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Dry forming processes are associated with major challenges, especially when
it comes to aluminum as the workpiece material. Major losses in process
quality and robustness occur when lubricants are spared. This is due to the
high adhesion tendency of aluminum towards common tool materials.
Nanoscopically smooth coatings based on amorphous hydrocarbons (a-C:H)
can significantly reduce wear. Further preliminary investigations have shown
that a reduction of the roughness of a mill-finished sheet results in a signifi-
cant improvement with regard to the friction and wear behavior in the strip
drawing test. These tests are now transferred to a real workpiece. First, the
different zones of the deep drawing process are modeled in the strip drawing
test and coefficients of friction are derived. Flawless deep drawing tests can be
carried out with nanoscopically smooth a-C:H coatings. By polishing the
sheets and using the a-C:H coated tools without further surface treatment, the
dry friction and wear are reduced, but compared with experiments on
smoothened a-C:H coatings, the necessary process forces are higher and may
lead to rupture of the aluminum sheet.

INTRODUCTION

Due to its outstanding capacity to absorb energy
and enormous lightweighting potential, aluminum is
used in various automotive and aerospace applica-
tions. However, its pronounced adhesion tendency
when in contact with other materials leads to chal-
lenges in aluminum forming processes.1 Currently,
these adhesion tendencies are counteracted by lubri-
cation, which helps to stabilize the forming process
and guarantee the required part quality. Extensive
lifecycle assessments available for machining pro-
cesses in general report a negative impact of lubri-
cants on the sustainability of production processes.2–4

The results of these impact analyses increase the
pressure on the forming industry to overcome the
sustainability issues and develop alternative meth-
ods for less toxic aluminum forming. Furthermore,
the process chain in sheet metal forming often
includes a subsequent cleaning of the formed parts,
for example, to ensure good adhesion of a lacquer

coat or prevent contamination of other contacting
materials. Lubricants account for this additional
process or at least complicate the cleaning method.
A sophisticated lifecycle assessment of metal forming
applications should consider these negative factors,
which significantly worsen the environmental impact
of lubricants on manufacturing processes. Thus, the
utilization of dry sheet metal forming is a useful
approach to improve the sustainability of aluminum
products. However, surrendering the usage of lubri-
cants leads to rapid formation of aluminum adhesion
on the tool surface and often immediate tool failure.
Consideration of the relevant wear mechanisms and
influencing parameters can help with the develop-
ment of effective strategies to improve the tribolog-
ical conditions in a dry steel–aluminum contact. By
eliminating lubricants, a significant increase in the
sustainability of forming processes seems possible.
However, wear mechanisms need to be understood
and parameters identified to ensure a stable process
for dry forming aluminum.
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Within the Priority Program 1676 of the German
Research Foundation entitled ‘‘Dry Forming,’’ various
approaches for dry deep drawing processes were
generated; For example, by selective oxidation of the
die surface, a significant reduction of the coefficient of
friction in dry deep drawing has been achieved.5 In
addition, the micro- and macrostructures of the die
surface show a further reduction of friction and wear.6

Subsequent painting and coating processes are sus-
ceptible to remaining lubricants, which can affect the
adhesion of subsequent coatings. Liewald et al. are
therefore pursuing the approach of lubrication with
self-evaporating media such as CO2 and N2.

7

Research has furthermore shown promising
results when thin hard films are applied on tools
to minimize friction coefficients and optimize the
wear conditions in the forming process. A subclass
of the amorphous hydrogenated carbon coating
(a-C:H), viz. diamond-like carbon (DLC), is well
known for its excellent tribological properties.8 The
high density of this coating ensures high wear
resistance and leads to a low friction coefficient.
Additionally a low adhesive tendency in contact
with aluminum has been observed.9–11 Research
outcomes suggest that the self-lubrication tenden-
cies of the a-C:H coating contribute to its low
tendency for adhesion.12 However, coated tools still
show quick adhesion in aluminum forming, like
their uncoated counterparts.13 First experiments
suggested an unfavorable run-in behavior of a-C:H
coatings as the reason for this rapid adhesion.13

