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POSSIBILITIES OF CONTROLLING THE IRONING PROCESS IN
CONDITIONS OF A CONTINUOUSLY VARIABLE LATERAL FORCE

Summary

In this research, a tribological model of the sliding of sheet metal between the two contact
elements that perform thinning was investigated. Unlike usual thinning procedures, what is
applied here are the previously set variable functional dependences of the lateral force on the
stroke, which are given simultaneously during the thinning procedure. In this way, the authors
attempt to better master the process of deep drawing with thinning and to manage the change in
thickness by the application of a variable lateral force. The process of thinning was studied
through the development and application of an appropriate mechanical-mathematical model. Two
functional dependences of a variable lateral force were applied, and two types of lubricants were
used: oil and a lubricant based on MoS; on steel and brass sheet samples. In addition, an original
computerised testing device was developed. Based on the obtained diagrams, it was possible to
calculate the coefficient of friction and to evaluate the obtained results. Finally, thickness
distribution diagrams were obtained by measuring the thickness of the sample at several points.

Key words: strip ironing test, friction coefficient, contact pressure, continuously
variable lateral force, variable sheet thickness

1. Introduction

This research is based on a model examination of the deep drawing process with thinning,
which involves the use of sheets of greater thickness (about 3 mm) and a planned reduction of
their thickness during the process, to greater degrees of deformation. According to its
characteristics, the process belongs to three-dimensional moulding and is qualitatively different
from the process of the deep drawing of thin sheets (where the thickness is usually at most
1 mm), where the change in thickness is mainly ignored.

The mechanical model chosen in this case is the pulling of a thicker sheet metal strip with
double-sided thinning. This is a reliable and proven model applied in a large number of studies,
both by other authors [1-20] and in our own [21-28]. Research in this area began a long time ago,
and the first significant works were published in the early 1970s. Some of the basics of the process
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were then laid out by Schlosser [1]. Later research was concerned with verification of the methods
that he had proposed. Thus, the authors in papers [2-4] conducted not only experimental but also
numerical research in an attempt to form a valid numerical model for simulation of the deep
drawing process. Since the deep drawing process can be greatly influenced by the applied
lubricant, a large amount of research has aimed at determining the influence of the lubricant on the
deformability of sheets during the drawing. For this purpose, classic lubricants [4-6], classic
coatings [7], polymer coatings [8], and the latest environmentally friendly (green) oils [9-14] are
often used. The authors who analysed the environmentally friendly lubricants consider that their
research has proven that these lubricants can be as good as conventional lubricants or even better
in adhering to the material and are superior in reducing the friction between the material and the
die at high contact pressures. Besides, these lubricants have a great advantage in preserving the
environment. The investigation of the deep drawing process, and the possible control of the force
during the drawing, is not only of a research character. This was proven by the authors in works
where the mentioned research was used in practice for the production of various working elements
of the system, such as: automobile engine piston heads [15], ring grooves on the inner surface of
a cylindrical blank [16], flanged microparts [17], double curved parts [ 18] or even unconventional
tooling [19]. By “unconventional” parts, the authors [19] imply axisymmetric work pieces. The
study confirmed that deep drawing can successfully be used to produce the relevant parts. The
study has analysed the impact of deep drawing process variables, including die radius, blank holder
force, and lubrication conditions, on the distribution of the wall thickness and changes in radius.

Part of the mentioned research has already been conducted by the author of this work.
The research included: the flat die deep drawing process by variable contact pressure [21],
determination of the friction coefficient and the drawing force in the deep drawing process of
AlMg4.5Mn0.7 and steel thin sheets [22-24], numerical simulation of the process with the
development of appropriate drawing models [25], and studying the influence of lubricants on
the process of the deep drawing of different materials [26-28].

Current research is based on studying double-sided ironing, which was begun by [29].
The idea was to investigate the possibility of applying the lateral forces of a continuously
variable non-linear (parabolic) intensity and to monitor the effect of that action on the change
in strip thickness. Factors influencing the process that can be variable are: the intensity of the
lateral force, the geometry of the tool, the condition of the tool surface, the tool material, the
type of material of the sheet metal strip, the thickness, i.e., the strip geometry, the applied
lubricant, strip pulling speed, etc. The main output is the dependence of the drawing force on
the sliding stroke (or time). Based on this dependence and the formed theoretical mechanical-
mathematical model, it is possible to determine the change in the coefficient of friction and the
change in contact pressure.

