
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=utrb20

Tribology Transactions

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/utrb20

A New Test Method to Simulate Deep Drawing
Phenomena on the Lab Scale

E. P. Georgiou, D. Drees, T. Van der Donck, J. Hazrati, M. Veldhuis, B. Aha, M.
Anderson & J.-P. Celis

To cite this article: E. P. Georgiou, D. Drees, T. Van der Donck, J. Hazrati, M. Veldhuis, B. Aha,
M. Anderson & J.-P. Celis (2022) A New Test Method to Simulate Deep Drawing Phenomena on
the Lab Scale, Tribology Transactions, 65:5, 892-900, DOI: 10.1080/10402004.2022.2100852

To link to this article:  https://doi.org/10.1080/10402004.2022.2100852

Published online: 16 Aug 2022.

Submit your article to this journal 

Article views: 134

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=utrb20
https://www.tandfonline.com/loi/utrb20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10402004.2022.2100852
https://doi.org/10.1080/10402004.2022.2100852
https://www.tandfonline.com/action/authorSubmission?journalCode=utrb20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=utrb20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10402004.2022.2100852
https://www.tandfonline.com/doi/mlt/10.1080/10402004.2022.2100852
http://crossmark.crossref.org/dialog/?doi=10.1080/10402004.2022.2100852&domain=pdf&date_stamp=2022-08-16
http://crossmark.crossref.org/dialog/?doi=10.1080/10402004.2022.2100852&domain=pdf&date_stamp=2022-08-16


A New Test Method to Simulate Deep Drawing Phenomena on the Lab Scale

E. P. Georgioua, D. Dreesa, T. Van der Donckb, J. Hazratic, M. Veldhuisd, B. Ahae, M. Andersonf, and J.-P. Celisb

aFalex Tribology NV, Rotselaar, Belgium; bDepartment of Materials Engineering K.U. Leuven, Leuven, Belgium; cNonlinear Solid Mechanics,
Faculty of Engineering Technology, University of Twente, Enschede, The Netherlands; dPhilips, High Tech Campus 5, Eindhoven, The
Netherlands; eZellerþGmelin Gmbh & Co KG, Eislingen, Germany; fFalex Corporation, Sugar Grove, IL, USA

ABSTRACT
Expedient simulations and numerical modelling of forming processes depend on a good know-
ledge of the friction at the tool–sheet metal contact. The absolute value of the friction force or
relative changes of this force due to changing conditions are vital input for a reliable numerical
model. For that reason, a good selection of a laboratory experiment that can measure the friction
under forming conditions is an essential step. This work is part of a large European Union project
named ASPECT, which evaluates the friction force evolution in sheet metal forming as a result of
changes in contact conditions. Simplified tribological lab-scale techniques showed an temperature
dependence of friction opposite to what is measured in state-of-the-art macroscopic flat strip
drawing tests. To understand and overcome this contradiction, a new method was developed to
integrate the deformation aspect into a friction test; this approach assures closer resemblance to
the actual forming conditions. The aim is to develop a method that measures the effect of tem-
perature and speed on the resistance to sliding and deformation, and to provide an efficient pre-
screening and ranking of forming oils.
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Introduction

Deep drawing is one of the most commonly used sheet
metal forming processes (1). It is nowadays extensively
applied in various high-end industrial applications, in the
field of automotive, aeronautical, and consumer goods.
However, it is a complicated process, and the quality of the
end products strongly depends on the material composition
(1–4), lubricants (4–6), forming conditions (7–9), forming
tools (10–12), and so on, which determine the frictional
behavior in the deforming zone (13). Thus, if one needs to
obtain a better understanding on such a complex tribo-sys-
tem, one will have to perform a considerable number of
tests in order to investigate the interdependence between all
of the previously mentioned factors.

To do so, over the past decades different experimental
approaches have been used to measure the friction forces in
forming processes, ranging from high temperature pin-on-
disk (14), to tensile strip (15), ironing (16), and strip draw-
ing (17) tests. Karbasian and Tekkaya (18) provide a nice
overview of these methods in their review article. The main
issue is that the simplified friction setups might offer more
repeatable measurements and efficient testing, but risk hav-
ing poor correlation to the actual forming application, where
different phenomena take place (e.g., the deformation aspect
is neglected in most pure sliding experiments). Strip drawing
tests provide a good representation of reality but are compli-
cated to set up, require expensive equipment, and are tim-

consuming. As a result, they are not appropriate to perform
multiple repeats and thus the variability of results is
rarely evaluated.

