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Abstract: Thick sheet punching is a process used in the automobile industry, especially in the
heavy vehicles segment. Aimed at generating holes of good cylindricity and surface quality,
the definition of the process parameter values and the tool design are critical to the process.
For this purpose, the finite element method is useful to decrease the trial-and-error proce-
dures and also the tool development costs. The main aim of the present study was to analyse
the influence of the punch design on the final quality of punched/broached holes produced
on thick steel sheets (8 mm, NBR 6656). Several geometries of punch with combined broaching
teeth as well as punches with traditional geometries have been analysed. The results of the
simulations led to a detailed understanding of the influence of punch geometry during the
punching-broaching process. In addition, a novel punch design approach was proposed
which allowed the production of holes of good cylindricity due to the progressive variation of

the clearance between the punch and the die during the punch penetration progress.
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1 INTRODUCTION

Thick sheet punching is a process used in the truck,
car, and tractor production industries and the petro-
leum segment. This process consists of cutting the
metallic sheet through the application of shearing
tensions by a punch against a rigid die. The shearing
tensions originate from superficial cracks whose
onset takes place at the regions in contact with the
punch-die interface. The punch penetration pro-
gression propagates the crack, resulting in the com-
plete rupture of the material.

The choice of suitable parameters for the tool and
for the process is crucial to the quality of the
punched hole, albeit the identification of these
parameters is, in general, the result of a series of
experiments which are costly and time demanding.
This fact was stated by Al-Momani and Rawabdeh
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[1], who concluded that use of the finite element
method (FEM), coupled with design of experiments,
provides a good contribution towards optimization
of the sheet metal punching and blanking process.
In past years, simulations of the shearing process
of sheet metals have been carried out emphasizing
use of the FEM to help the trial-and-error proce-
dures and also bringing about a better understand-
ing of the effects of process parameters. Hatanaka
et al. [2] carried out a series of blanking experiments
where the deformation aspect of the material in the
shearing region was observed in detail. From their
studies it was concluded that the penetration depth
at the crack initiation depends on the clearance
between the punch and the die. In cases when the
clearance is small, the cracks generated from the
punch and die edges propagate along a straight line
connecting the tips of both cracks, i.e. the punch
penetration depth at the crack onset becomes larger
as the clearance increases. FEM simulations have
confirmed such results. Husson et al. [3] also con-
ducted studies with FEM simulations of a blanking
process and found that, at high clearance, high tool
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wear (due to the high friction condition) affects the
quality of predicted sheared edges. Soares et al. [4]
studied the influence of the clearance between
punch and die during punching, via FEM. They
reported that clearances between 2 and 10 percent
were suitable for ductile steels because these mate-
rials need a smaller punch force and do not produce
large burrs during the punching process. Hambli [5]
reported a comparative study in prediction of burr
height formation in the blanking process and
showed that the results obtained by simulation and
by experimentation were similar. He reported that
clearances up to 10 percent are suitable to minimize
cutting forces; nevertheless, clearances up to 5per
cent are desirable because the fracture angle and
depth developed at the cutting region are mini-
mized. When clearance is set at 10 per cent, the pro-
cess is slightly more robust to tool wear as far as the
blanking force response is concerned and it is con-
siderably more robust — almost insensitive — to tool
wear and sheet thickness as far as the fracture depth
response is concerned. Whether clearance should
be set at 5 per cent or 10 per cent ultimately depends
on the priorities of the practitioners [6]. Marouani
et al. [7] studied the punch velocity (strain rate) and
clearance effect on the shearing process by experi-
mental and numerical investigations. Conventional
mechanical machines such as crank presses operate
at speeds ranging from 0.06 to 1.5m/s. The authors
concluded from their study that both the maximum
punch force and the shape of the cut edge are
affected by the punch velocity. In addition, they
reported that numerical simulation can be a useful
tool not only to improve the process, but also to
describe the material elastic—plastic behaviour dur-
ing punching and to assess tool changes. Komori [8]
studied the ductile damage in metallic sheets
experimentally and by FEM, developing a computer
finite element program which showed the crack
growth behaviour after the ductile fracture. Farzin
et al. [9] evaluated the influence of various damage
criteria in the simulation of the blanking process
and achieved a good match with experimental data.

