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Abstract: This publication presents the influence of selected parameters in the deep drawing process on the energy
consumption of the entire process. It was analysed how die clearance and the radius of the rounded working edge of
the die affect drawing force and work. Modifying these parameters does not directly affect the geometry of the finished
stamped product. In addition, it was analysed how modifying the clearance and the radius of the rounding of the working
edge of the die affects the magnitudes of stresses and strains in the tools, i.e. the punch and the die. The study was
carried out numerically using Ansys Ls-Dyna software. An elastic-plastic model with isotropic hardening was used to
model the tools without considering strain rate. This approach makes it possible to assess how a given process will
affect the abrasive wear of the working surfaces of the die and punches when the yield stress in the tool material is
exceeded. A significant increase in tool life was observed through a reduction in plastic deformation when using
clearances greater than the thickness of the sheet metal. Using a larger die edge rounding radius also positively affected
tool life, maximum drawing force, and total work.
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1. Introduction

Drawing processes belong to the metal forming processes and are, therefore, non-labelling processes.
In contrast to subtractive manufacturing, such as turning, milling or grinding, there are fewer possibilities for
improving productivity, reducing manufacturing time and minimising energy input (Bohdal et al. 2014, Bohdal
et al. 2013). In drawing processes, however, it is possible to reduce the energy input by reducing the maximum
force and the drawing work (Katdunski et al. 2016). This particularly involves ensuring ideal process condi-
tions. Among the most important is the minimisation of friction on the die working surface, which reduces the
drawing force, and the maximisation of friction on the punch surface, which protects the drawpiece from bot-
tom breakage. Tool durability is also among the important things, leaving aside the energy gain in terms of
less work and force resulting from the optimum selection of these parameters (Roizard et al. 2009). Materials
other than tool steel, such as ceramic materials, can be used to improve durability (Kataoka et al. 2004). In other
cases, innovative die designs are used, considering the die's deformation to ensure the ideal shape of the fin-
ished product (Choi et al. 2013, Del Pozo et al. 2008, lorio et al. 2016). Such modified tools are particularly
important when drawing non-standard components such as welded components, where deformable pressers
are used (Brusilova et al. 2017). Standard dies and punches can also deform elastically during the drawing
process (Lingbeek et al. 2007) and this is a normal phenomenon. Most numerical analyses of drawing processes
ignore tool deformability. If deformability is already considered, elastic models are most often used (Keum
et al. 2005, Neto et al. 2016, Takamura et al. 2004). The use of models that take into account yield stress and
isotropic material strengthening will allow the assessment of whether the process conditions are chosen opti-
mally and do not cause plastic deformation. Plastic deformation reduces tool life by causing greater surface
fatigue wear. In addition, the dimensional accuracy of the tools, i.e. their tool life, deteriorates.

This article presents the influence of the roundness of the working edge as well as the size of the die clear-
ance on the process conditions. The course of force from die displacement was numerically determined, and
the amount of work required to shape a good quality product was calculated. Using elastic-plastic models with
isotropic hardening made it possible to measure and evaluate how process conditions affect stresses and strains
in tools. This is new, as the tool models described in the literature only consider stresses and strains in the
elastic range. Considering plastic models with isotropic hardening allows plastic deformation in tools to be
monitored and can also be used to perform fatigue analyses.
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2. Model and Conditions of the Drawing Process

Numerical analyses were developed in Ansys/Ls-Dyna using the explicit method. A bilinear material model
with linear elastic characteristics and linear plasticity was used for both the workpiece and tools. The yield
strength for the tool steel was assumed to be 1200 MPa. The process was treated as isothermal and quasistatic,
i.e. it was assumed that the strain and stress values are not affected by the strain rate. A typical DC01 stamping
sheet was used as the drawing material. Its characterisation was developed based on a tensile flat three-stage
test specimen on a tensile testing machine. Different friction conditions were determined for die-sheet and
punch-sheet contact. The friction coefficients of the sheet against the die were defined as: 0.1 static friction
coefficient and 0.01 dynamic friction coefficient. The sheet's friction coefficients against the punch were de-
termined as: 0.2 static friction coefficient and 0.1 dynamic friction coefficient. Numerical tests were carried
out for the following constant conditions for all cases:

Doy = 70 mm — diameter of disc,

go = 2 mm — disc thickness,

dg¢ = 40 mm — die diameter,

rp =4 mm — roundness of the punch.

