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Abstract

Vacuum conveyor belt punching process by using the piercing punch which cooperates with the die has potential to be
modified in aspects of lowering the perforation force, extending the tool life, and improving the hole quality in the perforated
belts. All these parameters have an influence on the efficiency of the process and strictly depends on the punch geometry.
This indicates that based on these criteria the optimization of the tool constructional features may be performed. In the
presented research, authors have shown the linear correlation between the resistance force of the compressed material of
the multilayer polymer composite belt in punching and the efficiency of the process. It was also proved that using the
effective geometry of the piercing punch with spherical bowl can reduce the perforation force by 69%. Based on the obtained
model, the simplified optimization as well as the evaluation of the punches with defined geometry can be performed, since
all characteristics of the material compressive force obtained for the effective punches were almost consistent. For proper
analysis, it is necessary to use the combination of the analytical and numerical modelling, computer simulations with using
the finite element method (FEM) and the experimental tests. However, by performing simple compression tests for various
tool geometry on the strength testing machine, it is possible to perform the comparison analysis of different piercing punches
based on the derived models. This approach can be used to evaluate the properties of selected tools for the groups of materials
with wide divergence of the mechanical properties without performing the complex research.

Keywords Belt perforation - Piercing punch - Tool sharpness - FEM optimization - Manufacturing quality control -
Spherical bowl punch

1 Introduction that decreasing clearance (up to 5%) results in lower initial

burr values. Vinod and Shivashankar [3] have presented

Sheet metal punching is widely discussed in the scientific
literature and seems to be a rather simple manufacturing
process compared with different mechanical working
operations or the machining operations. For example,
Soares et al. [1] studied the influence of the punch-die
clearance on the sheared edge quality and force necessary to
pierce the metal sheet and stated that the clearance between
2 and 5% causes smaller peak of maximum punch force
and lower fracture angle. Mucha and Tutak [2] analyzed the
correlation between the clearance and tool wear and proved
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the recent technological advances in sheet metal forming
processes. Based on their analysis, the significant role of
the finite element method (FEM)-based simulation in the
blanking optimization was highlighted. Such parameters as
punch-die clearance, sheet thickness, friction and punch
radius, etc. were defined as the ones with influence on the
technological process efficiency. Similar conclusions were
also presented for the deep drawing process by Djavanroodi
et al. [4]. They proved that decreasing the punch radius
leads to lowering the initial pressure and that smaller friction
causes increase of the safe zone.

Although by using FEM analysis, we can improve the
technical aspects of the sheet metal punching process by
modifying the constructional features of the punching dies,
multiple handbooks like [5], which contain design briefs
and useful correlations between the geometrical or material
parameters and technical aspects of the final device can be
found. However, this data is not always valid for softer and
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more elastic materials like multilayer polymer composite
belts, as was proved by Wojtkowiak and Talaska [6].

The belt punching seems to be a much easier techno-
logical operation to perform, but due to the variety of the
mechanical properties of the multilayer polymer compos-
ite belts it causes a lot of technical problems for perforated
belts manufacturers worldwide [7]. Spagnoli et al. [8] exper-
imented on cutting both hard and soft polymeric materials
and described the mechanics of fracture which occurs in
these materials. They also stated that the blade sharpness
depends on the blade profile as well as material tough-
ness and deformability. Since multilayer polymer composite
belts are often the combination of both types of the above-
mentioned materials, it proves that punching them is com-
plex process and may be difficult for certain combination
of properties. Durante et al. [9] noticed that carbon fiber
reinforced plastics are prone to delaminate during drilling
and because of the presence of this defect the products can
be rejected. They have also presented their influence on
the cutting force and delamination factor. Anand and Patra
[10] discussed the difficulties of CFRP micro-drilling due to
anisotropic, abrasive, and non-homogenous properties and
how they have an effect on the hole quality and cutting
forces. The analysis of using different mechanical and non-
mechanical methods was presented by Wojtkowiak et al. [7]
and perforation by punching was chosen as the most suit-
able method. A series of experimental tests were performed
and proved the influence of the geometrical and process
parameters on the three main technical aspects: quality of
the perforated belt, force necessary to punch the hole in the
belt, and tool life or cutting edge wear. Chan et al. [11] stud-
ied the effect of die clearance on the punched holes quality
of composite panels and established it should have been
minimized. Zain et al. [12] verified the effect of the puncher
profile on the precision of punched holes on composite pan-
els and have selected the conical shape puncher as effective
one. Wojtkowiak et al. [13] have analyzed various modi-
fied shapes of the piercing punch for the multilayer polymer
composite belts and proved that concave punches provide
the best results. Wojtkowiak and Talaska [14] compared
spherical and conical bowl punches and proposed a spher-
ical bowl punch as an effective one for polymer composite
belts.

