Tribology in Industry
www.tribology.rs

RESEARCH

Vol. 41, No. 1 (2019) 76-89, DOI: 10.24874/ti.2019.41.01.09

Tribological and Thermal Investigation of Modified
Hot Stamping Tools
F. Neubauer a, M. Merkleina
a Institute

of Manufacturing Technology, Friedrich-Alexander-University Erlangen-Nuremberg, Germany.

Keywords:
Hot stamping
Wear
Alloying
Coatings

Corresponding author:
F. Neubauer
Institute of Manufacturing
Technology, Friedrich- AlexanderUniversity Erlangen-Nuremberg,
Germany.
E-mail: franziska.neubauer@fau.de

ABSTRACT
Direct hot stamping is an established manufacturing process to produce
safety-relevant car body components, while t-he hot blank is formed and
quenched simultaneously in a water cooled press. In order to protect the
semi-finished parts against oxidation the surfaces are coated with
aluminum silicon. As a side effect this coating system leads to adhesive
wear on the tool surface, which reduces the tool life. Due to the high
temperatures it is not possible to use lubricants as wear protection. For
this reason a suitable surface modification for hot stamping tools is
required to increase the wear resistance. In the scope of this study the
tribological behavior of different modificatiosn is investigated. The main
purpose of these wear protective layers is to decrease the adhesive wear
on the tool surface. The wear characterization is carried out with a
modified pin-on-disc test. During the experiments the pin is guided over
the blank with a robot system. In addition, the contact area is cooled after
each wear track to simulate the thermal alternating stresses of the hot
stamping process. For the evaluation of the wear behavior a new
developed analysis method is used, which enables the calculation of the
adhesive and abrasive wear volume.
© 2019 Published by Faculty of Engineering

1. INTRODUCTION AND STATE OF THE ART
Increasing demands regarding strength, stiffness
and crashworthiness are in conflict with
lightweight designs. One of the main issues in
the automobile industry is to ensure a high level
of passenger safety in the event of a crash. Due
to the increasing demands regarding new car
emission standards, the manufacturers are
working on new applications for modern cars to
reduce the weight of body components and
dangerous contaminations like carbon dioxide.
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Hot stamping was developed to combine those
requirements. This manufacturing process is an
established technology of forming high-strength
steel grades [1]. In industrial applications two
main variants were developed. While the
indirect method is commonly used in order to
produce more complex shaped parts, direct hot
stamping is utilized for car body parts with a
small drawing depth [2]. The basic principle in
both processes is identical. First of all, the blanks
are austenitizated over 900 °C for several
minutes. Afterwards, the semi-finished parts are
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formed and quenched simultaneously in watercooled tools [2]. The main difference between
both technologies is the sequence and the
number of the necessary process steps. In
indirect hot stamping the parts are formed up to
90 % of their final geometry at room
temperature before they are heat-treated and
hardened. In direct hot stamping the parts are
formed and cooled at the same time. The
workpiece surfaces are exposed to high thermal
stresses. For this reason the blanks are coated
with aluminum silicon to avoid oxidation [3]. A
disadvantage of this protective layer is that it
leads to adhesive wear on the tool surface. The
tool life is decreased and a time and cost
consuming rework of the hot stamping tools is
necessary to ensure a constant part quality. Due
to the high process temperatures it is not
possible to use lubricants as a wear protection.
The scope of this study is to investigate and
describe the correlation between different new
surface modifications and the resulting wear
behavior. In addition, the wear resistance of hot
stamping tools will be increased by identifying
the necessary element concentration of an
innovative protection layer.
Several test equipments are available in order to
study the wear development for different
surface modifications under industrial relevant
conditions. Common pin-on-disc test setups
consist of a rotational disc in a heating chamber,
which ensure an examination at elevated
temperatures [4]. In this regard, the sheet is
heated up over 900 °C for austenitization in the
chamber. After the heat treatment the workpiece
is cooled down to the target temperature. The
pin is positioned with the required load on the
disc, which rotates below the tool for a certain
time. Afterwards, the pin is moved out of this
furnace and is cooled with an air nozzle [4].
Reciprocating friction and wear testers are also
commonly used to examine the tribological
conditions in hot stamping [5]. During the
experiments an upper tool oscillates against a
stationary disc. This movement is controlled by
an electro-magnetic drive. An implemented
cartridge heater of the lower specimen holder
enables a heating of the disc up to 900 °C. The
temperature, the stroke, the applied load and the
frequency of the oscillatory movement are
measured through the tests [5]. Further test rigs
for wear and friction analysis are hot strip
tribometers [6]. In these test setups a blank is

