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This paper presents an experimental and numerical evaluation of
the blanking process of non-oriented electrical steel designated
as material G. The experimental study evaluated the effect of
FeinAl, Movic, and FeinAl + Movic coatings on blanking force at 1
% and 7 % punch-die clearances. In addition, the fracture angle of
the blank was determined at punch-die clearances of 1 %, 3 %, 5
%, 7 %, and 10 % of the sheet thickness. The fracture angle was
predicted using numerical simulation in Simufact Forming
software, and the predicted values were compared with the
experimentally determined values. The results showed that the
use of coatings reduced the blanking force at both evaluated
punch-die clearances. The most significant effect was achieved
with the Movic coating. At 1 % punch-die clearance, F15,
corresponding to blanking the inner hole, decreased by 23.4 %,
while F25, corresponding to blanking the outer circumference of
the blank, decreased by 17.0 %. At 7 % punch-die clearance, the
decrease was 8.9 % for F15 and 21.7 % for F25. The
experimentally determined fracture angle varied only slightly at
punch-die clearances of 1 %, 3 %, and 5 %, whereas a more
pronounced decrease was observed at 7 % and 10 %. The mean
absolute deviation between the experimentally determined and
predicted fracture angle values was 3.09°, indicating the
applicability of the numerical model for fracture angle prediction
under the evaluated blanking conditions.
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1 INTRODUCTION

Electrical steels are among the basic soft magnetic materials used
in the production of transformers, generators, and electric
motors. Their practical application results from high magnetic
permeability, low core losses, and a favourable balance between
technical properties and material cost [Beckley 2002, Tong 2014,
Steiner Petrovic 2010, Tumanski 2011]. In electric motors,
electrical steel sheets are mainly used to produce stator and rotor
laminations, where the quality of the blanks may affect the
magnetic properties and efficiency of the motor. Increasing
requirements for electric motor efficiency therefore place higher
demands not only on the properties of the material used, but also
on the manufacturing quality of the blanks [Moses 2012,
Hayakawa 2020, Karami 2024].

In mass production of laminations, blanking is most used because
it enables high productivity, low production costs, and the

production of geometrically complex blanks in large series [Altan
2012, Kalpakjian 2010, Paquin 1987]. During blanking, local
plastic deformation, residual stresses, and strain hardening occur
in the shear zone. These phenomena affect the resulting profile
of the sheared surface and may adversely influence the local
magnetic properties of electrical steel. Near the sheared surface,
plastic deformation and residual stress hinder the movement of
domain walls and may contribute to an increase in magnetic
losses [Naumoski 2015, Weiss 2017, Leuning 2020, Boehm 2021].
The quality of the blanking process depends on several process,
tool design, and material factors. The most important include
punch-die clearance, punch and die geometry, tool wear, friction
between the tool and the sheet material, and the mechanical
properties of the sheet being blanked [Al-Momani 2008, Hambli
2002, Mucha 2010, Bohdal 2022]. Punch-die clearance affects the
plastic deformation process, crack initiation and propagation,
subsequent material separation, blanking force, and the resulting
profile of the sheared surface [Rohan 2022]. An improperly
selected punch-die clearance may lead to deterioration of the
sheared surface quality, an increase in burr height, and changes
in the proportions of the individual zones of the sheared surface
[Hambli 2002, Bohdal 2022, Okada 2025]. Current research
therefore also focuses on modifying the blanking conditions of
non-oriented electrical steels to reduce plastic deformation and
microstructural changes in the shear surface [Simonetto 2025].
The sheared surface produced during blanking consists of
characteristic zones, including the rollover zone, burnished zone,
fracture zone, and burr. The relative proportions and shape of
these zones depend mainly on the punch—die clearance, material
properties, and tool geometry [Bohdal 2022, Okada 2025]. Since
the fracture angle is related to the inclination of the fracture
zone, it was evaluated experimentally and compared with values
predicted by numerical simulation [Husain 2021].

Besides punch—die clearance, the properties of the working
surface of the punch are also important. The use of coatings can
reduce friction in the contact area between the punch and the
sheet material, contribute to reducing adhesive wear, and thus
affect the blanking force. Hard AICrN-based coatings are mainly
used to increase the hardness and wear resistance of the
functional parts of the tool, whereas MoS;-based lubricating
layers are primarily intended to reduce the coefficient of friction
[Mucha 2010, Okada 2025]. For this reason, the effects of the
hard FeinAl coating, the lubricating Movic coating, and their
combination were compared under the same blanking
conditions.

