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Summary       
 

Hot stamping is a forming process used in the automotive industry to form structural 
parts. A sheet metal blank is austenitized in a furnace, formed at high temperatures (600-
800 °C) and quenched in the press such that a martensitic structure is obtained. In this 
way, high strength (~1500 MPa) can be combined with good formability and good 
geometrical tolerances. However, due to forming at high temperatures, the friction is 
relatively high and tool wear is severe. The tool wear causes scratches on the parts, 
leading to lower heat transfer and high maintenance costs.  

For an effective process design and to be able to develop a friction model, a thorough 
understanding of tribological interactions between the tool surface and the sheet metal 
is of major importance. Therefore, the friction and wear mechanisms occurring during 
hot friction draw tests between the uncoated tool steel and the Al-Si coated press 
hardening steel (PHS) are investigated at several temperatures. Most importantly, the 
mutual interaction between the friction and tool wear mechanisms is examined. The 
results show complex friction and wear mechanisms with several phenomena taking 
place simultaneously and/or in quick succession within the strip-tool contact system. 
Cumulative wear effects are also found to occur from one draw test to the next as a 
result of different phenomena. Furthermore, the results show that abraded tool material 
could embed in the relatively soft sheet coating which subsequently causes ploughing 
marks on the tool. These interactions manifest a change in the friction mechanism as 
material transfer takes place from sheets to the tool. The results provide a clear insight 
into the sheet metal–tool interactions during hot stamping processes. Furthermore, these 
results can be used for a more realistic modelling of the hot stamping process and its 
optimization. 

The Coefficient of Friction (COF) is found to be temperature dependent only during 
initial sliding against a virgin tool surface. Whereas, for 10 consecutive strip draws, 
COF is temperature dependent only for the first samples over the temperature range 
from 400 °C to 750 °C, due to the tribolayers which form in the tool-sheet contact during 
the test series. Conversely, the wear mechanisms active in this temperature range are 
temperature dependent: at higher temperatures (> 600 ºC) an area of severe abrasive 
wear is found that precedes a thick layer of compaction galling, while at lower 
temperatures (< 600 ºC) adhesive wear is dominant. Furthermore, the results show that 
particles leading to compaction galling are generated predominantly from the Al-Si 
coating. Their size depends on temperature and is related to the fracture of the Al-Si 
coating.  

Finite Element simulations are utilized in the sheet metal forming industry to perform 
feasibility analysis and process optimisation. To improve the validity and accuracy, it 
is necessary to accurately describe friction in the FE analyses of hot stamping processes. 
So far, in the FE analyses friction has been oversimplified using a constant Coulomb’s 
friction, for example. However, it has been shown that friction is a local phenomenon 
that depends on the micro-texture of tool and sheet at the contact and varies with contact 
pressure, strain in the bulk of the sheet and contact temperature. In this work a multi-
scale friction model is extended and adapted for hot stamping. The multi-scale model 



accounts for the local contact pressure, temperature and strain in the bulk. Furthermore, 
the effects of tool and sheet metal surface topography are taken into account. The results 
show that the model can predict the friction in strip-draw experiments fairly well, when 
incorporating the tool surface evolution due to wear. The effect of the fractured particles 
is not taken into account.  

Two products have been used to validate the friction model – namely top hat and cross-
die. The top hat was found to be friction insensitive and therefore the effect of wear on 
thickness or draw-in could not be seen. However, the thickness and draw-in are 
predicted reasonably well from simulations. In case of the cross die, the punch force 
was well predicted, but the strains were underpredicted. The cause of this 
underprediction cannot be found in the friction coefficient or the thermal description of 
the model. The wrinkling observed in the parts results in an extra restraining force which 
cannot be well described by the shell elements in AutoForm. However, an extra 
restraining force will alter the punch force as well. Furthermore, the other explanation 
could lie in the PHS material description, which may not be accurate in the (close to) 
necking region.   

In conclusion, for better prediction of the friction in hot stamping processes, it is 
necessary to describe galling phenomenon accurately. This means that tool topography 
measurements are needed at several locations after a specific number of strokes. This 
will result in large experimental effort. To overcome this, a realistic galling model could 
be developed and combined with the multi-scale friction model.  

  



 
 

Samenvatting 
 

Heet dieptrekken is een vervormingsproces dat in de automobielindustrie wordt 
gebruikt om structurele onderdelen te vormen. Staalplaat wordt geaustenitiseerd in een 
oven, gevormd terwijl deze nog steeds heet is (600-800 ° C) en in de pers afgeschrikt 
zodat een martensitische structuur wordt gevormd. Op deze manier kan hoge sterkte 
(1500 MPa) worden gecombineerd met een goede vervormbaarheid en goede 
geometrische toleranties. Door heet vervormen bij hoge temperaturen is de wrijving 
relatief hoog en de slijtage van het gereedschap ernstig. Onder slijtage wordt ook de 
opbouw van stukjes plaat coating materiaal op het gereedschap verstaan.  Deze opbouw 
op het gereedschap veroorzaakt krassen op de onderdelen, leidt tot lagere 
warmteoverdracht en hoge onderhoudskosten. 

Voor een effectief procesontwerp en om een wrijvingsmodel te kunnen ontwikkelen, is 
een grondig begrip van tribologische interacties tussen het gereedschapsoppervlak en 
het plaatmateriaal van groot belang. Daarom worden de wrijvings- en slijtage 
mechanismen die optreden tijdens hete wrijvingsproeven tussen het niet-beklede 
gereedschapsstaal en het met Al-Si beklede staal bij verschillende temperaturen 
onderzocht. Met de focus op de onderlinge interactie tussen de wrijvings- en slijtage 
mechanismen. De resultaten laten complexe wrijvings- en  slijtage mechanismen zien 
die gelijktijdig en/of snel achter elkaar plaatsvinden in het gereedschap-strip contact. 
Cumulatieve opbouw komt voor van de ene wrijvingstest tot de volgende als gevolg 
van verschillende verschijnselen. Verder laten de resultaten zien dat stukjes 
gereedschapsmateriaal kunnen worden ingebed in de relatief zachte coating van het 
plaatmateriaal die vervolgens slijtagesporen op het gereedschap veroorzaken. Deze 
interacties veroorzaken een verandering in het wrijvingsmechanisme, aangezien 
materiaaloverdracht plaatsvindt van de plaat naar het gereedschap. De resultaten bieden 
een duidelijk inzicht in de interacties tussen plaatmateriaal en gereedschap tijdens hete 
dieptrek processen. Bovendien kunnen deze resultaten worden gebruikt voor een meer 
realistische modellering van hete dieptrek processen en de optimalisatie ervan. 

De wrijvingscoëfficiënt blijkt alleen temperatuurafhankelijk tijdens het eerste contact 
tegen een schoon gereedschapsoppervlak. Voor achtereenvolgende proeven is de 
wrijvingscoëfficiënt alleen temperatuurafhankelijk voor de eerste monsters over het 
temperatuurbereik van 400 °C tot 750 °C. Dit zou te wijten zijn aan de tribolagen die 
zich vormen op het gereedschap tijdens de testreeks. Omgekeerd zijn de in dit 
temperatuurbereik actieve opbouw en slijtagemechanismen temperatuurafhankelijk: bij 
hogere temperaturen (> 600 ºC) wordt een zone met ernstige slijtage aangetroffen die 
voorafgaat aan een dikke laag opbouw, bij lagere temperaturen, (< 600 ºC), is de 
opbouw dominant. Verder laten de resultaten zien dat deeltjes die leiden tot de opbouw 
voornamelijk worden gegenereerd uit de Al-Si-coating en hun grootte afhangt van de 
temperatuur en verband houdt met de breuk van de Al-Si-coating. 

Eindige elementen (FE) simulaties worden uitgevoerd in de plaat omvorm industrie om 
haalbaarheidsanalyses en procesoptimalisaties uit te voeren. Om de validiteit en 
nauwkeurigheid te verbeteren, is het noodzakelijk om wrijving nauwkeurig te 
beschrijven in FE-analyses van hete dieptrek processen. Tot dusverre is in FE-analyses 



wrijving vereenvoudigd tot b.v. een constante Coulomb-wrijving. Er is echter 
aangetoond dat wrijving een lokaal fenomeen is dat afhankelijk is van de microtextuur 
van gereedschap en plaat en varieert met contactdruk, rek en temperatuur. In dit werk 
wordt een multi-scale wrijvingsmodel uitgebreid en aangepast om het geschikt te maken 
voor het hete dieptrek proces. Het multi-scale model houdt rekening met de lokale 
contactdruk, temperatuur en rek in het materiaal. Verder wordt rekening gehouden met 
de effecten van de topografie van gereedschap en plaatmetaaloppervlakken. De 
resultaten laten zien dat het model de wrijving in de wrijvingsexperimenten redelijk 
goed kan voorspellen, wanneer de evolutie van het gereedschapsoppervlak door 
opbouw wordt meegenomen. Het effect van de gebroken deeltjes is geen deel van het 
model. 

