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Abstract. Modification of the punch geometry can greatly reduce the force necessary to per-
form the perforation of the belt. This paper presents research on the asymmetrical single
sheared piercing punch. FEM analysis was performed for a variable shear angle o in range
of 5-45° for constant punch diameter D = 10 mm and a TFL10S belt. Based on the obtained
results, the influence of the shear angle on the perforation force Fp, punch deflection fand
pneumatic cylinder stroke increase As was determined. FEM analysis was divided into two
stages: the dynamic one, which was used to obtain the perforation force in function of punch
displacement characteristics, and the static one, which helped to establish the deflection of
the punch for the peak value of the perforation force. Additionally, the application of the
obtained results is presented for the punching die design process when the effective geomet-
rical features of the tools are desired.
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1. Introduction

Modifications to the punch geometry can significantly reduce the force required
to create holes in the material [1, 2]. One of the methods is to perform the shearing
of the punch [3], which creates the asymmetrical tool — single sheared punch (Fig. 1).
It is beneficial to metal processing [4] and other rigid materials [5-7], but its perfor-
mance has not been tested in multilayer polymer composite belts (Fig. 2).

Belt punching with two cutting edges is a relatively complex problem. Due to the
orthotropic mechanical properties of multilayer polymer composite belts, conven-
tional punching theory is not always suitable for such applications. There are some
similarities in the behaviour of non-classical materials [8, 9] and natural polymers
[10, 11]. In addition to mechanical properties, chemical compounds and thermal
mechanical properties may affect the process of machining [12-15].
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The aim of the study is to investigate the influence of the shearing angle « on the
perforation force Fp, punch deflection f'and pneumatic cylinder stroke increase As.
This information may be useful during the design process of punching dies for belt
perforation. Applying design assumptions and limitations allows one to optimize the
tool geometry to achieve a functional machine construction. The last of the analysed
parameters especially have an impact on selecting the proper drive and positioning
method, which also affects the efficiency of the process.
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Fig. 1. Single shear punch cooperating with a die: D — punch diameter, H — shearing
height, L — punch-die clearance, a — shear angle
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Fig. 2. Multilayer polymer composite belt [16]

2. Methodology of research

During the research, the main focus was put on the FEM analysis in ABAQUS
6.13 software. It is widely used to improve either the design of the machines [17, 18]
or the manufacturing process [19, 20]. The advantage of this approach is that it is not
required to make a set of tools with various shear angles [1-3]. However, validation
of the model requires at least a single experimental result to compare in order to
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verify the correctness of the applied modelling methodology. The experimental
results for such punch geometry was presented in [1].

In this research, the FEM analysis was divided into two stages: the dynamic one,
which was used to obtain the characteristics of perforation force in function of punch
displacement, and the static one, which helped to established the deflection of the
punch for the peak value of the perforation force. The construction of both FEM
models is presented in Figure 3a and 3b, respectively.

a) b)
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Fig. 3. FEM model construction

In the ABAQUS Explicit model (Fig. 3a), the belt is modelled as a deformable
part, while the rest of the instances (punch, die and blank holder) are treated as rigid
objects. The stiffness of the belt is much smaller than the steel tools, which makes it
possible to use such simplification. It greatly reduces the computational time of the
analysis. The kinematic extortion of the punch was provided by the boundary condi-
tion of the velocity in the Z axis of 0.5 mm/s. Using such velocity provides a quasi-
static characteristic of the analysed process, which eliminates the influence of the
strain rate and makes it possible to use mass scaling without affecting the results.
The perforation force is read from the reference point of the punch as a F5(¢) charac-
teristic. In order to adjust the moment of belt failure, the damage evolution has to be
defined with proper displacement at failure. Since changing the punch geometry has
an impact on the mesh, and as a consequence on this value, it has to be established
for each single case. The methodology to do it is to choose the value which provides
the belt failure when the whole cutting edge of the punch meets the cutting edge
of the die. Beside the piercing punch, all the instances were meshed with explicit
hexahedral, 3D stress, and linear C3D8R elements. The belt was divided into two
parts, so that both cutting edges were in contact with the same element. Due to the
complex geometry, the tetrahedral C3D10M element was used to mesh the grip part
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of the punch. The mesh control used in the model allows 10 elements to be obtained
on the thickness belt of 0.00026 m each. It also provides the dense mesh in the region
near the shear section. In the case of the belt instance, the deletion of elements
has been enabled.

