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Simulation of Flat Die Deep Drawing Process by Variable Contact Pressure Sliding Model
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Abstract: Influence of the contact pressure in the deep drawing processes is a very actual research topic in the metal forming technology. Within this research the tribological
model of the strip sliding in the flat die was developed. The original experimental computerized apparatus for testing of the strip sliding in the variable contact pressure
conditions was developed, as well. The complex, multi-factor experiment was performed by application of the Al thin sheet, with the contact elements of various roughnesses,
with different lubricants application and with the variable contact pressure. Besides the description of the developed apparatus, the theoretical way for determination of the
pressure dependences was also presented. Based on the theoretical changes of pressure, set in advance, the real influence of the contact pressure was obtained, for each
of the given conditions. That makes possible to determine the influence of the tribological factors on the actual pressure. The obtained real contact pressure has verified the
reliability of the experimental apparatus, namely the degree of the theoretical pressure dependences deviation from the real ones.
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INTRODUCTION

There are just a few options to influence the deep
drawing process, mainly by the contact pressure effect on the
thin sheet flange and by the draw beads action at the holder.
In majority of researches in this field, presented until now,
the pressure within a die was set as constant. This research
is focused on the variable pressure, i.e. on its continuous
setting during the sliding process via functions established
in advance, as well as on development of the matching real
model. Influence of the variable contact pressure is the actual
subject of research, in order to discover the new possibilities
for controlling this forming process. Analysis shown in
paper did not take into consideration the other influential
factors (the die, the contact conditions, material etc.).
For that purpose, various physical-tribological models
were developed, of which the most present is the flat die
sliding model [1]-[5]. The problem treated in those papers,
was the modeling of the deep drawing process at the thin
sheet flange, at the flat contact surfaces between the holder
and the die. The tribological models were created taking into
account all relevant factors like material, die, machine, and
contact conditions enabling monitoring of variation of
friction coefficient and drawing force.The tools of various
surface roughness were applied. The contact conditions were
realized, besides by the contact surfaces conditions, as well
as by application of many types of the deep drawing
lubricants and by thin sheets with different coatings. Besides
that, variation of the sliding speed of the thin sheet was
enabled, [6]-[8]. The objective was typically how to control
the output parameters of the process in order to reduce deep
friction coefficient and drawing forces as much as possible,
on one side, and to get desired geometry without the
wrinkles at the flange on the other side, [9]-[11].
An experimental evaluation of the friction coefficient
during the thin sheet strip sliding is presented in [1]. The
simple measurement system records the force variation on
the strip (specimen), including cylindrical dies and strips
made of different sheets, with or without certain coatings.
Contact conditions can be set depending on applied
lubricant, die and material coatings, roughness, etc. The
reliable results were obtained, which could be used in the
forming processes of the thin sheets with the similar sliding
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schematics. In investigation, reported in [2], another device
was used, which was of more massive build. The realized
contact pressure was from 1 to 15 MPa. Only one (mixed)
friction regime was used. Experiment assumed variation of
the die surface roughness. Obtained results confirmed the
current findings. For the higher sliding speed and the higher
contact pressures the friction coefficient values were
decreasing. However, the higher roughness of the die did not
always imply the higher values of the friction coefficient.
Authors of paper [3] presented a research of the friction
coefficient of thin sheets effects on two models. The results
have shown that by the cross-sliding test one can obtain
reduced friction probably because of slightly increased
contact pressure. It was also noticed that the friction
coefficient decreases with the number of realized slidings
due to the surfaces running-in effect. Extensive investigation
of the thin sheet sliding between the flat surfaces was
reported in [4]. The zinc coated thin sheet was made of high
strength steel and roughness in the form of asperities was
determined. One would expect that such roughness would
cause creation and retaining of the micro-pockets of
lubricant and more favorable friction conditions, with
respect to classical thin sheets. The researchers concluded
that friction coefficient was decreasing with increase of the
sliding speed and the contact pressure. Increase of thickness
of lubricant layer does not affect the obtained results. In
paper [5] the influence of lubricant, tempearture and contact
pressure on the friction coefficient was monitored. Besides
the usually expected results, it was especially emphasized
that the influence of lubricant was mainly weaker for the
sheet made of aluminum.
2 EXPERIMENTAL INVESTIGATIONS
2.1 Tribological Aspect of the Flat Die Sliding
The deep drawing complex parts are accompanied by
numerous influental parameters, making it one of the most
complex and demanding forming processes. Therefore, the
principle of physical modeling of this complex part
characteristics is applied, which is used as a basis for
complete tribological modeling of the process, [12], Fig.
1a. The thin sheet sliding (strip pulling) between the flat
surfaces of the holder and the die (model "A", Fig. 1a)
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corresponds to zones of the working piece that are not
subjected to lateral compression but only to stretching in
the radial direction. The drawing force, as a consequence
of the pulling action, is transferred via the die's edges
rounding to the zones below the holder, Fig. 1b.