austenitizated and positioned in a clamping
device. An upper friction jaw is pressed against
the heated workpiece during the experiments,
while the blank is drawn under the jaw. The
normal and friction force is measured to
calculate the friction coefficient [6]. In some of
these test setups the tool is not exposed to
thermal alternating stress, which occurs in hot
stamping. In other devices the pin is in contact
with the blank surface during the entire test
period. For an analysis under industrial relevant
conditions, it is necessary that new material of
the sheet material is always in contact with the
tool and the contact area is cooled.
Conventional characterization of the surface
wear is based on determining the wear rate. The
tool weight is measured before and after the
experiments in order to evaluate the abrasive
and adhesive wear. In this regard, a weight lost
is caused by abrasive wear while an increase of
the tool weight is the result of a layer build-up
on the surface caused by adhesion. An EDX
analysis can also be carried out to verify if
material was transferred from the workpiece to
the tool surface. [4] It is also possible to qualify
the abrasive and adhesive wear by measuring
the tool topographies [7]. However, for a more
detailed evaluation of the surface wear of
different materials, a quantification of the
amount of wear is necessary. An analytic method
was developed to determine the wear volume of
partially worn specimens for microforming
technology [8]. An unworn area of the contact
area is used as reference to set a critical wear
limit as three times of Sa, which is necessary to
avoid an influence of high grooves and deep
valleys in the profile height while calculating the
wear volumes. The areas above the wear limit
are identified as adhesive and the areas below
this parameter as abrasive wear [8]. This
procedure is not possible for an analysis of the
wear behaviour in hot stamping since adhesive
and abrasive wear occur during the deep
drawing process at the same time. For this
reason, an advanced algorithm for calculating
the wear volume of the tool surface is necessary.
In this study, the wear and thermal behaviour of
new surface modifications are analysed and
evaluated. In the first step, the influence of
varying element composition of the surface
modification on the tribological condition of hot
stamping tools is investigated. In order to
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examine the surface wear, a new developed
analytical method is used to determine the wear
volume. Unlike the evaluation program for
microforming, the measured roughness data are
aligned to each other. The friction behaviour is
also studied to verify if constant tribological
requirements are present. In addition, a rapid
cooling after modifying the tool surfaces has to
be ensured to guarantee a phase transformation
from austenite to martensite and therefore the
high mechanical strength of hot stamped parts.
For this reason, the thermal conditions are
ascertained for the different modified tool
surfaces. In the last step, the application of the
surface modification with the highest wear
resistance will be tested under industrial
relevant conditions in a deep drawing process.
First of all, the high stressed areas are identified
with a numerical simulation. In this regard, the
distribution of the contact pressure along the die
radius is analysed. The tool topography of an
unused and used die is measured to compare the
profile height with the numerical results. The
aim of this method is to correlate the surface
stress with the resulting wear behaviour. In
addition, a local surface modification of the wear
critical areas can also be realized by this
investigation. In the last step, experimental
analysis will be carried out to verify the effect of
modified surfaces on the tool life.

process, the tools must have advanced
temperature strength, high toughness and a
pronounced thermal shock resistance. The
standard tool steel is 1.2367. Compared to cold
work steels, the chromium, molybdenum and
vanadium contents commonly increase the wear
and temperature resistance of hot work steels
[9]. The special steel WP7V is increasingly
important in the industry, which was developed
as an alternative to 1.2367 in order to increase
the wear resistance [10]. Since both tool steel
grades tend to high adhesive wear, they are used
as substrate materials for the tested specimens
in this study.
The tool surfaces are modified by laser alloying
[11] or coating. In this regard, WP7V is primarily
used for the laser alloying process, as it is
already high-alloyed especially with chromium.
In this study it has to be ensured that even those
steel grades can be reliably modified by the laser
alloying method. As main alloying elements Ti,
Mo, Cr and C were selected since they are
transition metals with a lower density of moving
electrons than metals and consequently the
tendency to metallic adhesion can be reduced
[12]. For the experiments an Yb:YAG fiber laser
was used with a nominal output power of 1 kW
and a wavelength of 1070 nm [11]. The alloying
process was performed at 500 W, while the
clamped specimen on a sledge was moved with
an axis speed of 6 mm/s under the laser beam
[11]. The wire was guided into the process using
a feeding unit FD 100 LS-WB by DINSE with a
constant speed of 0.2 m/min. The chemical
compositions of the substrate [13] and filler
wire materials [14] are shown in Table 1.

2. EXPERIMENTAL SETUP
2.1 Specimens
Due to the increased thermal alternating
stresses, which occur during the hot stamping
Table 1. Chemical composition of the materials.
Chemical composition (wt%)

Ni

WP7V
1.2367

-

Mo
NiMoCr90
308L
316L
AX-312
1.3348
SG2Ti

2.1
10
12
9
-
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C
Substrate material
0.5
0.38
Filler wire material
0.1
0.1
0.02
0.4
0.12
0.9
0.07