This run-in behavior can be described as a short
period at the beginning of the sliding contact. This
behavior is further characterized by high friction
values and a tendency for adhesion. After the run-in
period, a smoother surface can be observed. This can
most likely be traced back to nanoscopic abrasion.
Westlund et al. investigated the interaction between
the nanoscale smooth a-C:H surfaces and their
adhesion tendency.14 They concluded that excep-
tionally smooth surfaces have a positive influence
on the adhesion in dry forming of aluminum. That
research indicated a possible way to eliminate
lubrication and allow for true dry metal forming.
In addition to the tool surfaces, the properties of the
sheet metal also play a decisive role in dry forming.
Flegler et al. presented the influence of the sheet
roughness and associated contact area of the near-
surface structures on the adhesive wear behavior.
The results revealed that, by polishing the sheet
surface to values of Rz less than 0.3 with a uncoated,
polished tool surface, the adhesive wear could be
reduced by 90%.15 The increased contact area of the
surface results in smaller deformations of the rough-
ness peaks. Consequently, the protective oxide layer
of the aluminum remains intact longer and prevents
adhesive wear on the tool. In addition to wear, the
friction at the drawing radius could also be signifi-
cantly reduced, which makes the use of this approach
in a deep drawing process promising. Subsequent
investigations evaluated various surface finishes

with regard to their coefficient of friction in the
typical friction zones of a deep drawing process and
enabled a preselection to be made.16

In particular, coating the tool with a-C:H with
reduced roughness and the use of polished aluminum
sheet metal are promising approaches for dry forming
of aluminum. In The corresponding deep drawing
experiments are presented and analyzed herein. Using
a numerical representation, explanatory approaches
for the observed phenomena are presented.

MATERIALS AND METHODS

Materials

Aluminum EN AW-5083 with a mill-finished
surface and sheet thickness of 1.5 mm was used
for the deep drawing experiments. EN AW-5083 is
characterized by its self-hardening properties,
which lead to high hardness and strength. However,
the material cannot be heat treated to improve
these parameters further. These properties explain
the preferred application of this material in highly
loaded welding constructions, e.g., in vehicles,
tanks, and apparatus construction. The drawing
rings are made of heat-treated 1.2379 work steel,
hardened to 60 HRC. Prior to coating, the tools are
prepolished using a diamond suspension. Table I
presents the relevant mechanical properties.

The sheet metal rounds were punched using a tool
and the same forming press as used for the deep
drawing experiments, thereby guaranteeing full
control over the quality and consistency of the
cylindrical aluminum blanks. All blanks were
punched from the same aluminum sheet, allowing
for the assumption of equal properties. For the
experiments with polished DLC tools and polished
blanks, the blanks were polished manually to
Rz = 0.287 ± 0.05 lm. The roughness of the alu-
minum sheets was scanned using a confocal micro-
scope (lSurf). A magnification of 50 was used to
obtain the surface roughness values at three differ-
ent spots on the sheet metal. The measurement was
done for only one polished blank. Previously man-
ually polished material of the same kind shoed a
reduction of the friction coefficient from 0.4 to 0.11
as described by Flegler et al.15 The burr on all the
blanks after the punching process was removed, and
they were lubricated homogeneously on the blank
holder side with Wisura AK 3080 oil applied using a
roll. This lubrication can be characterized as max-
imum quantity lubrication.