Er zijn twee producten gebruikt om het wrijvingsmodel te valideren, namelijk de ‘ top 
hat’  en de ‘cross-die’. De ‘top hat’  bleek ongevoelig voor wrijving te zijn en daarom 
kon het effect van opbouw en slijtage op de dikte of inloop niet worden gevonden. De 
dikte en inloop van het product worden redelijk goed voorspeld. In het geval van de 
‘cross-die’ werd de stempelkracht goed voorspeld; de rekken waren te laag in de 
berekeningen. De oorzaak van deze niet juiste voorspelling kan niet worden gevonden 
in de wrijvingscoëfficiënt of de thermische beschrijving. Plooien werden waargenomen 
in de experimenten. Deze plooien veroorzaken een extra kracht, welke niet goed kan 
worden beschreven door de schaalelementen in AutoForm. Deze additionele kracht zal 
echter ook de stempel kracht veranderen. Hoogstwaarschijnlijk is de materiaal 
beschrijving niet correct in het (bijna) insnoeringsgebied. 

Om de wrijving correct te voorspellen in hete dieptrekprocessen, is het noodzakelijk om 
de opbouw op het gereedschap nauwkeurig te beschrijven, wat betekent dat het nodig 
zal zijn om op een aantal plaatsen na een bepaald aantal slagen gereedschaps-
topografiemetingen te doen. Dit zal resulteren in grote experimentele inspanningen. Om 
dit te ondervangen, zou een realistisch opbouwmodel kunnen worden ontwikkeld en 
gecombineerd met het multi-scale wrijvingsmodel. 

  



 
 

Nomenclature      
 

Greek symbols � Fractional real contact area [-] �� Fractional real contact area after normal loading, sliding 
and straining  

[-] 

� Plastic strain  [-] �� Strain rate  [1/s] ���  Limit strain rate for thermally activated movement  [1/s] �� In plane strain [-] 

� Reference height of bars [mm] � Coefficient of friction [-] 
µ i Coefficient of friction of contact patch i [-] �	
 Coefficient of friction in the cutting regime [-] ��� Coefficient of friction in the ploughing regime [-] 

�� Coefficient of friction in the wear regime [-] 

σ Flow stress [MPa] �� Athermal limit of the yield stress [MPa] ��∗ Dynamic stress at zero thermal activation  [MPa] �� Yield stress [MPa] 

� Shear stress [MPa] �	, �� Shear stress between moving bars of coating and substrate 
respectively 

[MPa] 

�� Shear strength of interfacial boundary layer [MPa] � Parameter describing annihilation and remobilization of 
dislocation 

[MPa] 

� Indentation factor [mm] � Attack angle [-] �� Attack angle of contact patch i [-] ��� Effective attack angle [-] 
 

Roman symbols ∆� Contact area  [mm2] ���,	 Shear area of coating  [mm2] ���,� Shear area of substrate  [mm2] 

Ai Area of contact patch i [mm2] 
a-m Regression coefficients phenomological friction model [-] 
B Hardness factor [-] 
c,n,m Constants in boundary layer shear strength model [-] 
d Indentation of asperities [mm] �� Indentation after normal loading, sliding and straining [mm] �  Shear factor  [-] F" Total normal load [N] #$,% Normal load on bar i [N] 



F& Traction force [N] ∆'� Maximum activation energy  [eV] 

H Hardness [MPa] (	 , (� Hardness of coating and substrate respectively [MPa] (�� Effective hardness [MPa] ()*� Hardness of the intermetallic FeAl  [MPa] ()+*�, Hardness of the intermetallic Fe2Al5 [MPa] 

k Constant shear factor [-] 
ks Shear strength of the plastic deforming material [MPa] -. Boltzmann-constant [eV/K] /�� Shearing length  [mm] 

l Mean half spacing between asperities [mm] 

m Number of contact patches [-] 0 Number of sides of the bars in shearing   [-] 1 Number of contacting bars with the tool [-] 1∗ Number of non-contacting bars that come into contact due 
during normal loading 

[-] 

1∗∗ Number of non-contacting bars [-] 

p Pressure [MPa] 2"34 Nominal contact pressure [MPa] 5	 , 5�  Probability of contacting bars surrounded by non- 
contacting bars for coating and substrate respectively  

[-] 

Ra Profile roughness (arithmetical mean height) [mm] 
Sa Surface roughness (arithmetical mean height) [mm] ∆7ℎ	, ∆7ℎ� shear length in coating and substrate respectively [mm] 9 Absolute temperature  [K] 9� Sheet metal temperature [°C] 9& Tool temperature [°C] : Rise of bars [mm] ∆u� Rise of non-contacting bar [mm] <′ Normalized hardening parameter [mm-1] <�  Rise of bars after normal loading, sliding and straining  [mm] 

v Velocity [mm/s] > Increase in fractional real contact area [-] 

w Shearing area [mm2] 
wt% Weight percentage [%] 
W Velocity parameter  [-] ?@& External energy [Nmm] ?%"&,A. Energy absorbed due to plastic deformation [Nmm] ?%"&,�� Energy required in shearing of bars during their relative 

motion 
[Nmm] 

B Height parameter [mm] ∆z� Indentation of bar [mm] ∆B	,�   Deformation of bar i in the coating [mm] ∆B�,�  Deformation of bar i in the substrate [mm] 



 
 

 

Abbreviations 

Al-Si Aluminium-Silicon  
COF Coefficient of Friction  
FE Finite element  
HFT Hot Friction Test  
PHS Press Hardening Steel  

 

  



 

  



 
3 Introduction 

 

 

 

1. Introduction      
 

 

Hot stamping is a manufacturing process which offers the automotive industry 
lightweight design solutions and thus potential CO2 reduction, without compromising 
structural integrity or safety. The amount of hot formed parts rapidly increased after 
their introduction in 1984 in the Saab 9000 (Berglund 2008). There is great interest in 
the process and material behaviour, as reflected in the relatively new community that 
gathers at the biennial International Conference on Hot Sheet Metal Forming of High 
Performance Steel (CHS2), which started in 2008 and attracts over 200 attendees from 
20 countries  

FE (Finite Element) analysis is common in the metal forming industry to perform 
feasibility analyses and to optimize process parameters. The (bulk) material behaviour 
has been researched thoroughly by several authors (Abspoel, Neelis and Liempt 2016), 
(Karbasian and Tekkaya 2010). The surface aspects, and friction handling in FE 
analysis in particular, is often simplistic, however,  and a better understanding of and 
description of the friction are paramount to enable more accurate predictions and 
process improvements.  

In addition, tool wear is a serious issue in hot stamping affecting both the process 
stability and product quality. Specifically, severe adhesive wear (galling) occurs which 
causes lower heat transfer, resulting in scratches on the parts and high tool maintenance 
costs.  

In this thesis, the friction and wear mechanisms in hot stamping are addressed and a 
physics-based multi-scale friction model is coupled with FE analysis. The multi-scale 
friction model framework of Hol (Hol 2013) is extended for hot stamping by including 
the (Al-Si) coating effects on the effective hardness (Shisode, et al. 2018) and 
temperature effects on the material behaviour of the coating and substrate. The multi-
scale friction model is contact pressure, strain and temperature dependent.  

 

  



 
4 Introduction 

1.1 Motivation and problem definition 
 

Hot stamping or press hardening is used more and more in automotive industry due to 
its efficiency in fabricating complex shapes and the wish to improve crash safety while 
reducing the weight of the body in white. In hot stamping, the press hardening steel 
(PHS) sheet is austenitized by heating in a furnace above 850 °C (Suehiro, et al. 2003). 
The sheet is then transported to the press, stamped at high temperatures (typically 600-
800 °C) (Fan and de Cooman 2012) and then directly quenched in the press, see Figure 
1.1. Forming at high temperature gives the opportunity to produce complex parts with 
good dimensional control. The high mechanical strength is obtained due to fast cooling 
(quenching) in the die, which results in a martensitic structure (Suehiro, et al. 2003).  
 

 

Figure 1.1; Schematic view hot stamping process. 

 

To avoid corrosion and scaling on the sheet metal surface, often Al-Si coatings (Suehiro, 
et al. 2003) are applied. While heating the blanks, the Al-Si coating is transformed and 
intermetallic compounds are formed by inter-diffusion of Al, Si and Fe from the steel 
substrate which results in a multi-layered structure with a thickness of approximately 
25-40 µm. The coating can, however, fracture during both the heating and forming 
processes due to thermal and mechanical loads (Fan and de Cooman 2012). The 
fractured particles (debris) generated during the forming process trigger tool wear and 
can lead to, for example, compaction galling (Pelcastre, Hardell and Prakash 2013). 
Tool wear is a serious issue in hot stamping with regard to product quality and process 
economy. The dies are usually substituted after 200,000 cycles, but after the production 
of 2000-3000 parts they are reground (Ghiotti, Sgarabotto and Bruschi 2013). 
Therefore, an in-depth knowledge of the wear mechanisms in hot stamping is vital for 
both optimisation of the stamping process and the product integrity. 