The main goal was to assess to what extent it is possible to achieve the planned (projected)
continuous change of the strip thickness, based on the variable lateral force, in combination
with other influencing factors. If it turns out to be possible, the process can be applied to obtain
different profiles of working parts in one tool with the use of one lubricant, which would
significantly speed up the process and increase its reliability. Based on our research of available
literature in this field, we could not find a similar model to the one proposed in this paper.

2. Mechanical model

For the purposes of this work, a mechanical-mathematical model was developed to
determine the parameters of the deep drawing process with thinning, on the model of drawing
a strip of sheet metal of greater thickness, with double-sided thinning. The model was verified
by publication in [26] and it showed significantly more realistic values of the coefficient of
friction and contact pressure compared to other models used so far.
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It is important to mention that the authors did not present the classical process of deep
drawing with thinning on one specific device, which can secure appropriate drawing force and
lateral forces, but the term thinning is used for the specific process given in the text below.

The main input variables for the model formulas are: drawing force dependences on the
stroke, i.e. time (obtained in the experiment), the previously defined lateral force dependences
[19] and geometric data on the tool, i.e. contact pairs. The output quantities are the coefficient
of friction, the actual contact pressure and the precisely measured change in the thickness of
the deformed strips in all the conditions. It is very important to distinguish between the
previously adopted model [18] for the application of the constant values of lateral force (Fig.
1) and the current model for the application of the variable lateral force (Fig. 2). Based on the
character of the lateral force, the character of thinning can be predicted, i.e. the changes in sheet
thickness, which would be visible on the thickness distribution diagram as part of the
experimental results.

This model is considered reliable and has been widely employed in numerous studies,
including those conducted by other researchers [1, 2, 6, 7, 20] as well as our own [21-28]. Part
of the mentioned research has already been completed by the author of this work. Current
research is based on studies of double-sided ironing, begun by [29]. The main goal was to assess
to what extent it is possible to achieve the planned (projected) continuous change of the strip
thickness, based on the variable lateral force, in combination with other influencing factors. If
it turns out to be possible, the process can be applied to obtain different profiles of working
parts in one tool with the use of one lubricant, which would significantly speed up the process
and increase its reliability. Based on our research of available literature in this field, we could
not find a similar model to the one proposed in this manuscript. Additionally, the mathematical
formulations of variable lateral forces and their method of assignment are fundamentally the
same as in studies [21, 22]. The difference between the current and previous research is that in
the mentioned studies, the contact elements had flat surfaces and there was no thinning of the
sheet metal, whereas here, the contact elements are angled and induce a change in the sheet
metal thickness according to predefined changes in the lateral forces.

The coefficient of friction, as an important output parameter, was determined based on
the previously adopted model [26], according to expression (1), and the model in [29]. The
actual contact pressure (2) was calculated in the same way:
B F

0.17101-F +1.357785-F, +0.6- F,

U (1)

©0.03015- F+0.34202- F, o
P 5y —5,)+0.0302302 °

where u 1s the coefficient of friction, F is the traction force, Fs is the lateral force, b is the sheet
sample width, and so and 51 are the initial and final thickness of the sheet sample, respectively.

The model was developed on the basis of several studies, the flat-die deep drawing test
by variable contact pressure in [21, 22], and the strip reduction test in [28, 29]. In our earlier
research [21-27], the model of the strip reduction test was applied, and the values of the lateral
forces are constant and mostly applied over the entire sliding length or in three phases (sliding
divided into three lengths by applying three different constant lateral force values), (Fig. 1). In
the authors' research [21, 22], a sliding sheet metal model between flat contact surfaces (the flat
die test) with variable pre-defined pressure forces was applied. The research in this paper is
entirely original and relates to controlling the variable lateral force by applying contact elements
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that thin the sheet metal (Fig. 2). It is important to compare the change in the sheet metal
thickness with the change in the lateral force over the duration of the process.

HF

Fs Fs

-
Fig. 1 Contact zones during ironing Fig. 2 Contact zones during ironing
with a constant lateral force [28, 29] with a variable lateral force

3. Experimental investigation

The deep drawing process with thinning is accompanied by intense friction with tool wear
and potential negative impacts on the quality of the workpiece surface and dimensional
accuracy. Therefore, it is of great importance to understand the influence of the state of the
surfaces in contact, the tool material type, the workpiece material type, the applied lubricant
and the contact pressure on the friction coefficient, as the most important parameter in contact.
To vary the contact conditions, two types of materials were used: steel sheet DC04 with a
surface roughness of Ra = 1.018 um, and a brass sheet CuZn37 with a surface roughness
of Ra=0.239 um. Sheet metal strips are cut longitudinally with respect to the rolling direction.
The dimensions of the strips of both materials were approximately the following: length
300 mm, width 20 mm, and thickness 3 mm. The chemical compositions of the mentioned two
materials are given in Tables 1 and 2, respectively, and the mechanical properties are given in
Tables 3 and 4 [24].