Cr

Mo

Ti

7.8
5.0

1.5
3.0

-

0.5
20
18
30
4
-

0.5
0.5
3.5
8.5
-

0.1
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An alternative wear protection layer was
produced with Physical Vapour Deposition
(PVD). These coating systems have a sufficient
thermal resistance. In this regard, AlCrN and
AlCrTiN consist of the required properties and
have a coating thickness of approximately 2 µm.
For this reason, they are examined regarding
their wear behaviour and compared to the
alloyed surfaces. The coating process was
performed in a vacuum chamber, where the
material is evaporated and deposited on the
substrate. Argon is introduced in the chamber
with a flow rate of approximately 800 ml/min
and plasma is generated by applying a voltage of
typically 200 V [15]. The ions collide with the
coating material and particles are removed.
These elements settle on the contact area of the
base material and the layer grows atom by atom.
The coating process is carried out at 450 °C [15].
In direct hot stamping boron-manganese steels
are used as sheet material with an aluminiumsilicon pre-coating. This protective layer has an
eutectic composition with approximately 88 %
aluminium, 9 % silicon and 3 % iron. The layer
thickness is between 25 µm and 30 µm [16].
Compared to the austenitization temperature,
aluminium has a considerably lower melting
temperature of 660 °C, so that a liquid phase is
present [17]. During the heating process iron
diffuses from the substrate material into the
surface coating, resulting in intermetallic phases
of iron-aluminium-silicon. Due to the formation
of iron rich phases, stable bonding of Al8Fe2Si is
present, which results in an increasing
solidification
of
the
coating
system.
Consequently, the temperature resistance is
increasing [17]. The content of silicon of the
layer reduces the rapid formation of brittle iron
and aluminium phases. On the blank surface
aluminium forms with oxygen an aluminium
oxide layer, this results in a high oxidation
protection [16].
The high strength steel 22MnB5 is the most
common used material for the semi-finished
parts. Before the austenitization the blanks have
a ferritic-pearlitic microstructure with yield and
tensile strength of 400 MPa and 600 MPa [1].
During quenching the austenitic structure
transforms into martensite, which results in an
increase of the yield and tensile strength up to
1100 MPa and 1600 MPa [1].

2.2 Testing procedure
Modified pin-on disc test
In this study the wear behaviour of different
surface modifications will be characterized with a
modified pin-on disc test. In order to increase the
wear resistance of hot stamping tools different
element concentrations were applied on the tool
surface. Compared to conventional wear test rigs
the thermal alternating stress is taken into
account, which is caused in hot stamping due to
the insertion of the hot blank sheet and the
subsequently quenching of the part in the tool. In
addition, this experimental setup has an open
tribological system, which allows a continuous
flow of new sheet material into the contact zone.
The construction consists of a kinematic robot of
the type Kuka KR 200-3 on which a tool frame is
attached. A heating ring is mounted around the
pin holder and creates a maximum temperature
of 550 °C in the pin. The normal force of the tool
on the sheet is adjusted via the tool frame. After
austenitization, the blank material is positioned
on a moveable slide with two ceramic heating
elements. A blank temperature with a maximum
of 850 °C can be realized.
Before the experiments, the required normal
force is measured using a 10 kN load cell of the
type C9B. For this purpose, the robot positions
the pin on the measuring device. This procedure
ensures a precise adjustment of the force. After
the setting of the normal force and the heat
treatment of the workpiece material, the robot
moves the pin with the applied normal force
over the hot blank. Due to the relative
movement between the pin and the sheet metal,
the slide is pressed against a 1kN load cell,
which measures the frictional force. Three 2 kN
load cells of the type C9B (Co. HBM) are
implemented under the slide, in order to
monitor the normal force during the tests.
In order to investigate the wear behaviour under
process relevant conditions the chosen process
parameters are common to industrial standards.
The testing procedure is divided into three
steps, starting with the positioning of the pin on
the blank surface with the required normal
force. In this study a force of 196 N was applied
in order to achieve a contact pressure of 10 MPa
for a contact area of 5 mm in diameter. In the
next step, the robot moves the pin with a sliding
79
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speed of 120 mm/s for 50 mm over the sheet
metal material. Since the movement of the robot
is also divided into an acceleration and
deceleration phase, it is necessary to detect the
range of the constant speed. In this regard, the
motion sequence of the robot was measured
with ARAMIS Professional 2018 from GOM,
which is a non-contact and materialindependent measuring system. ARAMIS
provides accurate 3D coordinate displacements,
speeds and accelerations of the test equipment.
The measurement of the velocity distribution
showed that the sliding velocity for a wear track
of 50 mm is constant for 30 mm. These
adjustments are close to conditions of industrial
forming processes of hot stamped car body
components. After each wear track the contact
area of the pin is cooled by compressed oil free
air to ensure a thermal alternating stress like in
the hot stamping process. One tool pin is used
for a total wear distance of 1250 mm, which is
divided in 25 wear tracks of 50 mm length each.
The blanks have a dimension of 200 mm length,
30 mm width and 1.5 mm thickness. The pin has
a length of 70 mm and a diameter of 22 mm. Due
to a flat contact area of 5 mm it is possible to
measure the entire worn area, which is required
to evaluate the wear development.
Hot strip drawing test rig
The friction behaviour is analysed with a hot
strip drawing test rig. Compared to the previous
setup the friction jaw has a contact area of
47 mm x 52 mm, so it is more difficult to analyse
the surface of the whole contact area. However,
the advantage of this system is that the
experiments can be performed at even lower
contact forces, which is due to the construction
of the pin-on-disc test not possible. In order to
verify if the tribological conditions are
comparable to the hot stamping process, a
determination of the friction coefficients on a
sample basis is sufficient. For this reason, the
experiments were performed only for some
surface modifications. The selection for this
analysis was based on the results of the pin-ondisc tests and was therefore made for the
variants with the highest wear resistance.
A heatable friction jaw and a heatable sledge are
installed. After austinization of the workpiece, the
blank is positioned on the heating elements of the
sledge to ensure a constant temperature of 600 °C.
80

