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Abstract 

Hot stamping is used to produce structural automotive parts. In this process, high strength ( ̴ 1500 MPa) can be achieved with good formability 
and accurate geometrical tolerances due to the combination of a forming step at high temperature (  ̴ 700 °C)  and the quenching step in the press. 
However, due to the forming at high temperatures the friction is high and the tool wear is severe. A huge number of measurements of the 
Coefficient of Friction (COF) have been published so far. However, contradictory findings regarding influence of different parameters such as 
temperature and pressure are observed and large deviations in the COF values are found. Furthermore, in finite element (FE) analyses of hot 
stamping processes, as yet the friction is modelled as one constant value, while it is known that the friction depends on temperature, pressure and 
strain. In this paper, the effect of different parameters on COF using strip-draw tests are investigated. Moreover, a multi-scale friction model for 
hot stamping is developed and calibrated relative to the experimental results. The friction model regards the surface characteristics of the sheet 
and tool, which are of major importance due to the build-up of galling. The friction model also takes temperature, pressure and strain effects into 
account. The friction model is finally coupled with the FE simulation of a hot stamping process. 
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1. Introduction 

Hot stamping is a production process used in the automotive 
industry. A blank is heated in a furnace (~930 °C), formed while 
still warm (~700 °C) and quenched directly in the press to a 
martensitic structure. In this way, good formability is combined 
with high strength (~1500 MPa) [1]. In the forming process the 
friction is relatively high and tool wear severe. To avoid scaling 
and carburization in the furnace and to supply corrosion 
protection the sheet material is often coated with an Al-Si 
coating. This coating fractures and the loose particles cause 
adhesive and abrasive wear [2]. 

Friction and wear during hot stamping are extensively 
studied and several tests set ups are used [1]. All tests set ups 
have their own advantages and disadvantages. The rotational 
friction test set up is relatively simple and process parameters 
can be individual investigated. The strip draw tests represent 

the industrial situation relatively well excluding deformation. 
Some authors also investigated the friction and/or wear in hot 
stamping applications tests such as cup drawing or even a 
complete part [3]. 

The friction mechanism is explained by ploughing and 
adhesion [2,4-5]. The contact situation changes due to the 
adhesion of the coating on the tool surface. First contact is 
between clean tool and sheet. However, wear builds up very fast 
and the contact will be between the tool wear and the sheet 
material [6]. The adhesive wear can be divided in normal 
adhesive wear and compaction galling [7], however, the 
abrasive wear cannot be neglected [8]. 

Currently, the modelling of friction is very simplistic in 
Finite Element (FE) simulations of hot stamping parts. Often 
one constant Coulomb value is used, while it is commonly 
known that the COF is dependent on temperature and pressure. 
Also, the literature shows a very large range in measured COF’s 
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and a clear understanding of the several influence parameters is 
missing. To further extend knowledge is this area, hot strip 
draw tests are performed for several temperatures and 
pressures. Furthermore, a multi-scale friction model is 
presented, which regards the surface characteristics of the sheet 
and tool and includes temperature, pressure and strain effects. 
The multi-scale friction model is calibrated by the hot strip 
draw tests and validated with the FE simulation of a cross die.  

 
Nomenclature 

v         increase in fractional real contact area [-]   
k         constant shear factor [-] 
μ       coefficient of friction [-] 
τb       boundary layer shear strength [Pa]  
𝑝𝑝nom   nominal contact pressure [Pa] 
𝐻𝐻eff    effective hardness [Pa] 
T        absolute temperature [Kelvin] 
c,n,m Constants interfacial shear strength model [-] 
𝛼𝛼        fractional real contact area [-] 

2. Friction mechanism 

2.1. Experimental set-up 

To understand the friction mechanism and to calibrate the 
friction model normal load tests and hot friction draw tests are 
performed. The Press Hardening Steel (PHS) blanks (800 x 50 
x 1.5 mm) are heated in a roller hearth furnace, transported to 
the friction unit, and drawn (hot friction draw test) or only 
apply a pressure (normal load) between two tools after 
specified temperature is reached. The tools have flat tool 
surface of 90 x 11 mm. Table 1 includes test information for 
the normal load and the Hot Friction draw Test (HFT). More 
details on the experiments can be found in [2].  

