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Abstract Press hardening is widely utilized to form ultra-
high-strength steels characterized by a high strength-to-
weight ratio for automotive components. Press hardening
processes include heating boron—manganese steels to
austenite phase, forming the steels at a high temperature,
and cooling the formed blanks until the martensite phase is
reached. However, press hardening processes lead to severe
contact conditions between the blank and the tools
including contact pressure, relative sliding, and high tem-
peratures, which result in tool wear and increased main-
tenance cost. The contact conditions that occur in the
stamping tool are difficult to study on site. Additionally,
simplified tests, such as pin on disc and ball on disc, are
insufficient to reproduce press hardening conditions in
laboratory environments. The aim of this study includes
developing a tribological test with press hardening condi-
tions in which tool steel pins continuously slide on fresh
and hot boron-manganese steel strips. The test programme
mimics press hardening conditions with respect to sliding
distance, sliding velocity, contact pressure, and surface
temperature that were studied based on finite element (FE)
simulations of a press hardening experiment. Furthermore,
a FE simulation of the tribological test is established and it
provides contact temperature in the pin tip with a high
accuracy. A tribological test is used to study friction and
mass loss with variational pressures and velocities that
represented typically variational contact conditions in the
press hardening. The tribological test is also used to obtain
correlations between the tribological behaviours and
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process parameters in press hardening including pressure
and sliding velocity.

Keywords Contact conditions - FE simulation -
Tribological test - Tribological behaviours

1 Introduction

In comparison with cold forming operations, press hard-
ening processes include heating boron—-manganese steel
sheets to an austenite phase, forming steel sheets at high
temperatures, and quenching formed parts until the
martensite phase is reached. However, harsh working
conditions including high temperatures, cyclic loading, and
sliding processes, result in severe wear in the stamping
tool. This in addition to shortening the service life of the
stamping tool also increases rejection of produced parts.
Thus, it is necessary to possess a deep understanding of
tribological behaviours that occur in the stamping tool.
However, this is restricted by the difficulty of on-site
measurements and the lack of a simplified test with a high
reproducibility of press hardening conditions.

Most terminology standards define friction as the resis-
tance to sliding a solid body over or along another body
and wear as the progressive removal of material from a
surface in contact with a counter surface [1]. In order to
study tribological behaviours of press hardening, Geiger
et al. [2] established a numerical model of cup deep
drawing process to use Siebel’s equation to calculate the
friction coefficient in a forming process. The decreases in
the coefficient of friction with increases in temperature
were attributed to plastic softening of the blank material.
Nevertheless, an examination of tribological behaviours in
the press hardening experiment is a complicated process
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because either a wear mechanism or several mechanisms
lead to continuous removal of material from the contacting
surfaces, and thus, the accumulated wear debris increases
the friction force. In order to simplify the mechanical
characteristics of a forming operation, researchers designed
different laboratory test set-ups. Okonkwo et al. [3] con-
ducted ball-on-disc tests to study tribological behaviours in
a cold forming process by considering temperature effects.
The tests were performed at elevated temperatures between
ambient temperature and 150 °C to simulate the increase in
temperature due to friction work during the sliding process.
The observations indicated that higher temperatures
decreased the adhesion of the ball material to the tool steel
(disc), and increased disc material was removed due to
ploughing and spalling. The amount of the transferred
material could explain the relatively low friction coeffi-
cients that were observed at ambient and 50 °C as well as
high friction coefficients that were observed at 100 °C and
150 °C. Mozgovoy et al. [4] conducted a high-temperature
reciprocating test in which the oscillating sliding on the
disc was performed by a pin with a flattened surface and
observed that lower and more stable friction coefficients
occurred at higher temperatures due to the formation of
protective and compacted layers of wear debris that pre-
vented the sliding track from metal-to-metal contact and
caused the wear rate of the disc to decrease above 200 °C.
However, simplified laboratory tests, such as ball-on-disc
tests and reciprocating tests, do not simulate press hard-
ening processes. This is because the sliding process
repeatedly occurred in at least one of the counter parts in
which friction heat caused mechanical changes in the
specimens and the contacting surface could change at the
microcosm level including plastic hardening and the for-
mation and removal of oxidized layers. Furthermore, tri-
bological behaviours, such as friction behaviour and
material transfer, could differ from a tribosystem to another
because tribological behaviours involve system parameters
instead of material properties and are affected by every
small change in the set-up of the tribosystem, process
parameters, chemical constituents, and surrounding
environments.