The investigation was carried out under these
thermal conditions to ensure that undesirable
wear mechanisms do not influence the tribological
behaviour and consequently valid friction
coefficients are determined. A thermographic
camera measures the surface temperature of the
sheet metal to validate the thermal conditions. The
normal and drawing forces are applied by two
hydraulic cylinders and are measured by
piezoelectric force sensors. A hydraulic power unit
provides the necessary energy to apply the
required forces. A maximum normal force of 10 kN
is applied on the blank surface, that correspond to
a contact pressure of 5 MPa. A drawing velocity of
120 mm/s is adjusted by the hydraulic actors.
During the tests the blank is drawn underneath the
tool. The relative motion occurs exclusively
between the upper side of the sheet metal strip
and the friction jaw. The described process
parameters were chosen to ensure a
determination of valid friction coefficients.
Quenching
The purpose of the quenching tests is to verify if a
high cooling rate is reachable after modifying the
tool surfaces. The high strength of the hot stamped
parts results due to a transformation of an
austenitic into a martensitic structure during the
hot stamping process. A high quenching speed has
to be ensured by the tool contact to achieve
martensite. For this reason, the heat transfer is
investigated. Especially, a surface coating can
influence the thermal interaction between the tool
and the blank. For the determination of the heat
transfer a quenching tool with two exchangeable
contact plates was used. After the austenitization
process, the specimens are positioned on three
spring seated pins to avoid a rapid cooling of the
surfaces. The blanks have a sheet thickness of
1.5 mm and are equipped with thermocouples to
measure the temperature curve during the
experiments. In the quenching plates heating
cartridges are inserted. Since the tools are heated
up to an average of 150 °C during the hot
stamping, which results due to the positioning a
hot blank in the forming tool and the rapid cooling
of the component during the process, the cooling
behaviour was examined at this surface
temperature. The experiments were carried out in
a hydraulic press type Lasco 100 So. A normal
force of 92.8 kN is applied on the workpiece. For
an area of 160 x 58 mm² this value corresponds to
a contact pressure of 10 MPa. The measured
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temperature profiles were used to identify the
cooling rate for different surface modifications.
Deep drawing test
The transferability of the surface modifications
concerning model geometries were proven in a
cup deep drawing test. For this purpose the
protective layer were chosen, which consists of the
highest wear protection in the pin-on-disc tests.
Compared to conventional methods the high
stressed areas are determined with a numerical
and experimental analysis. In the first step, a
simulation model was created and validated with
measured force-displacement and temperature
curves of formed cups. The distribution of the
contact pressure along the die radius was
numerically calculated to identify the area with the
highest load. In addition, 200 cups were formed
and after the tests the modified and unmodified
tool surfaces were measured with a laser-scanning
microscope. By determining the surface roughness
and topographies, the areas with the highest
material adhesion of AlSi particles are located.
These measurements were correlated to the
analysed distribution of the contact pressure along
the die radius. Based on this procedure, it is
possible to evaluate the influence of the tool
modification on the tool life. The experiments were
carried out with the hydraulic press Lasco 100 So.
The die diameter is 59 mm and has a hardness of
54 +1 HRC. The punch has a diameter of 50 mm.
Both tools have an edge radius of 10 mm. The tests
were carried out at the maximum speed of the
press at 50 mm/s and at a tool temperature of
150 °C. In order to avoid a rapid cooling of the
blank, a spacer ring of 3 mm thickness is used. A
scheme of the deep drawing test is given in Fig. 1.
Blank

Die

Punch

Fig. 1. Deep drawing test.

3. WEAR CHARACTERIZATION METHOD
For the wear characterization of differently
modified tool surfaces a further developed

analysis method is utilized. Previous analyses
are limited to qualify the wear behaviour with
the determined surface roughness or the tool
topography. However, for an evaluation of the
wear resistance of hot stamping tools a
quantification of the resulting surface wear is
necessary. For this reason, an algorithm was
programmed in Matlab R2013b to calculate the
adhesive and abrasive wear volume of worn
surfaces. The contact area of the specimens is
measured with a laser-scanning microscope
before and after the experiments. Using the
evaluation program of the microscope the
profile heights are aligned and the size of the
evaluation range is determined. This procedure
is required, to ensure that an identical
dimension of the measuring data is used for the
calculation of the wear volume. In the case of an
inclined or curved surface, the measuring range
is aligned with a plane or a 2nd degree
polynomial by regression. In the next step, the
position and height data of the measured contact
areas are exported as asc.-file and imported into
the programmed script of Matlab. The algorithm
scans the measurement data line by line and
column by column and the profile heights of a
worn and unworn tool surface are adjusted to
each other. For the wear characterization it
should be noticed, that the surface wear will
only occur within the contact area. Since this
section is a circle with a diameter of 5 mm, but
also areas outside this circle are included in the
determined data, it is necessary to exclude them
for the analysis. Using the circular formula, these
areas are separated from each other in the
algorithm. For the evaluation of tool wear, the
profile height of the worn and unworn contact
area is compared. For this purpose the
roughness data have to be aligned to each other,
which requires a reference height h. The
distance between the areas outside the contact
surface is used to position the profiles one above
the other. This procedure enables the calculation
of the wear volumes by subtracting the graphs
from each other and the sum is determined.
Since the result of this calculation can be
positive or negative a critical wear limit is set
automatically in order to differ between the
abrasive and adhesive wear volume. If the sum is
negative, the result is evaluated as abrasion
because wear particles are broken out of the
surface. If the value is positive, the material
adhesion causes an increase in the height profile.
The analysis method is also illustrated in Fig. 2.
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Surface topography
Local layer build-up