Wojtkowiak et al. [13] also proposed the model
for estimation of the perforation force for belts with
polyamide core and its application in the FEM modelling
of the belt punching process. Based on these data,
Wojtkowiak and Talaska [6] performed optimization of the
spherical bowl geometry, with the use of FEM analysis,
experimental results, and numerical calculations supported
by an analytical model. Multiple correlations which are
valid for the belt perforation process, where the punch
velocity and temperature are the variables, were also
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showed by Wojtkowiak et al. [15, 16]. The methodology
of modelling such a process and using these data in the
punching die design process was presented by Wojtkowiak
and Talaska [16].

Although the available scientific studies allow to improve
the belt punching process in a satisfactory way, it still
requires rather complex analysis and does not take into
consideration the manufacturing quality of the piercing
punch. As was proved by Wojtkowiak and Talaska [6], there
is a wide spread of the perforation force measurement for
tools with the same geometry but various tool conditions.
Due to the complex machining of the spherical bowl
punches, multiple sources of the errors can be detected,
like geometric and kinematic errors of the machine, thermal
errors, or deflection of the cutting tool errors [17]. This is
why it is important to be able to evaluate the sharpness
of the spherical bowl punch in order to predict the tool
performance and facilitate the product quality control in the
tool manufacturing process.

If we analyze the available methods of testing the sharp-
ness of the cutting edge, none of them is suitable enough
to achieve satisfactory and explicit results. Generally, we
can distinguish contact and non-contact methods of testing
the sharpness of the tool cutting edge as was presented in
the review of the evaluation methods and models of cutting
sharpness made by Reilly et al. [18]. Contact methods are
mostly based on the measurement of the force which needs
to be generated by the drive system in order to perform the
technological process. The correlation between the sharp-
ness and the cutting force was proved in multiple pieces
of research. The significant impact was made by McCarthy
[19, 20], who introduced the sharpness indicator BSI (Blade
Sharpness Index) based on the energy criteria, which should
not be material relevant, but takes into consideration the
blade angle, edge straightness, and blade radius. Schuldt
et al. [21] presented the methodology of the sharpness eval-
uation based on the cutting force for an elastomer. It is very
useful in the tool condition monitoring systems, which mea-
sure the force value in real time and provide information
when the loss of the process efficiency exceeds the limit
value. However, this approach is not advantageous for the
tool manufacturers in the quality control process since it
requires to have the machinery for which the tools are made.

Much more appropriate for this application are the non-
contact methods, which are mostly based on the correlation
between the cutting edge defects or wear and the sharpness
of the tool. Lau et al. [22] have used in their research
scanning electron microscope on the surface of the cutting
blade in order to check the wear level and in effect evaluate
the sharpness. Van Woerden [23] used the diffraction of the
laser light which was pointed at the knife tip and vision
detection of the light intensity levels measured at various
angles to determine the sharpness of the knife. Lu et al.
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[24] proposed the hybrid type instrument which is capable
of both contact and non-contact measurement by using
optical displacement sensor. In this paper, it was proved that
the resolution of non-contact method was two times better
than the contact one. Sandak et al. [25] have compared
various optical methods of measuring the geometry of the
cutting tool and stated that shadow triangulation is the most
reliable method, while using laser micrometer is the most
suitable for in-line application. Patel et al. [26] used the
vision systems in which the sharpness is defined based
on the image evaluation. However, these systems are very
expensive and require the knowledge to define the effect of
the observed defects on the sharpness, which is not possible
without experimental research. Of course, a few industrial
and patented systems for sharpness measurement can be
found, which use both contact and non-contact methods,
but their application is restricted to specific cutting tools
like straight edge knives or disk blades. Flisram et al.
[27] proposed the apparatus which makes a test cut in the
standard specimen and the peak cutting force is measured.
Lebouitz and Migliuolo [28] stated that mounting the
semiconductor sensor in the cutting device may be useful to
evaluate its sharpness. Lebeau [29] presented a method of an
optical sharpness meter for measuring and quantifying the
degree of sharpness. Also one industrial cutting test machine
for knifes and blades can be found [30].

