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1. Introduction

High-strength aluminum sheets (e.g., EN AW-7075) hold great
potential in lightweight applications, but have low formability
at room temperature.[1] For this reason, several temperature-
supported process routes are being investigated.[2] In warm
and hot aluminum sheet metal forming processes, the sheets
are preheated to temperatures between approximately 200
and 550 °C, depending on the alloy and the process route.
Forming at elevated temperatures represents a high thermal load
for the tribological system and prevents a wide application of
warm and hot forming of aluminum sheets in series produc-
tion.[3] Lubrication of cold tools, instead of sheet lubrication,
reduces the thermal load on the lubricant[4] and is therefore used
by several researchers and companies around the world.[1,2,4–7]

Both the elevated sheet temperatures and the concept of tool
lubrication need to be considered in tribological investigations
of high-strength aluminum forming.

For conventional room temperature
sheet metal forming, several dedicated trib-
ometers have already been developed.
An overview of these tribometers can be
found in recent literature.[8,9] The tribome-
ters for investigating warm and hot sheet
metal forming can be classified in two cat-
egories: oscillating tribometers and strip
drawing tests. Investigations on oscillating
tribometers are mainly limited to dry con-
dition[10] or the use of long-term tempera-
ture-stable lubricants like boron nitride,[11]

boron nitride and graphite[12,13] or a combi-
nation of both.[14] The reason for this limi-
tation is the long duration of oscillating
experiments, which results in an unrealis-
tically long temperature exposure of the

lubricant compared to nonisothermal forming processes with
tool lubrication. When using other lubricants in oscillating
tribometer tests, e.g., silicon polymer,[15] the test temperatures
have been slightly reduced from hot forming temperatures
(>400 °C) to 300 °C. In isothermal strip drawing tests, similar
approaches are used: either the temperature is lower than hot
forming temperature[16] or high-temperature lubricants, e.g.,
MoS2, graphite

[17] or boron nitride,[18] are used. In the noniso-
thermal strip drawing tests of Liu et al., the dies were clamped
onto the cold part of the strip before the drawing process started.
The first two seconds of sliding at 50mm s�1 are between lubri-
cated dies and cold aluminum strip, before the hot part of the
strip enters the sliding zone.[19] This test procedure might scrape
the lubricant from the dies or at least change the lubricant’s
structure. In tempered strip drawing tests of Rigas et al., a
dry lubricant is applied to the aluminum strip and a single-
sided die with a contact area of 16mm2 is used.[20] This configu-
ration resembles a pin on disc test with an open tribological
system.

An adapted strip drawing test for warm and hot forming pro-
cesses has already been presented by the authors.[21] A compre-
hensive study of several lubricant classes at various temperatures
in the strip drawing test demonstrated differences in coefficient
of friction (COF) and wear performance.[22] In the present article,
the transferability of these results to a real forming process of a
hat geometry is investigated.

2. Experimental Section

Figure 1 shows the general approach of the present article.
The experimental and finite element (FE) analysis setups are
described in the following sections.
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For conventional sheet metal forming at room temperature, numerous tribom-
eters have been developed in the 20th century. At the present state of the art,
there are some challenges for tribometry in warm and hot forming processes
of high-strength aluminum (e.g., EN AW-7075). Especially for nonisothermal
processes with heated sheets and cooled dies, the tribological design is a major
challenge, which needs to be addressed by investigations with adapted trib-
ometers. Herein, the transferability of friction and wear behavior of three different
lubricants and temperatures is investigated. Therefore, tribometer test results are
compared with real forming trials in combination with thermomechanical finite
element simulations. Both the behavior of different lubricant types and the
characteristics of tool lubrication in sheet metal forming are discussed.
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2.1. Experimental Investigation

2.1.1. General Information and Lubrication

The experimental investigations were performed with 1.5mm-thick
sheet material EN AW-7075 T6 (AMAG Austria Metall AG) in com-
bination with hot work tool steel Uddeholm Unimax (57 HRC).