In order to obtain a deeper understanding of tribological
behaviours under press hardening conditions, contact con-
ditions of a press hardening experiment were studied by
means of FE simulations of a production test line. Typi-
cally variational contact conditions with respect to pressure
and sliding velocity served as a base to determine test
parameters for a tribological test. The tribological test
mimics the sliding process of press hardening as closely as
possible, and this results in a possible correlation between
the test parameters and the consequent friction coefficients
and mass losses. The tribological study in the present study
was confined by friction behaviour and mass loss of tool
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steels, which characterized the mechanism by which two
solids slid and the consequent material transfer that
occurred. A future study will focus on wear mechanisms
and topography analysis of the worn surface.

2 Contact Conditions in a Press Hardening
Experiment

2.1 Set-up of the Press Hardening Experiment

In order to study tribological behaviours of press hardening
in laboratory environments, a press hardening experiment
representing typical press hardening processes in automo-
tive industries was performed in a production test line. The
set-up of the press hardening experiment and the geomet-
rical measurements are shown in Fig. 1. The initial tem-
perature of the blank was set at 930 °C, and this was
followed by a cooling process for 11 s as the heated blank
was transferred from the furnace to the die. Given cooling
by an effective heat transfer coefficient of 120 Wm 2K ™!,
the temperature in the blank decreased to 763 °C when the
stamping tools began to form. In the drawing process, the
punch loaded by force moved down with the holders.
However, a gap of 2.6 mm was maintained until the end of
the drawing process. Following the drawing process, the
water in the tool channels was cooled down the formed
blank until the martensite phase was reached during 9 s.
The tools were composed of hot work tool steels, and the
blank was made of 22MnB5 steel. The material properties
used in the press hardening experiment are presented in
Table 1 based on [4].

2.2 Simulation of the Press Hardening Experiment

A numerical model of the press hardening experiment
using a commercial FE software termed as LS-Dyna, which
consisted of 140,101 nodes, 6857 shells, and 125,160 solid
elements, was defined on a quarter of the actual geometry
due to symmetry. The blank was modelled by four-node
Belytschko-Tsay shell elements of 2 mm each with 5
integration points through the initial thickness of 1.6 mm.
The smallest element length defined for the tools in the
contact surface corresponded to 1 mm. However, it
increased until 10 mm in the bulk due to high computa-
tional cost. The thermal expansion of boron—-manganese
steels due to the heating process was simulated with
assumed volume fractions of 80% ferrite and 20% pearlite,
and this expanded the thickness to 1.618 mm. Following
the heating process, the numerical model commenced with
a cooling process of the blank mimicking the transfer
process, and this was followed by a drawing process and a
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cooling down process. A thermoelastic-plastic constitutive
model based on the von Mises yield criterion with asso-
ciated plastic flow that described the phase transformation
and deformation behaviour of the blank was developed by
Akerstrom [5] and Akerstrom et al. [6]. This model was
implemented in LS-Dyna, and the material properties of
the boron—-manganese steel at elevated temperatures could
be extracted based on a previous study by Akerstrom and
Oldenburg [7]. The stamping tools corresponded to rigid
bodies, and their initial and constant boundary temperature
corresponded to 40 °C. A constant heat transfer coefficient
of 6000 Wm~2 K~! was used for the uncoated tool-blank
interface, which coefficient was extracted from the work on
a validated austenite decomposition model presented in [8].
The heat capacity was assumed as the same for the
X40CrMoV5-1 tool material (see [9]), and the thermal
conductivity of the tools was provided by the steel supplier
as shown in Table 2. The static and dynamic friction
coefficients for forming the uncoated material were both
assumed as 0.56. The present model was analysed by an
explicit solver with a real drawing velocity corresponding
to 100 mm/s without thermal scaling although the heating
and cooling processes were speeded up by 100 times each.

In the present study, the thickness of the formed blank
was used to validate the numerical model of the press
hardening experiment. As shown in Fig. 2, two regions
(dash line) were measured on the formed blank based on
the FE simulation in which Z1 represented the mild
thickness change region and region Z2 experienced a sig-
nificant change in thickness. The thickness measurement
was performed by a micrometre and was averaged across
20 repetitions in each measured position. As shown in
Fig. 3, the tendency of the calculated thickness was con-
sistent with the measured results.