Three different die working edge roundings were assumed: 12 mm, 16 mm and 18 mm. For each radius,
simulations were carried out with 4 different clearances: 2 mm, 2.5 mm, 2.7 mm, 3 mm, which, with a fixed
die diameter dnm = 40 mm, required the use of punches with diameters, successively: d, =36 mm, 35 mm,
34.6 mm and 34 mm. According to recommendations from the literature (Marciniak 2002), the clearance
should be no less than 2.65 mm:

8max = 80" (Do/d)ba (1)
where:
gmax — maximum sheet thickness at the edge, mm,
20 — initial sheet thickness, mm,
Dy - initial diameter of drawing disc, mm,
d — outside diameter of finished drawpiece, mm,
bo  —exponent of normal anisotropy (isotropic sheet 0.5).

Figure 1 shows a 3D model of the freeform drawing process in cross-section. On the other hand, Figure 2
shows the process of forming a drawpiece without a flange. The initial stage (Fig. 2a) and the final stage
(Fig. 2b).

f Drawing die

Fig. 1. Three-dimensional model of the drawing process in cross-section
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a) b)

Fig. 2. Forming a drawpiece without a flange initial stage (a) and final stage (b)

3. Results of Numerical Calculations
3.1. Calculation of drawing force and total work

The maximum drawing force alone can determine whether the drawing process is proceeding correctly.
According to the literature (Marciniak 2002), the calculated estimated drawing forces should not exceed 90 kN.
It can be observed in Figure 3 that the maximum drawing force for a die clearance of 2 mm and a 12 mm
curved die used is more than 170 kN. Similar results of maximum forces can be observed regardless of the die
working radius used, where all forces exceed 170 kN (Fig. 4). Such high drawing forces are probably caused
by the difficult formation of the drawpiece flange in the gap between the punch and die. Using a larger radius
for the working edge of the die in such a case will not improve the situation but may make it worse. Because
the outer edge of the drawpiece is formed at a later time, the thickening of the flange enters the die later and
results in an even higher maximum force value. When drawing with larger clearances, the drawing forces are
below 80 kN and increasing the die radius from 12 mm to 16 mm or 18 mm further decreases the maximum
drawing force. In general, in drawing or redrawing processes, the aim should be to minimise force to minimise
wear on the working surfaces of the tools. At more than twice the recommended force, the abrasive wear of
the tools increases, impacting their service life.
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Fig. 3. Drawing force for 2 mm die clearance and 12 mm radius die
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Fig. 4. Maximum drawing force for 4 die clearances and 3 die radiuses

The total work was determined from the force-displacement diagrams of the punch using the trapezoidal
method of linearising individual measurement points. There are 1500 measurement points for each case.
The large maximum drawing force values recorded translate directly into the total drawing work required to
form the finished product (Fig. 5). Assuming that the path of product formation during punch penetration is
similar for different die radiuses, the total drawing work is mainly dependent on the drawing force. For the
applied die clearance of 2 mm, which is the thickness of the initial sheet, the drawing work averages 3500 J.
This is almost twice as much as for the larger clearances of 2.5 mm to 3 mm. The total work for the larger
clearances, for 3 different die radiuses, is between 1600 J and 1800 J. Increasing the clearance further, or in-
creasing the die radius, will not decrease force or work but may degrade the quality of the formed drawpiece.
Similar results in the context of die radius analysis were obtained in (Kaldunski et al. 2016).