Due to the high temperatures in hot stamping, the friction is high and tool wear is severe 
compared to cold stamping. Wear mechanisms have been extensively investigated in 
the literature. Industrial tools for Al-Si coated blanks are investigated by Pujante et al. 
(J. Pujante, M. Vilaseca and D. Caellas, et al. 2016) (J. Pujante, et al. 2011), Pelcastre 
et al. (Pelcastre, Hardell and Prakash 2011) and Vilaseca et al. (Vilaseca, Pujante and 
Ramirez 2013) and the main wear mechanisms are coupled with material transfer. 
Material transfer of the sheet coating to the tool is also observed in laboratory set-ups 
such as high temperature pin on disc tests, strip drawing over a radius, cup deep 
drawing, and hot strip draw tests. Several authors make a distinction between the build-
up of ‘normal load’ adhesion and accumulation and compaction of dust/coating wear 
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debris (Pelcastre, Hardell and Prakash 2013), (J. Pujante, M. Vilaseca and D. Caellas, 
et al. 2016). Compaction galling is more severe than adhesive galling (Pelcastre, Hardell 
and Prakash 2013). In compaction galling, (fine) wear debris is accumulated within 
valleys of the surface or in surface defects. This entrapped debris includes hard 
intermetallics of Al-Si coating that are mixed with oxidised debris from the tool during 
sliding (Pelcastre, Hardell and Prakash 2013). Adhesive galling, however, occurs when 
the surface topography does not provide the sites where debris can accumulate and 
appears to take place at a slower rate (Pelcastre, Hardell and Prakash 2013). The transfer 
layer (that is formed by adhesive and/or compaction galling) will act as an obstacle for 
wear debris to move out of the contact area, thus wear particles will accumulate and get 
compacted, increasing the severity of galling (Pelcastre, Hardell and Prakash 2013). 
Furthermore, abrasive wear (Vilaseca, Pujante and Casellas, et al. 2014), (J. Pujante, 
M. Vilaseca and D. Caellas, et al. 2016), (Ghiotti, Sgarabotto and Bruschi 2013), 
(Medea, Ghiotti, et al. 2015), (Pujante, Pelcastre, et al. 2013), (Rahn and Schruff 2013), 
thermal fatigue and corrosive wear have all been shown to occur during hot stamping 
as well (Vilaseca, Pujante and Casellas, et al. 2014). 

Distinct friction and wear mechanisms occur in different areas of the blank and dies. 
Therefore, it is necessary to have in-depth knowledge of the friction and wear 
mechanisms and furthermore the effect of several parameters such as temperature and 
pressure. Many empirical results are available in the literature as regards the 
temperature and pressure effects on friction and wear mechanism during hot stamping 
(Dohda, et al. 2015), (Ghiotti, Bruschi and Borsetto 2011), (Schwingenschlögl, 
Niederhofer and Merklein 2019); however, so far, the underlying friction mechanisms 
are not clearly explained. In most studies, the analyses are limited mainly to the tool 
and little attention has been devoted to the sheet metal surface (Pujante, Pelcastre, et al. 
2013), (Boher, Le Roux and Dessain 2012). For a full understanding, it is necessary to 
analyse both the sheet and the tool surface. For that reason, in this thesis, to improve 
and expand the fundamental understanding of friction and wear during hot stamping, 
the friction and wear phenomena on the sheet metal surface as well as on the tool are 
investigated.  

FE simulations are routinely used in the product development chain to validate and 
optimize the hot forming process. To achieve accurate results in these numerical 
simulations, it is necessary to describe the friction accurately. Nowadays, a constant 
coefficient of friction is used, which is not representative of the empirical observations 
outlined above and therefore cannot ensure accurate predictions. It has been shown that 
contact condition and/or friction between tool and blank is local and could not be 
described or modelled using a constant coefficient of friction in finite element analysis 
(Hol 2013) (Merklein, Hildering and Schwingenschlögl 2015). However, in current 
practice, one constant coefficient of friction is still used in FE simulations for hot 
stamping. To be able to perform more accurate simulations and to extend the knowledge 
of the tribology during hot forming a physics-based friction model will be extended and 
coupled with FE analysis.  

 

 



 
6 Introduction 

 

1.2 Objectives  
 

The main objectives can be summarised as follows: 

- Identification of friction and wear mechanisms and their interaction during hot 
forming of Al-Si coated material. (Chapter 3) 

- Determination of the pressure and temperature influence on the coefficient of 
friction. (Chapter 3) 

- Develop and validate a physics-based multi-scale friction model for hot 
stamping. (Chapter 4 & 5) 

  



 

 

 

 

2. State of the Art   
 

 

This Chapter contains a literature review on the subject. Hot stamping process is 
outlined in Section 2.1. Al-Si coating on the sheet surface plays an important role in the 
friction and wear mechanisms. Therefore, the Al-Si coating is discussed in more details 
in Section 2.2. A review on the investigations published related to friction and wear in 
hot stamping is presented in Sections 2.3 and 2.4 respectively. Friction and wear are 
intercorrelated, as outlined in Section 2.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All units in this chapter are taken from the literature.  
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2.1 Hot stamping 
 
In the automotive industry hot stamping is used to produce body in white components, 
such as A&B pillar reinforcements, bumpers, roof rails, etc. Through this processing 
route, high strength can be combined with good formability and good dimensional 
tolerances. In the hot stamping process, the blank is heated in a furnace at above the 
austenitization temperature of 850 °C (Suehiro, et al. 2003). After a certain holding time 
(3 to 10 min) (Fan and de Cooman 2012) at the desired temperature the blank is 
transferred to the forming press. The temperature during forming is typically between 
600 and 800 °C. In the high-temperature austenitic state, the strength of the steel is low 
(~200 MPa) and the elongation high (Fan and de Cooman 2012), see Figure 2.1. After 
forming, the part is directly quenched, with a cooling rate usually higher than 25°C/s 
(Fan and de Cooman 2012) to ensure a full martensitic microstructure (UTS ~1500 
MPa). The dies are opened and the formed component is extracted. Every 35 seconds 
the forming dies are subjected to a new forming cycle (Ghiotti, Sgarabotto and Bruschi 
2013). 
 

a.  b.  

  
Figure 2.1. a. Total elongation versus tensile strength for different phases in the hot stamping 

process. B. schematic view of the CCT diagram for press hardening steel. 

 

The die temperature is controlled by cooling channels. Gestamp HardTech (Vilaseca, 
Pujante and Casellas, et al. 2014) measured the temperature of industrial tools 1-2 mm 
underneath the tool surface. The maximum temperature 1-2 mm underneath the tool 
surface is between 150 and 170 °C and minimum temperature between 90 and 95 °C.  

 

2.1.1 Tool material 

The choice of tool material is important since the high temperatures induce severe 
thermal and mechanical cyclic stresses on the dies (Medea, Ghiotti, et al. 2015). Besides 
high resistance to wear, also a high conductivity is desired for tool steels in hot 
stamping. In hot forming, a wide range of tool steels from cast cold work tool steels to 
forged hot work tool steels are actually used. The standardized grades DIN 1.2344 and 
DIN 1.2367 are frequently used grades, but also some special hot stamping tool 
materials are developed with the focus on high thermal conductivity (Valls 2013). A 
relatively small impact on the adhesive wear is observed between newly developed high 
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thermal conductivity hot work tool steels (DIN 1.2383) with a reference tool steel (DIN 
1.2367). (Schwingenschlögl, Niederhofer and Merklein 2019). The cast steel material 
GP4M is also used in investigations and in the hot stamping industry (Merklein, Stoehr, 
et al. 2011).  

 

2.1.2 Sheet material 

The sheet material thickness varies between 1.0 and 2.5 mm (Vilaseca, Pujante and 
Casellas, et al. 2014). The most commonly used steel grade is 22MnB5, see Table 2.1. 
The boron is added to increase the hardenability. It delays the ferrite and pearlite 
transformations while the martensite and bainite transformations are not influenced 
(Pelcastre, Hardell and Prakash 2011). As-delivered material usually has a ferritic-
pearlitic microstructure with a tensile strength around 600 MPa (at room temperature). 
After hot stamping the component has a martensitic microstructure and a strength 
around 1500 MPa. To reach this strength a critical cooling rate of 25 °C/s is needed 
(Fan and de Cooman 2012). The critical cooling rate depends on the plastic deformation 
(Somani, et al. 2001). The martensite transformation begins at 425 °C and ends at 280 
°C (Somani, et al. 2001). Other substrate materials, such as 37MnB4, 27MnCrB5 and 
TRIP800 steels, can also be used for hot stamping (Naderi 2007).  
 

Table 2.1 Chemical composition of 22MnB5 steel (wt%) (Fan and de Cooman 2012). 