2.3 Presentation of Contact Conditions

The presentation of the contact conditions could serve as a
basis for designing a simplified test aimed at reproducing
the tribological behaviours of press hardening in laboratory
environments. The contact conditions occurring in the
stamping tools were statistically analysed as shown in
Table 3. The contact force assembling the reflective forces
on the slave and master sides produced the nodal pressure
as a quotient of the contact force and the sum of frag-
mentary areas of the neighbouring segments. According to
Pereira et al. [10], transient pressure could reach an
extremely high value that exceeds 1000 MPa. However,
the extremely high value of contact pressure was not
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Table 1 Alloying compositions (wWt%), initial hardness, and surface roughness

Material C Si Mn P S Cr Mo V Ni B HV0.5 Ra/um
22MnB5  0.20-0.25 0.20-0.35 1.0-1.3 Max. 0.03 Max. 0.01 0.14-0.26 - - - 0.005 201 £3 1.16 £0.16
Tool steel 0.32 0.6-1.1 0.8 Max. 0.001 Max. 0.003 1.35 0.8 0.14 Max.1 - 458 £ 6 0.13 £0.01
Table 2 Thermal parameters for stamping tools Fig. 4. Figure 5 indicates the extreme contact conditions
7¢O C, UKe °C) & (W/m °C) obtained by' Fhe FE simulation with respect to contact
pressure, sliding distance, surface temperature, and the
20 460 34 temperature in the blank passing by the tools. Most of the
200 460 32 sliding process between the blank and the tool resulting in
800 460 31 tool wear occurred during the drawing process of the press

observed in the present study because the hot blank was
relatively soft in the press hardening experiment. The high
standard deviations of contact pressure indicated that the
pressure was unevenly distributed over the tools. The
median pressure that occurred in the upper tool corre-
sponded to 28.3 MPa, and this implied that most part of the
tool experienced the pressure within the range from
20 to 30 MPa. The relative distance between the pass-by
blank and the tool at each time step accumulated as the
sliding distance. The maximum sliding distance that
occurred in the upper tool exceeded that obtained in the
lower tool by one magnitude level. The sliding velocity
corresponded to the value of the relative distance divided by
the time step of the explicit solution. Even the transient
sliding velocity exceeded the drawing velocity, and most of
the velocities measured in the upper tool dropped in mag-
nitude levels from 0.01 to 0.1 m/s. The mean tool temper-
atures in the upper tool as well as the lower tool reached
approximately 200 °C. The upper tool experienced harsher
contact conditions when compared with that of the lower
tool. Therefore, the contact conditions that occurred in the
upper tool formed the main basis for designing the test
programme of the tribological test. Additionally, most of
the extreme contact conditions appeared in the observation
area within the curved part of the tool radius as shown in

Fig. 2 An illustration of the
measured positions on the

formed blank. Lef Z1, Z2 e

illustrate the measuring regions
on a quarter of the blank; right
P1-P9 correspond to the
specific measured positions in \
each measuring region; all

dimensions are in millimetres
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hardening experiment (0.09-0.9 s). Figure 5a illustrates the
contact pressure histories obtained from the nodes that
experienced the highest pressures in the upper and lower
tools. The oscillation of the pressure that appeared in the
upper tool was attributed to the sliding process along the
neighbouring elements with stiffness differences. The
pressures increased sharply in both tools when the blank
began to bend, and this was followed by a relatively
stable stage as the upper tool continuously drew on the
blank. Following this, the pressures increased drastically as
the tools closed. The highest pressure occurred in the end of
the drawing, and it may be not significant in the entire
drawing process. Figure 5b presents the maximum sliding
distances that occur in the upper and lower tools. The radius
of the upper tool experienced the maximum sliding process
since it formed the blank into the targeted shape. Addi-
tionally, the lower tool remained stationary during the
drawing process, and the sliding process that occurred in it
was mainly caused by the deformation of the blank. Based
on the implementation of FE simulations, the prediction of
the tool surface temperatures and the temperatures in the
pass-by blank were obtained by a user-defined subroutine
integrated with LS-Dyna. Figure 5c and d illustrates the
surface temperatures in the contact interface between the
pass-by blank and the tools. The fresh blank continuously
slid over the radius of the upper tool, and thus, the tem-
perature in the blank passing by the observation area of the
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Fig. 3 Comparison of the formed blank thickness between the
measured results and calculated results

upper tool exceeded 750 °C. Additionally, the temperature
in the observed node in the upper tool continuously
increased until 445 °C due to the combined effect of friction
energy accumulation and heat transfer. The decrease in the
sliding distance and the increase in stagnation between the
lower tool and the hot blank resulted in the increased
transfer of heat from the blank to the lower tool. The
apparent decrease in temperature in the pass-by blank and
the increasing tool temperature are shown in Fig. 5d.