Profile height

Wear volume

Worn area

-1.342

Height

Height

um

2.0

3.230

Critical wear
limit 3 x Sa

2.0

0.0

0.0

-2.0

-2.0

Length

-4.0
3.0

Worn surface in hot
stamping process

100.00%

6.0

um

Microforming

Worn area

3.230

6.0

um

Height

-6.0

4.00

3.00

Profile before the experiments

0.000

0.160

0.320

0.480

mm

0.800

-6.0

Length

2.00

-4.0

0.000

0.00%

1.00

0.160

0.320

0.00

um -1.00

Adhesive wear
0.480

mm

0.800

1.0

4.00

h

-1.0

Length

-2.0

0.0

0.0

Profile after the expteriments

0.000

-10.0

0.160

0.320

-1.0

0.480

h

mm

0.799

-2.0
-3.0

0.000

Reference
height

Length

-20.0

Abrasive wear
Length
0.160

0.320

0.480

Fig. 2. New-30.0
wear analysis method for the evaluation of the wear behaviour.
0.000

0.160

0.320

0.480

mm

4. RESULTS AND DISCUSSION
Wear behaviour
In order develop a suitable wear protection for
hot
stamping
tools,
different
surface
modifications were investigated regarding their
wear behaviour. Since WP7V is already high
alloyed, the solubility or chemical bonding of the
filler elements with the base material must be
ensured. For this reason, this tool steel grade
was primarily used for the laser alloying
modification. The wear behaviour of the tools
was investigated with an adapted pin-on-disc
test. For the evaluation of the wear resistance by
using different modified tool surfaces, the
abrasive and adhesive wear volume was
calculated with the new analysis method. The
results are illustrated for an unalloyed and for
the alloyed substrate material WP7V in Fig. 3.

0.12

WP7V WP7V+ WP7V+ WP7V+ WP7V+ WP7V+
308L
312 NiMoCr90 316L
Mo

Adhesion

0.08
0.06
0.04

0.02

Abrasion

Wear volume

mm³

0.00
-0.02

Tool temperature 150 C
Blank temperature 800 C
Sheet thickness
1.5 mm

Contact pressure 10 MPa
Repetition n
3

Fig. 3. Wear behaviour of different alloyed surfaces.
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1.00

1.0

Height

-3.0

2.00

um

Height

um
Modified
analysis
10.0
method

3.00

3.0

0.0

30.0

0.800

The influence on the wear behaviour of the main
alloying elements nickel, chromium and
molybdenum with a different chemical
composition was examined. These are important
material components in order to increase the
corrosion resistance of conventional tool steel
grades [18]. However, it has not yet been
investigated whether these elements can be used
to improve the wear resistance of press
hardening tools. Based on the calculated wear
volumes shown in the diagram, it can be seen that
adding nickel to the substrate material leads
tendentially to a higher adhesive wear on the tool
surface. Compared to the unalloyed WP7V a
significant reduction of adhesion could not be
achieved with the chosen filler wire materials. In
particular, the samples alloyed with 308L and
312 have the highest wear deposits. These filler
wires have also a high nickel content of 10 wt.%
and 9 wt.%. While the determined adhesive wear
volume for 308L is 0.096 mm³, this value for 312
is 0.082 mm³. Both results are above the wear
quantity of the WP7V, which have an amount of
0.075 mm³. According to the examination of the
tribolgoical behaviour of electroless nickel
coatings the dominant wear mechanism of theses
tool surfaces is adhesive wear [19]. This might be
due to a larger density of moving electrons, which
favour the formation of new metal bonds. For the
modification four filler wire materials with
different amount of nickel in combination with
chromium were chosen to investigate the
influence of these elements on metallic adhesion.
The chosen material composition of 308L with a
nickel content of 10 wt.% and 20 wt.% chromium

m
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sufficient wear resistance. In summary, the
additives chromium, molybdenum and carbon
are necessary in order to increase the wear
resistance of hot stamping tools. For this reason,
further investigation were carried out with
1.3348, which consists of 0.9 wt.% carbon, 4 wt.%
chromium and 8.5 wt.% molybdenum. It also
does not contain any nickel.
The filler wire material SG2Ti was also chosen
for the next investigations. In addition, some
specimens were coated with AlCrN or AlCrTiN to
determine which surface modification consists
of a higher wear protection. The calculated
results are illustrated in Fig. 4.
WP7V
0.10