As more companies increasingly invest in research and
development (R&D), aiming to develop new materials and/
or lubricants, there is a clear need to establish new reliable
experimental methods that can bridge the gap between sim-
plified lab-scale tests and industrial practice. Furthermore,
measuring the friction in metal forming processes is gaining
extreme interest and importance, as coefficient of friction
values are needed for numerical simulation models (19). In
particular, the coefficient of friction is an important input
parameter in formability analyses of sheet metals (20); it
affects the loads (punch and clamping forces), stresses, strain
distribution, and ultimately the surface quality of the pro-
duced goods (21). Numerical modeling is a powerful engin-
eering tool but needs to use meaningful data to make the
result meaningful.

Having the preceding in mind, a new experiment on the
lab scale was developed to efficiently measure the resistance to
sliding and deformation during a drawing process. This
method is not intended to fully replace the actual forming
tests, but rather to provide a useful tool for prescreening and
ranking of lubricants and materials and to evaluate the influ-
ence of tests conditions (e.g., speed, temperature, and lubri-
cant amount) under relevant forming conditions. The future
aim is to optimize this method, to provide meaningful friction
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data with high confidence levels (multiple repeats can be eas-
ily performed) for simulation models.

Experimental

The prescreening methodology was developed on a Falex
Multi Contact Tribo Tester (MCTT). A modified holder
configuration (Fig. 1a) was designed to clamp (Fig. 1b)
cylindrical metallic plates (Fig. 1c) with a diameter of
45mm and thickness of up to 2mm. The working principle
of this holder is that underneath the plate there is space
(Fig. 1a) so that it can deform freely. To simulate deform-
ation conditions similar to those in the deep drawing appli-
cations, a 12.7-mm diameter AISI E-52100 steel ball (other
ball compositions can also be used) is pressed onto the plate
with a fixed load (load can vary from 20 to 500 N) and then
starts sliding with a fixed speed (speed can vary from 1.18
to 23.6mm/s). During a test, the ball slides for approxi-
mately 6 cm (360�). Due to this high stress generated, the
plate deforms, as shown in Fig. 1d. This setup also allows
heating of the plate (a heater is located underneath the
forming plate holder), so that the effect of temperature on
the friction can be evaluated as well. In every test, the
applied load, temperature of the plate (notice thermocouple

in Fig. 1e), speed, and resistance (force) to sliding and
deformation are continuously measured.

This work was performed on AISI 420 disks, with a
diameter of 45mm and thickness of 0.32mm. They had an
Ra roughness (ISO 4287) of 0.4 mm and a hardness of 50
HRC. The forming tool was a 12.7-mm diameter AISI E-
52100 steel ball, with a roughness of <0.02 mm and a hard-
ness of 66 HRC. Prior to testing, both the disk and the ball
were cleaned with heptane in an ultrasonic bath for 10min
and then dried with dry air. For this series of tests, the
applied load was kept constant at 445 N (� 100 lbf), gener-
ating an initial Hertzian contact pressure of about 2.9GPa
(point contact) (14). Because the disk deforms under this
pressure (see Fig. 1e), the increase of the contact area results
in a significant contact pressure decrease, as the nominal
contact pressure during the steady-state sliding was esti-
mated to be in the range of 50 to 100MPa. This was calcu-
lated by measuring the “true” contact area between ball and
deformed disk by confocal analysis, for the selected applied
load and contact geometry.