None of these methods meets the requirement to evaluate
the efficiency of the belt perforation process in the explicit
way without taking time-consuming and expensive actions.
The most adequate method to evaluate the quality of the
punch after machining is precise measurement of the punch
geometry with using either a non-contact or contact gauge
head since the correlation between the punch geometry and
its performance has been already proved in [6]. But for the
spherical bowl punches, it could be difficult due to a closed
contour of the cutting edge and rather small diameters. This
is why it is desired to develop a simple method to evaluate
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the ability of the tool to reach a certain efficiency of the belt
perforation process, what is the goal of the paper.

In this paper, the authors presented the correlation
between the compressive force of the material and the
efficiency of the belt perforation process, which can
be evaluated by the peak perforation force value. This
correlation was used to develop a novel methodology of
evaluation of the cutting edge condition and as a result the
efficiency of the belt perforation process for the punches
with spherical bowl. The research is focused on vacuum
belt perforation, which is still an unknown issue, but the
presented data helped to better understand its nature. It was
also proved that the correlation between the compressive
force of the material and the effective geometry of the
piercing punch exists. It may result in greatly improving the
tool optimization process. Although the object of research
is the polymer composite belt, the obtained results and
characteristics may be useful for different materials as well.
The research was conducted based on the combination of the
FEM analysis and experimental tests whose methodology is
described in Section 2. The results and discussion presented
in Section 3 lead to the proposal of the application of the
derived correlations in the tools cutting edge quality control
for punches used for belt perforation, which is clearly stated
in the conclusions (Section 4).

2 Materials and methods

Polymer multilayer composite belts can be divided into
three groups [7]: light elastic belts, high strength rigid belts,
and elastic belts with increased strength. In this research,
the representatives of the first two groups were used, since
they are characterized with extremely different mechanical
properties. The structure of these belts is presented in Fig. 1.
Light elastic belt LAB12E is made of the polyurethane TPE,
which is reinforced with polyester (PES) fabric. To increase

TFL10S
NBR
(Taffeta Structured, Dark Blue)

PA Fabric

Fig. 1 Example of the structure of the multilayer polymer composite belts on the basis of FZ-5E12 (a) and TFL10S (b) belts (PolySprint® [39])
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its grip, it was coated with the special polyamide fabric on
the treading side and with the NBR rubber on the loading
side. The rigid belt TFL10S, with very high strength, has
a core made of a l-mm-thick polyamide film which is
protected with two protective gaskets made of polyamide
fabric. Both sides of the belt are coated with NBR rubber.
The main research was conducted for the TFL10S belt,
while the LAB12E belt was used to verify the correctness of
the presented correlations.

The conducted research was divided into two stages. In
the first one, the resistance force of the material Fj; was
derived based on the FEM analysis results and the analytical
model of the load distribution for the spherical bowl punch
during perforation [6]. Based on this model, the value of
material resistance is not constant, due to the non-linear
pressure area change (distance x(h)—Eq. 1) as the punch
penetrates the belt. It can be determined as presented in
Fig. 2 and Eqgs. 2—4:

1 1 / 1
x(h):—D—\/—Dz—Zh R?— -D? —p? (1)
2 4 4

n
O
Fyy = 2=t )
n
Fyi = kyi - hy, 3)
E-nD-x
kyj = —— 4

t
where D is the punch diameter, R is the punch bowl radius,
h is the depth of the penetration, x is distance of the pressure
area between the punch and belt, ¢ is the thickness of the
belt, and E is Young’s modulus of the belt.
However, if we analyze the load distribution, we can
derive the resistance of the material knowing the perforation

force Fp and the friction force Fr (Eq. 5). Both of these
values can be obtained from the FEM analysis results and
a set of numerical calculations performed on the basis of
the analytical model [6]. This approach was used in the
presented research.

