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Abstract

Shear cutting is one of the most widely used manufacturing processes in the production of sheet metal components. The
reasons for this are the high output volume combined with low costs per part. The profitability of this process is significantly
influenced by the lifetime of the active elements and the occurrence of unexpected process disturbances. While there are
already many publications on the former, there are only few examinations on the wide spread process disturbance of slug
pulling, which describes the phenomenon where the cut-out part is pulled upwards again during the punch return stroke. In
particular, the different forces on the slug that cause this phenomenon have not yet been measured individually and inde-
pendently of one another in one single tool. Thus, a shear cutting tool was developed that enables the measurement of the
individual forces on the slug depending on various process parameters. Following, single stroke experiments were carried
out to determine these forces and establish relationships between the process parameters, the characteristics of the slug and
the measured forces. Finally, the interaction of all partial forces depending on selected process parameters is discussed in
order to classify the relevance of every single force with regard to the occurrence of slug pulling. This understanding of the
process is necessary in order to make a well-founded decision when designing future tools or selecting available remedial

measures to avoid slug pulling.

Keywords Slug pulling - Blanking - Force measurement - Adhesion - Vacuum - Burr clamping

1 Introduction

Shear cutting is a widely used industrial process for cutting
sheet metal. The mechanical separation of workpieces is
performed by two blades moving in opposite directions past
each other without forming a shapeless matter [1]. A typical
shear cutting tool consists of the three elements punch, die
and blank holder and is shown in Fig. 1. The die clearance
is the distance between the punch and the die, measured
perpendicular to the direction of movement of the punch [1].
It is common to specify the die clearance u as a percentage
of the sheet thickness [2].

One current field of research in shear cutting is the
improvement of the quality of the cut surface. This includes
for example an increase of the clean-cut zone [4], burr-free
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cutting [5] or improving the formability of the cut surface
[6]. In addition, a robust and wear-minimized process is also
in the focus of research in order to improve the economic
efficiency of shear cutting. For example, Mucha and Jawor-
ski [7] examine the abrasive and adhesive wear when cutting
silicon steel sheets and Hohmann, Schatz and Groche [8]
present a monitoring system for examining the development
of wear using the punch force signal. Options for reduc-
ing wear include adapting the tool steel used [9], using a
suitable coating for the punch or the die [10], adjusting the
die clearance to the geometry of the cutting line [11] or the
use of optimized cutting edge geometries to reduce contact
pressure [12].

In addition to the often expectable tool wear, unpredict-
able process disturbances can disrupt the production process.
These include the jamming of slugs in the die [13], punch
breaking [14], mechanical tool damage or machine break-
down due to sliver formation when shear cutting aluminum
[15] or slug pulling [16].

Slug pulling is one of the most common process distur-
bances during shear cutting of sheet metals, especially when
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Fig. 1 Working principle of shear cutting according to [3]

using progressive dies. This phenomenon occurs when the
cut-out part does not fall down as planned after the mate-
rial has been separated, but is pulled upwards again by the
punch and is usually finally stripped off on the lead frame.
This can result in component defects due to jammed slugs
in the lead frame or imprints on the components due to sub-
sequent strokes, an obstruction of the belt feed or damage to
the cutting tool. In addition, slug pulling is often associated
with an interruption in production, which reduces the cost-
effectiveness of the manufacturing process. [16]

Slug pulling cannot be attributed to a single cause, but
is caused by a combination of different mechanisms [17].
According to Tittel and Bernadic [16] slug pulling occurs if
the sum of all forces responsible for slug sticking is greater
than the sum of all forces responsible for slug removing.
Forces responsible for slug sticking include a magnetic
force, an adhesive force [18] and a vacuum force [19]. In
addition, Dannenmann and Sugondo [20] were able to
prove an additional force that causes slug sticking due to
burr clamping. Forces responsible for slug removal include
the gravitational force of the slug, a frictional force between
the slug and the die and dynamic acceleration forces due to
the cutting impact [16]. Figure 2 shows an overview of the
forces that act on the slug after material separation.