Figure 2 Mechanical part of the apparatus during the pulling

a)

b)
Figure 1 a) Scheme of the physical modeling of the parts with the complex
geometry; b) Scheme of the flat dies test.

The surface pressure during the sliding is lower than the
yield strength, so deformation remains elastic. Changes on
the contact surfaces (wear, glued particles) can disturb the
stable course of the sliding process. Otherwise, the failure of
the drawed part can occur [13], [14].
2.2 Experimental Apparatus
The experimental apparatus, developed especially for
this investigation, is shown in Fig. 2 and explained in more
details in [15].
The control unit (microcontroller) is the most important
segment of the electro-electronic module, since it provides
the support to the control system by the built-in software.
The control signals to the executive elements of the
hydraulic system are generated via the pressure control
card [15].
The key element in the separate hydraulic module is the
voltage proportional valve. For a certain value of the
voltage signal from the control card one obtains a certain
flow, namely a certain pressure in the cylinder which
ensures the blank holding force. That force is transferred to
the exchangeable contact elements in the hydraulicmechanical part of the apparatus, which provides the
holding of the sample – the thin sheet strip. The strip is
clamped in the jaws at the top side of the holder, Fig. 2.
Fig. 3 shows the exchangabe sliding elements.
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Figure 3 Exchangeable sliding elements

3

PREVIOUSLY DEFINED AND REALIZED PRESSURE
DEPENDENCIES

Six variable dependencies of the contact pressure in
terms of time were predefined for the needs of the planned
experiment. Those dependencies are presented in Figs. 4 to
6; curves are marked as P1 to P6. Dependencies P5 and P6
are linear, while P1 to P4 are non-linear. Functions are
defined based on empirical values of the minimum and
maximum pressure (0 to 20 MPa) [16], [17]. The pressure
step is 60 mm, corresponding to the properties of the
laboratory press [18], [19]. The pulling speed of 20
mm/min was chosen, what enabled solving the process
parameters control. In that way, the maximum duration of
the process of 180 s was obtained. The parabolic square
functions were defined through the three points in the
empirically defined frame 20 MPa – 180 s, Figs. 4 and 5.
The wide range of the pressure functions of various
characters was formed – the monotonically decreasing
(P1), monotonically increasing (P2), combined increasingdecreasing (P3), combined decreasing-increasing (P4),
linear – increasing (P5) and linear-decreasing (P6). In such
a way a possibility was created for investigation of the
influence of the variable contact pressure on the drawing
force, the friction coefficient and variation of the thin sheet
surface roughness, simultaneously with other influential
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factors. Of those factors one should mention the type of the
thin sheet material, type of the coating on the die and
influence of the various types of lubricants in the contact.
The objective was to obtain the answers to the
following questions:
a) Is it possible to directly change the drawing force and
the friction coefficient by changing the character of the
contact pressure function?
b) How much could other influences (materials, coatings,
lubricants) disturb the pressure action and transfer of
the pressure function character onto the drawing force?
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Figure 4 a) Analytically pre-defined pressure functions; b) Comparative
presentation of the analytical and the experimental pressure dependencies.
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Figure 6 a) Analytically pre-defined pressure functions; b) Comparative
presentation of the analytical and the experimental pressure dependencies.

unknown constants:

At p =8 MPa and at t = 90 Eq. (1) gives

=
8 8100 ⋅ a + 90 ⋅ b + 20.
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where a, b and c are the unknown constants. For the
pressure curve P1 (Fig. 4a) the constants were determined
from the following conditions:
At p =20 MPa and at t = 0 Eq. (1) gives