Coating Deposition and Polishing

The coating of the tools was conducted at the
Fraunhofer IST in Braunschweig using a plasma-
assisted chemical vapor deposition (PACVD) process
with a mixture of argon and acetylene (C2H2) as
precursor gas. Before the deposition process, the
parts must be cleaned. This cleaning was done by
sputter cleaning for 30 min prior to coating. To
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ensure the adhesion of the a-C:H coating, an
interlayer of titanium with thickness of 0.2 lm
was applied by magnetron sputtering. The subse-
quent vapor deposition achieved a coating with
thickness of 2.4 lm. A detailed description of the
process and further information regarding the
properties of the coating can be found in Ref. 17.
The achieved surface hardness was measured using
a Fischerscope H 100 by recording load versus depth
curves up to 30 mN measuring 32 GPa. A ball
cratering test operation with alumina (Al2O3) sus-
pension (mean alumina grain size 1 lm) was used to
examine the abrasive wear rate. The analysis
yielded an abrasive wear rate of 1.0 9 10�15 m3/
Nm.18 The hydrogen content of the coating was
measured to be 17 at.% utilizing secondary-ion
mass spectrometry. One of the tools was subse-
quently polished by hand using 3-lm diamond
suspension to achieve better wear coefficients. To
ensure the cleanliness of the surfaces, the tools were
cleaned using acetone and isopropanol prior to use.
The coated tools are shown in Fig. 1.

Experimental Setup

According to the previous investigations, the test
matrix presented in Table II was selected.

For the experiments, the DLC-coated tools were
installed in the press and the blanks were posi-
tioned with the aid of a positioning template. The
press was set to a drawing speed of 100 mm/s and a
maximum blank holder force of 40 kN; these

parameter values remained unchanged throughout
the experiments and replicate production condi-
tions. Between the experiments, the drawing ring
was changed and realigned with the blank holder to
ensure the same quality for each forming process.
The tool was thoroughly inspected after each form-
ing process in order to detect wear on the tool
immediately.

The geometric conditions of the process are shown
in Fig. 2. The ratio stamp diameter and blank
diameter yield a deep drawing ratio of 2.0, which
according to Ref. 19 is a relatively high value
leading to a very small process window.

NUMERICAL SETUP

For a better understanding of the forming behav-
ior and the dependence on the friction coefficients
obtained from the strip drawing tests, the rotation-
ally symmetric deep drawing process was modeled
using a numerical finite-element method (FEM)
simulation. A rotationally symmetric model imple-
mented in ABAQUS 2019 was used, assuming
isotropic material behavior and evenly distributed
sheet edge feed. The tools were modeled as rigid
bodies, while the plastic behavior of the sheet
material was described by a flow curve derived from
a uniaxial tensile test. Since the blank holder side of
the tool is lubricated in the real process, different
coefficients of friction were defined for the upper
and lower sides of the blank and for the different
tribological systems according to Table II. The

Table I. Material properties of sheet metal and tools

Material Short symbol Rm (MPa) Rp0.2 (MPa) Material condition Surface finish

EN AW-5083 Al Mg4.5Mn > 275 > 125 O Mill finish, polished
1.2379 X153CrMoV12 860 420 Hardened Polished and coated

Fig. 1. Coated tools and corresponding surface roughness Sa (arithmetical mean height).
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discretization of the sheet was done using eight
elements of type CAX4R in the sheet thickness
direction. The blank holder force was set to 40 kN
according to the real experiments. All the geometric
tool parameters correspond to the real conditions.

RESULTS AND DISCUSSION

The four different setups showed surprising,
partially unexpected results. The DLC-coated and
polished tool against mill-finish and polished blanks
allowed for more than 53 wear-free recurrences.
However, the combination of a standard DLC
coating and polished blanks yielded failures, and
no part could be produced. The combination with
mill-finish blanks and the standard DLC coating
only confirmed these failed attempts. The experi-
mental results show a stamping force that suggests
a critical load of around 115 kN. This load was
surpassed by all the failed attempts. Among the 50
successful attempts for the DLC-coated and pol-
ished tool, only one measurement showed a load
above 115 kN. This attempt also failed without
leaving wear marks on the tool, supporting the
assumption of the given critical load. The overall
process window with the given geometric parame-
ters seems very small, and small alterations in
friction lead to part failure, as shown in Fig. 3. The

