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Abstract

The primary goal when manufacturing components in a blanking process is a high output to achieve good cost efficiency.
Therefore, availability needs to be as high as possible. However, several process disturbances like slug pulling increase
downtime and thus counteract this aim. Slug pulling is influenced by different forces that trigger the slug being pulled and
those that hamper this effect. The predominating hampering force is friction between the slug and the die. Consequently, the
influencing factors for this force have to be understood to reliably prevent slug pulling. In this publication, the influence of
the die channel geometry on the occurring frictional forces and the part quality when blanking the non-alloy quality steel
1.0338 are investigated. Therefore, experiments with a variation of die channel geometry and punch diameter combined
with force measurement are performed. Furthermore, a numeric simulation model based on the experimental results is used
to investigate various die channels. The results enhance the knowledge about correlations between process parameters, slug

properties, like slug deflection, and frictional forces and help to reliably prevent slug pulling.
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1 Introduction

Shear cutting is characterized by a high output quantity and
low costs per unit. As a result, it has become one of the
most widespread mass production processes. Two factors
that have a decisive influence on the economic efficiency
of shear cutting are the service life of the active elements
and the occurrence of process disturbances. Generally, tool
maintenance intervals are determined by the wear condi-
tion of the active elements, since wear on the cutting edges
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affects the height of the burr on the cutting surfaces of the
parts. As soon as the burr height exceeds a certain level,
the active elements have to be resharpened [1]. However,
in addition to these often predictable and plannable process
interruptions, unforeseen process disturbances can also
occur. One of these is the phenomenon of slug pulling. Slug
pulling occurs when the cut-out part does not fall downwards
after material separation as planned but remains attached to
the punch due to various mechanisms and is pulled upwards
again [2]. In addition to damage to the part and the die, slug
pulling is often accompanied by an interruption in produc-
tion, which also causes costs and thus results in a reduction
in profitability [3, 4].

The risk of slug pulling can be estimated based on a
force equilibrium, which is established for the slug after
material separation. The forces that occur can be divided
into two types. While the forces causing slug removal
counteract slug pulling, the forces causing slug sticking
can lead to the phenomenon of slug pulling. The former
include the weight of the slug, the frictional force between
the slug and die, and acceleration forces. The forces caus-
ing slug sticking consist of an adhesion force caused by
the lubricant, a burr clamping force between the burr on
the slug and the punch cutting edge, and a vacuum force.
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Fig. 1 Forces on the slug after material separation [8]

When using punches with residual magnetism, a magnetic
force between the punch and the ferromagnetic material
can also occur. If the slug sticking forces exceed the slug
removing forces, slug pulling can be observed. An over-
view of the forces acting on the slug is given in Fig. 1
[4-T].

An investigation of the sticking forces was carried out by
[4], where the push-off forces of the slug from the punch face
were measured. However, it was often not possible to subdi-
vide the push-off force into adhesion force and burr clamp-
ing force [4]. Kindsmueller et al. [8] investigated the slug
sticking forces acting on the slug after material separation
individually and independently of each other as a function
of the process parameters. These included vacuum force,
adhesion force, and burr clamping force. The tests were car-
ried out in single-stroke experiments, varying the parameters
of die clearance, cutting speed, cutting edge radius, punch
penetration depth, and lubrication conditions. The punch
diameters investigated were 10 and 20 mm. According to
the results, the vacuum force during the punch return stroke
is the dominant force that can cause slug pulling, especially
with larger punch diameters and small die clearances. The
sum of all sticking forces ranged from about 0.3 to about
6 newton, depending on the cutting parameters used. A suf-
ficiently high frictional force in the mid-tree-digit newton
range between the slug and die can thus be effective in pre-
venting slug pulling [9].

[10] carried out an investigation of the frictional forces
between the slug and die after material separation. Here,
forces between almost 0 newton and more than 500 newton
were measured with the copper alloy CuSn6, depending on
the cutting parameters. A larger die clearance resulted in a
reduced frictional force, while a larger punch edge radius
significantly increased it. The lubricant also reduced the fric-
tional force, especially for small die clearances.