=
0 32400 ⋅ a + 180 ⋅ b + 20.
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Figure 5 a) Analytically pre-defined pressure functions; b) Comparative
presentation of the analytical and the experimental pressure dependencies
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Based on Eqs. (3) and (4) one solves for the other two
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and obtains the expression for the pressure variation
function P1 as
=
p

1 2 7
t − t + 20.
4050
45

(6)

By analogous procedure one can obtain expressions
for the pressure functions P2 to P4, Figs. 4a and 5a.
Defining the linear functions P5 and P6 is similar and
simple, Fig. 6. The real pressure dependencies, shown in
Figs. 4b, 5b and 6b were realized for the sake of
comparison, without activating the drawing force.
4

EXPERIMENTAL RESULTS AND DISCUSSION

The complex, multi factor experiment was realized with
the presented apparatus, with numerous combinations of the
tribological conditions at the contact. That implies various
roughnesses of the contact surfaces of the sliding elements,
various types of thin sheets and lubricants [19]-[22], with
simultaneous setting of previously defined pressure
dependencies P1 to P4 (Figs. 4 and 5). Numerous results
were obtained caused by different combinations of the
aforementioned conditions. This paper presents only a
portion of results, which is related to analysis of the realized
pressure dependencies in terms of the drawing step, on
aluminum thin sheet AlMg4.5Mn0.7 (0.9 mm), for two
types of lubricants (oil for deep drawing and the lubricating
MoS2 based grease) for the set pressure functions P1 to P4.

a)

b)
Figure 8 Obtained pressure dependencies with application of the MOS2 based
lubricating grease: a) P3; b) P4.

a)
a)

b)
Figure 7 Obtained pressure dependencies with application of the MOS2 based
lubricating grease: a) P1; b) P2.
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b)

Figure 9 Obtained pressure dependencies with application of oil for deep
drawing: a) P1; b) P2.
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The emphasis was to compare the real pressure
dependencies with every analytical function (P1 to P4).
Four different types of the contact surfaces of the punches
were applied (ground, nitrided, polished and TiN coated),
Figs. 7 to 10. In this way it was possible to deduce
conclusions on operation of the designed apparatus, i.e. to
what extent are present certain deviations of the realized
pressure curves from the theoretically obtained curves,
under the mentioned conditions. Besides that, it was also
possible to determine how strong the influence of the
tribological conditions on the really attained pressure is.

a)

5

CONCLUSION

Based on obtained experimental results, one can draw
the following conclusions:
a) The apparatus is fully functional and it is capable of
successfully realizing the set mathematical functions of
pressure variations, what is shown in diagrams of the
really obtained pressure dependencies (Figs. 7-10).
Repeatability of results is very good and only minimal
deviations from the theoretical pressure functions were
present (Figs. 4-6).
b) Influences of lubricant type and surfaces conditions on
the measured pressure were negligible. Varying the
mentioned tribological conditions would lead to
different dependencies of drawing force and friction
coefficient, what gives scope for the future research and
application of the developed apparatus.
c) Introduction of experimental apparatus (together with
obtained results) has large significance in a modern
technology of thin sheets forming. With appropriate
modification of the mechanical and control system, it
would be possible to explore other influences as well,
including drawing beads at the flange.
d) For the future research the plan is to use different
materials for the thin sheets such as TWB, TRIP and
TWIP sheets, the high strength steels, stainless steels
and others.
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b)

Figure 10 Obtained pressure dependencies with application of oil for deep
drawing: a) P3; b) P4.

The curves of really obtained pressure are following
the set of analytical curves with minor deviations, for both
the case of intensive friction (lubricating with oil) and the
case of the lower friction (application of the lubricating
MoS2 based grease). Influence of the contact surfaces type
on the real pressure is minimal. Coalescence of curves is
especially prominent for the case of the pressure function
P4 for lubricating with the MoS2 based grease (Fig. 8b) and
also for the function P1 for lubricating with oil, Fig. 9a.
Some deviation was noticed for diagrams in Figs. 9b and
10a, what could be ascribed to somewhat larger roughness
of the nitrided surface and appearance of sticking of
material particles to the die, what is a consequence of long
duration of the test. All the deviations were relatively small
and within the acceptable limits.
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