results of these experiments are shown in Fig. 4.
The error margin on the measurements is presented
in the same color as the mean value of the stamping
force. The findings of these experiments partly
validate the previous assumptions and expectations.
The results indicate a greatly increased process
stability for the DLC-coated tool with extra polish-
ing and stamping forces just slightly above the
maximum lubricated pendant. However, the combi-
nation of polished sheet material and standard
DLC-coated tool did not show the expected result.
Following the experiments, the tools were checked
for signs of wear. No evidence of wear was found on
the DLC-coated and polished tool, even after all 53
process iterations. The standard DLC-coated tool
with polished blanks showed minimal wear.

While the combination of standard DLC tool
coatings with polished sheets in the strip drawing
test provided promising results in terms of wear, the
deep drawing tests were unsuccessful. The expected
coefficient of friction in the area of the blank holder
was significantly higher with this combination than
with the use of a polished DLC coating. The higher
friction in the area of the blank holder results in
higher retention forces, so that material failure can
occur earlier, and a cup that is not fully formed is
the result. To confirm this hypothesis, the numer-
ical model described in ‘‘Experimental Setup’’

Table II. Experimental setup according to Refs. 13, 15, and 16

Tool Sheet metal Lubrication Coefficient of friction

DLC standard Mill finish Maximum 0.0216

DLC standard Polished Dry 0.1115

DLC polished Mill finish Dry 0.0716

DLC polished Polished Dry 0.0716

Fig. 2. Geometric conditions of the rotationally symmetric deep drawing process at the PtU.
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section was used and evaluated for the different
tribological systems. As shown in Fig. 4, the max-
imum force of the lubricated reference process was
on average very well met. The strong fluctuation of
the simulated values is due to numerical inadequa-
cies of the model. The explicit simulation and
contact formulation results in an oscillation of the
force values around a mean value. The data were
not smoothed, and instead individual points of this

oscillation were taken and displayed. For this
reason, the graph shows an increased scatter of
the numerical results. The maximum force during
forming is around 110 kN. If the friction coefficient
increases from 0.02 to 0.07 due to the omission of
the lubricant, the process force increases in line
with the higher retention forces in the blank holder
area. As a result, the rupture threshold of the cup is
exceeded, and component failure occurs. The

Fig. 3. Tools and produced parts after the experiments. The DLC-coated and polished tool showed no signs of wear, while the standard DLC-
coated tool showed wear marks at the drawing radius.

Fig. 4. Stamping force data derived from the experiments and the equivalent numerical representation.
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numerical results slightly exceed the experimen-
tally determined results, but the deviation is on
average less than 10%. If the coefficient of friction in
the simulation is increased up to 0.11 (for a
standard DLC coating and both polished and mill-
finish sheet metal), the stamping force exceeds the
rupture threshold of the sheet material. At the
blank holder, the initial pressure is calculated to be
1.6 MPa, while at the drawing radius the maximum
contact pressure is about 75 MPa.

CONCLUSION

When using nanoscopically smooth DLC coatings,
dry deep drawing tests showed no wear. It was
possible to produce up to 53 wear-free cups,
whereby the surface quality of the tool remained
unchanged and it could still be used without
restriction in further tests. The surface roughness
of the tool seems to play a major role in the wear
development and friction behavior.

While strip drawing tests can accurately simulate
dry deep drawing of aluminum with regard to
friction and wear, the real deep drawing process
must always be designed carefully with considera-
tion of the available process window. In previous
investigations, it was possible to carry out wear-free
strip drawing tests by means of sheet metal polish-
ing, which showed significantly lower friction than
the reference test without coating and native mill-
finished sheet metal surface. However, if one con-
siders the real deep drawing process and the
available process window, sheet polishing alone is
insufficient to produce good parts. For this purpose,
further friction-reducing measures have to be taken
or restrictions regarding the possible drawing ratio
have to be accepted.
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