C Si Mn Cr B Al Ti 
0,22 0,23 1,2 0,16 0,002 0,04 0,03 

 

The sheet is often coated to overcome scaling during the austenitization; besides, it 
offers some corrosion protection in the end product. The most common coating in hot 
stamping is the Al-Si coating (Fan and de Cooman 2012). The Al-Si coating avoids 
scaling and decarburization during the heating stage, it has good spot weldability 
(Suehiro, et al. 2003) and it provides good barrier corrosion resistance (Fan and de 
Cooman 2012). The coating suffers, however, from brittleness (Fan and de Cooman 
2012) which causes severe adhesive wear (Vilaseca, Pujante and Casellas, et al. 2014) 
(Pelcastre, Hardell and Prakash 2013) and abrasive wear on tooling (Hardell, Kassfeldt 
and Prakash 2008), liquid Al adhesions to the rolls in the furnace (Schwartz and 
Lehmann 2009) and no cathodic corrosion protection (Fan and de Cooman 2012). 
Furthermore, it impairs the heating rate and prolongs the holding time required (Fan 
and de Cooman 2012).  

A lot of research has been performed on Zn coatings for hot stamping applications but 
these are applied infrequently in industry, due mainly to the risk of propagation of 
microcracks in the coating layer into the substrate material (Karbasian and Tekkaya 
2010), (van Genderen, et al. 2011). However, the zinc based coatings have some 
advantages over the Al-Si coating such as the cathodic corrosion protection (Fan and de 
Cooman 2012), less tool pollution (Venema, et al. 2019), lower friction (Ademaj, 
Weidig and Steinhoff 2013), (Kondratiuk and Kuhn 2011), (Vilaseca, Pujante and 
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Casellas, et al. 2014), (Ghiotti, Bruschi and Sgarabotto, et al. 2014) and wear 
(Kondratiuk and Kuhn 2011). 

 

2.2 Al-Si coating 
 
The as delivered material is commonly hot-dip coated with 150 g/m2 Al-Si (thickness 
25-30 µm) and usually contains 88 wt% Al, 9 wt% Si, and 3 wt% Fe (Fan and de 
Cooman 2012). It has a primary Al-Si eutectic matrix and a Fe2SiAl7 inhibition layer at 
the coating/steel interface (Fan and de Cooman 2012). The final structure of the coating 
is formed during heating of the blanks, see Figure 2.2. 

 

2.2.1 Diffusion process 

In most cases, the heating is performed in an unprotected atmosphere (Vilaseca, Pujante 
and Casellas, et al. 2014). In the furnace, the Al-Si undergoes a diffusion process 
incorporating aluminium, silicon and iron. The aluminium will diffuse into the bulk 
steel and the iron will diffuse from the steel into the coating. A multi-layered structure 
forms and its thickness depends on temperature and time. The diffusion process is rather 
complex and a large number of phases can be obtained depending on process conditions 
(Grigorieva, et al. 2011) (Fan and de Cooman 2012). Typically after heat treatment a 
five FeAl-Si layered structure is obtained (Grigorieva, et al. 2011), (Suehiro, et al. 2003) 
(Fan and de Cooman 2012) (Ghiotti, Bruschi and Borsetto 2011). The layers are distinct 
due to variances in aluminium and iron percentages. Typically the first layer (from the 
substrate interface) contains Al5Fe2 (Windmann, Rottger and Theisen 2014) (Fan and 
de Cooman 2012) (Grigorieva, et al. 2011) (Suehiro, et al. 2003) or FeAl2 (Fan, Kim, 
et al. 2010). The second layer contains Si-enriched FeAl (Suehiro, et al. 2003) 
(Windmann, Rottger and Theisen 2014) or Fe2SiAl2 (Grigorieva, et al. 2011) (Fan, Kim, 
et al. 2010). The third layer contains Al5Fe2 (Windmann, Rottger and Theisen 2014) 
(Grigorieva, et al. 2011) or FeAl2 (Fan, Kim, et al. 2010), (Suehiro, et al. 2003). The 
fourth layer is the same as the second layer. The last layer is the interface with the 
surface which has a very small amount of aluminium. On the surface of the coating a 
very thin oxide layer of Al2O3 is present. It acts as an external protective barrier, 
prevents further oxidation of the coating and can enhance the corrosion barrier 
resistance at room temperature (Fan and de Cooman 2012). 

To enable this diffusion-controlled alloying, the maximum heating rate is 12-15 K/s 
(Azushima, Uda and Yanagida 2012). Due to the diffusion process the melting point of 
the coating rises continuously and is considerably higher than the original Al-Si layer 
(Ghiotti, Bruschi and Borsetto 2011). From 600 °C the iron starts to diffuse from the 
interface area into the coating (Ghiotti, Bruschi and Borsetto 2011).  

The cooling rate after the thermal cycle does not affect the coating layer. The 
concentrations of the elements, the thickness and the surface characteristics remain the 
same (Ghiotti, Bruschi and Borsetto 2011). 

After heating, the surface is rough, with sharp asperities (Boher, Le Roux and Dessain 
2012), (Ghiotti, Bruschi and Borsetto 2011). The surface topography and roughness are 
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therefore dependent on the heat treatment. Ghiotti et al. (Ghiotti, Bruschi and Borsetto 
2011) showed that the evolution of the topography relates to the chemical evolution of 
the coating.  
 

a.  b.  
 

 

 

Figure 2.2. SEM image of a. as delivered material and b. Al-Si coating after heat treatment at 

930 °C, and dwell time of 6 minutes. 

 

After heat treatment a brittle coating is obtained with voids and cracks. Cracks occur 
even in a deformation-free thermal cycle due the difference in thermal expansion 
coefficients of the brittle intermetallic phases and the substrate steel (Chang, Tsaur and 
Rock 2006). 

Voids are present directly underneath the oxide layer, inside the coating and in the 
diffusion zone. The cause of voids directly underneath the oxide layer has not yet been 
completely clarified. Two explanations are found in the literature: 1. two different 
diffusion processes of Al atoms (Al atoms diffuse to form the oxide layer and Al atoms 
diffuse to form the Fe-Al intermetallic phases) cause Al vacancies and the 
agglomeration of these vacancies (Chang, Tsaur and Rock 2006); and/or 2. Al atoms in 
the FeAl layer react with moisture causing the formation of H2 gas (Liu, Lee and 
McKamey 1989). 

Jenner et al. (Jenner, et al. 2010) showed by means of the focused ion beam technique 
that the voids inside the coating are not caused by sample preparation. They suggest 
that the voids are related to the Kirkendall effect. Kirkendall voids are voids caused by 
the large difference in the diffusivity of two atomic species. The voids in the diffusion 
zone are generally considered as Kirkendall voids (Fan and de Cooman 2012). 

 

2.2.2 Properties Al-Si coating 

The properties of the Al-Si coating are studied by examining either the whole coating 
or the individual intermetallic phases. Windmann et al. (Windmann, Rottger and 
Theisen 2017) produced bulk materials of the various intermetallic phases and 
performed mechanical and wear testing. The phases Al5Fe2 and Al2Fe are significantly 
harder and possess lower fracture toughness than AlFe. The hardness of all AlxFeY 
phases decreases from RT to 800 °C. AlFe possesses a hardness of ~520 HV0.5 at room 
temperature and 80 HV0.5 at 800 °C, while Al5Fe2 possesses a hardness of 1080 HV0.5 
at room temperature and 420 HV0.5 at 800 °C (Windmann, Rottger and Theisen 2017).  
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Nano indentation studies on cross-sections of heat treated samples at room temperature 
revealed that the coating has a higher hardness than the base heat treated steel (Vilaseca, 
Pujante and Casellas, et al. 2014). The hardness of the coating was also measured at 
high temperatures. These measurements showed a drastic drop between 500 and 600 °C 
from ~7.8 GPa to ~1.2 GPa (Vilaseca, Pujante and Casellas, et al. 2014). 

Limited literature is available on the mechanical properties of the Al-Si coating layer, 
even though this information is important for understanding of the tribological 
behaviour and for the development of a friction model. Producing bulk samples of the 
various intermetallics makes it possible to measure the properties. However, it is 
important that the bulk samples are representative of the layers inside the coating, for 
example regarding the grain size.  

High-temperature tensile tests and deep drawing tests revealed low ductility of the 
coating for heating temperatures of 700–850 °C (Jang, et al. 2010). Wieland et al. 
(Wieland and Merklein 2015) investigated the failure behaviour of the coating under 
compression by bending experiments. An Aramis system detected the break out of the 
Al-Si coating. The break out of the Al-Si coating was determined at several forming 
temperatures and strain rates. The ductility of the Al-Si coating is observed to increase 
with increasing temperature (Wieland and Merklein 2015). These are important 
observations in the scope of this thesis since the coating fracture plays an important role 
in the wear mechanism during forming.  

 

2.3 Friction  
 
This Section is divided in the friction measurements (Section 2.3.1), mechanism 
(Section 2.3.2), parameter studies (Section 2.3.3) and friction models (Section 2.3.4). 

