Volk W and Hameyer K 2019 e & i Elektrotechnik und Informationstechnik
136 184–194 ISSN 0932-383X
[12] Vogt S, Neuwirth T, Schauerte B, Weiss H A, Falger P M, Gustschin A, Schulz M, Hameyer K and Volk W
2019 Production Engineering 13 211–217 ISSN 0944-6524
[13] Nakayama T and Kojima H 2007 Journal of Materials Engineering and Performance 16 7–11 ISSN 1059-9495
[14] Lin H S, Fu H C, Liu L H, Huang Y K and Fang D H 2017 Procedia Engineering 207 992–997 ISSN 18777058
[15] Park K and Choi S R 2002 Journal of Materials Processing Technology 130-131 477–481 ISSN 09240136
[16] VACUUMSCHMELZE GmbH & Co KG Soft magnetic cobalt-iron alloys:
Vacoflux and vacodur URL https://vacuumschmelze.com/products/soft-magnetic-materials-and-stamped-parts/49Cobalt-Iron---VACOFLUX-and-VACODUR
[17] DIN Deutsches institut für Normung eV 2020-01 DIN EN IEC 60404-6:2020-01; vde 0354-6:2020-01: Magnetic
materials - part 6: Methods of measurement of the magnetic properties of magnetically soft metallic
and powder materials at frequencies in the range 20 hz to 100 khz by the use of ring specimens (iec
68/595/fdis:2018)

9