The objective of this work is to investigate the influence
of geometric modifications of the die channel on mechani-
cal stresses between slug and die with a numerical approach
for circular tool active elements. If those tensions are suffi-
ciently large to counteract the slug sticking forces described
in [8], this can effectively prevent the process disturbance of
slug pulling. However, disproportionately too high tensions
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must be avoided in order to prevent excessive wear and a
plastic deformation of the slug.

2 Experimental setup
2.1 Numerical simulation tool and model

All numerical results are calculated using Abaqus CAE
2020. For high accuracy combined with acceptable time
usage, the model is two-dimensional with a symmetry axis
through the centerline of the circular punch and a simulation
grid that is refined close to the shear zone. Figure 2 a b show
the stresses occurring in the blanking process. The displayed
Von-Mises Stresses are the highest occurring in the whole
process. These occur at geometry transitions in the die, such
as the change from the conical to the straight area. The Von
Mises stress values shown below are obtained by averaging
the stresses of 3 times 3 mesh elements. These are shown
in detail in Fig. 2a. Radial stresses are measured at the bot-
tom dead center as the determining point for slug pulling.
The radial stress values were determined by averaging the
stresses of all nodes in contact with the die, weighted by
element size. To determine the contact area, a script was
used that considered the amount of clean cut. Elements with
positive stress were subtracted. In addition, a stress threshold
above which no interaction is assumed was used to further
select the elements. For the DC04 shown here, this threshold
is —163 MPa. The value was first determined manually from
several simulations. This procedure can represent the contact
area with an accuracy of 8%. Furthermore, Fig. 2c illus-
trates slug bending (b) at the bottom dead center and the slug
compression (c). The failure criterion is the Johnson—Cook
equation with the first three parameters for dynamic fail-
ure, with an inverse determination of the failure parameters
[11]. Thus, the simulation is not strain rate and temperature
dependent [12]. A dynamic friction coefficient of 0.12 and
a static friction coefficient of 0.15 were used to represent
the process forces.

The numerical model is validated using the cutting sur-
face properties from blanking experiments with the tool
described below. The crack initiation and thus the frac-
tured surface are displayed precisely, with a deviation of
3% of the sheet metal thickness. The rollover is overem-
phasized by 10%, and the clean cut is 7% too small. This
deviation is caused by the use of the arbitrary Lagran-
gian—Eulerian method but does not negatively affect the
quality of the results, because the relative deviation is the
same for all process parameters.
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2.2 Investigated materials and tool geometries

In this paper, the non-alloy quality steel 1.0338 (DC04) with
a hardness of 95 HV and a thickness of 1 mm served as sheet
metal material. The tool active-elements consist of the cold-
working steel 1.3343 (X82WMoV65) with a Young’s Modulus
of 224 GPa hardened to 62 HRC. Table 1 shows the chemical
compositions, determined with a spark spectrometer. During

quasi-static tensile tests, the 1.0338 steel provides a Young’s
Modulus of 210 GPa and a tensile strength R, of 326 MPa.
In this publication, the influence of four different types of
die channel geometries on the behavior of the slug, respective
occurring tensions is examined. These geometries are shown
in Fig. 3a. The first is a common die for industrial applications
with a straight channel, that serves as the reference state (1).
The second is a conical die (2). This geometry is a standard
measure for slug pulling prevention due to the compression

Table 1 Chemical composition C Si S

of the investigated materials

Cr Mn Mo \% W Ni Fe
1.3343 0.8 0.4 - 4.2 - 8.4 2.2 5.6 0.3 Balance
1.0338 0.1 - 0.03 - 0.3 - - - - Balance
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of the slug and the entailed increased stresses and frictional
forces. The third and fourth variants have a straight part above,
where the cutting process should not be influenced by geom-
etry transitions and thus provide a part quality similar to the
reference state; one with a short conical part (3) and one with a
longer one (4). Then a conical section follows and compresses
the slug to enhance the radial stress. For die (4), the last die
section is a straight-shaped one again, where the slug should
get stuck after the process, and the frictional forces and stresses
are determined. For the straight (1) and sectioned (3) geom-
etries the immersion depth (d) amounts to two times the sheet
metal thickness (s). For the conical (2) and the sectioned (4)
one (s) and (d) have the same size. Consequently, the slug
compression (c) at the bottom dead center is the same for (2),
(3) and (4). It is determined by the die angle (@) and Eq. (1).
For an industrial use of the presented dies, the die channel
ends right below the slug position at the bottom dead center
to prevent jamming of multiple slugs.