 

2.3.1 Friction measurements 

Measurements of the friction coefficient with respect to hot stamping can be done in 
many ways. However, it is difficult to obtain the same contact conditions in the 
experiment as are present in the forming process. Some of the measurement methods 
use idealized states, some are close to the forming process and some use the actual 
forming process to calculate the coefficient of friction numerically. Direct 
measurements of friction stresses are difficult or even impossible. Pin on disc testing, 
strip drawing over radius, cup deep drawing, and hot strip draw tests are used to 
investigate friction in hot stamping. Table 2.2 shows a non-exhaustive overview of 
investigations of friction in hot stamping. 
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Table 2.2. Non-exhaustive overview of investigations of friction in hot stamping. 

Institute/ 

Company 

Authors COF Investigation on 

Pin on disc/Reciprocating test 

Luleå University of 

Technolgoy 

Hardell et al. 2008 0.6-1.4 Tool steels, surface treatments 

Pelcastre et al. 2011 0.5-1.2 Surface roughness & contact pressure 

Pelcastre et al. 2013 0.6-1.5 Tool coatings & surface treatments 

Pelcastre et al. 2016 0.5-2 Furnace temperature, soaking time & 

roughness sheet 

 Mozgovoy 2014 0.9-1.5 Temperature 

AC2T research Tomala et al. 2014 0.05-0.65 Solid lubricants 

University of Padua Ghiotti 2011 0.6-0.9 Temperature, normal pressure, velocity 

& roughness 

 Ghiotti et al. 2013 0.4-0.6 Thermal cycle on pin 

 Medea et al. 2017 0.5-0.6 Temperature 

University of Padova Borsetto et al. 2009 0.15-0.8 Heating temperature 

University of Technology of 

Compiègne 

Marzouki et al. 2007 0.05-0.1 Tool material, tool coating 

University of Erlangen-

Nuremberg 

Merklein et al. 2014 0.20-0.34 Furnace temperature, heating time, 

contact pressure & blank temperature 

Strip drawing 

Luleå University 

 

Hardell et al. 2009 0.35-0.8 Sheet coatings & tool surface 

treatments/coatings 

 Mozgovoy 2014 0.5-1.7 Velocity, pressure 

University of Kassel Ademaj et al. 2013 0.21-0.78 Sheet coatings, heating time, furnace 

temperature, specimen temperature 

CTM Vilaseca et al. 2014 0.19-0.6 Furnace temperature, heating time, 

inlay temperature, velocity, pressure 

Nitrided tools, Tool steels 
DOC Dortmunder 
Oberflächencentrum 

Kondratiuk et al. 2011 0.28-0.42 Tool geometry, sheet coating 

CROMeP center Dessain et al. 2008 0.40-0.45 Forming temperature, contact pressure 
Yokohama National 
University 

Azushima et al. 2012 0.20-0.55 Surface roughness, lubricant 

 Yanagida et al. 2009 0.15-0.58 Drawing temperature, die pressure, 

Lubricant & sheet material 

Daido Chemical industry Uda et al. 2016 0.3-0.5 Lubrication 

University of Padua Ghiotti et al. 2014 0.3-0.7 Temperature, speed, normal pressure & 

sheet coatings 

University of Erlangen-

Nuremberg 

Schwingenschlögl et al. 

2019 

0.44-0.47 Tool hardness, tool steel 

Strip drawing with bending 

Ecole des Mines d’Albi 
Carmaux 

Boher et al. 2005 0.45-0.75 Friction evolution 

Deep drawing 

University of Erlangen-

Nuremberg 

Geiger et al. 2008 0.25-0.55 Tool temperature, blank temperature 
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2.3.1.1 Pin on disc test 

In a pin on disc test a ball or pin is positioned perpendicular to the disc and a certain 
normal load is applied, Figure 2.3a and b. The pin or disc can be driven to revolve about 
the disc centre (rotating set-up) or the pin can be moved sideways (reciprocating set-
up). The pin on disc test is convenient since test conditions can be adjusted easily and 
each individual condition can be studied in an isolated manner. However, pin on disc 
testing is not capable of reproducing the tribological situation which is present during 
hot stamping. First, the surface of the pin is smaller than the surface of the blank which 
is contrary to the contact condition in hot stamping (Merklein, Wieland and Fell 2014). 
Build-up of metal in front of the pin causes ploughing friction and leads to an 
overestimation when the pin is made of harder material than the disc (Wang 2012). 
Second, in production each particular metal blank is only in contact with the tool surface 
once, while during most pin on disc tests the same metal blank is always in operation. 
However, some of the test facilities were adjusted to overcome these large drawbacks 
of sliding over the same wear track repeatedly (Marzouki, Kowandy and Richard 2007), 
(Tomala, et al. 2014). Ghiotti et al. (Ghiotti, Bruschi and Borsetto 2011) included air 
nozzles so that thermal cycle of the pin undergoes a representative heat cycle. In 
general, pin on disc tests are used mostly for evaluation and comparison purposes.  
 
a. b. c. 

  
 

Figure 2.3. Schematic view of a. pin on disc test rotating set-up b. pin on disc test reciprocating 

set-up c. strip draw test. 

 

2.3.1.2 Hot friction draw tests 

The hot friction draw test is used to simulate the tribological conditions of a typical 
industrial hot stamping process (excluding the substrate deformation). The sheet is 
drawn between two tools while applying a defined normal load. The friction coefficient 
is calculated using the classical Coulomb’s law by dividing the traction force over the 
normal force (Yanagida and Azushima 2009). To calculate the average COF a certain 
sliding distance is defined such as 20-40 mm (Uda, Azushima and Yanagida 2016), 40-
120 mm (Bachmann, Fell and Ademanj 2013) or 10-100 mm (Kondratiuk and Kuhn 
2011). The measured friction coefficients are often directly used in finite element 
simulations.  

A strip drawing under bending facility is especially employed for wear investigations 
(Boher, Le Roux and Dessain 2012), since more calculations are necessary for 
determining the COF. However in this test, there is strain effect as well.  
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2.3.2 Friction mechanisms 

Several studies have attempted to explain the friction mechanisms of Al-Si coatings by 
adhesion and ploughing phenomena (Vilaseca, Pujante and Casellas, et al. 2014), 
(Hardell, Prakash and Steinhoff 2009), (Ghiotti, Bruschi and Borsetto 2011). Hardell et 
al. (Hardell, Prakash and Steinhoff 2009) explain some findings in their investigation 
by stating that the total friction during sliding of two mating surfaces is due mainly to 
adhesion and ploughing. The ploughing component depends in particular on the 
roughness of the hard surface. The adhesion component of the friction depends mainly 
on the interfacial shear strength and the hardness of the material. The friction force to 
overcome adhesion is the real contact area times the interfacial shear strength (Hardell, 
Prakash and Steinhoff 2009).  

Ghiotti et al. (Ghiotti, Bruschi and Borsetto 2011) investigated the tribological 
characteristics of Al-Si-coated 22MnB5 steel in relation to temperature and contact 
pressure using pin on disc tests. With high contact pressures, and therefore more 
flattening of the asperities at the micro level, the tool slides over a smoother surface, 
resulting in a reduction in the coefficient of friction (COF). With increases in forming 
temperature, the shear strength of the coating is reduced, leading to a decrease in COF 
at the macro level.  

The friction mechanism is complex, especially since several (wear) mechanisms occur 
at the same time. Kondratiuk et al. (Kondratiuk and Kuhn 2011) observed a significant 
decrease in the COF during the early stages of the hot strip drawing test until a steady 
frictional state is reached. The high friction at the start might be due to the formation of 
severe adhesive layers which tend to form on the tool steel early in the sliding process. 
The friction decreases and reaches a steady state after a certain compacted layer has 
formed.  

 

2.3.3 Friction parameter studies 

Numerous authors have studied the influence of several parameters on the coefficient 
of friction. A non-exhaustive overview is listed in Table 2.2. In this Section, an 
overview of the parameter studies is presented. However, the studies do not always 
observe the same trends, due to: 

a. Different measurement set-ups, such as pin on disc tests, strip drawing and cup 
drawing. For example, glaze layers are sometimes observed in a pin on disc test 
due to repetitive sliding over the same metal, which is not representative of hot 
stamping. Including strains (such as in cup drawing or strip drawing under 
bending) will result in a more pronounced effect of fractured particles. In most 
studies, pin on disc tests result in higher COF than the hot strip draw tests. 

b. The effect of wear. Some studies look at only three tests, while others perform 
ten tests and disregard the first tests. Also a large range of sliding distances is 
used.  

c. The parameters are generally related to each other. The effect of velocity could 
be dependent on the pressure, etc.  
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d. The effect of the heat treatment. The coating undergoes a diffusion process, in 
which several intermetallics are formed. The chemical composition of the 
coating after heat treatment will affect the results. A representative heat 
treatment is applied in most studies in this Section.  