The tests were conducted for the TFL10S belt, whose construction is similar
to the one presented in Figure 2. This belt is characterized by increased strength and
high rigidity, which indicates that it is hard to perforate, making it a reasonable
choice as the test material. The belt thickness is = 2.65 mm, while its polyamide
core is 1 mm thick. Parameters necessary to model the belt properties and its damage
in the FEM model are presented in Table 1 and were determined based on the previ-
ous research [1, 2]. Although the belt should be considered an orthotropic material,
the simplification of using the parameters of an isotropic substitute and the Johnson-
-Cook damage model was explained and justified in [1, 2, 21].

According to the ABAQUS documentation, the Johnson-Cook plasticity model
is suitable only for high-strain-rate deformation of metals, but it was proved that it
can be adapted for damage modelling in the belt punching process [1, 2, 21].

The Johnson-Cook dynamic failure model is made on the basis of value of the
equivalent plastic strain at element integration points. It is assumed that the failure
occurs when the damage parameter exceeds 1. The definition of damage parameter

o is as following:
APt
w=) (Sr (1)

where A&P! is an increment of the equivalent plastic strain, &Pl is the strain at failure,
and the summation is performed over all increments in the analysis. The strain at
failure, s'}’ l, is assumed to be dependent on a nondimensional plastic strain rate,
£Pl /£, a dimensionless pressure-deviatoric stress ratio p/q (where p is the pressure

stress and q is the Mises stress) and the nondimensional temperature, 8. The depend-
encies are assumed to be separable and are of the form:

gl A
. q 6'0

where d,-ds are failure parameters measured at or below the transition temperature
and provided by the user when defining the Johnson-Cook dynamic failure model.
The simplified model (created by neglecting the d, and ds parameters connected

with changing the temperature 8 and strain rate &) was used for the computational
modelling in this research, as presented below:

g/ =d +d, exp(d3 5} 3)
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If this failure criterion is met, the deviator stress components will be set to
zero and remain zero for the rest of the analysis. Depending on the chosen option,
the pressure stress can also be set to zero for the rest of the calculation, which means
that this element will be deleted from analysis, or it may remain in the analysis
as the compressive one. In the presented study, the first option was chosen.

Table 1. Mechanical properties of the TFL10S belt used for FEM modelling

Density p | Young’s Moduli £ | Poisson ratio v Johnson-Cook model parameters

[kg/m’] [MPa] ] 4 ds ds dy ds

1140 235 0.2 —0.24 0.32 2.6 0 0

To determine the test range of the variable shear angle, the correlation between
the geometrical parameters of the punch and the shear angle o was specified (Fig. 1):

tana = H/D — a = arctan(H/D) 4

In order to maintain the constant mechanical cutting work during the process
and prevent the closed-contour punching to obtain the most effective force reduction,
we can assume that the shearing height A should be greater or equal to the belt thick-
ness ¢. For a punch with diameter D = 10 mm, the minimal shear angle « should be
greater than 15°. Based on that, in this research, two shear angles below this value
and a few greater than the estimated value are considered. Tests were performed for
shear angle a = 5°, 10°, 15°, 20°, 25°, 30° and 45°.

For punch deflection analysis (Fig. 3b), the model contains only a single instance —
the punch. The greatest deflection should occur for the peak value of the force, which
can be obtained from the dynamic FEM analysis and the punch displacement x very
close to the belt thickness ¢. Because for the shear angles greater than 15°, the contact
area between the punch and belt where the force will be distributed does not cover
the whole front surface in the specific moment of time for which x = ¢, and it may
cause the eccentricity of the resultant compression force. It will generate an addi-
tional bending moment, which increases the deflection of the punch. In order to
model it, the partition on the front surface of the punch was created and the pressure
was applied to its surface. To define its size, the z value was calculated (Table 2)
with the following equation:

tana =y/z—>z=(y-D)/H %)

Because the pressure is applied in the normal direction to the front surface of
the punch, it is necessary to determine the normal force, according to the following
equation:

cosa = Fp/Fy = Fy = Fp/cosa (6)
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Table 2. Dimensions of the pressure area on the front surface of the single sheared punch

Shear angle a
[°]
z [mm] 10 10 9.88 7.28 568 | 459 | 2.65

5 10 15 20 25 30 45

For the empirical testing used in model validation, the MTS Insight 50 kN strength
testing machine was used. During the tests, five holes spaced 20 mm were made in
the rectangular specimen 30 x 150 mm with the speed of traverse 0.5 mm/s, in order
to maintain the quasi-static nature of the research. During the measurements, the force
and displacement of the punch were recorded as F(x) characteristics.