WP7V+
SG2Ti

WP7V+ WP7V+ WP7V+
13348 AlCrN AlCrTiN

mm³
Adhesion

0.06
0.04
0.02

Abrasion

Wear volume

does not reduce the chemical bonding forces
between the tool surface and the AlSi coating of
the blank during the frictional contact. For this
reason, an increase of adhesive wear on the tool
surface is the result. Compared to 308L,
modifying the tools with 312 tends to reduce the
surface wear, which is possibly caused by a
threefold higher proportion of chromium than
nickel. This element might have a lower chemical
affinity than the nickel content. Fildes et al. [20]
examined the wear behaviour of different hard
coating systems. In their study, they verified that
a diamond chromium coating consists of a higher
adhesive and abrasive wear resistance than a
nickel boron protection layer [20]. Based on these
results, it is possible to reduce the tendency to
metallic adhesion by adding a significant higher
chromium concentration than nickel into the
substrate material. Considering the calculated
wear volume for the alloyed surfaces with 312,
chromium is needed in order to decrease the
adhesive wear. Since the substrate material
WP7V consists already of 7.8 wt.% chromium,
saturation behaviour occurs and no significant
increase of the wear resistance can be achieved
with this element. For this reason, an even higher
addition of chromium is necessary to decrease
chemical affinity of the tool surface. The
specimens, which were modified with NiMoCr90,
have similar wear behaviour like WP7V. In this
filler wire material the amount of nickel and
chromium is decreased, while molybdenum is
added. Unlike 312 the adhesive wear can be
reduced with NiMoCr90. Due to these results, it is
necessary to decrease nickel in the substrate
material and to use molybdenum as alloying
element. In order to confirm this assumption
316L with a similar nickel and chromium ration
than 308L and an addition of molybdenum was
used. This material composition results in a
higher wear resistance of the modified tools. The
determined volume of the adhesive wear is with
0.066 mm³ lower than for 308L. This amount of
wear is only slightly lower than for NiMoCr90,
which has an adhesive wear of 0.073 mm³. In
addition, 316L consists also of a higher carbon
proportion than all the other used filler wire
materials. Since carbon is a none metal, this
element is less prone to adhesion and therefore
the chemical affinity between tool and blank is
further decreased with 316L. The experiments of
the modified surfaces with Mo indicate that
molybdenum for tool steel grades in hot forming
operation should be increased to ensure a

0.00

-0.02

Tool temperature 150 C
Blank temperature 800 C
Sheet thickness
1.5 mm

Contact pressure 10 MPa
Repetition n
3

Fig. 4. Characteristics for alloyed and coated
surfaces.
The wear volume of modified tools with SG2Ti was
decreased by 36 %. Since the metallic adhesion is
strongly dependent on chemistry of the interacting
material, the additional content of titanium by
using the filler wire SG2Ti reduce the bonding
forces between the tool and the AlSi coating of the
blank. The electron density of the hot working
steel is decreased, which result in a formation of
fewer new metal bonds and consequently less
material transfer [12]. The alloyed pins with
1.3348 have comparable wear behaviour than the
tool coating AlCrN. Unlike the substrate material
WP7V these surface modifications reduce the
adhesive wear of approximately 50 %. While the
main alloying elements chromium and
molybdenum of the wire material 1.3348 are
transition metals, the carbon content is a nonmetal element. The combination of these
components reduces the chemical affinity between
the tool and the blank. In addition, carbon consists
of a different lattice structure than metals, which
further decrease the adhesion tendency [12]. It can
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The applicability for the conventional hot work
steel 1.2367 was also investigated. In this
regard, the surface modification were chosen,
which showed the highest wear protection in the
previous experiments. The wear volumes are
illustrated in Fig. 5 for 1.2367, alloyed tools with
1.3348 and coated pins with AlCrN and AlCrTiN.
1.2367
0,10

1.2367+
13348

1.2367+
AlCrN

1.2367+
AlCrTiN

mm³
Adhäsion

0,06
0,04
0,02

Abrasion

Wear volume

Compared to the alloyed tools the coated surfaces
have a higher potential to increase the wear
resistance of hot stamping tools. The chosen PVD
coating systems are commonly used as wear and
oxidation protection in machining [22]. Due to the
high cutting temperatures the tool surfaces have to
resist increased thermal load. For this reason a
coating system is required, in which no crack
formation occur caused by the induced mechanical
and thermal load during the manufacturing
process. In this regard, the tool coatings AlCrN and
AlCrTiN can be used for applications at elevated
temperatures [23]. The combination of aluminium
and titanium leads to a solution strengthening,
which result in an increased coating hardness [22].
These mechanical and chemical properties of
AlCrN and AlCrTiN are required for the application
for hot stamping tools. However, the wear
behaviour of these layers, in particular for hot
forming tools, has not been sufficiently
investigated. According to Çöl et al. [24] coated
punches with AlCrN for sheet blanking have a
higher wear resistance than uncoated surfaces
[24]. In their study they were able to proof, that
the predominant wear mechanisms are adhesion
and abrasion, which is similar to the wear
behaviour in hot stamping. Compared to the
blanking process higher thermal stress occurs
during hot forming. However, the results in Fig. 3
show that it is possible to increase the wear
resistance of hot stamping tools. The wear volume
is 55 % lower than the calculated value of the
uncoated specimens. The addition of titanium even
reduces the surface wear by 80 %, as can be seen
for the modified tools with AlCrTiN. This result
confirms the assumption, which was made for the
alloyed surfaces with SG2Ti. The titanium content
increases the wear resistance due to a lower
chemical affinity between the tool and the AlSi
coating of the blank. In summary, the highest

adhesive wear resistance can be achieved for
coated tool surfaces with AlCrTiN.

0,00
-0,02

Tool temperature 150 C Contact pressure 10 MPa
Blank temperature 800 C Repetition n
3

Fig. 5. Application for conventional tool steel grade.