To assess the risk of slug pulling, the causes and the
interaction of the forces that cause slug sticking are to be
examined in this work. These include the forces caused by
adhesion, burr clamping and vacuum. Since magnetic force
is strongly dependent on the treatment of the active ele-
ments used, for example on the magnetic clamping during

magnetic force vacuum force

burr clamping

; forces causing
adhesive
force force slug sticking
punch /r
>\ slug
forces causing
frictional

slug removal

force

dynamic acceleration forces gravitational force

Fig.2 Forces acting on the slug after material separation according to
[16] and [20]
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cutting tool for cutting round holes with diameters of 10 mm
and 20 mm is operated by servo-controlled modules of a
stamping and forming machine (Fig. 3). The requirements
placed on the forming machine are precise ram positioning
with a high repeat accuracy as well as flexibly adjustable
stroke height and cutting speed. Since very small forces are
expected on the slug, high-precision sensors must be used
and external interference must be shielded.

The shear-cutting tool has two different measurement
configurations. The vacuum force is measured with a highly
sensitive pressure sensor integrated in the punch, which is
connected to the punch’s front face via a drilled hole in the
punch shaft (see Fig. 4a). The dead volume in the pressure
sensor and in the drilled hole is about 2.2 cm® due to the
measurement setup. During the entire punch stroke, both the
pressure signal and the punch position are monitored with
the help of an additional position sensor. Here, the cutting
direction is top-down, as is typical in industrial applications.

The adhesive force and the force caused by burr clamp-
ing are determined by measuring the push-off force,
which is necessary to push the slug off the punch’s front
face. To do this, the cutting direction is changed to bot-
tom-up. After the material has been separated, the punch
is stopped at top dead centre whereby the slug remains on
the punch’s surface. In this position, the immersion depth
of the punch into the die is so large that there is no longer
any contact between the slug and the die. Subsequently,
the slug is pushed off the punch’s front face using a linear

servo module

cylinder for pressure sensor
and linear motor

gas valve for gas springs
gas spring

punch

punch guide

blank holder

die

servo module

Fig. 3 Structure of the shear-cutting tool
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Fig.4 Experimental setup for measuring the partial forces caused by
vacuum, adhesion and burr clamping

Table 1 Investigated cutting and process parameters

Parameter Symbol Investigated magnitudes  Unit
Punch diameter 7] 10; 20 mm
Relative die clearance u 4.5,10.0, 15.0,22.5 %
Punch-penetration-depth  ppd 0.5,2.0 mm
Cutting edge radius r 50, 250 Hm
Lubrication - lubricant 1, lubricant 2, —

w/o lubricant

motor integrated in the punch and a push-off pin. A small
force sensor with a measuring range between — 20 and
200 N positioned between the linear motor and the push-
off pin records the push-off force (see Fig. 4b).

The burr height is determined according to [21] using
a tactile surface measuring device. A probe tip is pulled
over the surface, whereby the surface geometry in the
vertical direction can be determined with a resolution of
0.38 pm [22].

Table 1 gives an overview of the cutting and process
parameters varied in this thesis. The parameters were
chosen in such a way that, in addition to common die
clearances of 10.0% and 15.0%, the influence of very
small or excessively large die clearances is also taken
into account. The influence of the punch wear is consid-
ered by using different cutting edge radii representing the
wear condition.

3 Sheet metal material and lubrication

The results presented in this work were achieved for shear
cutting deep drawing steel DC03 with a sheet thickness of
1.0 mm. DCO03 is cold-rolled, unalloyed steel, which is char-
acterized by its excellent cold formability. It is used, for

Table 2 Alloy composition of DC03

C Mn P S Cr Al Cu Fe

wt% 0.06 0.2 0.01 0.01 0.02 005 0.01 Rest

Table 3 Typical mechanical material properties of DCO3 (test direc-
tion transverse to rolling direction) [23]

R, (MPa) R,, (MPa) Ago (%)

DCO03 240 270-370 34

example, in the automotive industry as well as in general
engineering sectors [23]. Below is an overview of the chemi-
cal composition and typical mechanical properties of this
material (Tables 2, 3).