Numerical simulations represent an important tool for the
analysis and optimization of sheet metal processing technologies.
Their use makes it possible to reduce the number of experimental
tests, shorten the time required for the design of technological
parameters, and reduce the costs associated with the production
of test tools and specimens. However, the reliability of numerical
simulation depends on correctly defined input data, particularly
the material model, boundary conditions, coefficient of friction,
definition of tool-material contact, and appropriate
experimental validation of the predicted results [Spisak 2022,
Mulidran  2024]. In sheet blanking simulations, these
requirements are particularly important because the process
involves intense local plastic deformation, crack initiation and
propagation, and subsequent material separation. Therefore, in
numerical modelling of the blanking process, it is necessary to
correctly define the tool geometry, punch—-die clearance,
element size in the blanking zone, friction, tool-sheet contact,
and material failure criterion [Hambli 2002, Husson 2008, Al-
Momani 2008, Slota 2018]. Experimental validation of the
simulation is essential, especially when predicting the fracture
angle, as it is an indicator of sheared surface quality associated
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with material failure during blanking.

The aim of this paper is to experimentally evaluate the effect of
the used coatings on blanking force during the blanking of non-
oriented electrical steel designated as material G. The second aim
was to compare the experimentally determined fracture angle
with values predicted by numerical simulation for different values
of blanking clearance. In the blanking force evaluation, uncoated
punches and punches coated with FeinAl, Movic, and the
combined FeinAl + Movic coating were compared. The
comparison of experimentally determined and predicted fracture
angle values was performed at punch—die clearances of 1 %, 3 %,
5%, 7 %, and 10 % of the sheet thickness with no coating applied
to the punch.

2 MATERIALS AND METHODS

In this study, a 0.50 mm-thick sheet of non-oriented electrical
steel designated as material G was used for experimental tests.
Annular blanks with an outer diameter of 25 mm and an inner
diameter of 15 mm were produced from the material. These
blanks were used to evaluate the effect of the applied coatings
on blanking force. The experimentally determined fracture angle
was subsequently compared with the results of numerical
simulation of the blanking process.

The microstructure of material G is shown in Fig. 1. The material
has a polyhedral ferritic microstructure typical of non-oriented
electrical steels. The relatively uniform microstructure is
important with regard to plastic deformation during blanking,
since grain size and grain shape can affect local deformation near
the sheared surface of the blank and, consequently, the resulting
fracture angle.

100 pm
—

Figure 1. Microstructure of material G

The chemical composition of material G is given in Table 1. For
electrical steels, the silicon content is particularly important
because it primarily affects the magnetic properties and electrical
resistivity of the material. At higher silicon contents, the strength,
formability, and processability of electrical steels are also
affected. In material G, the silicon content was 0.898 wt. %,
corresponding to approximately 0.90 wt. %.

LB 7y c si Mn P s Al
Element
M.1 98.22 | <0.002 | 0.892 | 0385 | 0.095 | <0.002 | 0.195
M.2 9821 | <0.002 | 0.890 | 0.388 | 0.098 | <0.002 | 0.197
M.3 98.15 | <0.002 | 0913 | 0396 | 0.102 | <0.002 | 0.207
Avg. | 9819 | <0.002 | 0.898 | 0.390 | 0.098 | <0.002 | 0.199

Table 1. Chemical composition of material G — main elements [wt. %]

The mechanical properties of material G were determined by
uniaxial tensile testing at 0°, 45°, and 90° to the rolling direction.
The yield strength Rp0.2, tensile strength Rm, elongation A80,
plastic strain ratio r, and strain hardening exponent n were
determined. The measured values are summarized in Table 2.

Direction Rp0.2 Rm A80 r n
[] [MPa] [MPa] [%] [] [-]
0 280 428 35.6 1.112 0.253
45 309 449 33.6 0.906 0.245
90 300 437 34.4 1.493 0.247

Table 2. Mechanical properties of material G

2.1 Experimental methodology of the blanking process

In the experiment, a progressive blanking tool with a blank holder
was used to produce annular blanks with an outer diameter of 25
mm and an inner diameter of 15 mm (Fig. 2). The punch-die
clearance was defined as a percentage of the sheet thickness.
Punch-die clearances of 1 %, 3%, 5 %, 7 %, and 10 % of the sheet
thickness were used for evaluating the impact of die clearance on
the fracture angle of annular blanks. No coating was applied on
the punch for this part of the experiment.