Table 1 Chemical composition of the steel DC04 sheets

Alloying elements content, % Microstructure
C Si Mn P S
Prescribed | <0.10 | <0.20 0.20-0.45 | max 0.030 | max 0.035 ferritic
Analysed | 0.06 | in traces 0.28 0.014 0.021

Table 2 Chemical composition of the brass CuZn37 sheets

Alloying elements content, %
Cu Pb Fe Ni Al Sn
63.60 0.0032 0.014 0.01 0.0003 | 0.0083

Table 3 Mechanical properties of the steel DC04 sheets
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Yield strength | Tensile strength Elongation at Anisotropy Strain hardening
Re, MPa (max.) Rm, MPa fracturq 190, - (Min.) xp Onem
’ ' ’ Aso, % (min.) ’ ' Ny, - (Min.)
210 270-350 38 1.6 0.18

Table 4 Mechanical properties of the brass CuZn37 sheets

Tensile strength Yield strength Elongation at fracture
Rm, MPa Re, MPa (max.) As0, % (min.)
300-370 180 38

Two types of lubricants were used: oil for deep drawing and lubricating grease based on
MoS:. The characteristics of the two applied lubricants are given in Tables 5 and 6, respectively

[30].
Table 5 Properties of the deep drawing oil [30]
Unit Deep drawing oil Method

Concentrate appearance - Clear oil Visual
Density at 20 °C g/em® 0.950 ISO 3675
Kinematic viscosity at 40 °C mm?/s 170 ISO 3104
Corrosion on copper (100 °C/3h) | degree la ISO 2160
Degreasing ability - Very good FIAT ST 50505

Table 6 Properties of the lubricating grease based on MoS,[30]

Unit I(;llll‘tl)\ili(c)gtzmg grease based Method

Concentrate appearance - Consistent lubricant Visual
The lowest dripping temperature | °C 195 ISO 2176
Kinematic viscosity at 100 °C mm?/s 11 ISO 3104
Corrosion on copper (100 °C/3h) | degree la ISO 2160
Corrosion on steel - bez ISO 7120

The sliding speed was 20 mm/min in all cases. The material samples in the first part of
the experiment were 2.5 mm thick, 20 mm wide and 200 mm long strips, made of mild steel
DCO04. The lateral forces were 5, 10 and 15 kN. The applied lubricants was mineral oil
(kinematic viscosity 170 mm?/s at 40 °C, density 0.950 g/cm® at 20 °C), produced by FAM
Krusevac, Serbia [27]. In the second part of the experiment, all the parameters were the same,
except for the strip thickness of 3 mm. The contact elements were made of tool steel X210Cr12,
ground to a roughness of Ra = 0.107 um and hardness of 60 HRC (Figs 3 and 4). The high
hardness of these types of materials is achieved by the formation of an area of complex carbides

which ensure the secure and good tribological performance of the tool [31].

TRANSACTIONS OF FAMENA XLIX-2 (2025)

121



S. Djaci¢, M. T. Djordjevi¢, D. Arsié, Possibilities of Controlling the Ironing Process in
S. Aleksandrovi¢, M. Deli¢, Dj. Ivkovi¢, V. Lazi¢ Conditions of a Continuously Variable Lateral Force

Polished

", 7

SRR
| (4] - <1 : © ‘_,
-0,01
1070.02
18 40
Fig. 3 Drawing of the contact element Fig. 4 Real tool assembly

The realised device (Fig. 5) is an original solution and was created to provide all the
requirements that are foreseen in the research plan. The basic structure of the device consists
of a mechanical-hydraulic, hydraulic and electro-control module. It is important to note that
this device has a certain universality. In addition to the sheet metal strip pulling model with
a change in thickness (thinning), it is possible to use it successfully for testing on other
physical-tribological models (e.g. a model with a tension rib, a model of sliding between flat
contact surfaces [26]), with corresponding necessary changes in the mechanical part of the
device, i.e. on the tool itself. With this aim, the device was made with two hydraulic cylinders
within the mechanical-hydraulic module, and the entire control system is adjusted
accordingly.