In addition to tests without lubricant, tests were also
carried out with two lubricants with different viscosities.
Lubricant 1 has a viscosity of =21 mm?s, a density of
p=0.85 g/cm?® and is purely synthetic. It was developed for
micro-spray technology and is suitable for minimal quantity
lubrication. Lubricant 2 is based on mineral oil and has a
viscosity of v=4.1 mm?/s and a density of p=0.83 g/cm’.
This lubricant is suitable for universal use and can there-
fore not only be used for shear cutting but also in forming
or machining processes. Both lubricants were used without
dilution.

4 Measurement of the partial forces
4.1 Vacuum force
4.1.1 Test execution and evaluation

During a complete punch stroke, both the air pressure
curve on the punch’s front face and the punch position are
recorded. From this follows a typical air pressure curve for
a punch-penetration-depth into the die of 2.0 mm, which is
presented in Fig. 5. This curve can be divided into six char-
acteristic stages: In stage 1, the punch approaches the sheet
metal surface, which results in an increase in air pressure.
The slug is then bent by the bending moment that occurs
during the shearing process [24], creating a vacuum pocket.
This results in a pressure drop under the slug in the pres-
sure curve (stage 2). The cutting impact due to the material
separation causes a brief pressure oscillation (stage 3). In
stage 4 the slug is pressed deeper into the die, whereby the
vacuum generated in stage 2 is continuously reduced due to
leaks between the slug and the punch’s surface. When the
bottom dead centre (BDC) is reached, there is almost no
vacuum left. In stage 5, a vacuum arises immediately during
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Fig.5 Sketch of typical pres- 20
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the punch return stroke if no slug pulling occurs. This is
because the slug is stuck at the bottom dead centre while the
punch return stroke leads to an increase in volume between
the punch’s front face and the slug. If slug pulling occurs,
only a slight vacuum can be measured in stage 5, since the
slug does not remain stuck in the die channel and therefore
no greater vacuum can build up. The vacuum only increases
when the slug is stripped off from the punch by the lead
frame in stage 5a. As soon as the punch is in the lead frame
in stage 6, the vacuum is quickly released. This can also be
associated with slight air pressure oscillations.

To determine the vacuum force, the maximum vacuum
measured during punch retraction at the end of stage 5 is
used and multiplied by the surface area of the slug. Assum-
ing the presence of a normal distribution of the measured
values, the median value of the measurements is displayed
in all the following figures. The error bar describes the range
between the first and third quartiles.

4.1.2 Results

The influence of the relative die clearance u and the punch-
penetration-depth ppd into the upper, cylindrical part of the
die on the vacuum force is presented in Fig. 6. There is a
trend with the vacuum force decreasing as the die clear-
ance increases in both punch-penetration-depths. It also
becomes apparent that higher vacuum forces are measured
at the larger punch-penetration-depth of 2.0 mm in con-
trast to the 0.5 mm punch-penetration-depth. One reason
for this can be found in the increase in volume between
the punch and the slug during the punch return stroke, as
this causes the vacuum. Since this volume enlarges with a
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Fig. 6 Influence of the rel. die clearance u and the punch-penetration-
depth ppd on the vacuum force

greater punch-penetration-depth, higher vacuum forces are
measured. The two measuring points with a punch-pene-
tration-depth of 2.0 mm and at die clearances of 15% and
22.5% represent an anomaly. These two points are located at
very low forces, since, unlike the other points, these cutting
parameters caused slug pulling. Due to the large die clear-
ances, the friction between the slug and the die is very low,
which is why the slug is not stuck in the die but is pulled
up again. This means that no greater vacuum force can be
created without the slug moving up and the vacuum force
being reduced again.

The largest vacuum force determined in Fig. 6 is for a
relative die clearance of 4.5% and a punch penetration depth
of 2.0 mm and is 4.87 N; the lowest vacuum force is for
a relative die clearance of 22.5% and a punch penetration
depth of 0.5 mm and is 0.26 N. By way of comparison: the
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Fig. 7 Influence of the punch diameter on the vacuum force at differ-
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Fig. 8 Influence of the cutting speed on the vacuum force at different-
punch-penetration depths

gravitational force of a slug made of DC03 with a diameter
of 20 mm is only 0.024 N (@10 mm: 0.006 N).