1
FMZEFP—FFSinOl (5)

The FEM model used in the research to analyze vari-
ous geometries of the punches was constructed in ABAQUS
Explicit as presented in Fig. 3. The model consists of four
instances, but only the belt is modelled as a deformable
part, while others are treated as rigid bodies. The pierc-
ing punch was meshed with tetrahedral C3D10M ele-
ments due to the complex geometry, while the rest of
the parts were meshed with hexahedral, 3D stress, lin-
ear C3D8R explicit elements. The size of the finite ele-
ments was adjusted in such a way that 10 elements were
distributed on the thickness of the belt while the cir-
cumference of the punched hole was divided into 100
elements. The material of the belt was modelled using
isotropic properties with equivalent parameters and for
the damage modelling the Johnson-Cook model was used.
Simplifying anisotropic materials like natural composites
(wood, bamboo) or engineering composites (fiber rein-
forced polymer composites or metal composites) using
either orthotropic or transversely isotropic model is com-
monly used [31, 32], especially in machining simulations
for composites. Examples of successfully using Johnson-
Cook plasticity model for composite materials can be found
in the literature as well [33, 34], while this model is appli-
cable for isotropic material only. More detailed justification
of using such simplification of the orthotropic structure of
the belt is presented in [13] and [35].

!
A

Fig.2 Methodology of modelling the resistance force of the material during belt perforation with spherical bowl punch [6]: Fp, perforation force;
Fr, transverse force; Fpg, radial force; Fr, friction on the inside surface of the bowl; Fr, friction on the side surface of the punch; Fj;, material

resistance force
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Fig.3 Construction of the FEM model in ABAQUS and sample results of the analysis [6]

The contact between the belts and the tools was set
as tangential behavior friction with the coefficient of 0.6
and hard contact in the normal directions. The frictional
behavior in the real conditions is much more complex
due to the layer structure of the belt. However, since
the homogenization of the material was performed using
average mechanical properties, the friction coefficient is
also treated as constant value. The kinematic extortion of the
piercing punch with velocity 0.5 mm/s was set as a boundary
condition in order to maintain the quasi-static nature of the
process and neglect the influence of punch velocity. The
analysis lasts 10 s and the mass scaling with target time
increment was set as 0.001 to reduce the computational
time without affecting the results. The main parameters used
in the analysis are presented in Table 1. A more detailed
description of the model along with its validation can be
found in [6].

The second stage of the research was concerned with the
experimental tests of both perforation force and resistance
force of the compressed belt values for various geometry
of the piercing punches with a spherical bowl punch. Both
these tests were made for five different punches with
diameter D = 10 mm and various punch radius R = 5.5,
6.5, 7.25, 8.5, and 10 mm. Each test was repeated 5 times

Table 1 Parameters used in the FEM analysis [6]

to obtain reliable data. The results of the measurement of
the perforation force along with the construction of the
punching die used for it were already presented [6] or [13]
and they were used to determine the effective geometry of
the spherical bowl punch. In order to expand the research,
extra four punches which were defined as effective ones
based on research [6] for diameters D =5, 6, 8, and 10 mm
(with radiuses R = 2.9, 3.5, 4.8, and 6 mm respectively)
were also tested. The set of tools used in the research is
presented in Fig. 4.

Based on the observations during previous research, it
was assumed that there has to be a correlation between
the resistance force of the compressed material of the
multilayer polymer composite belt during punching and the
efficiency of the process, which can be evaluated based on
the perforation force value. Because of this, it is possible
to develop a simple testing methodology of the compressive
resistance force, which will enable evaluating the tool
condition in the quality control process. The construction
of the applied test stand is presented in Fig. 4. It consists
of the strength testing machine MTS Insight 50 kN along
with its gripper in which the punch chuck is mounted.
The tested tool is embedded inside the punch socket in
the chuck and blocked with a forelock. The belt lies on