3. Results and discussion

The comparison of the FEM and experimental results for TFL10S belt perforation
with a single shear punch with a shear angle a=30° is presented in Figure 4.
As can be observed, the divergence of the characteristics is significant. The reason
for that is the impossibility of modelling the phenomena which occur in the middle
of the experimental curve with such a simplified damage model. However, the peak
value does not lie too far from the experimental one — for FEM Fpy, = 1694 N and
for experimental tests Fp) = 1847 N. This indicates that the proposed model is
not appropriate for the force characteristic approximation and can be simply used
for the estimation of the peak force tendency for various tool geometry.

Experimental

--FEM

+2.895e+07
+1.455e+07
+1.653e+05

Perforation force Fp [N

+1.437e+08
+1.306

0 1 2 3 4 5 6 7 8 9

Punch displacement x [mm] +5.886e+04

Fig. 1. Comparison of FEM and experimental results for TFL10S belt perforation
with a single shear punch with a shear angle a = 30° along with sample
stress distribution obtained from FEM analysis

The results are presented in Table 3. Based on these results, the characteristics
showing the influence of the shear angle o on the perforation force F, punch deflec-
tion f'and pneumatic cylinder stroke increase As were derived (Fig. 5).
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Fig. 5. The influence of the shear angle on the perforation force F'» and the punch
deflection f

Table 3. FEM analysis results for the single sheared punch during TFL10S belt perforation

Shear angle o | Perforation force Fp | Punch deflection f | Stroke increase As

[°] (N] [mm] [mm]
5 4832 0.0156 0.87
10 3293 0.0205 1.76
15 3212 0.0301 2.68
20 2224 0.0325 3.64
25 1719 0.0351 4.66
30 1694 0.0453 5.77
45 1355 0.0833 10

As can be observed, there is a negative exponential correlation between the shear
angle o and the perforation force Fp. On the other hand, the positive, non-linear
correlation between the shear angle and the punch deflection f is visible. Since
the correlation is reverse, it is possible to find the effective solution by applying
constructional restrictions to the obtained models and find the shear angle range o
which fulfills both conditions.

If we assume that the drive for the designed punching die is the pneumatic cylin-
der with piston diameter d = 63 mm and operates under pressure of 6 bars, the drive
force F;, = 1870 N. For belt perforation, we use a very small punch-die clearance
L =0.1 mm, which indicates that the deflection cannot exceed 0.5L (for assurance
that no asperity contact between the punch and die occurs, causing tool wear or dam-
age, we can take 0.41). Increasing the stroke has a negative effect on the life of the
return springs in the punching die, so it should also be limited. If we apply the above-
mentioned assumptions to the characteristics in Figure 5, we only have a very narrow
range of shear angles where the value of o =25° lies. For this value the stroke in-
crease As is 4.66 mm, so it would greatly reduce the life of the return springs. As can
be observed, it is very hard to find the effective solution for a single sheared punch
for belt perforation and for some sets of design parameters, it may be impossible.
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4. Conclusions

Based on the obtained results, we can conclude that using a single sheared punch
can greatly reduce the perforation force (for a shear angle in range of 5-45° the per-
foration force varies respectively from 4832 N to 1355 N), however the asymmetry
of the punch causes the transverse force, which leads to punch deflection (increase-
ing the shear angle by 40° may cause over 5-times greater deflection). Since small
punch-die clearances are required for belt punching, the shearing of the punch
can be only used for a limited range of shear angles a. However, in order to obtain
the effective reduction of the perforation force Fp, the shear angle should exceed 15°
in order to avoid closed-contour punching. Based on the presented characteristics,
it is possible to find a solution which fulfils both criteria, but it is very difficult.
For the obtained results and assumed drive force and clearance there is only one
solution (25°), but it can be observed that selecting different reference values may
lead to no solutions at all. It shows the clear advantage of symmetrical punches over
asymmetrical ones for belt perforation.
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