Four sliding speeds were selected, namely, 1.18 (1 rpm),
2.36 (2 rpm), 5.9 (5 rpm), and 11.8 (10 rpm) mm/s, with
forming temperatures between 25 and 80 �C. For each set of
conditions, triplicate tests were performed, and their average

Figure 1. (a) Modified forming holder. (b) Example of disk clamped in forming holder. Disk (c) before and (d) after forming. (e) Forming configuration.
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values are calculated and presented. The fluctuation between
the triplicate tests is indicated by the experimental errors.
Using this method, four different commercially available
forming oils and one grease were evaluated. In particular,
the forming oils were (A) Castrol Iloform FST 16 (83–102
cSt at 40 �C, 0.9082–0.9482 g/cm3 at 16 �C), (B) Z&G
Multidraw PL 61 (58 cSt at 40 �C, 0.9 g/cm3 at 15 �C), (C)
Z&G Multidraw PL 61 SE (100 cSt at 40 �C, 0.9 g/cm3 at
15 �C), and (D) Z&G Multidraw ZS 10 Basic (100 cSt at
40 �C, 0.93 g/cm3 at 15 �C), and the grease was Kl€uber
Presspate SEM 95/800 T (100 cSt at 40 �C, 0.95 g/cm3 at
20 �C). For every test, a fixed quantity of oil (0.02mL/cm2)
or grease (0.02 g/cm2) was used. The selected lubricants’
quantity might be higher than the one applied in industrial
forming processes (typically in the range of 0.5–10 g/m2),
but when downscaling to a lab-scale test much smaller com-
ponents/specimens and contacts are used. This results in a
small lubricant quantity (0.8 to 16mg for the complete area
of the disk), which makes it difficult to homogeneously

distribute the lubricant over the surface and in a repeatable
manner. In addition, due to selection of a point contact
(ball-on-flat) that is localized, such inhomogeneities in the
distribution of the lubricant film can be picked up, creating
a high fluctuation of test results. Thus, a larger quantity of
lubricants is used to create a homogeneous and repeatable
lubricating film on the surface of the disk. Furthermore, it
should be considered that the “actual” quantity of lubricant
in the tribological contact is determined by the contact con-
ditions, lubricant viscosity, and surface topography (22).

Confocal measurements were performed with a confocal
microscope on selected disks, before and after testing. To
confirm the deformation pattern, limited electron backscat-
ter diffraction (EBSD) measurements were performed with a
scanning electron microscope. Measurements were per-
formed on a polished cross section. An acceleration voltage
of 20 kV was chosen in combination with low vacuum of 0.4
mbar to avoid drift during the measurement (4 � 4 binning,
0.5 mm step size). In this technique, an electron beam

Figure 2. (a) Effect of temperature on friction performance of Oil A, during (a) unidirectional sliding of AISI 420 block against the AISI 52100 steel cylinder (25 N,
1mm/s) and (b) rolling-sliding of AISI 52100 disk against AISI 52100 ball (100% SRR).
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(scanning electron microscopy [SEM]-based technique)
interacts with a highly tilted (70�) crystalline polished sur-
face and the diffracted electrons form Kikuchi patterns
(23–25) on a fluorescent screen. This pattern can be used to
determine the crystal orientation at that specific spot. By
mapping larger areas with EBSD point by point, even com-
bined with energy-dispersive x-ray analysis (EDX), grain size
analysis, phase analysis, and full orientation distribution
functions can be determined. In this manner, the effect of
mechanical transformations and/or heat treatments on the
crystal structure and orientation can be studied.

To illustrate that the simplified lab-scale techniques do
not always correlate to the actual forming simulators, tests

were performed by using two different approaches: (a) uni-
directional sliding with a line contact (boundary shear lubri-
cation test) and (b) roll-sliding with a point contact (mini
traction test).

For the unidirectional sliding a high-precision tribometer
10 N sensor was used. As reference material, an AISI 420
block with roughness and hardness similar to those of the
disk was used. The counter material was a 6mm diameter �
6mm AISI 52100 steel cylinder. Again, the roughness and
hardness were similar to those of the counter material (ball)
used in the forming tests. In these tests, the applied load
was 25 N (generating a contact pressure of 218MPa), with
sliding speed 1mm/s and variable temperatures (25 to

Figure 3. (a) Evolution of resistance to sliding and deformation during forming simulation test of Oil A at 80 �C (445 N, 1.18mm/s). (b) Effect of temperature on
resistance to sliding and deformation at steady-state conditions of Oil A (445 N, 1.18mm/s, 25–80 �C).
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80 �C). This test approach is used to measure the boundary
lubrication shearing of oil films during sliding (26). For
each condition, triplicate tests were performed.