In both the strip drawing tests and the forming trials, the con-
cept of tool lubrication was used with the lubricants summarized
in Table 1. These lubricants were selected based on discussions
with lubricant manufacturers andmarket research. One objective
was to test lubricants from different classes to account for
different lubricant-specific effects. It should be noted that the
lubricants were not developed specifically for this application.
Therefore, no general statement can be made about the overall
quality of the lubricant. The dies of the strip drawing test were
lubricated with a spray gun. The amount of lubricant was
controlled gravimetrically with a metal test sheet that was
simultaneously lubricated (oil �7 gm�2, polymer �16 gm�2,
BN �24 gm�2). The lubricant quantities were chosen to ensure
a minimum COF for the specific lubricant, with higher lubricant
quantities having no additional positive effect.[22] Due to limited
accessibility, the forming tools were lubricated with a roller,
approximating a similar amount of lubricant. Application was
performed at room temperature, and the polymer and the BN
were dried with a hot air gun at temperatures below 100 °C prior
to testing. The tests were performed with dies and lubricant at
room temperature, approximately 5–20min after lubrication.
Although this method of application may differ from the meth-
ods intended by the manufacturers (e.g., billet coating), to the
best of our knowledge, after consultation with the manufac-
turers, it does not affect the performance of the lubricant.[22]

2.1.2. Strip Drawing Tests

The core components of the tempered strip drawing test are heat-
ing plates with heating cartridges to heat up the aluminum strip

(up to 550 °C). The dies are temperature controlled from 20 to
450 °C with heating cartridges in their base plate in combination
with water cooling channels.[21] The COF values used in this arti-
cle were determined in a previous publication in flat die strip
drawing tests. The initial strip temperatures were 425 °C (hot),
225 °C (warm), and room temperature (RT) at the start of the
drawing process. The contact area was 55� 130mm2 with
polished dies (Rz= 0.44 μm� 0.15 μm). The drawing speed
was 100mm s�1, the drawing length was 130mm, and the con-
tact pressure was 3, 5, and 20MPa, respectively. For each parame-
ter combination, three tests were performed, and the COF was
averaged separately before and after the onset of adhesive
wear. The onset of wear was determined visually. The wear-free
draw-in was measured from the wear marks on the aluminum
strips.[22]

2.1.3. Forming Trials

In the forming trials, blanks with the dimensions 70� 230�
1.5mm3 were formed to an open hat profile in a multipurpose
forming tool (Figure 2a,b). The active tool parts are made of the
hot work tool steel Uddeholm Unimax and the die radii are pol-
ished initially to a roughness of Rz= 0.687 μm� 0.20 μm
measured with a μSurf confocal microscope from nanofocus
in combination with a Struers RepliSet. Over the course of
the tests, roughness changed slightly to a maximum of
Rz= 1.21 μm� 0.10 μm, due to wear removal with a radial
bristle Disc K220 from 3M. The change in roughness did not
change the forming results (punch force, wear behavior).
Prior to forming, the blanks were heated in a Nabertherm NA
15/65 forced convection chamber furnace to 245 and 350 °C,
respectively. The forming tool is at room temperature. To avoid
excessive precooling of the blank, it was placed on spring-loaded
pins 5mm above the blank holder surface. The forming
trials were carried out on a Synchropress SWP 2500 with the
schematic tool and the press stroke shown in Figure 2c,d. The
blank holder distance is set to 2mm in the steps II–IV resulting
in a gap of 0.5 mm between blank and die/blank holder in the
flange area. During the forming process (III), the punch force
was measured with two MecSense C2S load cells. Additional
evaluation variables are the roughness of the formed parts,
measured with a Hommel T800 with a 2 μm 90° probe tip to
quantify wear.

It should be noted that there is a difference in sheet tempera-
ture between the hot strip drawing tests (425 °C) and the hot
forming trials (325 °C). The difference is due to the fact that
the aluminum blanks cracked during the forming process when

Figure 1. Schematic approach and context of the current investigation
(COF= coefficient(s) of friction; FE= finite element).