000000000000 °
000000000000

Figure 2. Annular blanks produced from material G

The effect of the applied coatings on blanking force was
evaluated at 1 % and 7 % punch-die clearances. Uncoated
punches and punches coated with FeinAl, FeinAl + Movic, and
Movic were compared. The punches are shown in Fig. 3. They
were hardened and tempered to a hardness of 61 + 2 HRC. After
heat treatment, the working end faces and lateral cylindrical
surfaces of the punches were polished to a surface roughness of
Ra =0.01 pm.

Wwitligz

Figure 3. Uncoated punches and punches with FeinAl, FeinAl + Movic, and
Movic coatings used in the experiment

The FeinAl and Movic coatings were selected to compare the
effect of a hard wear-resistant coating (FeinAl) and a lubricating
layer (Movic) on blanking force during blanking of material G.
FeinAl is a nanostructured multilayer AICrN-based coating with a
total thickness of approximately 2 to 4 um, hardness up to 3500
HV, and high oxidation resistance. Its application is mainly aimed
atincreasing the hardness, toughness, and wear resistance of the
working parts of the tool.

The Movic coating is a MoS;-based lubricating layer deposited by
PVD technology. Its main function is to reduce friction between
the tool and the sheet material, while the coefficient of friction
can reach approximately 0.1 depending on the contact conditions
[Krenicky 2024].

The combined FeinAl + Movic coating was used to assess the
effect of combining a hard load-bearing coating with a lubricating
top layer.

Blanking force was measured at 1 % and 7 % punch-die clearances
using a VEB ZD40 hydraulic testing press. A digital measuring
system connected to the press recorded the punch displacement
and blanking force during the working stroke. The force required
to produce the inner hole with a diameter of 15 mm was
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designated as F15, while the force required to blank the outer
diameter of 25 mm was designated as F25.

The fracture angle was evaluated on blanks produced at the
individual punch-die clearances. The measurement was carried
out using a KEYENCE VHX-5000 digital microscope. The sheared
surfaces of the blanks were measured in the as-blanked
condition, without any additional surface preparation, to
preserve their original profile after the blanking process.

2.2 Numerical simulation of the blanking process
Numerical simulation of the blanking process was carried out in
Simufact Forming software using the Cold Forming module and
the CuttingFe2D process. The aim of the simulation was to predict
the fracture angle during blanking of material G and subsequently
compare the predicted values with the experimentally
determined values.
The simulation was performed as a two-dimensional
axisymmetric problem. The model geometry was based on an
experimental blanking tool. The punch was defined as the moving
part of the tool, while the die was defined as the fixed part. The
blank-holding force was set to 6.4 kN and the punch velocity to
10 mm/min. The coefficient of friction between the tool and the
sheet material was set to 0.2.
The finite element mesh was generated using Advancing Front
Quad elements. The initial element size was 0.03 mm, and 16
elements were used through the sheet thickness. The plastic
behaviour of the material was described using the Hill48 yield
criterion. Strain hardening was defined by the Ludwik hardening
model, and material failure was described using the Cockcroft—
Latham criterion.
The simulations were performed for punch-die clearances of 1 %,
3%,5 %, 7%, and 10 % of the sheet thickness. Each simulation
provided a predicted fracture angle, which was subsequently
compared with the experimentally determined fracture angle at
the corresponding punch-die clearance.

3 RESULTS

3.1 Effect of coatings on blanking force

The measured blanking force values F15 and F25 at a 1 % punch-
die clearance are given in Table 3. The table presents a
comparison of the results obtained using an uncoated punch and
punches coated with FeinAl, FeinAl + Movic, and Movic.

) ?heet Punch-die F15 £25
Sample Coating thickness | clearance kN] kN]
[mm] [%]
G1 No coating 0.50 1 8.46 | 13.19
FG1 FeinAl 0.50 1 7.26 11.76
FMG1 FeinAl + Movic 0.50 1 7.04 11.32
MG1 Movic 0.50 1 6.48 10.95

Table 3. Effect of coatings on blanking force at a 1 % punch-die clearance

At a 1 % punch-die clearance, the blanking force values F15 and
F25 decreased for all applied coatings compared with the
uncoated punch. The greatest reduction was achieved with the
Movic coating, for which F15 decreased from 8.46 kN to 6.48 kN,
corresponding to a reduction of approximately 23.4 %. For the
same coating, F25 decreased from 13.19 kN to 10.95 kN,
corresponding to a reduction of approximately 17.0 %. The FeinAl
and FeinAl + Movic coatings also reduced the blanking force,
although to a lesser extent. This behaviour can be attributed to
the lubricating nature of the Movic coating, which reduces
friction in the punch—sheet contact.