Singh et al. [10] performed a design study of the
geometry of a punching-blanking tool using FEM
simulations, aimed at reducing the stress at the tool
during the punching/blanking process. A compari-
son of different punch geometries was carried out
and the effects of tool geometry on the punching-
blanking force and deformation of the punch were
analysed. However, it can be noted that there are
few studies in the literature on punching or blank-
ing of thick sheets using numerical simulation —
despite the process being used industrially.
Observing this research gap, Mello and Marcondes

[11] reported a new perforating process via a punch-
ing-broaching combined tool, i.e. a tool with a
punch tip and broaching teeth at its body. In order
to study the feasibility of this new combined tool for
punching and broaching, Marcondes et al [12]
studied experimentally the geometry of the tool
broaching area, the use of the punch tip for cutting,
and the lubrication effects as control variables.

In order to advance the subject a little further and
as a contribution to the research gap still present in
the state-of-the-art, the current work aimed to ana-
lyse, via numerical simulation, the influence of the
punch geometry on the quality of punched holes for
thick steel sheets. In order to do so, the influence of
the geometric configuration of the punches pro-
posed by Marcondes et al. [12] on the quality of
holes produced by punching of thick sheet was first
analysed. Then, a numerical study was conducted
with four different shapes to complement the analy-
sis of the influence of geometry in the process of
punching. Finally, based on the results, a novel
punch geometry that combines the major advan-
tages of the previously studied punches was
proposed.

2 EXPERIMENTAL PROCEDURE

The original experimental setup and quantitative
evaluation using analysis of variance of the hole sur-
face quality and dimensional precision (i.e. rough-
ness, fracture angle, tool temperature, and tool
degradation) for the new perforating process via the
punching-broaching combined tool were reported
elsewhere [12]. The experimental data were used to
validate the numerical simulations of the present
work.

To assess the effective influence of the broaching
operation of the tool developed by Marcondes ef al.
[12], three punches with different geometries of the
tool broaching area were evaluated in the present
work via FEM, using plane shear and the same fric-
tion conditions. The tool geometries I, II, and III
and their dimensions are shown in Fig. 1. The type I
punch has progressive teeth only in the cutting
direction, whereas the type II punch has progressive
teeth in both cutting and withdrawal directions, and
the type 111 punch has progressive teeth in the cut-
ting direction in two segments (2X). Geometrically,
the tools have 100 mm length and initial diameter of
8.8mm with the goal to punch holes with 10 mm
final diameter. The die diameter is 10.02mm, i.e.
the clearance between the initial diameter of the
punch and the die is about 7.6 per cent of the sheet
thickness per side.
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Fig. 1 Punch tool geometries (all dimensions in mm): (a) type I; (b) type II; (c) type III

The simulation of the combined punching and
broaching process was performed through the com-
mercial FEM code ABAQUS/Explicit using an axi-
symmetric model. The sheet was meshed with
quadrilateral elements with four nodes and reduced
integration (type CAX4R) and triangular elements
with three nodes (type CAX3) [13]. Soderberg [14]
reported that 128 mesh elements in the thickness
can provide good results. In the present work, in the
areas under high stresses (shear region), 128 mesh
elements were applied in the sheet thickness and a
coarse mesh was used for areas not under high
stress levels. The punch, die, and blank holder were
considered as analytic rigid surfaces. The contact
between the sheet and the tools was described by
the Coulomb friction model with a friction coeffi-
cient of 0.1 in all simulations. The load at the blank
holder was 10000N and the punch velocity was
1m/s.

The sheet material used was 8 mm thick, high-
resistance NBR 6656 steel. Its mechanical properties
are shown in Table 1.