Table 1. Experimental test information. 

 Normal load HFT 

Tool material 1.2367 1.2344 

Hardness 55 HRC 48 HRC 

Sa  0.20 ± 0.05 μm 0.20 ± 0.05 μm 

Start temperature 500 – 700 °C 500 – 700 °C 

Nominal pressure 5,10,20 MPa 2.5, 10 MPa 

Repetitions 1 10 

 
Tools and sheet surfaces are analysed by three dimensional 

topographic measurements (Nanofocus µsurf mobile confocal 
microscope). 

2.2. Fracture of coating 

The Al-Si coating is very brittle and fractures severely. In 
industry it is well known that the coating fractures during 
deformation and a lot of tool pollution is obtained [9],  resulting 
in severe compaction galling [10].  

Fracture of the coating already occurs after applying a 
relatively low normal load (5-20 MPa). Fracture occurs at voids 
directly underneath the surface, see Figure 1.  

  
a. 

 
 

b. 

 

Fig. 1. SEM of sheet surface (a) reference state; (b) after normal loading red 
circle collapsed voids. Normal load test 10 MPa 700°C. 

The fractional real contact area can be determined from the 
height distribution curves of a reference surface and the surface 
after loading. More details about the method can be found in 
[11]. In general, the fractional real contact area increases with 
increasing temperature and pressure, see Figure 2.  

 

 

Fig. 2. Fractional real contact area from normal load test. 
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2.3. Adhesion and ploughing 

Adhesion and ploughing occur during the hot friction test. 
During the hot friction tests the tool surface changes. At the 
start of the test the roughness peaks of the tool plough through 
the sheet coating. However, when wear builds up the contact 
situation changes and the tool wear summits ploughs through 
the sheet coating.  The build-up of wear is related to an increase 
in COF, this can be very well shown in the friction model [6]. 
The reality is however far more complicated. It are not only the 
tool asperities which plough in the sheet coating, also the tool 
and tool wear show ploughing marks. All these effects are 
treated in great detail in [2, 12].  

The influence of pressure and temperature is extensively 
investigated in literature, however opposite trends are 
observed, which can be explained by the different measurement 
set ups, effect of heat treatment, parameters which are related 
to each other and most importantly the effect of wear on the 
tool. Especially the tool wear should not be disregarded. The 
hot friction draw test shows that the influence of parameters 
such as temperature and pressure decreases as soon as a certain 
layer has build up on the tool, see Figure 3. The wear is a 
dynamic process of build-up and fracture of the (adhesive) 
wear, which can explain some of the outliers occurring in 
certain sample numbers (for example sample nr 8 at 5 MPa 
700°C).  

3. Multi-scale friction model 

For room temperature deep drawing, a multi-scale friction 
model frame work was developed by Hol [13]. In this work that 
model is extended with temperature and coating [14] to make 
it applicable for hot stamping.  

The multi-scale friction model exists out of three main 
blocks, namely 1. Input, 2. Asperity deformation and 3. Shear 
stresses & COF. Each of these blocks is shortly discussed in the 
next Sections, more details can be found in [11]. Figure 4 
shows a schematic view of the multi-scale friction model frame 
work. The output of the model, COFs for range of strains, 
pressures and temperatures, can be imported in an FE model. 

 

 

Fig. 3. COF versus sample number for several process conditions. 

 

 

Fig. 4. Schematic view friction model. [11] 

3.1. Input multi-scale friction model 

The input in the multi-scale friction model consists of 
process parameters, tool and sheet surface and material 
properties.  The process parameters include the temperature, 
pressure and bulk strain range for which the COFs should be 
calculated. 

The topography of the sheet and tool material are important 
input parameters in the model. The model needs the 
topographies to calculate the real contact area, the contact 
patches and the gap between the tool and sheet. The 
topographies in this investigation have an area of 1x1 mm, 
which represents the sheet and clean tool surface well.  As soon 
as tool wear occurs, an area of 1 x 1 mm does not give a good 
representation of the complete tool surface anymore, due to 
large differences from place to place. Therefore, three 
topographies at several areas on the tool with wear are used in 
the model. 

 
a. b. c. 