The principle of operation of the experimental equipment used in this work, as well as the
method of assigning the previously defined dependencies of the lateral forces, are explained in
detail in [25, 26].

Fig. 5 Experimental equipment [26]

3.1 Results for the lateral force dependence type P3

The previously defined dependences of the lateral force Fs on the gait are of a parabolic
type with an increasing-decreasing trend (P3) and a decreasing-increasing trend (P4) [26, 29].

Figures 6 to 9 show the functional dependences of lateral force, drawing force, contact
pressure and friction coefficient on the sliding stroke of the sample (= 60 mm). Samples from
steel sheet DC04 in combination with oil for deep drawing, and samples from brass sheet
CuZn37 in combination with lubricating grease based on MoS; were applied. The actual change
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in lateral force (Fig. 6) fully follows the theoretically determined nonlinear continuous function
of an increasing-decreasing character, here designated as P3. The drawing force curve (Fig. 6)
in a certain sense follows the curve from Fig. 6, where the values for the brass sheet (Fig. 6 left)
are noticeably higher. The friction coefficient and contact pressure are determined according to

expressions (1) and (2). The contact pressure changes curves (Fig. 7 left and right) follow the
trend of the curves in Fig. 6.

30
L | DCo04 | |CuZn37
| Fs type P3 | |Fstype P3
25 ! Oil 25 1 f —|MoS, grease
20 mm/min 20 mm/min
20 20
=z =z
=X 5 i 15
wy
Ky =y
10 10
5 5
0 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
B, mm N, mm

Fig. 6 Dependence of the lateral force on the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS, (right) and for F; type P3
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Fig. 7 Dependence of drawing force on the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS; (right) and for F; type P3

The curves of the friction coefficient (Fig. 9) in the initial and final phases of the stroke
(left and right of the dotted vertical line) give unrealistic values that are not shown. The probable
reason is a certain instability of the thinning process at the beginning and end, as well as the
property of expression (1) that results in a sudden increase in the coefficient of friction with a
sudden decrease in the intensity of the lateral force, which already starts after a stroke length of
43 mm. In the stationary part of the stroke, the values are completely correct. It can be noticed
that the coefficient of friction for the brass sheet and MoS»-based lubricant increases sharply
already from 30 mm of the stroke (Fig. 9 right) compared to the steel sheet and oil (Fig. 9 left).
A similar observation can be made in the drawing force diagram (Fig. 7 right), which is reflected
in the increase in force intensity and can be attributed to slightly worse tribological conditions
in the contact between the brass and MoS»-based lubricant.
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Fig. 8 Dependence of the contact pressure on the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS; (right) and for Fs type P3
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Fig. 9 Dependence of the friction coefficient on the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS; (right) and for F; type P3

Figure 10 shows the thickness distributions of the sample during the sliding process with
the given variable function of the lateral force P3 for both materials and both types of lubricants.
The thinning of the sample was the greatest in the central part of the stroke, where the lateral
force has the highest values (Fig. 6). In this way, the main goal of the entire experiment,
managing the change in the thickness of the piece, was accomplished.

DC04 . [Cuzna7

Fs type P3 Fs type P3
Qil | MoS; grease
20 mm/min 20 mm/min

24/2.99 2.99] 3.04 3.06

; 297 297
302 2388943 242519 9 11| 942 241 224 .98 296 2.77 2 49 2/:37 227397 228 249 290 3/,01 297 y
| .| ? 1

>

Thickness variation, mm
Thickness variation, mm

| §=3.06 mm | §=2.97 mm

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Sliding Length I, mm Sliding Length I, mm

Fig. 10 Variation of the sample’s thickness along the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS; (right) and for F type P3
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3.2 Results for the lateral force dependence type P4

Figures 11 to 14 present the diagrams of dependences of the lateral force, drawing force,
contact pressure and friction coefficient on the stroke, respectively, for the conditions: steel
sheet-oil and brass sheet-grease based on MoS;. The drawing force and friction coefficient

curves are dominated by the decreasing-increasing character of the change in the P4 type lateral
force.