¢ =d * tan(a) (1

2.3 Blanking tool

The modular experimental tool used for the validation of
the numerical model, shown in Fig. 3b, enables the pro-
cess parameters to be easily changed. A four-pillar struc-
ture ensures a very high level of stiffness. Two actuators
with a maximum force of 31 kN on the Bihler GRM-NC
servo stamping and forming machine independently move
the blank holder and the blanking punch and thus decouple
the influences of clamping the sheet metal and the cutting

Fig. 3 a Different die channel a)

straight (1)

process on the frictional forces. Blanking forces and fric-
tional forces are recorded with a piezoelectric load cell.
For all experiments, the relative die clearance is set to
10%, and the cutting edge is rounded to 50 ym. The punch
diameter is varied between 1 and 5 mm. The slug compres-
sion for the investigated angles (c) is shown in Table 2.

2.4 Determination of cutting surface properties

Cutting surface property determination is the basis for two
important tasks in this publication. First is the part quality
classification, and second is the validation of the numeri-
cal results. For every parameter configuration five specimen
have been blanked and for every specimen five equally dis-
tributed circular measuring points have been chosen.

There are various criteria for the part quality of blanked
parts, like slug bending, edge crack sensitivity, or clean cut
percentage. Common to almost all of these criteria is the
dependency on time and type of crack initiation, which can
directly be identified in the cutting surface properties. The
fractured surface percentage for example, shows the crack
initiation, while the occurrence of a secondary clean cut
indicates that the cracks are not aligned. Furthermore, using
the surface properties is a common way to validate numeri-
cal results. Therefore, the calculated values are compared
with the ones of the real cutting process.

To quantify those properties like edge roll-over, clean cut
percentage, amount of fractured surface, and burr formation,
the cutting surface is scanned with the digital, confocal laser
microscope Keyence VKX-100, providing a vertical accu-
racy of 0.7 ym.

sectioned (3) b)

geometries and b experimental
tool

a: Die Angle

Measurement

d: Immersion Depth

s: Sheet Metal Thickness

Table 2 Slug compression (c)

Di le (° 0 05
for the investigated die angles ie angle ()

1 1.5 2 2.5 3 4 5

(@) Compression (mm) 0

0.009

0.017 0.026 0.035 0.044 0.052 0.070 0.088
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Fig.4 Slug bending for different die channel geometries with use of
the 5 mm punch

3 Results
3.1 Slug bending

While the experiments with a punch diameter of 1 mm show
almost no bending of the slug for all four die geometries,
Fig. 4 illustrates the slug bending behavior for the 5 mm
punch.

The long sectioned die (4) provokes slug bending of about
40 pum, similar to the reference state (1) for all angles, while
the slug bending of dies (2) and (3) rises with bigger angles.
The conical die (2) reaches values comparable to (1) for
small angles but gets up to 145 yum using an angle of 5°. (3)
shows the same behavior but is not that strong. It reaches a
value of 112 um for the largest angle.

3.2 Stresses

The Von-Mises stress has to be investigated to evaluate if
the slug is subject to plastic deformation. Radial stresses
between the slug and die at the bottom dead center are

Fig.5 Von-Mises stresses for 5 5mm

and 1 mm punch diameters 1500

N
o
o
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examined to estimate the tendency for slug pulling. All
stresses in this section are measured at the bottom dead
center, the lowest slug position in the shear-cutting process.
The Von-Mises Stresses are illustrated in Fig. 5, and radial
stresses in Fig. 6.