Table 1. Tested lubricants with primary use cases and properties as specified by the manufacturers.

Shortcut Lubricant name and properties Primary use case

Oil MKU Putrol NW V 1933–30 N-1
mineral oil with additives,

kin. viscosity (40 °C)= 530mm2 s�1

Special drawing oil for aluminum and copper alloys;
continuous casting using the airslip process;
mold release agent for continuous casting

Polymer ZWEZ-Lube PD 5942 (test product) Billet coating for bulk metal forming

BN H.C. Carbon Mechano Lube 6VP813
(6D1 for strip drawing at RT)

Metal forming (esp. die forging) and aluminum casting;
billet coating; stable till >1000 °C
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the furnace temperature was set above 350 °C. This occurred due
to excessive restraining forces despite a distanced blank holder.
To account for the temperature deviation, the COF from the strip
drawing tests at both 225 and 425 °C is considered when com-
paring the experimental and FE results at the hot forming tem-
perature (Section 3.3.3).

2.2. FE Analysis

The FE model was set up as a thermomechanical quarter model
in Abaqus 6.14-1 (cf., Figure 3a,b).

The plastic behavior of the blank was modeled using temper-
ature-dependent flow curves (200, 250, 300, 350, and 400 °C)

Figure 2. a) Multipurpose forming tool as photo, b) formed part, c) forming tool as schematic, d) press stroke in the forming trials with (I) die closure,
(II) idle stroke, (III) forming (75mm), (IV) return stroke, and (V) die opening.

Figure 3. a) FE model of the forming process in the initial state and b) at the end of the forming process.
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based on the tensile test data from Sajadifar et al.[23] In addition, a
flow curve from the same material batch at 20 °C was determined
by the authors. All experimental flow curves were obtained using
a Hocket–Sherby approach and are plotted in Figure 4. The flow
stress between the experimental flow curves at the specified tem-
peratures is linearly interpolated, with one exception: tensile tests
from the literature indicate a nonlinear increase in (engineering)
stress between 200 and 20 °C.[24] To account for this material
behavior, synthetic flow curves for 150 and 100 °C were added.
The 150 °C flow curves are in the middle of the corresponding
200 and the 20 °C flow curves. The 100 °C flow curves are midway

between the 150 and 20 °C flow curves. The resulting nonlinear
interpolation between the 20 and 200 °C flow curves is similar to
the flow curves found in the literature for this temperature
range.[25,26]

Both sheet and tool temperatures are set to a homogeneous
predefined temperature field at the beginning of the simulation.
Heat transfer between the sheet and the tool is modeled using a
pressure-dependent IHTC curve from Liu et al.[27] The tool
movement in the FE forming step was approximated to the exper-
imental motion curve from Figure 2d, zones II and III. To reduce
the simulation time, the blank holder closure (zone I)
was shortened to 0.01 s and the initial temperature at the begin-
ning of the forming step was approximated to experimentally
measured data over the forming process. In addition, mass scal-
ing by a factor of 1000 was used and other modeling parameters
are shown in Table 2. The various COFs were each kept constant
for the entire model. A convergence analysis led to the specified
element size. A contact damping of 0.1 reduces the solution
noise without affecting the punch force level, which was ensured
in a comparative study. As in the experimental study, the punch
force is the main evaluation variable in the FE analyses. It was
determined from the reaction force of the rigid body punch,
scaled from the symmetrical quarter model to the full model.

3. Results and Discussion

Section 3.1 provides an overview of the temperature- and
lubricant-dependent experimental results. The results of the
FE analyses are then presented in Section 3.2. Section 3.3 corre-
lates the experimental and FE results and discusses the transfer-
ability for each temperature–lubricant combination.

3.1. Experimental Results

The COF results from the strip drawing test in Figure 5 represent
mean values from both wear-free sliding and sliding after the
onset of wear. Most of the values are taken from the authors’
previous investigation, which includes a further discussion of
the strip drawing test results.[22] A general trend is an increase
in COF with initial sheet temperature and also after the onset of
wear. An exception is the polymer lubricant, whose COF
decreases with increasing temperature due to softening effects
in the polymer that reduce its internal friction.[22] During a single
strip drawing test, the mean temperature in the friction zone

Figure 4. Temperature-dependent flow curves of EN AW-7075, including
synthetic flow curves for 100 and 150 °C.