   

Fig.5. Topographies 1x1 mm a. sheet surface (z=21.3 µm), b tool surface 
clean (z=1.7 µm), c tool surface with wear (z=13.5 µm) 700 °C surface 3. 
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Fig. 6. Stress–strain curves substrate and coating. [11]  

The material behavior of the sheet is described with the 
Abspoel–van Liempt model [15]. The material behavior of the 
coating is described with a mixture rule, since the coating 
consists of five sublayers with different intermetallics and 
voids. The percentage of voids is determined by cross section 
analysis. Hardness values of the several intermetallics observed 
in the coating are measured by Windmann et al. [16]. An ideal 
plastic material model is assumed for the coating with a yield 
stress of 1/2.8 times its hardness. More information on the 
material modelling can be found in [11]. Figure 6 shows the 
stress strain curves for the substrate material and coating for 
three temperatures. The situation is thus a hard coating on a 
relatively soft substrate.  

3.2. Asperity deformation  

In the friction model the asperities deform due to normal 
loading, ploughing and bulk deformation. The normal loading 
model is validated with normal load experiments. The asperity 
deformation model due to ploughing is calibrated with the HFT 
experiments. The asperity deformation due to bulk deformation 
was not calibrated nor validated in this investigation.  

In the normal loading model, a rigid and perfectly flat tool 
flattens the asperities of a soft and rough workpiece material. 
The asperities of the workpiece material (substrate and coating) 
are modelled as bars. These bars can deform plastically and 
rise. The amount of plastic deformation and rise is calculated 
by solving the energy, momentum and volume conservation 
equations [13-14]. The real contact areas calculated by the 
model are validated with the normal load experiments. The 
prediction is satisfactory [11].  

The sliding causes so called junction growth, which means 
that an additional tangential load results in an increase in real 
contact area [17]:  

𝑣𝑣 = √1 + 𝑘𝑘𝜇𝜇2                                                                       (1) 

The constant shear factor k of the Tabor equation (1) is 
calibrated with the HFT results (the COFs) [11].  A k value of 
2 and 5.5 is applied for respectively the clean tool and tool 
including wear.   

The Westeneng model is implemented for the bulk 
deformation [18]. No validation is performed, due to lack of 
experimental data.  

3.3. Shear stresses and COF 

The calculation of the friction is done in three steps. First 
the contact patches are determined, second the friction force is 
calculated for each contact patch and in the third step the 
overall COF is calculated. Each step is explained in detail in 
[11].  

The contact patches are determined by binary image 
processing techniques. The attack angle of these contact 
patches is determined by fitting elliptical paraboloids [19].  

The coefficient of each contact patch is calculated with 
Challen and Oxley [20]. The interfacial shear strength is 
formulated as: 

𝜏𝜏𝑏𝑏 = 𝑐𝑐𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛𝑒𝑒−𝑚𝑚𝑚𝑚 (2)

𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑝𝑝𝑛𝑛𝑛𝑛𝑛𝑛
𝛼𝛼                                                          (3) 

 
The constants are calibrated with the HFT data and the 

values found are listed in Table 2.  

Table 2. Parameters interfacial shear strength model. [11] 

 Clean tool Tool with wear 

c 9 4.8 

n 0.81 0.81 

m 2·10-3 1·10-5 

 
The overall COF is calculated by dividing the sum of all 

individual friction forces by the total normal force.  

4. Validation 

To validate the multi-scale friction model for hot stamping, 
FE simulations are performed on a cross die and the results are 
compared with experimental measured values.  

4.1. Experimental set-up 

The blanks (260x260x1.5 mm) of the cross die products are 
heated in a roller hearth furnace, transported to the precooling 
unit, cooled with pressurised air to a specific temperature and 
pressed to a cross die product. Tests with two different start 
temperatures are performed. Table 3 contains the process 
parameters. Further details of the test can be found in [9]. 

Table 3. Experimental test information. 

 Cross die  

Tool material 1.2331 

Hardness 60 HRC 

Furnace temperature 930 °C 

Furnace time 6 minutes 

Start temperature press 640 – 730 °C 

Velocity 100 mm/s 

Drawing height 28 and 29 mm 
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4.2. FE simulation 

FE simulations are performed in AutoForm. The hardening 
curves are determined with the Abspoel-van Liempt material 
model. A Vegter 2017 yield surface is used, with r-values from 
Table 4. Table 5 lists the thermal properties in the FE 
simulation.  