 

2.3.3.1 Furnace time and temperature 

The diffusion process of aluminium, silicon and iron in the coating is a time and 
temperature-driven process (Ghiotti, Bruschi and Borsetto 2011), (Fan, Kim, et al. 
2010) (Chang, Tsaur and Rock 2006). Both the chemical composition and the 
topography change during heating (Ghiotti, Bruschi and Borsetto 2011). The different 
AlxFey intermetallic phases have different mechanical properties (Windmann, Rottger 
and Theisen 2017). The coating chemical composition significantly influences the 
friction conditions (Borsetto, Ghiotti and Bruschi 2009). Vilaseca et al. (Vilaseca, 
Pujante and Casellas, et al. 2014) attributed the higher COF for lower furnace 
temperatures (720 °C vs 930 °C 360 s) to the increased adhesive wear due to non-
alloyed properties of the coating. On the other hand, Borsetto et al. (Borsetto, Ghiotti 
and Bruschi 2009) observed a lower and more stable COF at low furnace temperature 
(700 °C with dwell time of 180 s) due to the absence of Fe on the coating surface, thus 
preventing direct steel on steel contact. Pelcastre et al. (Pelcastre, Hardell and Rolland, 
et al. 2016) observed unstable behaviour of the friction at low furnace temperature (700 
°C with dwell time of 4 minutes) due to the absence of the harder and more stable 
phases.  

Several authors have also investigated the effect of furnace time on the friction 
behaviour of Al-Si coated steels during hot stamping. Short dwell times result in 
unstable friction (Pelcastre, Hardell and Rolland, et al. 2016) (Ademaj, Weidig and 
Steinhoff 2013). A variety of observations are presented in literature for the effect of a 
longer dwell time on the coefficient of friction. Vilaseca et al. (Vilaseca, Pujante and 
Casellas, et al. 2014) correlate increasing COF with increasing furnace dwell times (240 
to 420 seconds at 930 °C) and attribute this to an increase in surface oxides. Merklein 
et al. (Merklein, Wieland and Fell 2014) observed a high COF for very long 
austenitization time (480 s at 930 °C), which the authors relate to the occurrence of 
Kirkendall voids throughout the entire Al-Si coating. These voids can act at weak spots 
between the developed intermetallic phases and result in an even more brittle coating. 

On the other hand, Ademaj et al. (Ademaj, Weidig and Steinhoff 2013) observed a 
decreasing COF for increasing furnace time up to 360 seconds for all furnace 
temperatures (880–950 °C). Merklein et al. (Merklein, Stoehr, et al. 2011) observed a 
decrease in COF for longer furnace times (5 to 20 minutes 950 °C). They assume that 
the surface exhibits fragments of the oxide layer and they might change the friction 
mechanism from sliding to rolling. Merklein et al. (Merklein, Wieland and Fell 2014) 
observed a decreasing COF for longer austenitization times (120 to 360 seconds at 930 
°C) and relate it to an increased iron content and therefore a more ductile coating.  

The lower temperatures and dwell times investigated are not usually used in industry, 
but it is interesting to have knowledge of the effect of several chemical compositions of 
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the Al-Si coating. In the industry, the sheet is normally heated above 850 °C 
(austenitization temperature) and a holding time of three to ten minutes is applied. 

 

2.3.3.2 Forming temperature 

Several studies investigated the effect of forming temperature on the coefficient of 
friction, see Figure 2.4a. In most studies, a decreasing COF for increasing forming 
temperature is observed (for some, up to a certain temperature). Reduction in COF is 
probably due to reduction in shear strength of the coating and easier deformation of 
asperities at higher temperatures (Medea, Venturato, et al. 2017), (Ghiotti, Bruschi and 
Borsetto 2011). Hardell et al. (Hardell, Kassfeldt and Prakash 2008) explain the 
decrease in COF by formation of compacted layers of oxide and wear debris due to 
oxidation at elevated temperatures. This reduces the adhesive forces and consequently 
the COF. Merklein et al (Merklein, Wieland and Fell 2014) found a minimum COF at 
a blank temperature of 700 °C. The authors observed a lower temperature dependency 
at higher contact pressures (10 versus 30 MPa). Furthermore, Yanagida et al. (Yanagida 
and Azushima 2009) reported an increase in COF for increasing temperature between 
600 and 700 °C, for which they present no explanation in their article.  
 
a. b. 
 

 

 

 
Figure 2.4. a. COF versus temperature and b. COF versus pressure. 

 

2.3.3.3 Contact pressure 

In the literature, different trends regarding the effect of contact pressure are observed, 
see Figure 2.4b. Dessain et al. (Dessain, et al. 2008) (10–50 MPa), Vilaseca et al. 
(Vilaseca, Pujante and Casellas, et al. 2014) (3–6 MPa) and Kondratiuk et al. 
(Kondratiuk and Kuhn 2011)] (2.5 & 4 kN) observed a negligible influence of the 
pressure on the COF. Pelcastre et al. (Pelcastre, Hardell and Prakash 2011) (10 & 20 
MPa) and Ghiotti et al. (Ghiotti, Bruschi and Borsetto 2011) (5 & 35 MPa at a relatively 
low temperature 500 °C) measured a deceasing COF for increasing pressure. Ghiotti et 
al. (Ghiotti, Bruschi and Borsetto 2011) explain this behaviour by more flattening at 
higher pressures (5–35 MPa). As the contact pressure increases, the asperity 
deformation and the consequent surface topography flattening become more significant. 
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Therefore, at a higher contact pressure the pin slides over a smoother surface than at a 
lower normal pressure and this results in a reduction of the COF. Merklein et al.  
(Merklein, Wieland and Fell 2014) (10 & 30 MPa) measured an increasing COF for 
increasing pressure independent of blank temperature and austenitization temperature. 
Ghiotti et al. (Ghiotti, Bruschi and Sgarabotto, et al. 2014) (6.5 & 15 MPa) showed that 
the effect of contact pressure on COF is dependent on its combination with other process 
parameters. 

Several authors (Ghiotti, Bruschi and Borsetto 2011), (Pelcastre, Hardell and Prakash 
2011) and (Mozgovoy 2014) observed more unstable friction curves with lower 
nominal pressure.  

Simulations of a frame dash panel revealed that on average the contact pressures are 
moderate (20 MPa); however, peaks pressures (80–90 MPa, and as high as 250 MPa) 
are reported in the radii and edges (Vilaseca, Pujante and Casellas, et al. 2014). 

 

2.3.3.4 Sliding velocity 

The effect of sliding velocity could be significant in metal forming. The effect of sliding 
speed is caused mainly by the temperature rise due to frictional heat. Temperature rise 
could result in formation of oxidation films, decrease in the viscosity of lubricants and 
softening of the material (Wang 2012). Vilaseca et al. (Vilaseca, Pujante and Casellas, 
et al. 2014) (20–120 mm/s), Ghiotti et al. (Ghiotti, Bruschi and Borsetto 2011) (1–10 
mm/s) and Mozgovoy et al. (Mozgovoy 2014) (10–100mm/s) observed almost no 
influence of the sliding velocity. In another paper, Ghiotti et al. (Ghiotti, Bruschi and 
Sgarabotto, et al. 2014) found a decreasing COF for increasing velocity (10–60 mm/s) 
for most combinations of process parameters. Different observations could be explained 
by different contact conditions due to different measurement facilities (pin on disc 
tests/strip draw test) or/and different process parameters such as heating 
time/temperatures.  

 

2.3.3.5 Tool surface roughness 

Azushima et al. (Azushima, Uda and Yanagida 2012) and Ghiotti et al. (Ghiotti, Bruschi 
and Borsetto 2011) observed no influence of the tool surface roughness on the COF. 
Due to galling, the sliding between the die and specimen involves sliding between an 
adhered aluminium layer and the coated aluminium layer, thus no effect of the original 
tool surface was observed (Azushima, Uda and Yanagida 2012). Pelcastre et al. 
(Pelcastre, Hardell and Prakash 2011) observed at lower contact pressure (10 MPa) a 
lower COF for a polished surface than a ground surface. At a pressure of 20 MPa the 
influence of tool surface topography on the friction is low due to the tool wear 
(Pelcastre, Hardell and Prakash 2011).  

 

2.3.3.6 Tool coatings and surface treatments 

The effect of tool coatings and surface treatments have been extensively studied, mainly 
with the aim to reduce tool wear. Nitriding is currently used in hot stamping and several 
authors studied the effect of nitriding (Hardell, Prakash and Steinhoff 2009), 
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(Bachmann, Fell and Ademanj 2013), (Vilaseca, Pujante and Casellas, et al. 2014). 
After running-in, almost no influence is present anymore, due to build-up of sheet 
coating material on the untreated and nitrided tool steels. The build-up results in very 
similar surfaces regarding both appearance and constituents, which explains the similar 
tribological behaviour (Hardell, Prakash and Steinhoff 2009). A large number of 
different coatings have been investigated to reduce tool wear (Vilaseca, Pujante and 
Casellas, et al. 2014), (Pelcastre, Hardell and Prakash 2013), (Bachmann, Fell and 
Ademanj 2013) (Hardell, Prakash and Steinhoff 2009). Some of the tool coatings result 
in lower COF while others result in a higher COF.  