The wear behaviour of the modified specimens out
of 1.2367 is comparable to the alloyed and coated
surfaces of the substrate material WP7V. While the
surface wear can be decreased by 25 % for the
alloyed tools with 1.3348, the adhesive wear is
reduced for the coated pin with AlCrN by 50 % and
for AlCrTiN by 70 %. According to these results the
usage of the adapted surfaces for the hot stamping
process could be verified.
Friction behaviour
Beside the wear characterization, an analysis of
the tribological behaviour was also carried out.
The determined friction coefficients in the hot
strip drawing test are depicted in Fig. 6.
WP7V
0.60
0.06

WP7V+
13348

WP7V+
AlCrTiN

12367

12367+
13348

12367+
AlCrTiN

0.50
-

Friction coefficient

also be assumed that molybdenum favours the
formation of primary carbides. Fontalvo et al. [21]
proved in their studies that the carbide content in
the tool surface and the distance between the
individual carbides have a significant influence on
the adhesive wear behaviour [21]. Due to their
study the layer build-up can be reduced by
increasing the carbide content, while reducing the
distance between the carbides. However, these
experiments were carried out at room
temperature. For this reason, further investigation
regarding an increase of the adhesive wear
resistance for hot stamping tools is required.

0.40
0.04
0.30
0.03
0.20
0.02
0.10
0.01

0.00
0.00

Tool temperature
Blank temperature
Sheet thickness

150 C
600 C
1.5 mm

Contact pressure 5 MPa
3
Repetition n

Fig. 6. Friction behaviour for modified tool surfaces.
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For all the materials, similar friction values
between 0.42 till 0.49 can be achieved. It can be
assumed, that for the chosen process parameters
no significant damage of the AlSi coating occurs
during the experiments. Schwingenschlögl et al.
[25] confirmed in their study, that the sliding
speed, contact pressure and temperature have a
great influence on the friction behaviour. In case
of an increased thermal load between tool and
workpiece, the AlSi coating of the blank will be
damaged, which results in a higher adhesive
wear on the tool surface. During sliding the local
temperature distribution in the contact zone
between friction jaw and the blank have a great
influence on the friction and wear behaviour. In
case of lower sliding speeds, the temperature
between tool and the blank is increasing, which
results in a heating of the jaw surface and
favours the formation of layer build-up on the
tool surface resulting in adhesive wear.
Considering the chosen process parameters,
comparable friction properties are achieved and
an application from the tribological point of view
is possible for the selected surface modifications.

The measured temperature profiles in Fig. 7
were used to identify the cooling rate for coated
surfaces with a layer thickness of 2 µm.
During quenching the thermocouples record the
temperature curves, which show for both
experiments a comparable cooling behaviour.
After positioning the blank on the three pins of
the cooling plates, the starting temperature is
750 °C. The quenched specimens are cooled
down at 200 °C, which is identical to the hot
stamping process after forming. According to the
time temperature transformation (TTT) a high
cooling rate influence the transformation of
austenite into martensite, bainite or pearlite and
ferrite [26]. In order to start the martensite
transformation and to avoid bainite a high
cooling rate is necessary. For the steel grade
22MnB5 the temperature Ms at which the
martensitic transformation begins is commonly
at 400 °C, which is achieved after approximately
10 s. The cooling rate is determined with
T1 = 750 °C (1023.15 K) and T2 = 400 °C
(673.15 K) by the formula:
𝒒=

Quenching
In order to ensure that a coating system of the
tools does not influence the thermal conditions of
hot stamping process, quenching test were
performed. After austenitization, the samples out
of 22MnB5 were positioned on three spring
seated pins to prevent rapid cooling of the
surfaces before the contact pressure was applied.
The investigations were carried out at 150 °C tool
temperature and 10 MPa contact pressure. For
the first test series two uncoated cooling plates
were used. In the next experiments they were
replaced by two coated tools.

Ms
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Measuring time
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930 C
Sheet thickness 1.5 mm

1.2367+ AlCrTiN

Temperature
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800
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600
500
400
300
200
100
0

800
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500
400
300
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100
0
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s

50

Measuring time
Repetition n:
3
Tool
Temperature
150 C

𝑻𝟏 −𝑻𝟐
∆𝒕

(1)

The measuring time ∆t is between 8 and 12 s. For
the coated surfaces with AlCrTiN and the uncoated
1.2367 the calculated value is between 29 K/s and
35 K/s. A minimum cooling rate of 27 K/s [26] is
required for a fully phase transformation into
martensite. Since the results of the experiments
are higher, this requirement was realized. In
addition, an influence of the coating system on the
thermal behaviour was not verified. For this
reason an application of the AlCrTiN coating for
hot stamping operations is possible.
Deep drawing
In this study the results regarding the wear
characterization were validated in cup deep
drawing tests. The main purpose of this analysis
is to verify whether a transferability of the
surface modification to model geometries can be
ensured. A verification of the influence of coated
surfaces on the tool life is also performed by the
examination of the different wear behaviour of
unmodified and modified tools. In contrast to the
wear examination with the modified pin-on-disc
test, deep drawing operations cause a locally
higher mechanically load along the die surface.
The wear behaviour is considerably influenced

Fig. 7. Cooling temperature during quenching test.
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by these stresses, resulting in a locally different
amount of surface wear. For this reason, an
application of a wear protective layer for hot
stamping tools only for high stressed areas
should be considered. In addition, a local surface
modification would guarantee a high level of
economic efficiency, since a complex rework of
the entire forming tool is not necessary and
segmented tools can also be used.
Unlike conventional methods a numerical model
was created to determine the surface pressure
distribution along the die radius. The simulation
was carried out for round cup geometry and was
validated using experimentally measured forcedisplacement
curves
and
temperature
distribution of the cup.
After 200 strokes the surface along the die
radius were measured with a laser-scanning
microscope. The determined surface roughness
was compared with the measured values before
the experiment in order to identify the areas
with the highest adhesive layer build-up. The
surface topographies, the roughness values and
the calculated distribution of the contact
pressure were used to evaluate the wear
behaviour under consideration of the high
stressed areas. The experimental and numerical
results are shown in Fig. 8 for an uncoated
1.2367 and a coated die with AlCrTiN.
Die
0