The material was modelled as von Mises isotropic
hardening — assuming the material properties to be
similar in all directions. The damage initiation

criteria were chosen so as to predict the damage
initiation due to nucleation, growth, and coales-
cence of voids in ductile materials. The model
assumes that the equivalent plastic strain at the
beginning of failure, EIP}. is a function of the triaxial
stress and the strain rate, %{n.éplj. In this case,
n= —p/qg is the triaxiality stress, where p is the
pressure stress, ¢ is the von Mises equivalent stress,
and &' is the equivalent plastic strain rate. The pres-
sure stress p and the von Mises equivalent stress ¢
are represented by equations (1) and (2),

respectively
! (1)
p_§(0'1+32+0'3)
1/2
q—%[(0'1—0'2)2+(0’2—0'3)2+(0’3—0'2)2] : (2)

The criterion for damage initiation proposed by
Wu [15] is achieved when the condition shown in
equation (3) is satisfied, where @p is a state variable
that increases monotonically with plastic strain. At
each increment, the incremental growth in @p is
computed with equation (4)

Table 1 Mechanical properties of NBR 6656 steel

Yield strength (MPa) Tensile strength (MPa) Elongation (%) K (MPa) n

Density (kg/ mm®) Poisson's ratio Elastic modulus (MPa)

439 521 29 1012

0.20 7.8 x10? 0.3 210000
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In the simulations, it was assumed that stiffness
degradation is associated with each ductile damage
mechanism and can be modelled by applying a sca-
lar damage variable, D. At any given loading cycle
during the analysis the stress tensor in the material
is given by the scalar damage (equation (5))

oc=(1—D)a (5)

where & is the effective (or undamaged) stress ten-
sor that would exist in the material in the absence
of damage computed in the current increment. The
material loses its load-carrying capacity completely
when D=1.

The data considered to define the ductile damage
mechanism can be obtained as follows. For the uni-
axial stress, o #£ 0, 01 =03 =0, the triaxial stress fac-
tor value is obtained by replacing the values a3 # 0,
o1 =03 =0 in equations (1) and (2) and n=0.272 is
obtained. For the biaxial stress, it is assumed that
gy=c; and o3=0 and n=0.667 is calculated. For
shearing, 1= — o2 and o3=0 and =0 is obtained.
Furthermore, the damage evolution criterion was
determined, i.e. the parameter that defines how the
material degrades after the damage initiation criter-
ia are found.

3 RESULTS

The broaching teeth of the type I punch machined
the hole wall leaving a rough conic region (1 mm) at
the bottom end of the hole and a small buir (see
Fig. 2(a)). Owing to the cutting geometry in the
opposite direction (type II) and in two sections (type
III), the other punches pulled the buir material
inside the hole during the punch withdrawal. As can
be observed (Figs2(b) and (c)), the hole wall is
divided into two regions: the superior machined
during the downwards movement of the punch and
the inferior machined during the punch withdrawal.

Figure 2 shows that the variation in the arrange-
ment and amount of broaching teeth on the type II
and III punches did not cause any differences in
wall quality and only a small difference in rough-
ness was observed for the holes obtained with the
type I punch. However, the geometric differences

between the punches produced variations in the
force required during the stroke. The hole surface
quality obtained experimentally and the numerical
data showed good agreement.

Figure 3 illustrates the force-stroke diagram for
the three types of punch. For all cases studied, the
force peak occurred just before the start of the crack
on the die edge. In all cases, the peak force was
about 140kN. After the maximum force peak, the
cracks spread and met, producing the blow-out
effect. In all cases, the failure was around 2.6 mm
stroke (one-third of the sheet thickness). A clear-
ance between the punch and die above 7 percent
led to a bigger fracture angle. After the blow-out
effect, the broaching teeth began to machine the
hole wall and improve its roundness. The action of
the broaching teeth also showed variation in the
required force. The type II punch data (Fig. 3(b))
illustrated a second force peak that occurred when
the last tooth machined the hole wall. Tt is worthy
of note that punch type II has two broaching teeth
in order to machine the wall during the punch
withdrawal. The force curve showed only a slight
variation at the beginning of the punch withdrawal,
possibly due to the fact that the teeth designed to
machine at the withdrawal are not acting as
expected, but pulling burr material into the hole.
According to the simulation results holes with good
finishing were observed, but with few differences
between them and with minor differences in force
distribution. Apparently, the teeth configuration in
one or two stages was not effective, i.e. on the ini-
tial machining or during punch withdrawal. This
indicates that the most significant differences in
the results obtained by Marcondes et al. [12] were
due to combination with other variables such as
lubrication and balanced convex shear of the
punch.