Table 2. Modeling parameters for the FE analyses.

Thermal conductivity (20–500 °C) Unimax dies: 27–29Wm�1 K�1, cf., [34] Specific heat (30–500 °C) Unimax dies: 460–656 J kg�1 K�1, cf., [34,36]

7075 sheet: 121–158Wm�1 K�1, cf., [35] 7075 sheet: 863–1102 J kg�1 K�1, cf., [35]

Contact behavior Exponentially softened kinematic COF Constant; 0.01, 0.1, 0.2, 0.3, 0.4

pð5 μmÞ ¼ 0MPa

pð0 μmÞ ¼ 3MPa

contact damping 0.1

Elements C3D8T Solver Explicit

blank: 0.75� 0.75� 0.5 mm3 (l� w� h)

die radius: 0.5� 2� 0.5 mm3 (l� w� h)
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increases due to the draw-in of hot aluminum strips.[21] A similar
behavior, although in a weakened form, is expected for the poly-
mer RT strip drawing test at 20MPa due to frictional heat. In the
case of the polymer lubricant, the decrease in COF with temper-
ature and the increase in COF with wear partially offset each
other.

Figure 6 shows the roughness values Rz and Rz max of the
formed parts in the wall area that slid over the die radius during
forming. Images of this area are shown in Figure 7. In the
following, the results for polymer and BN are discussed
first, followed by those for oil. For the polymer and the BN, sur-
face roughness increases with increasing temperature due to
increased galling of the aluminum on the die radius. This galling
damages the blank surface especially at high temperatures,
where scratches are visible from the beginning of the sliding

contact between the blank and the die radius. For BN, individual
scratches with large undamaged areas (warm) or narrow undam-
aged streaks (hot) are visible at elevated temperatures. This
behavior is consistent with previous results from the strip draw-
ing test, which showed local stochastic detachment of BN from
the die surface along with large areas of intact lubricant layers
after pressure and sliding load.[22] The polymer shows a more
homogeneous wear distribution than the BN. It also exhibits a
later onset of wear after a sliding distance of 11mm (warm)
or 10mm (hot), which can be assumed to be the distance after
which the lubricant is scraped off the die radius and direct
aluminum–steel contact is initiated (cf., Figure 7). The BN
and the polymer forming trials show more galling and scratches
on the aluminum parts, and therefore poorer wear resistance,
compared to the strip drawing tests with the same lubricants.
This can be explained by the different contact conditions in
the flat die strip drawing test compared to the die radius of sheet
metal forming processes.[28]

The oil lubricant shows a better wear reduction behavior with
less galling and scratches on the formed aluminum parts, com-
pared to the BN. For the oil, only minor changes in surface rough-
ness were observed at all temperatures (cf., Figure 6), which is also
indicated by the visual assessment in Figure 7. This behavior is
surprising at first glance because the oil showed rather poor wear
reduction behavior in the strip drawing tests at high tempera-
tures.[22] One explanation for the good wear behavior of the oil
during forming is the transfer of oil from the die to the blank prior
to the sliding process: At the end of step I (Figure 2c,d), the flange
area of the blank is in contact with the lubricated die surface due to
the spring-loaded pins (cf., Figure 8). Due to its liquid form, the oil
transfers to the blank and thus prelubricated aluminum slides over
the die radius, whereas in the strip drawing test, a dry aluminum
strip enters the sliding zone. On the other hand, the BN and the
polymer do not transfer from the flat die area to the blank in step I
because of the solid form of the lubricants and the very low contact
pressure between the flat die area and the blank (the contact pres-
sure is only caused by the spring-loaded pins, cf., Figure 8a). This
behavior was validated by inserting a blank and closing the die
until just before the forming begins (end of step 2 in
Figure 2), with no visible transfer of BN or polymer to the blank.
As the blank holder distance is 0.5mm greater than the blank
thickness, there is no significant blank–die contact in the flat
die area during the forming process, as seen in the FE forming
simulation cross sections in Figure 8b. As an additional validation,
it was observed after forming that both the polymer and the BN
layer were still intact in the flat die area, while they were scraped
from the die radius and to some extent from the blank holder con-
tact area. For the polymer, the removal of lubricant at the die
radius and subsequent dry aluminum contact results in wear
marks on the formed parts after 10 and 11mm, respectively
(cf., Figure 7).