Density Young’s modulus Poisson ratio Johnson-Cook model parameters
p lkg/m?] E [MPa] v [-] dy [-] d [-] d3 [-] dy [-] ds [-]
1140 235 0.2 —-0.24 0.32 2.6 0 0
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Blank holder
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machine

TFL10S belt Support plate

Fig.4 Test stand used to measure the compressive force and set of tested punches

the flat support plate at the bottom of the strength testing
machine and is held by the blank holder to maintain belt
flatness. During the test, the compressive force in function
of the punch displacement is measured. The test ends at a
specific penetration depth inside the belt, which is specified
based on the polymer multilayer composite belt structure
and its thickness. The main advantage of the presented
methodology is that there is no requirement for specific
machinery in the manufacturing facility and the results are
easy to analyze. Similar examples can be found in literature.
For example, Bassoli et al. [36] used this approach in testing
the restraining force in deep drawing where the common
tensile test was used. Zhou and McMurray [37] applied
similar methodology for testing chirurgical cutting tools
where they are using the compressive force to predict the
required cutting force. Also McGorry et al. [38] proposed

Fig.5 Material resistance force
characteristic in function of
punch displacement for the
TFL10S belt and a spherical
bowl punch with a diameter D =
10 mm and radius R = 6 mm

]

—
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simple sharpness tester on similar basis of using a motion
that is representative for meat cutting to test kitchen knives.

3 Results and discussion

Based on the presented methodology, the material resistance
force characteristics in function of the punch displacement
for all the analyzed punches and the belt TFL10S were
derived. Sample results for the spherical bowl punch with
diameter D = 10 mm and radius R = 6 mm are presented in
Fig. 5. As can be observed, the material resistance increases
until the punch penetrates approximately half of the belt
thickness (r = 2.65 mm) and after that the force value starts
to decrease. It is caused by the fracture of the core of the
belt, since it was reached by the cutting edge of the piercing

1

Material flow

Elastic-plastic deformation
Fracture

/ Failure

1 1.5 2 2.5

Punch penetration h [mm]



Int J Adv Manuf Technol (2020) 110:717-727

723

punch and the limit strain was exceeded. This induces that
for analyzing the compressive force the value of at least 0.5¢,
which lies nearby, should be considered for evaluation of
the process, since it guarantees reaching the core of the belt,
which determines the strength of the belt.

In order to find the correlation between the punch
geometry and the material resistance force, the peak values
of the force were derived based on the FEM analysis for
a punch with diameter D = 10 mm and various punch
radiuses in range of 5.5 to 10 mm (Fig. 6a). The growing
tendency with the increase of the bowl radius is visible and
it can be approximated with a linear correlation without
errors greater than the FEM model precision. If we consider
punches with the same bowl radius R = 7.25 mm and
various diameters D = 5, 6, 8§, and 10 mm (Fig. 6b),
the monotonicity of the function is preserved, but the
correlation is non-linear. It can be caused by the dual
influence of the diameter D change with constant bowl
radius R—it increases the length of the cutting edge,
which affects the force necessary to generate stress in the
shearing cross-section and improves the sharpness of the
tool, which should speed up the failure of the belt core.
Nevertheless, both of the characteristics proved the thesis
that the correlation between the resistance force of the
compressed material of the multilayer polymer composite
belt during punching and the efficiency of the process exists.

To specify this correlation, the experimental tests of the
compressive resistance of the material for the belt TFL10S
and spherical bowl punches with diameter D = 10 mm
and various bowl radiuses were performed according to the
methodology presented in Section 2. The results of the force
measurement are presented in Fig. 7. As can be observed,
the characteristics for different tools are consistent at the
beginning, when the failure does not occur, but starts to
differ after the cutting edge starts to separate the layer of
material from the scrap. As was stated at the beginning of
this section, the value which precisely reflects the efficiency

1800
. F,, = 63.774R + 1009.4
S R = 0.8052 L1667
S
8 1600 s 1577 I
8 ' Lot 1592
8 & 1389 1377 R
= = 1482
= 1400 e ‘ :
8 L1430
e 1366
v 1200

5 6 7 8 9 10

Punch bowl radius R [mm]

of the perforation process is the force magnitude for depth
of penetration & = 1.5 mm. These values were used in
the characteristic presented in Fig. 8a. The obtained results
proved that the linear correlation between the material
resistance compressive force Fcpp and the geometry of
the punch (the punch bowl radius R) exists. To verify the
correctness of the thesis, the same experimental tests were
conducted for the belt LAB12E with extremely different
mechanical properties and the results are presented in
Fig. 8b.