3.1 Punch design study

As the geometries of the combined punching—
broaching tools did not show significant differ-
ences in quality at the punched hole wall, four new
punch types were proposed, as depicted in Fig. 4.
In this section, the influence of such geometries on
the hole quality and the force profile during the
process is analysed. It is worthy of note that type IV
is a punch with reduced tip contact area, type V is
a punch with a reduced flat face (two cutting
steps), type VI has conic broaching teeth, and
type VII has a concave conic shear angle of 22.5°
[10]. The FEM model was built as described in
section 2.
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Fig. 2 Hole wall quality obtained with the different punches: (a) type I; (b) type II; (c) type III
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Fig. 4 New punch designs investigated (all dimensions in mm): (a) type IV; (b) type V; (c) type VI;

(d) type VII

Figure 5 shows the influence of the different
punch geometries on the punched hole wall and the
force profile during the process. Punch types IV, V,
and VI showed the maximum force located at 1 mm
stroke, i.e. the instant prior to the propagation of
the superior and inferior cracks.

The type VII punch produced a more homoge-
neous force profile and with less initial ramp, with
the force peak at 2 mm stroke and without sudden
changes on the force profile. Such a characteristic
suggests a smooth shearing operation brought about
by the sharp angle at the cutting edge. In addition,
the conic geometry showed a more uniform energy
distribution. For type 1V, V, and VI punches, the
blow-out effect was expected at around one-third
thickness (2.6 mm). However, probably due to their
reduced tip area, a sudden blow-out effect was pro-
duced after 2 mm stroke.

The force-penetration data for type IV and V
punches showed smaller forces with maximum
value peaks of 90 and 100 kN, respectively, which is
probably due to the smaller area in contact with the
sheet until the occurrence of the fracture.

Type 1V, V, and VI punches presented a force-
stroke profile quite different from that shown by
punch VII, which is attributed to the greater com-
plexity of their geometries. Punch VI, for example,
gradually penetrated the sheet with three broaching
teeth acting on the hole wall. The beginning of the
inferior crack was preceded by a force peak of
180 kN (1.2 mm stroke). The conicity of the punch
tip made the main cutting edge have a smaller dia-
meter (9.2 mm at the tip of the punch) and, conse-
quently, a bigger clearance between the punch and
die of 5percent (0.4mm). This larger clearance
delayed the beginning of the inferior crack and also
produced a larger fracture angle. However, after the
total fracture at one-third thickness, the remaining
broaching teeth machined the hole wall, producing

a larger cylindrical region. It can be pointed out that
the good action of the broaching teeth was shown
in the force profile of the type VI punch delaying the
force application point.