3 Experimental Conditions

3.1 The Set-up of a Tribological Test

A tribological test that included a pair of tool steel pins
sliding on a boron—manganese steel strip was designed to

Table 3 Statistics of the contact conditions

Tool Upper tool  Lower tool
Max. pressure (MPa) 214.0 109.0
Mean pressure (MPa) 37.4 27.2
Std. deviation pressure (MPa) 35.7 234
Max. sliding velocity (m/s) 0.14 0.11
Mean sliding velocity (m/s) 0.077 0.0043
Std. deviation velocity (m/s) 0.029 0.0062
Max. sliding distance (m) 0.063 0.0024
Mean sliding distance (m) 0.014 5.7 E-4
Std. deviation distance (m) 0.015 6.1 E-4
Max. surface temperature (°C) 445.0 302.0
Mean surface temperature (°C) 204.5 184.7
Std. deviation temperature (°C) 108.4 73.0
Max. pass-by temperature (°C) 768.0 768.0
Mean pass-by temperature (°C) 674.7 656.7
Std. deviation pass-by temperature (°C)  60.9 52.9

study the tribological behaviours with respect to press
hardening conditions. The basic configuration of the tri-
bological test is shown in Fig. 6. A pair of tool steel pins
was loaded against the strip with a tool steel pin from each
side and was mounted in a moving assembly driven by a
ball screw. A normal load on the tool steel pins was applied
through a pneumatic bellow. In contrast to the flattened
surfaces of pins employed in a reciprocating test performed
by Mozgovoy et al. [4], each of the two pins in the present
study was designed with a spherical tip with a radius of
50 mm. The tip design was adopted to maintain the
alignment of test specimens and to reach higher pressures.
The vertical set-up of the strip could avoid unexpected
scuffing due to the wear debris produced during the sliding
process. A pneumatic cylinder that provided pretension
kept the strip straight. Furthermore, clamping jaws holding
the strip were attached to the strain gauge force transducers
to provide friction force measurement during sliding. Prior
to the sliding process, the strip was heated to the austenite
phase of boron steels via the Joule effect by passing a
current through the strip. The typical temperature of the
pass-by blank sliding over the upper tool varied around
750 °C as shown in Fig. 5c. Thus, the test temperature of
the strip was set at 750 °C after the fully austenite phase.
The pressure and sliding velocity varied in the stamping
tool during the drawing process, and their effects on the
tribological behaviours were unclear. Hence, the sliding
velocity and pressure served as variables to compose four
test condition combinations in the tribological test as
shown in Table 4 in which the variables consisted of an
upper level and a lower level. The range of the sliding
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(a)

(b)

Observation area

Fig. 4 Illustration of the observation area in the upper tool

velocity in the tribological test covered a reasonable range
of sliding velocity that occurred in the upper tool. An
extremely high load could tense the hot strip until breakage
occurred. Thus, the current loads applied on the pins cor-
responded to 50 and 150 N. Based on Hertz theory, the
maximum pressure of a point contact corresponded to
180 MPa at a low normal load and 270 MPa at a high
normal load with a reduced Young’s modulus of hot boron
steels. The pressure could be reduced to approximately
7.1 MPa at the low applied load and 21.2 MPa at the high
applied load with increases in the real contact area. A real
contact area of 7.1 x 107%m? was stable under the present
test conditions as shown in Fig. 7. The selected sliding
distance per strip corresponded to 550 mm and it approx-
imately reproduced the sliding distance by 9 strokes with
respect to the press hardening experiment. When compared
with the sliding distance of 50 mm as obtained in a test
performed by Tian et al. [11], the long sliding process on
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Fig. 5 Illustrations of the extreme contact conditions in press
hardening experiment

each strip as obtained in the present study could overcome
the fluctuations with respect to the tribological behaviours
in the initial stage of the present test. Following the sliding
process on a strip, an automated pick and place system
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Fig. 6 a Illustration of the (a)
tribological test; b the
geometrical measurements of
the tribological test; all

Moving tool assembly Ball screw  Clamping jaws
A =

dimensions are in millimetres

(b)