For the roll-sliding tests, a mini-traction machine (MTM)
was used with standardized AISI 52100 disks and balls with
Ra roughness <0.02 mm. A series of Stribeck curves was
performed at variable temperatures (25 to 80 �C) with an
applied load of 10 N, 50% sliding–rolling ratio (100 SRR%)
and variable speeds (1 to 250mm/s). Also, in this case tripli-
cate tests were performed per condition.

Results and discussion

In the majority of lab-scale tests that measure the frictional
properties of lubricated systems, simplified contact geometries

are used. Among some of the most widely applied methods
are pure sliding and roll-sliding tests. A typical evaluation of
the coefficient of friction as a function of temperature for oil
A can be seen in Fig. 2. These graphs show in both tests a
decrease of the coefficient of friction with increase in tempera-
ture. However, strip drawing tests (which resemble the form-
ing process more closely) show the opposite temperature
dependence for the same oil (27). This is because the contact
conditions are very different between these tests. For example,
MTM tests are performed commonly in an elastohydrody-
namic lubrication regime, whereas strip drawing tests occur
under boundary-mixed lubrication. However, a more careful
evaluation of MTM curves showed that when the rolling speed
is lower than 5mm/s, the opposite temperature dependence is
observed for friction. This confirms that the selection and
interpretation of lab-scale tests should be done with caution,

Figure 4. (a) Evaluation of penetration depth on AISI 420 plate with confocal microscopy (1.18mm/s, 445 N, 40 �C). (b) Comparison of displacement measurements
with average and maximum depth obtained by confocal microscopy (1.18mm/s, 445 N, 25–80 �C).
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as they do not always correlate with the practice in forming
applications.

The proposed method tries to bridge this gap between
simplified lab tests and forming simulators and to provide
an efficient prescreening tool. In this method, the tangential
force caused by sliding and deformation of the sheet under
the sliding ball was recorded. An example of a duplicated
test is given in Fig. 3a. Two distinctive areas can be dis-
cerned: First there is initial deformation where the system
starts to slide and the contact area evolves because of
deformation of the sheet, and then a steady state with more
constant contact conditions is reached. In this work only the
steady state is considered, as the authors believe that it rep-
resents best the continuous deformation process of the disk
by a counter material. Repeat tests were very similar, which
is a good indication of the repeatability of this method.

The averaged values of the steady-state resistance to sliding
and deformation showed an increase with temperature, thus cor-
relating with the industrially accepted strip drawing tests (28).

A direct comparison of friction values between strip
drawing tests and this new method cannot be done, because

in strip drawing, there is much less macroscopic deform-
ation of the sheet, whereas in this test there is a significant
deformation. The measured force is of both deformation
and friction, and finite-element simulation (FEM) is needed
to separate these values. In this work, the focus lies on the
relative differences of oils and temperature behavior in
terms of this resistance to sliding and deformation (RSD).

With this method, it is also possible to record the penetra-
tion depth during the sliding deformation process. To evalu-
ate the in situ measuring system, confocal analysis of the
formed plates after the prescreening test was performed. An
example of a forming profile (A–B) perpendicular to the slid-
ing direction of the forming tool (ball) is given in Fig. 4a.
When comparing the in situ displacement measurements with
the confocal profiles, it is evident that they represent the aver-
age rather than the maximum depth. With both measuring
techniques, the influence of temperature is similar, which also
confirms that in situ displacement measurements can be a
useful tool to monitor the average deformation of the plate.

To get a better insight into the effect of the deformation pro-
cess on the microstructure, EBSD analysis was performed on

Figure 5. EBSD inverse pole figure (001), 20 kV, 5000�, 0.5 mm step, low vacuum 0.4 mbar on AISI 420 plate (a) before and (b) after deformation process
(1.18mm/s, 445 N, 80 �C).
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the polished cross sections of AISI 420 steel plates, before and
after the deformation process. An indicative example of a sam-
ple that deformed at 80 �C, for 1.18mm/s and 445 N, is pre-
sented in Fig. 5. From a microstructural point of view, no
significant difference in grain morphology was noticed between
the initial and deformed zone, as in both cases the average grain
size was about 2.5 mm over the whole cross section. It has been
found (29) that microstructural changes in ferritic stainless
steels strongly depend on their initial grain morphology. In fine
equiaxed grains, as in this case, deformation does not cause sig-
nificant changes in grain structure of the material and typically
does not lead to the development of crystallographic texture
(30). Such phenomena are more pronounced in ferritic steels
having columnar grain structures (30).