 

2.3.3.7 Tool temperature 

In production, tools are temperature controlled and have an operating temperature 
between 90 and 170 °C (Vilaseca, Pujante and Casellas, et al. 2014). Geiger et al. 
(Geiger, Merklein and Lechler 2008) studied the influence of the tool temperature on 
the COF with a combined experimental, analytical and numerical study (cup drawing 
in combination with FE simulations). The authors observed a significant decrease in 
COF for increasing temperature of the die and blank holder (25–300 °C). They assume 
that the softening effect of the blank bulk material reduces the normal forces, which is 
more determinant than the increase in real contact area due to the ductility increase of 
both contact surfaces.  

 

2.3.3.8 Tool steel grades 

Several authors have investigated the influence of several different tool steel grades. In 
most cases equal friction values are observed, probably due to the adhesive wear. As 
soon as adhesive wear is built up (very quickly) the sliding will be between the transfer 
layer and the sheet metal coating. 

In the RFCS project TEST Tool (Vilaseca, Pujante and Casellas, et al. 2014), the 
influence of several different tool steel grades (DIN 1.2367, HTC 130, HTCS 150 and 
HTCS170) are investigated. Three tool steels resulted in approximately the same COF 
and only HTCS 150 resulted in a higher COF. Merklein et al (Merklein, Stoehr, et al. 
2011) observed equal friction values if the standard deviation is taken into account for 
DIN 1.2367 and cast steel GP4M. Schwingenschlögl et al. (Schwingenschlögl, 
Niederhofer and Merklein 2019) compared two hot work tool steels (DIN 1.2367 and 
DIN 1.2383) and measured similar friction coefficients.  

 

2.3.3.9 Lubricants 

In the hot stamping industry, lubricants are rarely used. However, investigations 
(Tomala, et al. 2014), (Uda, Azushima and Yanagida 2016), (Yanagida and Azushima 
2009) (Azushima, Uda and Yanagida 2012) reveal a large decrease of COF under 
lubricated conditions.  
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2.3.4 Friction model 

Finite Element (FE) simulations are used in the metal forming industry to perform 
feasibility analysis and to optimize process parameters. To predict the stresses and 
strains accurately, it is necessary to have an accurate description of friction in the FE 
model. The reliability of FE simulations highly depends on the material and friction 
model. The material model has been researched by several authors (Abspoel, Neelis and 
Liempt 2016), (Karbasian and Tekkaya 2010). On the other hand, almost everybody 
uses standard Coulomb friction in the FE simulation of hot stamping. Thereby 
neglecting the changing friction conditions during hot stamping.  

Merklein et al. (Merklein, Hildering and Schwingenschlögl 2015) state that the 
reliability of FE simulations can be enhanced by adapting friction modelling in hot 
stamping. The methodology is to create a database of COFs which can be implemented 
by means of a phenomenological model into commercial FE software codes. The 
determined equation for the friction coefficient is (Merklein 2018): 

 

� = E + - ∙ H9I + JK + L ∙ HMNOMPK
Q + �

RHSNTSPK
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]O^∙Z[H_K    Eq.  2-1 

in which: 

 a-m : regression coefficients [-] 
 9� : sheet metal temperature [°C] 

 9& : tool temperature [°C] 

 2 : pressure [MPa] 

 > : velocity [mm/s] 

 

The work is part of FOSTA project P871: ‘characterization and description of friction 
conditions for hot stamping and partial hot stamping of ultra–high strength steel’ 
(Merklein 2018). However, the model does not account for the tool and sheet metal 
surface roughness and mechanical properties of the sheet metal surface. Therefore, the 
model with several fitting parameters need to be calibrated for every tribological 
system.   

Another option for the friction description could be a multi-scale friction model such as 
developed for room-temperature deep drawing (Hol 2013). In hot stamping no 
lubrication is applied, therefore the load is carried by contacting surface asperities. 
Consequently, in a physical multi-scale friction model the determination of the real 
contact area is of major importance. The real contact area evolves due to normal 
loading, bulk deformation and sliding. These loading situations cause flattening and 
roughening of the surface occurs and therefore the real contact area changes.  

The real contact area can be calculated by contact models. Contact models describe and 
quantify the contact between two surfaces. Many contact models have been published; 
an overview of them is given by Liu et al. (Liu, Wang and Lin 1999). Often the contact 
between a hard perfectly flat surface and a soft rough surface is assumed. The soft rough 
surface may deform elastically, plastically or a combination of both.  
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Greenwood and Williamson (Greenwood and Williamson 1966) developed a stochastic 
contact model for spherically shaped summits. Since then researchers have modified 
and extended contact models with (non-exhaustive overview): 

• Arbitrarily shaped asperities (Westeneng 2001) 

• Plastically deforming asperities (Pullen and Williamson 1972) 

• Bulk deformation (Wilson and Sheu 1988), (Sutcliffe 1988) 

• Asperity interactions (Westeneng 2001) (Zhao and Chang 2001) 

• Coating (Shisode, et al. 2018) 

Other techniques to describe the flattening behaviour are based on variational principles 
(Tian and Bhushan 1996) or FE simulations (Korzekwa, Dawson and Shih 1992).  

Sliding causes an additional tangential load on the asperities. Tabor stated that an 
additional tangential load has to result in an increase in real contact area due to the 
requirement to maintain a constant Von Mises stress at yielded contact points (Tabor 
1959). The increase in real contact area due to an additional tangential load is called 
junction growth, and has been measured by several researchers (Kayaba and Kato 
1978), (McFarlane and Tabor 1950), (Courtney-Pratt and Eisner 1957).  
 

 

Figure 2.5. Illustration multi-scale friction model. 

 

Friction is caused by ploughing and adhesion between contacting surfaces. Wilson (W. 
Wilson 1988) developed a friction model and treat the ploughing and adhesion 
separately. Challen and Oxley (Challen and Oxley 1984) (Challen and Oxley 1979) 
derived equations for the COF in three regimes by slip-line filed analysis for a wedge 
shaped asperity.  

To calculate the total COF a translation has to be made from single asperity scale to 
multiple asperity scale. The multiple tool asperities plough through the soft rough sheet 
coating. The tool surface can be described by stochastic parameters (Westeneng 2001). 
However, instead of individual tool asperities, contact patches are formed. The 
description of these contact patches was developed by Ma et al. (Ma, de Rooij and 
Schipper 2010).  

Hol (Hol 2013) developed an advanced multi-scale friction framework for room 
temperature deep drawing. Surface asperities are modelled by bars and statistical 
parameters (Westeneng 2001). First the real contact area is calculated by accounting for 
asperity deformation due to normal loading, bulk deformation (Westeneng 2001) and 
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sliding (Tabor 1959). Subsequently, the shear stresses between solid–solid contact and 
the corresponding coefficient of friction are calculated (Challen and Oxley 1979), (Ma, 
de Rooij and Schipper 2010). The calculated friction coefficients are inputs for a full 
scale FE simulation. This framework is extended in this PhD work and is further 
discussed in Chapter 4.  
 

2.4 Wear 
 

This Section outlines wear measurements (Section 2.4.1), mechanisms (Section 2.4.2), 
parameter studies (Section 2.4.3) and models (Section 2.4.4). 

 

2.4.1 Wear measurements 

The tool wear is investigated and/or quantified by several measurement techniques, 
such as: 

• cross section microscopy to investigate wear mechanisms (Pelcastre, Hardell and 
Prakash 2013) 

• XRD measurement to identify the phases (Hardell 2009) 

• SEM/EDS to analyse the morphology of the surface (Ghiotti, Bruschi and 
Borsetto 2011) 

• magnetic induction gauge measurement to measure thickness of adhered 
material (Vilaseca, Pujante and Casellas, et al. 2014) 

• DIC to detect failure of Al-Si coating (Wieland and Merklein 2015) 

• weight measurements (Kondratiuk and Kuhn 2011) 

• geometry measurements (Deng, Mozgovoy, et al. 2015). 

Atomic absorption spectroscopy (AAS) is used for quantitative determination of 
chemical elements using the absorption of optical radiation (light) by free atoms in the 
gaseous state. Kondratiuk et al. (Kondratiuk and Kuhn 2011) used AAS to investigate 
the total mass and chemical composition of the adhesive wear build-up at the dies. The 
wear debris on the dies was dissolved with sodium hydroxide solution (40 % NaOH at 
70 °C). The authors investigated the total adhered mass and chemical composition after 
150 strokes. 