Table 4. r-values of the substrate material at several temperatures [11]. 

  600 °C 700 °C 

r0 0.65 0.72 

r45 0.58 0.81 

r90 0.78 0.88 

Table 5. Thermal properties  in FE simulation [11]. 

   

Heat transfer coefficient to 
ambient (mW/(mm2K)) 

20 °C 0.020 

 950 °C 0.145  

Heat transfer coefficient to tool 
(mW/(mm2K)) with pressure 
dependency with scaling factor 

 

0 MPa 

3.5 

0.3 

 1 MPa 0.7 

 2 MPa 0.8 

 3 MPa 0.9 

 20 MPa 1 

 
The calculated COF values dependent on temperature, 

pressure and strain are imported in AutoForm.  The COF shows 
strong dependency on pressure and strain, see Figure 7a. The 
COF is less dependent on temperature, see Figure 7b. This in 
agreement with observation of the HFT tests, where after some 
buildup of wear on the tools almost no temperature dependency 
is observed anymore.  

Punch forces and strain measurements from the simulations 
are compared to the experimental values. FE simulations are 
performed with COF values from the multi-scale model or a 
constant Coulomb value (0.45 and 0.8). A constant Coulomb 
value of 0.45 is often used in the industry in hot stamping 
simulations [21].  The friction distribution on the cross die in 
the FE simulation at 28 mm drawing height with the multi-scale 
friction model values is shown in Figure 8.  

 
a. b.  

  

Fig. 7. Friction values cross section a. at constant temperature of 700 °C   b. at 
constant strain of 0. 

 

 

Fig. 8. Distribution of friction for test start temperature 730 °C. 

The maximum punch forces are well predicted with the 
values from the multi-scale friction model, see Figure 9. 
 

 

Fig. 9. Max. punch force experimental value compared with simulations. 

Strain measurements are performed by applying a grid on 
the blanks. Strains are underpredicted with the FE simulations, 
even with very high constant Coulomb of 0.8, see Figure 10.  

The deviation between simulation and experiment could be 
caused by wrinkling, the thermal calculation and the 
description of material model. The wrinkles cannot be well 
described in the FE simulations with shell elements and may 
cause an additional restraining force against material flow. 
Including draw beads on the position of the wrinkles or 
applying a binder force in the FE simulation gave a better 
prediction of the maximum strain. However, in that case the 
punch force was overpredicted. 
 

a. b. 

  

Fig. 10. Comparison measured strains (red) with predicted strain from FE 
simulations (blue)  for test start temperature 730 °C   for a. multi-scale 
friction model and b. constant Coulomb COF of 0.8.  
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For the thermal properties, standard values are used. 
Adjusting these values to obtain a better prediction of the 
strains resulted in unrealistic temperatures in the sheet. 

The material description could also cause some deviations. 
For example, the strain rate sensitivity could be too large and 
by such, suppresses the localization of the strains. However, 
Abspoel et al. [15] showed the thickness between experiment 
and simulation. A sensitivity analysis revealed a high 
sensitivity for the material parameters. The cross die products 
are critical and very close to the necking regime.  Therefore, it 
is recommended to further investigate the material description 
especially in the necking regime.  

5. Conclusions & recommendations 

A multi-scale based friction model for cold deep drawing is 
extended for hot stamping. Friction coefficients are calculated 
based on the topography measurements of tool and sheet and 
material properties.  The calculated friction COFs are pressure, 
temperature and strain dependent. The multi-scale friction 
model is coupled with FE simulations. The friction model in 
itself needs some further developments; however, it shows 
already some important insights.  The build up of wear on the 
tooling is of major importance regarding the friction.  

The input of the friction model includes topography 
measurements of the sheet and tool. In hot stamping the tool 
wear builds up fast and is irregular over the tool surface and 
time. Therefore, the model needs a huge amount of 
measurement effort. To overcome this effort, it is 
recommended to develop a galling model which is coupled 
with the friction model.  
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