The main objective for developing this method was to
provide an efficient evaluation of the resistance to sliding
and deformation during a forming process, and under vari-
able test conditions. A typical ranking of different lubricants
used in the strip drawing industry at different speeds and
temperatures can be seen in Fig. 6. A clear ranking of the

lubricants can be seen: For instance, Oil B at 40 �C is worse
than Oil A, but this behavior changes at 80 �C. Also, the
increase of temperature led to an increase of the resistance
to sliding and deformation for Oil A and the grease, but a
different behavior is seen for Oil B. This illustrates the
importance of ranking the effects of parameters and lubri-
cants for a better understanding of their behavior under
simultaneous sliding and plastic deformation conditions.

In the authors’ point of view, the proposed method
mimics the forming conditions better and gives flexibility
to the sheet metal forming industry to measure the resist-
ance to sliding and deformation for different contact condi-
tions. Current standard methods that are utilized in sheet
metal forming industry do not provide realistic sheet metal
forming conditions. For example, strip draw tests are lim-
ited to low contact pressures (maximum 20MPa) due to
severe wear or galling issues that occur at high contact
pressures and do not account for the deformation in the
sheet metal. Meanwhile the contact pressure during sheet
metal forming processes—at the die radius or draw beads—

Figure 6. Ranking resistance to sliding and deformation of forming oils and grease as a function of forming speed at (a) 40 and (b) 80 �C.
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is much higher and in some applications can reach as high
as 300MPa. With the current method, the user can adjust
the contact pressure in the test to mimic actual form-
ing processes.

Furthermore, the proposed method can account for the
plastic deformation of underlying sheet metal during the
tribological measurement by adjusting the test parameters
such as ball radius or applied load. It has been shown that
the strain in the bulk of sheet metal can significantly affect
the real area of contact (31) and eventually the friction. In
practical applications like deep drawing and stretching
(Erichson tests), material is sliding over tools while being
deformed. This can happen under various conditions (tem-
peratures, sliding speeds, pressures, amounts of plastic (pre)-
strain). All these conditions can only be tested in strip draw
testing without plastic deformation, so this only holds for
material sliding under a blank holder. With this new
method, the combination of deformed material with sliding
will be much more like in the practical metal forming appli-
cation. Even though the strain hardening of the deformed
material will have an influence on the results (32), when
multiple steels are compared, the comparison of different
lubricants under the various forming conditions still stands.
The only downside of the influence of strain hardening is
that the friction values cannot be extracted directly from the
test, but they will be calculated via a reverse engineering
approach using FEM simulations in the future. Also, the
authors intent to continue their research by performing an
extended evaluation of the repeatability and reproducibility
of this method. As follow-up research activities, the effect of
plate composition/microstructure and its surface topography
will be examined, to get a better insight into the relationship
between the lubricant’s structure and the resulting resistance
to sliding and deformation, and selected tests on base oils
and greases with and without additive packages will be car-
ried out. In addition, more correlation tests will be per-
formed between this lab-scale test and the strip drawing
measurements.

To conclude, this method is predictive for metal forming
application where material is being deformed while sliding
and is valid for stretching, deep drawing, and bend-
ing processes.

Conclusions

A new method was developed to simulate and measure the
resistance to sliding and deformation during deep drawing
processes. The main novelty of this method is that plastic
deformation is considered, unlike majority of laboratory-
scale tribological tests. Hopefully, this will make it more
comparable to an industrial drawing operation. It is also
versatile, as multiple repeats can be performed in a short
period of time, making it an ideal tool for ranking the resist-
ance to sliding and deformation of various systems. By using
the in situ displacement measurements, the average penetra-
tion depth can be assessed. In the near future and with add-
itional experimental validation in close collaboration with
industrial partners (with a need for more correlation tests),

this method can further evolve to simulate better certain
deep drawing phenomena, particularly the temperature and
speed dependence of different lubricants and materials.
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