A comparison of the vacuum forces for different punch
diameters shows that the vacuum force for punches with a
diameter of 10 mm is significantly lower than for a diameter
of 20 mm (see Fig. 7). One reason for this can be found
in the relationship between the slug area and its circumfer-
ence. While doubling the diameter quadruples the area of
the slug, the circumference increases only by a factor of
two. This is important because the vacuum is generated by
the volume created between the slug and the punch during
the return stroke, while it is reduced by the circular contact
areas between the slug and the die and between the punch
and the lead frame.

The dimension of the vacuum force depending on the
cutting speed v and the punch-penetration-depth ppd is
shown in Fig. 8. Here, the cutting speed v is defined as
the speed that prevails at the point the punch contacts the
sheet metal. The vacuum force at the high cutting speeds is
around 39% higher at a punch-penetration-depth of 2.0 mm
or around 57% higher at a punch-penetration-depth of

0.5 mm compared to the vacuum force at reference speed.
Since, in contrast to the previously considered cutting
parameters, the increase in volume between the punch and
the slug during the punch return stroke does not depend on
the cutting speed, it is rather the reduction of the vacuum
via leaks that is relevant for the resulting vacuum force.
At high cutting speeds, the time available for reducing
the vacuum is shorter than at slow cutting speeds, which
results in higher vacuum forces. The reference speed is
12 mm/s at a punch-penetration-depth of 0.5 mm and
18 mm/s at a punch-penetration-depth of 2.0 mm and is
the speed that results at a stroke rate n of 20 1/min. This
stroke rate is roughly comparable to the stroke rate used
in transfer presses for the production of large automobile
body components, which is around 15 1/min [25]. The dif-
ferent cutting speeds despite the same stroke rate n result
from the sinusoidal stroke curve, which is why the punch
has a higher impact speed on the sheet metal with a greater
punch-penetration-depth.

4.2 Burr clamping force
4.2.1 Test execution and evaluation

The force caused by burr clamping is determined by
measuring the push-off force, which is necessary to push
the slug off the punch’s front face after the material has
been separated. To avoid any effects due to adhesion, the
material is shear cut without lubricant. The push-off force
measured is a combination of the following partial forces:

e Gravitational force of the slug

e Acceleration force due to the accelerated mass of the
slug while pushing-off

e Burr clamping force

e Magnetic forces if there is residual magnetism in the
punch or the slug

In addition, reference measurements of the push-off
force are carried out, where the corresponding slug is
placed on the punch manually without lubricant and with
the burr removed beforehand. Since this measurement only
determines the gravitational force of the slug, the accel-
eration force and any magnetic forces that may occur, the
burr clamping force can be determined from the differ-
ence between the initial pull-off force measurement and
the reference measurement. This procedure is illustrated
in Fig. 9. In the following figures, the median value of the
burr clamping force is displayed. The error bar describes
the range between the first and third quartiles.
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4.2.2 Results

In Fig. 10, the burr clamping force is presented for punch
diameters of 10 mm and 20 mm depending on the relative
die clearance. This shows that the punch diameter has a
considerable influence on the burr clamping force since the
burr clamping force with a small punch diameter of 10 mm
is approx. 70-90% less compared to a punch diameter of
20 mm depending on the die clearance. The higher burr
clamping force with larger punch diameters is attributed
to the larger punch circumference, as this force acts on the
punch’s shape. However, based on the available data, no
linear relationship between circumference and burr clamp-
ing force can be determined. The reason for the relatively
large spread of the burr clamping force with a punch diam-
eter of 20 mm is seen in the heterogeneous accelerations
of the punch during the cutting stroke. Depending on the
severity of the cutting stroke, acceleration forces of different
strengths act on the slug, which can already partially loosen
or detach from the face. Since larger punch diameters result
in higher cutting forces and thus more potential energy is

NA
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Fig. 10 Punch diameter influence on the burr clamping force for dif-
ferent die clearances
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Fig. 11 Influence of the cutting edge radius on the burr clamping
force and comparison with the corresponding burr heights

stored in the system before the sheet metal breakthrough,
stronger cutting strokes are to be expected here.