Table 4 Test parameters in the tribological test

Load (N) 50, 150
Velocity (m/s) 0.01, 0.1
Strip temperature (°C) 750
Initial pin temperature (°C) 25
Sliding distance per strip (m) 0.55

removed the worn strip to a tray and placed a fresh strip in
the test position for the next heating—sliding process. The
tribological test included ten strips for each parameter
combination, and each combination was tested twice.
Uncoated 22MnB5 steel with a dimension of
1000 x 15 x 1.5 mm (length x width x thickness) was
used as the material for the strip, and tool steel with the
contact surface polished to a roughness of 0.13 £ 0.01 um
(as shown in Table 1) was used as the pin material. A
thermocouple was fixed within 5 mm of the drilled hole
behind the tip surface of the pin. As previously mentioned,
strain gauge force transducers provided the friction coef-
ficient via the use of Amonton—Coulomb’s law according
to Eq. 1 as given below:

Pre-tension
cylinder

Strip tray

Fig. 7 Scanning electron micrograph of a tool steel pin; the dashed
line indicates the estimated contact area

Fp—Fp
=2t (1)
2F;
where Fp represents the drawing force, Fp denotes the

pretension force, and Fj, denotes the load applied on the
pin.
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3.2 Simulation of the Tribological Test

A numerical model of the tribological test provides more
contacting information on the tribological behaviours for
further study. This numerical model consisted of 247,600
solid elements for the pins and strips, and it was executed
with an implicit solution of LS-Dyna. The geometry of the
pin with the holder that was used in the FE model is shown
in Fig. 8. The constant boundary temperature of the pin
bottom was set at 40 °C. The load based on the test pro-
gramme (see Table 4) was gradually increased on the pin
bottom. The aforementioned thermoelastic-plastic material
model with material data as given in Table 1 was used for
the heated strip, and the thermal data were based on
Table 2. The heat transfer coefficient between the hot strip
and the pins corresponded to 5000 Wm~2 K~!. The pins
were defined as elastic bodies. Furthermore, the coefficient
of friction (COF) was based on the average friction coef-
ficient obtained in the tribological test according to dif-
ferent test condition combinations. The normal and
tangential interface forces obtained in the FE simulation of
the tribological test are shown in Fig. 9 in which the nor-
mal interface force based on the penalty contact algorithm
was equal to the load. Additionally, the tangential interface
force of approximately 80 N was almost the same as the
drawing force of 81 N in the tribological test (normal
load = 150 N, COF = 0.54). Furthermore, the contact
area of 7.23 x 107°m? obtained in the numerical model

R50

40

Fig. 8 Geometrical measurements of the pin within a holder used in
the FE simulation of the tribological test, all dimensions are in
millimetres

@ Springer

was close to the estimated area of the pin as shown in
Fig. 7.

4 Experimental Results and Discussion

In the tribological test, the tool steel pins were mainly
exposed to adhesion on the contact surfaces since they
were heated through conduction of heat from the uncoated
boron—-manganese steel strip when the load was applied.
This resulted in a higher reactivity of the surfaces. The heat
transfer and friction energy accumulation caused the tem-
perature in the pins to increase continuously, and this was
similar to the real temperature condition of the stamping
tool in press hardening. The pin temperature measured by
thermocouples installed 5 mm during the first strip behind
the contact tip was compared with the calculated value
obtained in the FE simulation as shown in Fig. 10. The
disturbed temperature measurement prior to 2 s is not
presented. The disturbance was caused by delayed tem-
perature responses due to vibrations of the thermocouple
within the drilled hole. As observed in Fig. 10, the tem-
perature in the contact tip of the pin increased until 241 °C
as a load corresponding to 50 N and a velocity of 0.1 m/s
was applied. This contact temperature after the sliding of
550 mm exceeded the mean upper tool temperature in the
press hardening experiment. The increase in the pin tem-
perature indicated that a long sliding process makes the
tribological test different to the press hardening conditions
and an interrupted sliding process could be considered in
the further study. The temperature analysis in the interface
could serve as a reference with respect to which the test
conditions of the tribological test could be adjusted to
achieve higher reproducibility.

—— Normal force
Tangential force

WMWWM

160 4
140 -
120 4
100 -
80 1

Force (N)

60 -
40 -

20 +

0 - T T //// T T
0 1 4 5 6
Sliding time (s)

Fig. 9 Normal and tangential interface force in the simulation of the
tribological test, load = 150 N, velocity = 0.1 m/s, and COF = 0.54
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Fig. 10 Temperature measurement 5 mm behind the contact tip;
load = 50 N, velocity = 0.1 m/s

The tribological test programme proposed in the present
study obtained a friction model in which the coefficient of
friction u exhibited a bilinear relation (see Eq. 2) with
respect to the applied pressure and the sliding velocity as
observed in Fig. 11a.