H12 ml6 m18

2 2,5 2,7 3

Clearance [mm]

4000
3500

3000
Drawing work

W [J] 2500

2000
1500
1000

50

o

0

Fig. 5. Total drawing work for 4 die clearances and 3 die radiuses
3.2. Calculation stress and strain in drawing tools for clearance 2 mm

It was assumed that the material goes into a plastic state at stresses exceeding 1200 MPa and a strain equal
to 0.003. Maximum stress and strain values were read from individual nodes from across the whole object.
This means that the maximum stress located pointwise at individual nodes was determined as a numerical error
and did not determine the permanent deformation of the tool. This is rather related to the definition of the finite
element mesh and its density.
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Figure 6 shows the process phase for an applied clearance of 2 mm and a die radius of curvature of 16 mm,
for which maximum stresses were observed in both the punch and the die.

Fig. 6. Drawing process phase for maximum tool stresses

The maximum stress in the punch at this stage of the process is at the limit of the plastic phase and
is 1199 MPa (Fig. 7b). The stress concentration occurs in the contact area between the drawpiece flange and its
cylindrical surface. Such high values are directly caused by insufficient clearance concerning the increase
in thickness of the drawpiece sheet in the flange area. In the cross-sectional view, it can be observed that
the compressive stresses are localised to the punch axis but do not exceed 900 MPa (Fig. 7a).

a) b)
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Fig. 7. Reduced stress distribution in the punch, in cross-section (a) and on the cylindrical surface (b)

Similarly, the stresses on the die surface propagate at this stage of the process (Fig. 8). In this case, however,
they exceed the yield stress and are approximately 1300 MPa. They are also localised below the surface.
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Fig. 8. Reduced stress distribution in the die

As the yield stress is exceeded, plastic deformations of up to 0.02 occur on the surface and under the work-
ing surface of the die (Fig. 9). Assuming that plastic deformation occurs at deformations of the order of 0.003,
it can be concluded that these are significant permanent strains. Permanent deformations of 0.02 can affect the
dimensional accuracy of the die and accelerate the wear of its working surface. In addition, the fatigue strength
of the die surface will be significantly lower than if only elastic deformation occurs.
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Fig. 9. Strain distribution in the die
3.3. Calculation stress and strain in drawing tools for clearance 2.5 mm

Figure 10 shows the process phase for an applied clearance of 2.5 mm and a die radius of curvature of 16 mm,
for which maximum stresses were recorded in both the punch and the die. In this case, there is no overstretching
of the edge of the drawpiece flange, as was the case with the 2 mm clearance (Fig. 6). The clearance used
is slightly smaller than recommended in the literature for the given process conditions.
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Fig. 10. Drawing process phase for maximum tool stresses.

Figure 11b shows the localisation and distribution of the maximum stresses on the surface of the punch and in
its interior (Fig. 11a). The stresses oscillate around the mid-point of the yield stress, with a maximum of 631 MPa.
They are mainly located on the outer surface of the punch and do not extend to its axis. Although the stresses
are half as much as for the case with 2 mm clearance, the process stage at which they occurred indicates that
too little clearance is still adopted, and the drawpiece flange is compressed between the working surfaces of
the punch and die.
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Fig. 11. Reduced stress distribution in the punch, in section (a) and on the cylindrical surface (b)

Significant pressure on the working surface also occurs in the die. Locally, the stresses reach the yield point
(Fig. 12), but to a lesser extent than for a clearance of 2 mm. The distribution of these stresses is more concen-
trated around the die's surface area and minimally overlaps below the surface. Stresses oscillating around
the yield point result in permanent localised strain at several points in the die (Fig. 13). Serial deep drawing
ofproducts for such process conditions will result in an increase in these strains and increased local wear of
the die surface in this area. The dimensional accuracy of the die will also deteriorate, causing the nominal
dimensions of the die to increase.