3.2.1 Von-Mises Stress

The shown values represent the highest locally occurring
stress inside the material during the whole blanking process.
For the 5 mm punch, the reference die (1) results in a maxi-
mum stress of 664 MPa. Conical dies (2) and the long sec-
tioned ones (4) provoke stresses between 421 and 580 MPa
and thus are noticeably lower than the reference stress (1).
Stresses triggered by short sectioned dies (3) rise with higher
angles from 384 MPa at 0.5° to a value of 1263 MPa at 2°.
For even higher angles, the stress value reaches a plateau
and stays at that level.

For the smaller 1 mm punch, the Von-Mises Stress behav-
ior is different. Stresses with the short sectioned die (3) rises
from 1290 MPa (0.5°) to 1503 MPa (3° and 5°), the stress
raises with higher angles, but stay constant when exceeding
3°. The conical die (2) reaches the reference level only for
1.5° and 5° and otherwise stays lower, with a minimum of
397 MPa for 0.5°. The long sectioned die (4) shows a similar
behavior, but with the maxima at 2° and 3° and a minimum
of 511 MPa at 2.5°.

3.2.2 Radial stress

All the presented radial stresses have a negative sign, that
represents pressure stress. The following given values are
absolute. When using the 5 mm punch, the stresses lie within
arange from 72 up to 363 MPa, while the straight reference

2

Dle angle [ 1

m Straight (1) mConical (2) = Short sectioned (3) ® Long sectioned (4)

Fig. 6 Radial stresses between 5mm
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Fig.7 Clean cut percentage for the 5 mm punch

die (1) shows 122 MPa. Each different die, except the long
sectioned one (4), provides values that exceed the reference
state and those that are lower. Both, the conical (2) and the
long sectioned die (3) reach the maximum at an angle of
2.5° with 363 and 149 MPa, respectively. The minima of 82
and 74 MPa can be seen at 0.5°. Radial stresses of the short
sectioned die (3) exceed the reference state (1) for all inves-
tigated angles, with a maximum of 209 MPa at 1°.

The radial stress appearance differs markedly when using
the 1 mm punch: The differences between the reference state
(1) with 178 MPa compared to the minimum (27 MPa) and
the maximum stress (446 MPa) are much more strongly pro-
nounced than with the 5 mm punch. Furthermore, each die
configuration has one angle where the maximum is higher
than the reference and one with much lower radial stress.
The conical die (2) has a maximum of 282 MPa (2°) and
a minimum of 27 MPa (1°). With a stress of 326 MPa at
0.5°, the short sectioned die (3) reaches the maximum for
a very low angle, while the high angles (3° and 5°) show
low stresses of 33 and 48 MPa. At 2.5°, the contact force
(radial stress multiplied by contact area) is 243 N. At 3° and
5°, the forces are 15 and 42 N, respectively. At these low
forces, slug pulling is very likely. The long sectioned die’s
(4) behavior is the opposite. While it provides the minimum
stress (57 MPa) for a low angle of 0.5°, high stress values
(446, 432, and 369 MPa) can be seen for high angles (2.5°,
3°, and 5°).

3.3 Part quality

In this paper, the clean cut percentage serves as a param-
eter to evaluate the influence on part quality. Different die
geometries only show a very small influence on the amount
of clean cut, when blanking with a 1 mm punch. It differs
between 69% for the straight die (1) and the short sectioned
one (3) up to a maximum of 73% when using a conical die
(2) with a high angle of 5°. The behavior differs for the
higher punch diameter of 5 mm, as shown in Fig. 7.

The straight die (1), as well as the two sectioned ones (3
and 4), show similar clean cut percentages between 60% and
63%. For small angles up to 1.5°, the conical die (2) has the
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same percentage. A higher angle increases the clean cut up
to 72% for an angle of 5°.

4 Discussion

To prevent slug pulling during the blanking process, the
radial stress between the slug and die at the bottom dead
center has to be high enough to hold back the slug. Therefore
the slug must have a higher outer diameter than the inner one
of the die to obtain a slug oversize. This can be achieved by
using dies with a constricting die channel. However, if the
slug compression is too strong, the material strength can be
exceeded, and thus the slug can be subject to locally plas-
tic compression that reduces radial stresses and friction and
thus enhances the probability of slug pulling. This effect
becomes evident when a small increase in the die angle
(0.5°) leads to a substantial reduction of the radial stresses
at the bottom dead center.