The tool topographies indicate that the highest
layer build-up occurs on the unmodified die. In
addition to the adhesive wear, material has broken
out of the tool surface. This wear mechanism is
caused by adhesive and abrasive processes. During
sliding, former material adhesion is separated
from the tool surface due to the locally metallic
bonds between die and blank. The most wear
critical areas can be located at α=45° and α=60° of
the die radius by comparing the topography
images and the calculated contact pressure from
the simulation. The maximum mechanically loads
of 45 MPa and 30 MPa also occur in these zones.
Due to the high contact pressure, a larger true
contact area between tool and blank is formed. As
a result the binding forces and therefore the
adhesive wear and also the abrasive wear
increases. For the coated die no abrasively
removed areas were detected. Even at the highest
stressed area only minor adhesive wear was
determined and only a slight amount of material is
broken out of the surface. By using a coating
system it is possible to reduce the surface damage.
The material transfer of the aluminium-silicon
particles adhere on the die surface and change the
contact conditions between the die and the blank.
Since the highest amount of layer build-up occur at
approximately α= 45 ° along the die radius, the
contact between the surfaces decreases at the runout area at approximately α=60° till 80 °.
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Fig. 8. Tool topographies for modified and unmodified tool surfaces compared to the determined contact
pressure distribution of the numerical simulation.
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Fig. 9. Surface roughness on wear critical tool areas for uncoated and coated tools.

In order to confirm this assumption the surface
roughness for the different stressed areas was
examined. The wear resistance of the different
materials was analysed by the arithmetic mean
roughness Sa, the core depth Sk, reduced peak
height Spk and reduced depth of the groove Svk.
These parameters are suitable for this
evaluation, because Sa is direction-independent
and therefore not influenced by a preferential
direction while the other values characterize the
material proportion over the height. The
measured roughness values are shown for the
worn area at 10° and 45° of the die radius in
Fig. 9. For one die three different zones of the
tool were examined and the average value of
each roughness parameter was calculated.
The main increase of the surface roughness was
detected at α= 45 ° where the highest load with
45 MPa occurs during the forming operation. The
results of the tool topography could also be
confirmed. While the uncoated tools show severe
surface wear, the coating system AlCrTiN reduces
the sign of wear. In addition, the standard
deviation for the measured roughness of the
substrate material 1.2367 is higher than for the
values of the coated surfaces. Since a larger
amount of material breaks out of the unmodified
die surfaces, the roughness variation increases.
5. CONCLUSION

The hot stamping process is commonly used in
order to manufacture ultra-high strength steels.
Due to the high temperature, which occur during
the forming operation, the tools are highly
thermo-mechanically stressed resulting in an
increased surface wear. In this regard, the
adhesive wear is dominant in direct hot
stamping. In order to ensure a consistent part
quality, a time and cost consuming of the tools is
required. For this reason, a suitable wear
protection is required to increase the wear
resistance and the tool life. Within the scope of
this work, the thermal and tribological
behaviour of different alloyed and coated tool
surfaces was investigated. In the first
experiments, the wear and friction behaviour
was evaluated. For the analysis a new developed
algorithm was used to calculate the wear
volumes. In this regard, the alloyed substrate
material with nickel content did not decrease
the surface wear. Since nickel is susceptible to
adhesive wear, the experiments showed a severe
adhesion of AlSi particles to the tool surface. By
using filler wire materials made of chromium,
molybdenum and carbon or with titanium
content the highest wear resistance after the
modification could be achieved. Compared to the
laser alloying process, the wear resistance could
be further increased by coating the surfaces. For
the experiments coating systems of AlCrN and
AlCrTiN were investigated. By adding titanium, a
significant reduction in adhesion wear could be
achieved. Since titanium consists of a low
density of moving electrons, the bonding forces
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between tool and blank can be decrease. For this
reason, the modified tool surfaces are less prone
to metallic adhesion. The friction behaviour was
also studied for all the samples and compared to
each other. It could be verified that the friction
behaviour is similar to the industrial process. In
addition to the tribological analyses, the thermal
conditions were investigated. A suitable wear
protection for hot stamping tools has also to
ensure a high cooling rate after modifying the
tools. In quenching tests the determined values
are between 29 K/s and 35 K/s, which are above
the required minimum of 27 K/s. According to
these results an influence of the coating system
on the thermal behaviour was not identified. In
the last step, the surface modification was
applied on a die to validate in cup deep drawing
tests if an application for hot stamping tools is
possible. In addition, the contact pressure along
the die radius was numerically analysed. After
200 strokes the contact area of the tool was
measured with a laser scanning microscope and
the surface roughness was determined. The
experimental results were compared to the
calculated contact pressure distribution. The
adhesive wear increases at 45° of the die radius,
at which the highest surface pressure occurs.
Due to the surface modification a significant
decrease of the surface wear was possible.
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