1
HP) =G = 00n @i =)
+ 0.56(v — 0.01)(21 — P)
+ 0.76(0.1 —v)(P —7)
+ 0.54(v = 0.01)(P —7)]

[0.81(0.1 — v)(21 — P)

(2)

where v represents the sliding velocity in m/s and P denotes
the normal pressure in MPa. Figure 11b shows the friction
coefficients in the present tribological test in which the
friction coefficients were averaged in each sequenced strip.
A lower load led to higher friction coefficients when
compared to those observed in tests with higher loads.
Given the same load, a lower sliding velocity resulted in
higher friction coefficients since the longer contact time
resulted in increased adhesion through the growth of
adhesive junctions between the two contacting materials.
With respect to the testing conditions in the present study,
the influence of the normal load on friction behaviour was
much more pronounced when compared to that of the
sliding velocity. Yanagida and Azushima [12] reported
similar correlations between the friction coefficient and
pressure in a hot strip sliding test with respect to a different
test programme. However, the strip was heated outside the
test position, and thus, the actual strip temperature
decreased by approximately 100 °C during the transferring
process. Tian et al. [11] reported consistent correlations
between the friction and process parameters with respect to

(a)

0.9
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[ .
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Fig. 11 An Illustration of frictional behaviour in the tribological test

temperature and sliding velocity through a hot strip sliding
test with varying process parameters. However, the sliding
distance in the study was only 0.05 m, and potentially this
short sliding distance was unable to achieve stable re-
sponses in the tribological system. Okonkwo et al. [3]
revealed that the friction coefficients in a pin-on-disc test
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Fig. 12 Mass loss in the tribological test

increased to 0.8 at elevated temperatures until 150 °C.
However, the load used in the test was designed to simulate
an extremely high pressure that exceeded 1000 MPa,
which corresponded to the high pressure caused by bending
stress and line contact conditions as reported by Pereira
et al. [10]. These conditions did not exist in the current
study. Given that the friction coefficients fluctuated in
certain ranges due to the vibration of the present contact
pair, the standard deviations of the friction coefficients as
depicted in Fig. 11c indicated that more stable friction
coefficients were obtained at higher loads independent of
the sliding velocity. This was because the occurring friction
forces at low normal loads were close to the sensitivity
limit of the strain gauge force transducers. Conversely, the
higher load compacted the wear particles and adhesion
generated due to the sliding process, and this led to less
noise and less fluctuations during the sliding process.
However, a lower speed resulted in relatively lower stan-
dard deviations of friction coefficients at both loads due to
the reduced vibration of the contact pair.

The mass loss of the pins representing the detached wear
particles that generated because of the sliding in the present
tribological test was measured and averaged following
sliding with respect to ten strips. A bilinear relation between
the contact conditions and the mass loss was established, and
the model was based on the four experimentally tested
contact conditions as shown in Fig. 12 and Eq. 3 as follows:

) = 0.011)(21 5 [0.00144(0.1 —)(21 P
+ 0.00186(v — 0.01)(21 — P)
+ 0.00105(0.1 — v)(P — 7)
+ 0.00126(v — 0.01)(P — 7)] [g] (3)

where v denotes the sliding velocity in m/s and P denotes
normal pressure in MPa. Under the same velocity, a higher
pressure led to increased mass loss. When the most severe
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mass loss was observed, the lowest corresponding standard
deviation of the friction coefficient was observed. Fur-
thermore, the least mass loss occurred at the highest stan-
dard deviation of friction coefficient. This implied that
more stable friction behaviour resulted in increased mass
loss of the tool steel specimens.

5 Conclusions

In the study, the contact conditions of a press hardening
experiment were examined to design a simplified test to
reproduce the press hardening conditions. A tribological
test with a dedicated test programme was developed in
which the test programme including the variational process
conditions mimicked typical variational contact conditions
in press hardening. The results were compared with other
set-ups of laboratory, and the findings emphasized that
frictional behaviour and mass loss corresponded to system
dependent parameters that resulted in differences across
different sets of working conditions. Based on the set-up of
the tribological test in the study, the correlations between
tribological behaviours and process parameters in press
hardening were presented and can be used to optimize
press hardening processes. Furthermore, the tribological
test equipment may be used to study the effect of lubri-
cation on the forming process. The improved space for
higher reproducibility was illustrated by the FE simulation
of the tribological test, and this revealed that the contacting
temperature in the tool steel pin experienced a considerable
increase during the sliding process.
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