The change in the coefficient of friction determined by formula (1) is caused, first of all,
by the character of the changes in the lateral and drawing force, as well as by the distinct jumps
and drops in intensity. At a part of the stroke approximately between 20 and 40 mm, in both
cases, both lateral and drawing forces (Fig. 11 and 12, respectively) have extremely low values
(almost extreme intensity), so expression (1) again gives unrealistically high values of the
friction coefficient. In addition, the small oscillatory changes of the lateral force are expressed
in the diagram in Figure 14 left, which shows the sensitivity of expression (1). Therefore, the
values and appearance in Figure 14 left should be considered indicative. The combination of
the P4 change of the lateral force and combination CuZn37 — grease based on MoS, gives
significantly lower values of the drawing force in the central part of the stroke (Fig. 12 right),
and thus the low values of the friction coefficient (Fig. 14 right), which emphasises the
importance to the tribological conditions in contact.

35 35 :
DC04 Cuzn37
Fs type P4 Fs type P4
30 Qil 30 MoS, grease
20 mm/min 20 mm/min
25 ' 25 '
=z 20
X
-
= 15
10
5
0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
B, mm =, mm
Fig. 11 Dependence of the lateral force on the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS, (right) and for F type P4
18000 18000
DCO4 Cuzn37
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< <
%‘J 8000 %ﬂ 8000
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4000 4000
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0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Sliding Length h, mm Sliding Length h, mm
Fig. 12 Dependence of the drawing force on the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS; (right) and for F type P4
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Fig. 13 Dependence of the contact pressure on the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS; (right) and for F type P4
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Fig. 14 Dependence of the friction coefficient on the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS; (right) and for F| type P4

Figure 15 shows the thickness distribution of the sample using the functional change type
of the lateral force. The change in thickness — thinning is the largest at the 50 mm stroke,

where the values of the contact pressure, lateral and drawing forces record a sudden increase.
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Fig. 15 Variation of the sample’s thickness along the stroke for conditions: steel sheet-oil (left),
brass sheet-grease based on MoS, (right) and for F type P4
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4. Conclusions

Based on the conducted experiments and obtained results, several conclusions can be

drawn:

For the purposes of experimental research, an original tribological model of the deep
drawing procedure with thinning was developed, which was achieved through the
appropriate control apparatus. The device has the possibility of the continuous,
simultaneous assignment of variable values of the lateral force (Fs) and measurement of
the deformation force (traction force F), real pressure in contact, and the realised real
values of the lateral force;

Based on the obtained diagrams of the actual contact pressure (Figs 8 and 15), it can be
concluded that the apparatus achieves the set changes P3 and P4 very well, which can be
seen based on the expected trend of the given diagrams;

The character of the specified functional changes (P3, P4) of the lateral force Fi (Figs
9 and 14), as well as the tribological conditions in contact, exerts a key influence on the
friction coefficient value. It was shown that the combination of change P3 and steel
sheet with oil lubrication (Fig. 9 left) is more favourable than change P4 and the same
conditions (Fig. 14 left). On the other hand, the combination of the change in lateral
force P4 in the case of the brass sheet when lubricated with grease based on MoS»
(Fig. 14 right) is more favourable compared to the change in P3 and the mentioned
conditions (Fig. 9 right). These findings are analogous to the drawing force diagrams
(Figs 7 and 12);

With both lateral force changes P3 and P4, there is a limitation when calculating the
friction coefficient for the case when the lateral force has the lowest values at P3
(Fig. 9, the first 6 mm of the stroke and from 53 mm of the stroke) and P4 (Fig. 14 left,
at approximately 18 to 40 mm of the stroke), which results in unrealistic values of the
coefficient of friction for this procedure. The values of the friction coefficient for the
conditions P4-CuZn37-MoS: (Fig. 14 right) can be considered acceptable along the entire
stroke;

The diagrams in Figures 10 and 15 show that the distribution of the thickness of the
samples is in accordance with the character of the given changes P3 and P4. The thinning
is the greatest in the part of the stroke where the highest values of the lateral force are
present, or where a trend of increasing lateral force is observed. In this sense, it is possible
to manage the change in thickness with a variable lateral force;

By applying the more suitable tribological conditions (the surface of contact elements of
the tool with less roughness, e.g., a polished surface) and aluminium sheet samples, an
attempt could be made to reduce the unrealistically high values of the coefficient of
friction in the critical part of the stroke. At the same time, the deformation force (drawing
force) would be less intensive along the stroke. A wider range of functional changes of
the lateral force F’s can be specified, in addition to the shown changes of types P3 and P4,
which would give a broader picture of this phenomenon.
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