3.2 Innovative punch design

Based on such results, a novel punch geometry that
combines the major advantages of the punches
studied previously was proposed (Fig. 6). The coni-
city on the tip of the punch was designed to ease
the initial penetration, producing a more homoge-
neous force profile. The shearing angle is r degrees,
where 7 is the sheet thickness. For this new tool, four
broaching teeth were designed at the punch body to
machine the hole wall and gradually decrease the
conicity. Also, the area near the punch tip was
designed as a straight region with the size of one-
third of the sheet thickness. It can be pointed out
that this height assures that the first broaching tooth
machines only after the occurrence of the blow-out
effect — usually after one-third of punch penetration.
The die diameter (@D) was defined by equation (6)
D =bp +C¢ (6)
where @bp is the largest punch diameter and C is
the punch die clearance of 0.2 percent per side
(0.016mm) — OD of 10.032mm. The @Obp was
defined for punching holes of 10 mm diameter on
8 mm thick steel sheet. The diameter at the punch
tip was defined according to equation (7)
@pt=0D — (CyX2) @)
where the initial clearance per side between the die
and the region at the punch tip, G, was defined as
7 percent, resulting in @pt of 8.91 mm. At the region
between @bp and Opt, four broaching teeth were
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Fig. 5 Stroke versus force for different punch designs (FEM): (a) type IV; (b) type V; (c) type VI;

(d) type VII
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3.3 Influence of punch geometry and the clear-
ance variation during the process

Figure 7 shows the action of the proposed format at
five different strokes. It can be observed that at
2.5mm stroke — one-third of the sheet thickness —

the blow-out effect took place. At this moment, the
clearance between the punch and the die was 7 per
cent causing a larger fracture angle.

Right after the blow-out, the first broaching tooth
began to machine the hole wall. After 5.5 mm stroke,
the last broaching tooth removed the remaining
material. At this moment, the clearance between the
punch and the die was 0.2 percent, which produces
a quite good cylindrical hole. The progressive clear-
ance variation proposed for this punch, ranging
from 7 per cent at its beginning to 0.2 per cent to its
end, is crucial because the larger clearance pro-
posed initially produces a larger fracture angle and
leaves a large amount of material to be removed by
the broaching teeth.

Besides reducing the punch force (100 kN maxi-
mum), the progressive action of the broaching teeth
removes material with a lower force. The progres-
sive reduction of the clearance during the process
brought about a machining with the last tooth of
the broach, with a clearance of just 0.2 percent
ensuring quite good cylindricity of the hole.

Force (kN)
0 40 B0 120

]
—

\[\n/

Displacement =5,5 mm

Punch

<

Stroke (mm)

Displacement =14 mm

Punch

<

Fig. 7 Five steps of the innovative punching process
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4 DISCUSSION

The numerical simulations with punches I, II, and III
showed that the broaching teeth configuration did
not cause any differences in hole wall quality, indi-
cating that the most significant differences in the
results obtained by Marcondes et al. [12] were due to
combination with other variables such as lubrication
and balanced convex shear of the punch. However,
from the punch design study in section 3.1, it was
possible to observe the real influence of punch geo-
metry on the shearing edge quality, such as:

(a) the smoothing of the force curve and the more
uniform energy distribution caused by punch
type VII;

(b) the lowest levels of force that were achieved
with punch types IV and V due to the smaller
area in contact with the sheet until the occur-
rence of the fracture;

(c) the large burnish area produced by punch type
VI that was achieved due a larger clearance on
the tip of the punch, ie. producing a larger
fracture angle that keeps more material which
is gradually removed by penetration of the
three broaching teeth.

All of this information was helpful to design the
innovative punch proposed in section 3.2. As can be
seen, the present work has defined dimensions that
are parameterized based on the thickness of the
sheet to be punched. In addition, this innovative
punch configuration showed a completely cylindri-
cal hole.

5 CONCLUSIONS

The computational simulation of the punching pro-
cess proved to be efficient to aid the optimization of
the tool geometry and process parameters. The com-
bined punching-broaching process was successfully
simulated and revealed only small differences
between the three initial proposed geometries (types
I, I1, and III). On the other hand, the simulations with
punches 1V, V, VI, and VII showed how the punch
geometry can significantly affect the hole quality and
the forces during the punching-broaching process. A
novel punch with the beneficial characteristics of
these studied punches was additionally proposed.
The parametric configuration of this innovative
punch facilitates the deflinition of the dimensions of
the tool based on the thickness of the sheet and can
allow the punching of holes with excellent round-
ness. However, it should be highlighted that the

results of the present work are valid only for punch-
ing thick sheets of NBR 6656 steel.
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