In summary, different lubricants have individual friction and
wear characteristics in the current forming process. It was shown
that the performance of a lubricant may depend on its ability to
transfer from the die to the blank at low contact pressure. If lubri-
cant transfer from die to blank is achieved immediately prior to
the forming/sliding process (e.g., by low pressure contact
between blank and die), dry aluminum sliding and thus galling
can be significantly reduced.

Figure 6. Surface roughness at the wall of the formed specimen and the
blanks as delivered.

Figure 5. COF from the strip drawing test with tool lubrication at 5 MPa
(RT and warm) and 3MPa (hot), values extracted from a previous publi-
cation.[22] COF values for polymer at 20MPa were determined separately
in the current contribution.
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3.2. FE Results

The FE-based punch force curves over the time of the forming
step are shown in Figure 9 for different forming temperatures
and COF. As expected, increasing the COF leads to higher
restraining forces at the die radius and thus to higher punch
forces. In absolute values, for RT, the COF-induced punch force
increase is approximately 11.6 kN at 0.4 s. For warm forming it
is 7.9 kN and for hot forming it is 6.2 kN. The reason for this
variation in punch force increase is the temperature-induced reduc-
tion of the aluminum yield stress, which, in turn, reduces the con-
tact pressure and thus the frictional component of the punch force.
The increase in punch force over time (read: over press stroke) can
be explained by an increasing bend angle at the die radius and thus
an increasing amount of forming work. At elevated forming tem-
peratures, part of the increase in punch force over time is due to the
cooling of the sheet during the process, which increases the yield
stress of the aluminum.

The jump of the punch force at about 0.2 s at low COFs
(especially 0.01) is due to the sudden contact of the aluminum
blank with the punch wall, which changes the kinematics of the
forming process. At higher COFs (e.g., 0.4), the contact is initiated
more smoothly due to a higher frictional restraining force that
straightens the wall of the aluminum part (cf., Figure 10).

Figure 7. Geometry and surface quality at the wall area of the formed parts.

Figure 8. a) Blank–die contact after die closure and b) during forming.
Blue and gray cross sections are taken from the FE analysis.
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Overall, the FE results are consistent with expectations based on
basic knowledge of temperature-dependent material data and fric-
tional behavior associated with sheet metal forming processes.

3.3. Transferability between Experimental and FE Results

In the following sections, the transferability of the results from
the strip drawing tests (COFs, cf., Figure 5) to real forming pro-
cesses is discussed. Therefore, experimental punch forces from
different lubricants are compared with FE punch forces from dif-
ferent COFs. The comparison is structured by temperature and
will be discussed in the following sections. The highlighted
punch force curves in Figure 11–18 indicate the lubricant-

specific COF expected from the strip drawing test for the FE anal-
yses. For the experimental punch forces, the average of three
experiments is plotted along with a shaded slope marking the
maximum and minimum experimental punch forces at each
measurement point.

3.3.1. RT Forming

The experimental and FE results for the oil lubricant at RT are
shown in Figure 11 and show excellent agreement. The experi-
mental force plotted after �0.83 s is from the return stroke,
which was not simulated in the FE model. It can be concluded
that for the oil, the COF from the strip drawing test can be trans-
ferred to the FE forming simulations. It should be noted that in
the simulation, a COF of below or slightly above 0.01 does not
significantly change the punch force, which is discussed at the
end of this section. This is also indicated by the small variations
in the experimental punch force in Figure 11.