4.1 Plastic slug deformation

For the 5 mm punch, no plastic deformation can be observed
because there is no sharp drop in the radial stresses with
higher die angles.

In contrast, the radial stress and thus the contact force
when using the 1 mm punch and the short sectioned die (3)
show a sharp decrease between the die angles of 2.5° and 3°.
There the radial stress between the slug and die decreases
by 89% from 310 to 33 MPa (see Figs. 5, 8). This drop is
caused by stresses that exceed the material’s compressive
strength, causing plastic deformation and material compres-
sion. In addition, the radial stress remains low even at higher
die angles due to the induced reduction in slug diameter. In
the experiments, this behavior was also observed. At lower
angles, no slugs occurred, while at large angles, slug pulling
occurred reproducibly at every stroke. This shows that the
die geometry and angle must be adapted not only to the sheet
material, but also to the punch diameter.

4.2 Correlation between slug bending and stresses

Slug bending is determined by the slug compression. But
for the small slugs even for higher compression no bending
occurs due to the high stiffness. Therefore, no correlation is
determinable for the 1 mm punch.

Sheets cut with the 5 mm punch and the conical (2) or
short sectioned (3) die show increasing bending with higher
angles. However, the radial and Von-Mises stresses reach
their maximums for medium angles between 1° and 3° and
decrease afterward. This shows that there is an optimum
slug bending at about 80 ym, corresponding to a compres-
sion of about 0.04 mm. Smaller values due to a low slug
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Fig.8 Effect of local plastic
deformation. a Von-Mises
Stresses at the geometry transi-
tion, not exceeding the com-
pression strength (green circle)
and exceeding it (red circle).

b Resulting radial stresses at
the bottom dead center (colour
figure online)

a)

Von-Mises Stress
(Maximum)

. Geometry
transition

b)

Radial stress at the
bottom dead center

MPa
500 =

-250 E

=
1000 =

oversize entail low radial stress. Increasing the bending first
increases radial stress but progressively changes the stress
condition inside the slug from compression stress to bending
stress, which finally leads to snapping. Furthermore, the slug
stiffness in the radial direction declines. With decreasing
compression stresses, slug stiffness, and a snapping slug,
the frictional forces are too low to prevent slug pulling. In
summary, the slug bending is an important factor for slug
pulling prevention, especially for larger punch diameters.

4.3 Part quality

The low sensitivity of the amount of clean cut to the die
geometry, when blanking with the 1 mm punch can be
explained by the high initial clean cut using the straight die,
caused by the high stiffness of the slug, the low bending, and
thus enhanced compression stress in the shear zone. Only
very high die angles can raise the clean cut percentage, but
just in a small range.

The slug of the 5 mm punch shows the same amount of
clean cut for all dies and angles, except the conical one. This
is caused by the die channels of the sectioned dies, which
are straight in the area of material separation. The following
conical part does not affect the clean cut. The conical die

influences clean cut because the slug provides lower stiff-
ness and higher bending compared to the smaller die. Thus,
compression stress in the shear zone is improved with higher
angles and entails higher clean cut amounts.

5 Conclusion

To prevent slug pulling, the radial stress, as well as the con-
tact area between slug and die has to be high enough to
induce sufficient friction force. Earlier studies show that
these start in the mid-three-digit Newton range. Addition-
ally, the prevention measures should not influence the part
quality or rather the amount of clean cut. In this paper, the
dependency of the radial stress and the clean cut formation
on the geometry of the die channel and the punch diameter
and thus slug bending and slug oversize were investigated
when blanking 1.0338. Slug bending plays a subordinate role
when working with small punches (1 mm), but influences
the radial stress significantly for the 5 mm punch diameter.
The amount of clean cut is influenced by the stresses in the
shear zone and thus the part of the die channel where the
plastic deformation and the material separation happens.
Consequently, the prevention measures influence the cutting
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process in different ways and must be adapted to the process
parameters to obtain a high part quality without slug pulling.
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