A graphical comparison of the measured blanking force values
F15 and F25 at a 1 % punch-die clearance is shown in Fig. 4.
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Sample G with 1% punch-die clearance
Figure 4. Effect of coatings on blanking force at a 1 % punch-die clearance

The measured blanking force values F15 and F25 at a 7 % punch-
die clearance are given in Table 4.

) ?heet Punch-die F15 | F25
Sample Coating thickness | clearance IkN] | [kN]
[mm] [%]
G7 No coating 0.50 7 7.38 113.15
FG7 FeinAl 0.50 7 6.96 | 11.68
FMG7 FeinAl + Movic 0.50 7 6.85 | 11.71
MG7 Movic 0.50 7 6.72 1 10.29

Table 4. Effect of coatings on blanking force at a 7 % punch-die
clearance

At a 7 % punch-die clearance, the blanking force decreased for all
applied coatings. The greatest reduction was achieved with the
Movic coating, for which F15 decreased from 7.38 kN to 6.72 kN,
corresponding to a reduction of approximately 8.9 %. For the
same coating, F25 decreased from 13.15 kN to 10.29 kN,
corresponding to a reduction of approximately 21.7 %. The FeinAl
and FeinAl + Movic coatings also reduced the blanking force,
although to a lesser extent. The more pronounced decrease in
F25 indicates that, at a 7 % punch-die clearance, the effect of the
coating was more significant during blanking of the outer
circumference of the blank.

A graphical comparison of the measured blanking force values
F15 and F25 at a 7 % punch-die clearance is shown in Fig. 5. The
results show that the use of coatings led to a reduction in
blanking force at both evaluated punch-die clearances. The most
pronounced reduction was achieved with the Movic coating,
which can be attributed to its lubricating nature and its ability to
reduce friction in the punch—sheet contact.
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Sample G with 7% punch-die clearance
Figure 5. Effect of coatings on blanking force at a 7 % punch-die clearance

The FeinAl coating also reduced the blanking force, although to a
lesser extent than the Movic coating, which is related mainly to
its high hardness and wear resistance. The combined FeinAl +
Movic coating reduced the blanking force compared with the
uncoated punch, and its effect was comparable to that of the
FeinAl coating in most of the evaluated cases.
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3.2 Effect of punch-die clearance on the fracture angle

The experimentally determined fracture angle values for material
G are given in Table 5. The data show that, at punch-die
clearances of 1 %, 3 %, and 5 %, the fracture angle varied only
slightly, ranging from 84.94° to 85.94°. The maximum value was
obtained at a punch-die clearance of 5 %. With a further increase
in punch-die clearance, a more pronounced decrease in the
fracture angle was observed. At clearances of 7 % and 10 %, the
fracture angle decreased to 80.18° and 70.82°, respectively.

?heet Punch-die clearance | Fracture angle a
Sample thickness %] ]
[mm] 0
G1 0.50 1 85.09
G3 0.50 3 84.94
G5 0.50 5 85.94
G7 0.50 7 80.18
G10 0.50 10 70.82

Table 5. Experimentally determined fracture angle values for material G

A visual comparison of the experimentally determined fracture
angle at punch-die clearances of 1 % and 10 % is shown in Fig. 6.
The figure also shows the difference in the sheared surface profile
of material G at the smallest and largest evaluated punch-die
clearances.

(b)
Figure 6. Effect of punch-die clearance on the fracture angle of material
G: (a) 1 % punch-die clearance, (b) 10 % punch-die clearance

At punch-die clearances of 1 %, 3 %, and 5 %, the fracture angle
values varied only within a narrow range, from 84.94° to 85.94°.
This suggests that, within this clearance range, no significant
change occurred in the sheared surface profile within the fracture
zone. The more pronounced decrease in the angle at 7 %, and
especially at 10 % punch-die clearance, indicates a change in the
sheared surface profile, probably associated with differences in
crack initiation and propagation during blanking. The larger
punch-die clearance was therefore associated with a lower
fracture angle value.