The influence of the cutting edge radius on the burr
clamping force is shown in Fig. 11 for different relative
die clearances. Here, a sharper-edged punch with an edge
radius of 50 pm exhibits significantly higher burr clamping
forces compared to a cutting edge radius of 250 pm. This is
remarkable, since the larger edge radius causes higher burrs
on the slug (see Fig. 11, right side). Thus, no direct cor-
relation between the height of the burr and the force due to
burr clamping can be detected. It is assumed that in addition
to the slug diameter, an interaction of the burr height, the
cutting edge geometry, the slug spring back, the slug stiff-
ness and the coefficient of friction between the slug and the
punch is responsible for the resulting burr clamping force.
However, further research is necessary on this topic.

In Fig. 11 (left side) a relatively wide spread of the meas-
ured burr clamping force is notable. This is attributed to
heterogeneous accelerations of the punch during the cut-
ting stroke as described previously. Therefore, in the experi-
ments with a cutting edge radius of 250 um, sometimes no
more burr clamping force can be measured because the slug
has already detached from the punch’s front face before the
push-off process happens.

4.3 Adhesive force
4.3.1 Test execution and evaluation

The adhesive force is determined in a similar way as the burr
clamping force. After shear cutting, the slug is pushed-off
the punch’s front face and the push-off force is measured.
In contrast to measurements of the burr clamping force,
the shear cutting and push-off tests are carried out with the
use of lubricant. The lubricant is applied by hand to the
previously cleaned and degreased sample. Here, a uniform
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lubricant application is to be guaranteed by a standardized
procedure. Thus, in addition to the gravitational force, the
acceleration force, the burr clamping force and magnetic
forces, the adhesive force is also part of the push-off force.
The amount of the adhesive force is determined by subtract-
ing the reference measurement and the median of the corre-
sponding burr clamping force from the push-off force meas-
urement, as presented in Fig. 12. In the following figures, the
median value of the adhesive force is displayed. The error
bar describes the range between the first and third quartiles.

4.3.2 Results

Figure 13 shows the influence of the lubrication on the
adhesive force depending on the relative die clearance. Here
lubricant 1 with the higher viscosity causes larger adhesive
forces than the lower viscosity lubricant 2. It becomes appar-
ent that negative adhesive forces are calculated for the low-
viscosity lubricant 2. This is because the use of lubricant
affects not only the adhesive force, but also the burr clamp-
ing force, since the friction between the burr and the punch
is reduced. If the reduction of the burr clamping force is

adhesive force
o
s
1

(v = 4.1 mm?s)

® |ubricant 1
- ;,;,,,I\\ (v =21 mm?s)
J» \‘—\\ 4 lubricant 2

@20 mm
r=50 ym
n =20 1/min

T
0 5 10 % 20
rel. die clearance u

Fig. 13 Influence of the lubricant on the adhesive force for different
die clearances

rel. die clearance u

Fig. 14 Influence of the punch diameter on the adhesive force for dif-
ferent die clearances

greater than the magnitude of the adhesive force, this causes
quasi-negative adhesive forces. Furthermore, the size of the
error bar is very large, especially for the small die clearance.
In addition to the heterogeneous acceleration forces during
the cutting stroke, this is also attributed to imperfections in
the manual lubrication. The effects are most distinct with the
small die clearance, because here the deflection of the slug
is the least due to the small lever arm while shear cutting.
Thus, the oiled contact area between the slug and the punch’s
face is greatest here.

The influence of the punch diameter on the adhesive force
for different die clearances is shown in Fig. 14. It can be
seen that the smaller punch diameter of 10 mm causes lower
adhesive forces than the punch with a 20 mm diameter. The
higher adhesive force with a larger punch diameter is attrib-
uted to the larger oiled contact area between the punch’s
front face and the slug that can be found here.

5 Discussion

In order to select suitable remedial measures against slug
pulling, it is essential to know the composition of the forces
causing the slug pulling. This includes the three partial
forces due to vacuum, burr clamping and adhesion. The
composition for various cutting parameters is discussed
below.