The Influence of Deep Drawing Parameters on Stresses and Strains... 623

Effective Stress (v-m)
1.201e+03
1.081e+03
9.611e+02
8.412e+02
7.214e+02
6.015e+02
4.817e+02
3.619e+02
2.420e+02
1.222e+02 ]
2.352e+00

Fig. 12. Reduced stress distribution in the die
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Fig. 13. Strain distribution in the die
3.4. Calculation stress and strain in drawing tools for clearance 2.7 mm

Figure 14a shows the process phase for an applied clearance of 2.7 mm and a die radius of curvature of
16 mm, where the maximum stresses in the punch were observed. On the other hand, maximum stresses in the
die occur at the final stage of the drawing process (Fig. 14b). The different phases of the process in which the
tools are subjected to maximum stress mean that the clearance applied is greater than the maximum drawpiece
flange thickness achieved. This means that in the final stage of the drawing process, there is no compression
of the top edge of the drawpiece between the punch and the die, which negatively affects tool life. The maxi-
mum punch stress for such an early stage of the process means that the maximum drawing force has been
reached at this point in the process, which decreases as the drawpiece flange moves deeper into the die.

In this case, the maximum stresses in the punch occur at the rounded edge and do not exceed, even
pointwise, 500 MPa (Fig. 15). The punch's rounded working edge is generally the punch's most stressed area
during drawing or redrawing. However, this is not abrasive wear, as with high friction, there is no slippage in
this area. It is worn through excessive surface pressure.

The reduced stresses for the final stage of extrusion flange forming, as shown in Figure 14b, do not exceed
the yield stress in the die (Fig. 16). The average values are at 700 MPa. These values allow us to conclude that
the conditions of the drawing process are chosen correctly and the working surface of the die is not exposed
to plastic deformation, which was not observed in this case.
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a) b)

Fig. 14. Phase of the drawing process for maximum stresses in the punch (a) and in the die (b)
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Fig. 15. Reduced stress distribution in the punch, in section (a) and on the cylindrical surface (b)
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Fig. 16. Reduced stress distribution in the die
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3.4. Calculation stress and strain in drawing tools for clarence 3 mm

Figure 17a shows the process stage for an applied clearance of 3 mm and a die radius of curvature of 16 mm,
where the maximum stresses in the punch were observed. On the other hand, maximum stresses in the die occur
at the final stage of the drawing process (Fig. 17b), similar to the 2.7 mm clearance used. As can be observed
in Figure 17b, the selected clearance is too large in relation to the thickness of the sheet metal, as there is a gap
between the punch's side surface and the product's inner surface. This is a disadvantageous phenomenon but
mainly reflected in the quality of the drawn product, which will not obtain vertical cylindrical walls. The sides
of the drawpiece will have a sigmoidal outline sloping upwards towards the punch. Excessive clearance can
also result in greater stretching of the drawpiece sides, as the product is only in contact with the punch in the
bottom area and at the rounded edge of the punch.

a) b)

Fig. 17. Phase of the drawing process for maximum stresses in the punch (a) and in the die (b)

The maximum stresses in the punch occur, as for the 2.7 mm clearance, at the rounded edge and do not
exceed 450 MPa (Fig. 18b). Stresses are mainly localised closer to the face of the punch due to the larger die
clearance. Increasing the clearance further will no longer decrease stresses in the punch area but can only result
in them being localised to the frontal face. Below the surface of the punch, the value of the maximum stresses
is lower and does not exceed 300 MPa (Fig. 18a). In the punch core, the reduced stresses do not exceed
100 MPa.
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Fig. 18. Reduced stress distribution in the punch, in section (a) and on the cylindrical surface (b)
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As with the 2.7 mm die clearance, for a clearance size of 3 mm, the yield strength of the die is not exceeded.
The reduced stresses for the final stage of drawpiece flange formation max out at 1100 MPa, but these are
nodal values, which can be read as a point numerical error (Fig. 19). The average stress values oscillate around
600 MPa. As in the other cases, they are located in the lower curvature region of the die working surface.
This area is most often exposed to excessive contact pressure, and using too little clearance exposes the die
to damage. It is also particularly important that the working surface of the die is well lubricated, allowing
the product to be moved in depth with minimum friction, which at least partially limits the increase in stress
in this area. Because the sticking of the drawpiece in the die, due to the increase in frictional forces, will cause
a further increase in stress and strain in both the die and the punch.
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Fig. 19. Reduced stress distribution in the die
3.5. Results summary

Comparing all the results, it can be seen that, in the case of punch stress, the greatest difference is between
a die clearance of 2 mm and 2.5 mm (Fig. 20a). By increasing the clearance above the nominal sheet thickness,
a decrease in stress by half is observed. A further increase in the clearance size results in a further slight
decrease in stress values of around 100 MPa when the clearance increases to 2.7 mm and a further 50 MPa
when the clearance increases to 3 mm. The phenomenon is observed for all 3 dies with different rounding
radiuses of the working surface. There are slight differences in stress values between the different dies, which
can be considered insignificant.