Figure 9. FE punch forces from different COFs and initial sheet temper-
atures: a) RT, b) warm, and c) hot.

Figure 10. Aluminum to punch contact in the FE simulation at RT for
a) low and b) high COFs.

Figure 11. Comparison of experimental and FE punch forces for oil at RT.
The highlighted COF curve represents predicted COF from the strip
drawing test.
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For the polymer at RT, the result of the comparison is not as
obvious as for the oil. Figure 12 shows that the COF of 0.4
obtained in the strip drawing tests at 5MPa is not reached in
the FE analyses. This can be explained by the higher contact pres-
sure peaks at the die radius, which may approximate the targeted
working conditions of a bulk metal forming lubricant such as the
polymer. Higher contact pressure leads to higher frictional heat
and therefore higher contact temperature in the forming process.
Figure 5 shows a significant decrease in the COF of the polymer
with increasing temperature. The strip drawing tests at 20MPa
lead to a better fit of the COF, which can be explained by both the
approximation to the intended working conditions of the lubri-
cant and the higher frictional heat (lower friction) compared to
the 5MPa results. Another observation is the variation of the
COF between 0.2 at the beginning of the experimental forming
process and 0.1 after about 0.7 s. This behavior can also be
explained by an increasing contact temperature (=lower friction)
over the forming process. A time stamp for the end of wear-free
sliding cannot be conclusively determined from the results in
Figure 10 in comparison with the marks in the wall area shown
in Figure 7. The slight increase in COF at 0.15 s (Figure 12) may
indicate a scraping of the polymer lubricant from parts of the die
radius. Previous studies in the strip drawing test show that, espe-
cially at room temperature, the polymer lubricant is scraped off
the die surface under combined normal and sliding loads.[22]

The punch force results for the FE-based and experimental
studies of BN show good agreement (cf., Figure 13). In the strip
drawing tests, the BN detached from the die surface in an irregular
pattern and also showed a high fluctuation in the wear-free draw
in.[22] An analogous behavior is indicated by the variation of the
experimental punch forces between 0.2 and 0.6 s in Figure 13.

The question of why the COFs of 5 and 3MPa strip drawing
tests are suitable for oil and BN, while only the COF of 20MPa
strip drawing tests is suitable for the polymer forming trials, is
discussed below. In previous studies, the polymer showed a sig-
nificant decrease in COF with increasing contact temperature,
regardless of whether the contact temperature was increased
by using higher temperature sheets or higher temperature
dies.[21] It is assumed that the higher frictional heat induced
by the higher contact pressure also decreases the polymer
COF. Regarding the contact pressure itself (ignoring any possible

increase in frictional heat), it is known from the literature that for
oil lubricants the COF decreases with increasing contact pressure
at low to medium[29] and also at high contact pressure levels.[30]

However, in this article the COF for oil at 3 and 5MPa is already
very low (cf., Figure 5). If strip drawing tests at 20MPa would
result in the same or even lower COF, this would not affect
the fit of the FE and experimental punch force curves in
Figure 11 because reducing the COF in the FE simulation below
0.01 does not significantly change the punch force (but does
increase the solution noise, cf., Figure 14). In other words, for
the oil, the experimental punch force would also match the
COF from 20MPa strip drawing tests. The same conclusion
can be drawn for BN, which has already been investigated in
10MPa strip drawing tests with no significant change in COF
compared to lower contact pressure tests.[22]

3.3.2. Warm Forming

At warm forming temperature, the experimental punch force for
the oil lubricant is at the upper end of the punch force predicted
from the FE analyses with the highlighted COF from the strip
drawing tests (cf., Figure 15). Possible explanations for this
are the temperature-dependent modeling of the aluminum’s
yield stress with uncertainties between RT and 200 °C and

Figure 12. Comparison of experimental and FE punch forces for polymer
at RT.

Figure 13. Comparison of experimental and FE punch forces for BN at RT.