3.3 Comparison of experimentally determined and numerically
predicted fracture angle

Numerical simulation was used to predict the fracture angle
during blanking of material G using different values of punch-die
clearance. The predicted values were compared with the
experimentally determined values at the corresponding punch-
die clearances, and the results are summarized in Table 6.

The presented data show that the numerical model captured the
basic trend in fracture angle variation as a function of punch-die
clearance. At clearances of 1 %, 3 %, and 5 %, the deviations
between the predicted and experimentally determined values
were small. The smallest deviation was found at a 5 % punch-die
clearance, where it reached 1.53°. At a 3 % punch-die clearance,
the deviation was 1.89°, and at a 1 % punch-die clearance, it was
2.91°.

Sheet Punch-die . o
. Sim. Exp. Difference
Sample | thickness | clearance 1 ] ]

[mm] [%]
G1 0.50 1 82.18 85.09 -2.91
G3 0.50 3 86.83 84.94 1.89
G5 0.50 5 84.41 85.94 -1.53
G7 0.50 7 83.77 80.18 3.59
G10 0.50 10 76.34 70.82 5.52

Table 6. Comparison of experimentally determined and numerically
predicted fracture angle a

At larger punch-die clearances, the difference between the
experimentally determined and predicted values increased. At a
7 % punch-die clearance, the difference reached 3.59°, while at a
10 % punch-die clearance, it reached 5.52°. The largest deviation
was therefore observed at the largest punch-die clearance used.
This result indicates lower accuracy of the numerical prediction
at larger punch-die clearances, where the fracture angle may be
more strongly affected by tool-sheet contact, friction, local
plastic deformation, and crack initiation and propagation.

A visual comparison of the experimentally determined and
predicted fracture angles at the investigated punch-die
clearances is shown in Figs. 7-11.

Figure 7. Experimental and predicted fracture angle of the blank —
material G, 1 % punch-die clearance

Figure 8. Experimental and predicted fracture angle of the blank —
material G, 3 % punch-die clearance

Figure 9. Experimental and predicted fracture angle of the blank —
material G, 5 % punch-die clearance

Figure 10. Experimental and predicted fracture angle of the blank —
material G, 7 % punch-die clearance
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Figure 11. Experimental and predicted fracture angle of the blank —
material G, 10 % punch-die clearance

The mean absolute deviation between the experimentally
determined and predicted fracture angle values was 3.09°. The
best agreement with the experimental results was achieved at
punch-die clearances in the range of 1 % to 5 %. At a 10 % punch-
die clearance, the largest deviation was observed, indicating
lower prediction accuracy at the largest evaluated clearance. This
difference may be related to the sensitivity of the result to the
material failure criterion, coefficient of friction, and definition of
tool-sheet contact.

CONCLUSIONS

Based on the experimental evaluation and numerical simulation
of the blanking process of material G, the following conclusions
can be drawn:

. The use of coatings led to a reduction in blanking force
at both evaluated punch-die clearances compared to the
uncoated punch.

. The most significant reduction in blanking force was
achieved with the Movic coating. At 1 % punch-die clearance,
F15, corresponding to the formation of the 15 mm inner hole,
decreased by approximately 23.4 %, while F25, corresponding to
blanking the 25 mm outer circumference of the blank, decreased
by approximately 17.0 %. At 7 % punch-die clearance, the
decrease was approximately 8.9 % for F15 and 21.7 % for F25.
This result can be attributed to the lubricating nature of the
Movic coating and its ability to reduce friction in the punch-sheet
contact.

. At punch-die clearances of 1 %, 3 %, and 5 %, the
experimentally determined fracture angle values changed only
within a narrow range, from 84.94° to 85.94°. At larger punch-die
clearances, a more pronounced decrease in the fracture angle
was observed, reaching 80.18° at 7 % punch-die clearance and
70.82° at 10 % punch-die clearance.

. The numerical model captured the basic trend in
fracture angle variation as a function of punch-die clearance. The
smallest deviation between the experimentally determined and
predicted value was found at 5 % punch-die clearance, where it
reached 1.53°. The largest deviation was found at 10 % punch-die
clearance, where it reached 5.52°.

. The mean absolute deviation between the
experimentally determined and predicted fracture angle values
was 3.09°. The results indicate the applicability of the numerical
model, particularly for punch-die clearances in the range of 1 %
to 5 %. At 10 % punch-die clearance, the prediction accuracy was
lower, which may be related to the higher sensitivity of the result
to the material failure criterion, coefficient of friction, and
definition of tool-sheet contact.
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