As can be observed, both characteristics present the same
tendency, which broadens the spectrum of application for
such a tool quality control method. Since the presented
methodology is non-invasive for the piercing punch and
requires only a small piece of the tested belt, it can be easily
used to evaluate the sharpness of the cutting edge. If the
obtained results lie too far from the derived characteristic
for the selected belt type, it follows that the tool condition is
not proper and should be corrected before it will be allowed
to be used. If the measured value lies over the estimation
line, it means that the sharpness is lower than it should be,
while the results lying below the line may be characterized
with a shorter tool life. Based on these results, the factory
quality standards can be determined.

Although this approach can be useful in the manufac-
turing process, it does not provide information about the
efficiency of the process. In order to be able to evaluate this
parameter, it is necessary to find the correlation between
the measured force and the perforation force Fp or the per-
foration force reduction parameter P F' R, which represents
the energy saving compared with using a basic flat piercing
punch and is defined as follows:

F - F
PFR = _FLAT — 7SB 40 ©6)

Frrar

To achieve this goal, the results from previous research
[6] and from the presented experimental tests are sum-

b)
1600
- 1430
: 124
8 1200 P
Z 945 .
$Z 80 673
% 400 Fy, = -21.514D2 + 470.45D - 1128.1
E R*=0.9967
S
- 0

4 6 8 10
Punch diameter D [mm]

Fig. 6 The correlation between the variable punch bowl radius with punch diameter D = 10 mm (a) or the variable punch diameter with bowl
radius R = 7.25 mm (b) and the peak material resistance force for TFL10S belt
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Fig.7 Test results of the
material resistance compressive
force in function of punch
displacement for various bowl
radiuses R, punch diameter D =
10 mm, and TFL10S belt

Fig.8 Correlation between the
resistance compressive force for
selected /2 and bowl radiuses R
for punch diameter D = 10 mm
and TFL10S (a) and LAB12E
(b) belts
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Table 2 Results of the compressive force measurement for various piercing punches and comparison with the force values obtained from FEM

analyses and experiments

Punch Bowl Compressive Perforation Perforation Force Force
diameter radius R force Fepp for force for force for reduction— reduction—
D (mm) (mm) h=1.5mm (N) spherical spherical simulation experiment
bowl punch— bowl punch— PFRFrEgy [%] PFRexp [%]
simulation experiment
Fsp—rEm [N] Fsp—gxp [N]
10 5.5 1961 1685 1437 63.6 69
6 2352 1848 1562 60.1 66.3
6.5 3272 1935 2122 58.2 54.2
7.25 3523 2054 1863 55.7 59.8
8.5 5590 2376 2680 48.7 422
10 6674 2521 2458 45.6 46.9
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Fig. 9 Correlation between the material resistance compressive force
for TFL10S belt

marized in Table 2. For the calculations, the perforation
force for the flat punch with diameter D was assumed as
4633 N [6]. The correlation between the P F R and mate-
rial resistance compressive force Fj; for both simulation
and experimental tests is presented in Fig. 9a. As can be
observed in both cases, the linear correlation between these
parameters is visible. The convergence for the simulation
results is slightly better than for the experimental values
since two of the tested punches had lower cutting edge qual-
ity. If we compare it with the analysis [6], we can easily see
the resemblance.

Based on the above characteristics, we are able to
evaluate the anticipated tool performance during the belt
perforation process based strictly on the experimental
results from a simple test using the developed methodology.
The PFR parameter is a relative one, which makes it a
universal indicator which can be used to evaluate the process
for any type of belt. However, for the application in the
punching design process, it is required to know the peak
perforation force for a selected belt type and a flat piercing
punch in order to design the drive system of the machine
(for example, to select a proper pneumatic actuator). To
meet this requirement, the correlation between the material
resistance compressive force Fj; and the peak perforation
force Fp has to be specified, as presented in Fig. 9b. The
main disadvantage is the necessity to perform full research

Fig. 10 Test results of the a)
material resistance compressive

force in function of punch Z 4000 | ***D=5mm
displacement for effective bowl 8 E oD =6mm
radius and various punch g k= 3000
diameters D and TFL10S belt 'z g ---D=8mm
(a) and the correlation between = ; 2000 — D=10mm
the force reduction P F'R and the 5%
material resistance compressive S é 1000
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for at least the belt with the highest strength in order to
properly select the drive for the punching machine.