Figure 14. FE punch forces at RT with low COF.
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different contact area sizes between the strip drawing tests (large
contact area) and at the die radius (small contact area). An influ-
ence of contact size on friction in oil-lubricated strip drawing[31]

and cylinder compression tests[32] is reported in the literature,
where smaller contact sizes lead to higher COFs.

For the BN and the polymer lubricants, the experimental
punch forces are in the expected range at the beginning of form-
ing but exceed the corresponding FE punch forces after 0.1 to
0.2 s (cf., Figure 16). However, in contrast to the oil lubricant,

the wear in the BN and polymer forming trials is more severe
than in the strip drawing tests, which explains the comparatively
higher experimental punch force. As a result, for BN and poly-
mer, a direct comparison between the COFs from the strip draw-
ing test and the COF in the FE/experimental punch force is
problematic. To improve this comparability, further lubricant
developments are needed to prevent wear in both the strip draw-
ing test and the forming trials (at least within the scope of the
comparison). Only if there is no immediate wear in both pro-
cesses, a deeper discussion of the influence of the contact con-
ditions on the COF and its transferability from the strip drawing
test to real forming trials is meaningful.

3.3.3. Hot Forming

For the oil and polymer trials at hot forming temperature, the
experimental punch force curves are mostly between the
corresponding punch force curves from the FE analyses
(cf., Figure 17). This indicates a good transferability of the
COF results from strip drawing tests to real forming processes.

In the case of BN, the experimental punch force exceeds the
expected FE punch force (cf., Figure 18). This can be explained by
more severe wear at the die radius in the forming process com-
pared to the strip drawing tests. In the strip drawing tests, local
damage to the lubricant layer does not necessarily result in direct
metal-to-metal contact or increased COF because the surround-
ing incompressible lubricant particles provide load-bearing

Figure 16. Comparison of experimental and FE punch forces for
a) polymer and b) BN at warm forming temperature.

Figure 15. Comparison of experimental and FE punch forces for oil at
warm forming temperature.

Figure 17. Comparison of experimental and FE punch forces for a) oil and
b) polymer at hot forming temperature.
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effect. However, the die radius of the forming process is more
prone to local contact pressure peaks,[33] leading to direct metal-
to-metal contact and thus more severe wear and higher COF.

4. Conclusion and Outlook

Knowledge of the transferability of tribological test results to real
forming processes is of great importance for process design. In
particular, the transferability has not yet been investigated for
temperature-supported forming processes of high-strength
aluminum sheet. Therefore, the COF has been determined for
different temperatures and lubricants in temperature-controlled
flat die strip drawing tests.[22] In the current article, a thermome-
chanical FE forming analysis of a hat profile geometry was per-
formed with a variation of COFs that represent the COFs from
the strip drawing tests.

The punch forces from the FE analyses were compared to the
punch forces from forming trials with different lubricants. While
in some cases the results show good agreement (e.g., oil at RT
and hot forming temperature), other results are difficult to fully
evaluate: It was shown that further advances in thermomechan-
ical material modeling are needed, especially to account for non-
linear material behavior at temperatures between 200 and 20 °C.
In addition, the difference in wear behavior between strip draw-
ing tests and forming trials is an issue, especially under hot form-
ing conditions. For the evaluation of the wear behavior,
additional investigations should be carried out with cylinder
plane strip drawing tests to better simulate the local contact con-
ditions at the forming die radius.[33]

Furthermore, it was shown that when unlubricated aluminum
blanks are formed in lubricated dies, the lubricant performance
may depend significantly on the state of aggregation of the lubri-
cant, or in other words, its ability to transfer from the die to the
blank at low contact pressure. Therefore, the contact history and
sliding path of the aluminum blank in the die must be consid-
ered in the design of forming processes with die lubrication.

In summary, the combination of strip drawing tests, FE form-
ing simulations, and forming trials improves the overall
understanding of the challenges in the design of temperature-

supported aluminum sheet metal forming processes.
Considering the extensive tribometer developments for room
temperature sheet metal forming,[9] it can be stated that there
is still a lot of research to be done in the field of tribological
assessment of temperature-supported aluminum forming
processes.
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