The relative composition of the forces that cause the
slug to stick to the punch is presented in Fig. 15 as a func-
tion of two different punch diameters and three different
die clearances u. The cutting edge radius »=50 um, the
punch-penetration-depth ppd =2.0 mm, the stroke rate
n=20 1/min and the lubrication with lubricant 1 remain
constant. Here, a larger die clearance causes the amount
of the vacuum force to decrease. The amount of the burr
clamping force increases, while the percentage amount of
the adhesive force remains approximately the same for all
three die clearances. Although a decrease in the amount of
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Fig. 15 a Distribution of the partial forces for two punch diameters
depending on the die clearance; b distribution of the partial forces for
three die clearances depending on the punch diameter

the vacuum force is found with larger die clearances, with
a punch diameter of 20 mm and the largest die clearance of
15% the vacuum force is still the largest partial force that
causes slug pulling (Fig. 15a). When using a smaller punch
diameter of 10 mm compared to 20 mm, the importance of
the vacuum force decreases significantly. The consequence
of this is that the amounts of the burr clamping force and
the adhesive force increase. Accordingly, greater attention
has to be paid to these two forces when using smaller punch
diameters (Fig. 15b).

Figure 16 shows the influence of the punch-penetration-
depth into the die and the cutting edge radius on the distribu-
tion of the partial forces. The amount of the vacuum force
increases with a larger punch-penetration-depth into the die,
which means that the relevance of the burr clamping force
and the adhesive force decreases. In addition, the amount
of the burr clamping force decreases significantly with the
larger cutting edge radius. As a result, the amounts of the
vacuum force and the adhesive force increase, although these
forces are only relatively slightly dependent on the cutting
edge radius.

The influence of the lubrication on the partial forces is illus-
trated in Fig. 17, whereby the range between the first and the
third quartiles is given for each partial force. It is recognizable
that the lubrication has no noticeable influence on the vacuum
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Fig. 17 Comparison of the partial forces and their spread at different
lubrication conditions

force. By definition, the burr clamping force is also independent
of the lubrication, since this force is always determined with-
out the use of a lubricant. The low viscous lubricant 2 with a
viscosity of 4.1 mm?/s causes a quasi-negative adhesive force,
which can be attributed to the reduction in the burr clamping
force due to a reduced coefficient of friction. This effect was
explained in the previous chapter. When analysing the error
bars, it can be seen that the range of the vacuum force is rela-
tively low. One explanation for this is the independence of this
force from the lubrication, which is why this possible source of
error is eliminated. However, the error bars of the burr clamp-
ing force and the adhesive force are relatively large in relation
to the median, but are each in the range [FI<0.5 N.

6 Conclusion

In this paper, the forces that cause slug pulling were inves-
tigated and the influence of the relevant process parameters
on the respective forces was explained. Following, the pro-
portionate distribution of the three forces vacuum force,
burr clamping force and adhesive force was discussed for
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different selected combinations of shear cutting param-
eters. It could be found that the vacuum force is the domi-
nant force that can cause slug pulling for the large punch
diameter of 20 mm. In addition to the punch diameter, the
vacuum force is essentially dependent on the die clearance,
the punch-penetration-depth and the cutting speed.

With the smaller punch diameter of 10 mm, however,
the proportion of the vacuum force is no longer dominant
and the three forces are—depending on the selected process
parameters—of approximately the same significance. The
burr clamping force is significantly influenced by the punch
diameter and the cutting edge radius, whereby this force is
larger with a smaller radius. The magnitude of the adhesive
force is also affected by the punch diameter. In addition, the
viscosity of the lubricant is of importance since more vis-
cous lubricant causes higher adhesive forces. In this context,
the influence of the temperature in the production process
could also be taken into account for future work, since with
an increase in temperature, a decrease in viscosity and thus
a reduction of the adhesive force can be expected.

In order to evaluate the risk of slug pulling, it is neces-
sary to consider not only the forces that cause slug stick-
ing, but also the forces that lead to a removal of the slug
from the punch. Here, in addition to forces that act due to
special remedial measures in the tool such as ejector pins
or air blasts, the frictional force between the slug and the
die or forces on the slug due to vibrations in the tool are
of great importance. The results presented in this paper
on the level and distribution of the forces that cause slug
sticking are intended to create a basis for making decisions
when selecting and interpreting remedial measures.

For future work, the influence and characteristics of the
magnetic force when shear cutting steel materials should
also be examined. In particular the treatment of the active
elements, but also the progress of the magnetic force on
the number of strokes should be determined in continuous
stroke tests.
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