This methodology of testing can be also used to evaluate
the effective geometry of the piercing punch. If we analyze
the characteristics (Fig. 10a) for the effective geometries
of the punch for diameters D = 5, 6, 8, and 10 mm [6],
we can observe the consistency of the characteristics, with
only a slight deviation at the end of the measuring range. It
follows that by testing the compressive material resistance
force and comparing it with the obtained characteristics
of the effective piercing punches, we are able to define
how far from the optimal solution the manufactured tool
is.

To analyze a small deviation in the force value for punch
penetration & = 1.5 mm between each of the characteristics,
the PF R was calculated for each of the piercing punches
(Table 3). The divergence is caused by the decreased ability
for the perforation force reduction with a rising diameter of
the punch. If we apply these values, the linear correlation
between the P F R and compressive resistance force Fcyp
can be found (Fig. 10b). This characteristic can be used
for quality control of the cutting edge of the effective
punches for belt perforation. Based on the perforation force
estimating characteristics [6], we can predict the value of the
force and by combining it with the values for a flat punch
derived based on the model [13], we can calculate PFR

b
) 3200

2800
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Table 3 Results of the compressive resistance force measurement for effective tools

Punch diameter Effective bowl Compressive Perforation Perforation Force reduction
D (mm) radius R (mm) force Fcpyp for force Fsp_Exp force for a flat PFRgxp (%)
h=1.5mm (N) N) punch  Frprar
™)

10 6 2352 1562 4633 66.3

4.8 2494 1462 3485 58

35 3051 1803 2643 31.8
5 29 3049 1452 2155 32.6

for a selected tool geometry. After manufacturing this tool,
we are able to check if the measured compressive resistance
force of the material is consistent with the predicted value
of PFR. If the force Fcpyp is lower than expected, it
means that the tool is sharper, which may lead to shortening
its life. If the force Fcpp is higher, it follows that the
cutting edge is too blunt and the efficiency of the perforation
process will be reduced (the perforation force will increase).
Additionally, if we use the characteristic Fcp p(P FR), we
are able to calculate the magnitude of the changes in the
process efficiency.

4 Conclusions

The presented research proved that the correlation between
the resistance force of the compressed material of the
multilayer polymer composite belt during punching and
the efficiency of the process exists. The linear correlation
between the compressive force and the bowl punch radius
(for the same punch diameter) was found, which resulted in
linear correlation with the perforation force and its reduction
(PFR). It was evident in the results that, regardless of
the punch diameter, if we have used effective geometry
of the punch, the characteristics of compressive material
force to the punch displacement were almost identical
(especially in the beginning part). The estimated force value
and its reduction corresponds with the experimental values
obtained during the tests. It was also proved that using
the effective geometry of the piercing punch with spherical
bowl can reduce the perforation force by 69%.

Based on the obtained model, the simplified optimization
as well as the evaluation of the punches with a defined
geometry can be performed. It can be very useful in the
tool quality control during its manufacturing process to
check the sharpness of the cutting edge of the piercing
punch. For proper analysis, it is necessary to use the
combination of the analytical and numerical modelling,
computer simulations using the finite element method
(FEM), and the experimental tests. However, by performing
simple compression tests for various tool geometry on

@ Springer

the strength testing machine, it is possible to perform the
comparison analysis of different piercing punches based
on the derived models. This approach can be used to
evaluate the properties of selected tools for the groups
of materials with a wide divergence of the mechanical
properties without the need to perform complex research.
Based on the abovementioned conclusions, this research
provides a lot of useful information for both the scientific
approach and industrial approach. Its further development
is possible to refine the influence of process parameters like
punch velocity or tool temperature.
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