In the case of die stress, on the other hand, the differences between the applied clearances have a near linear
characteristic (Fig. 20b). A gradual decrease in stress in the die can be observed as the clearance increases.
Also, increasing the size of the die radius results in a slight linear decrease in stress. Most significantly, from
a die clearance size of 2.7 mm, the stresses are below the tool's accepted yield strength of 1200 MPa.
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Fig. 20. Maximum stresses in the punch (a) and in the die (b)
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In the case of the punch, no plastic strain was observed for any of the die clearances used, and the 3 different
die radiuses used. In the case of the die, the characteristics of the dependence of the magnitude of the strain
on the applied clearance are non-linear (Fig. 21a). Significant amounts of plastic strain were observed for
a clearance of 2 mm and a die radius of curvature of 12 mm. The strain for this case reaches 0.055. Increasing
the die's curvature radius from 12 mm to 16 mm with the same clearance resulted in a decrease in plastic strain
to 0.025. The use of a die clearance of 2.5 mm resulted in a further decrease in strain magnitude to 0.0085 for
a die with a radius of 12 mm and 0.005 for a die with a radius of 18 mm (Fig. 21b). Only the applied clearance
of 2.7 mm for all 3 die types resulted in strains not exceeding the yield point specified at 0.003 strain values.
Increasing the clearance to a magnitude of 3 mm no longer had any measurable benefit in terms of a decrease
in the magnitude of strains, which were already at elastic rather than plastic levels.
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Fig. 21. Maximum strains in the die for all cases (a) and for clearances greater than 2 mm (b)

4. Summary and Conclusions

From the numerical analyses carried out in Ansys Ls-Dyna, it is clear that the amount of die clearance
is crucial to the life and wear of the drawing tools, punch and die. This is a more important parameter than
selecting the die's curvature radius. It has been numerically proven that using a clearance size of 2 mm, which
is the size of the initial sheet thickness, will result in very high drawing forces. They will be extremely detri-
mental to both the product and the tools. Due to the 2 times higher drawing forces achieved, compared to the
higher die clearances of 2.5 mm, 2.7 mm and 3 mm used, a significantly higher energy input will also be re-
quired to form the product. This occurs under the assumption that the punch travel distance is similar for all
cases and that changes in die rounding radius do not significantly affect the required displacement. The use of
larger rounding radiuses, on the other hand, reduces the drawing force. On average, this is 10% less between
the largest die radius of 18 mm and 12 mm, assuming a clearance greater than the initial thickness of the sheet.

There was also a significant effect of the amount of die clearance on the amount of stress in both the punch
and the die. With an initial sheet thickness of 2 mm, the clearance used caused stresses in the punch close to
the yield point. In the case of the die, the yield strength was noted to be exceeded for clearance sizes of 2 mm
and 2.5 mm, which also resulted in the appearance of plastic strains on the working surface.

For proper shaping of the product and for reliable and long-lasting tool life, a clearance of 2.7 mm is rec-
ommended. This is the optimum clearance for the selected drawing conditions. Increasing it to a value of 3 mm
will worsen the quality and dimensional accuracy of the product and will not bring tangible benefits in terms
of increased tool life. It is also recommended to use larger die radiuses, 16 mm and 18 mm, which results
in better moulding of the drawpiece and also generates less stress in the tools.

From the point of view of environmental protection, further research on plastic forming processes is im-
portant. Particularly concerning the modification of tool geometry, allowing for the minimisation of wear and
increased durability. This is important in the case of forming products from atypical metals, which are not
easily subject to plastic forming. In such conditions, optimal friction conditions are also very important.
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