Topography measurements are the main techniques used for surface inspection for hot 
stamping. A precise 3D topography of the surface is obtained, thus it can accurately 
measure the wear, while semi–quantitative data about the wear features are obtained, 
roughness parameters can be quantified and it offers enough information to identify the 
wear mechanisms (Vilaseca, Pujante and Casellas, et al. 2014). The surface topography 
can be transferred to a stable polymeric replica for detailed analysis (J. Pujante, et al. 
2011). Pujante et al. (J. Pujante, M. Vilaseca and D. Caellas, et al. 2016) used this replica 
methodology to investigate wear on industrial tools, and investigated the accuracy of 
replicas (Pujante, Ramirez, et al. 2013). With replicas, only topography based 
information can be obtained. In case of small details and sharp features minor loss of 
resolution was observed. Damage on brittle or poorly adhered surface features could 
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occur during the process of replica and extraction. Loose particles may be entrapped in 
replication and cause peaks in surface reflectivity which may affect the optical 
measurements. However, in general this non-destructive technique can be successfully 
used to analyse wear on industrial tools with the main advantage that the tool does not 
have to be retired from production (J. Pujante, M. Vilaseca and D. Caellas, et al. 2016).   

In the RFCS project TEST tool (Vilaseca, Pujante and Casellas, et al. 2014), the tools 
of a frame dash panel were investigated for wear and revealed a discontinuous adhesion 
approximately 3–5 µm thick on the flat horizontal surfaces. On the tool flanks, a 
combination of adhesion and compaction of dust with a thickness of 10–15 µm was 
observed. Around the radii material accumulated in features of around 30 µm thick. 
However, some individual measurements record wear up to 100 µm. Features which 
can be noticed on the tool are build–up of adhered material, large rough craters, irregular 
surface which is lower in height than the original tool surface, and series of high lumps 
(Vilaseca, Pujante and Casellas, et al. 2014).  

In laboratory set-ups, the material transfer of the sheet coating to the tool has been 
investigated in detail. High-temperature pin on disc tests, strip drawing over radii, cup 
deep drawing, and flat strip draw tests have all been used to investigate the wear 
mechanisms during press hardening, see Table 2.3. 

 

2.4.2 Wear mechanism 

The main wear mechanism observed in industrial tools is adhesive wear by material 
transfer from the Al-Si coating to the tools (J. Pujante, M. Vilaseca and D. Caellas, et 
al. 2016), (Pelcastre, Hardell and Prakash 2011) (Vilaseca, Pujante and Casellas, et al. 
2014). A distinction is made between compaction galling and normal load adhesive 
wear, see Figure 2.6, (Pelcastre, Hardell and Prakash 2013), (J. Pujante, M. Vilaseca 
and D. Caellas, et al. 2016). In compaction galling, wear debris accumulates easily 
within valleys of the surface or in surface defects. This entrapped debris forms 
compactions of the hard Al-Si intermetallics mixed with oxidised debris from the 
coating/tool during sliding. The transfer layer (formed by adhesive and compaction 
galling) acts as an obstacle for wear debris to leave the contact. The accumulation and 
later compaction of the wear particles result in more severe degradation of the tool 
surface than normal galling (Pelcastre, Hardell and Prakash 2013).  

 

a. b. c. d. 

    

Figure 2.6. Schematic view of a. compaction galling and b. normal load adhesive wear c. three- 

body abrasive wear and d. two-body abrasive wear due to embedded particle in coating. 
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A study on B-pillar tools (Vilaseca, Pujante and Ramirez 2013) revealed a thicker 
adhesive wear layer on the punch (lower tool) than on the die (upper tool) which is due 
to the debris which remain under tool due to gravity.  

Besides adhesive wear and compaction galling, two and three-body abrasive wear is 
observed which is caused by hard Al-Si intermetallic compounds in the coating and/or 
third–body debris such as aluminum oxide particles at the tool-sheet interface (J. 
Pujante, M. Vilaseca and D. Caellas, et al. 2016), (Vilaseca, Pujante and Casellas, et al. 
2014), (Ghiotti, Sgarabotto and Bruschi 2013), (Medea, Venturato, et al. 2017), see 
Figure 2.6. In production tools, a dynamic process of wear build-up and detachment 
occurs, resulting in a net adhesion growth (Vilaseca, Pujante and Ramirez 2013). 
Therefore, it may appear difficult to indentify abrasive wear since the process of 
adhesive wear may mask the original surface (J. Pujante, M. Vilaseca and D. Caellas, 
et al. 2016). 

 

2.4.3 Wear parameter studies 

A large number of wear parameter studies have been performed. A non-exhaustive 
overview is given in Table 2.3. 

 

2.4.3.1 Furnace time and temperature 

The Al-Si coating evolves during the heating of the sheet. As stated previously, a certain 
time and temperature treatment is necessary to obtain the desired coating composition 
by the diffusion process. Several authors have investigated what effects overexposure 
and underexposure have on the mechanical properties of the coatings. Incomplete 
diffusion leads to more adhesive wear (Vilaseca, Pujante and Casellas, et al. 2014), 
(Merklein, Wieland and Fell 2014) since the surface of the coating has a high content 
of aluminium which tends to adhere on the tool (Merklein, Wieland and Fell 2014). 
Overexposure can lead to formation of iron oxides on the surface which could result in 
a high degree of iron oxide abrasion (Valls and Paar 2008). 

Merklein et al. (Merklein, Wieland and Fell 2014) studied the influence of heat 
treatment on the wear height. Short austenitization time (120s) in combination with low 
austenitization temperature (880 °C) results in severe adhesive build up on the pin. The 
Al-Si coating cannot fully develop and the surface of the coating has a high content of 
aluminium, which tends to adhere on the tool. An increase in the austenitization time 
(180–600 s) results in a decrease in wear height. However, at some austenitization times 
peak values occur, which can most likely be related to the increased development of 
Kirkendall voids. These Kirkendall voids lower the inner cohesion of the Al-Si coating. 
Pelcastre et al. (Pelcastre, Hardell and Rolland, et al. 2016) observed a strong 
dependency between the material transfer and the heating condition. A reduced degree 
of galling was observed when increasing the soaking time from 0 to 4 minutes. No 
significant difference occurred by increasing the soaking time further to 20 minutes. 
Higher austenitization temperature (930–950 °C versus 880 °C) results in lower wear 
especially at the low austenitization times, due to the better development of the Al-Si 
coating (Merklein, Wieland and Fell 2014). 
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2.4.3.2 Phases 

Windmann et al. (Windmann, Rottger and Theisen 2017) investigated the influence of 
the several phases on wear. The relative soft and ductile AlFe phase leads to adhesive 
wear on the tool steel surface during the entire forming and quenching process. A 
complete transformation of the Al–Si10Fe3 coating into the AlFe reduces the abrasive 
wear, while the hard and brittle Al5Fe2 leads to strong abrasive wear of the tool steel 
surface at temperatures < 500 °C. Kondratiuk et al. (Kondratiuk and Kuhn 2011) 
observed that galling is reduced when the Fe5Al2 and FeAl2 phases are present at the 
surface.  

 

2.4.3.3 Forming temperature 

The relationship between wear and forming temperature has been widely investigated. 
Merklein et al. (Merklein, Wieland and Fell 2014) observed an increase or decrease in 
adhesive wear height for increasing blank temperature depending on the nominal 
contact pressure. Wieland et al. (Wieland and Merklein 2015) observed a marginal 
influence of the blank temperature. Schwingenschlögl et al. (Schwingenschlögl, Weldi 
and Merklein 2017) observed an increased material transfer at higher temperatures and 
relate this to an increased diffusion rate. 

Medea et al. (Medea, Venturato, et al. 2017) reported a change in the main wear 
mechanism depending on temperature: at 800 °C the main wear mechanism is abrasion, 
while at 600 °C the adhesion is predominant. The authors relate this change in 
mechanism to the shear strength of the coating. The coating has a lower shear strength 
at higher temperatures so the asperities are more easily deformed with less adhesion.  

 

2.4.3.4 Velocity 

The effect of velocity is studied by Mozgovoy (Mozgovoy 2014). The author found a 
decrease in wear for increasing sliding velocity. A longer contact time (lower sliding 
velocity) will result in more time for growth of adhesive junctions and thus more wear. 
Another study (Vilaseca, Pujante and Casellas, et al. 2014) found different trends 
regarding the effect of sliding speed on wear depending on the tool material used.  

Schwingenschlögl et al. (Schwingenschlögl, Niederhofer and Merklein 2019) observed 
lower amount of wear for increased velocity (30–120 mm/s) due more time to growth 
adhesive junctions and the experimental set-up.  
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Table 2.3. Non-exhaustive overview of investigations on wear in hot stamping. 

Institute/Company Authors Investigation on 

Pin on disc/Reciprocating test   

Luleå University Hardell 2009 Tool steels, surface treatments, sheet 

coatings, temperature, pressure 

 Pelcastre et al. 2011, 2013,2016 Surface roughness, pressure, tool 

coatings & treatments, heat treatment, 

 Mozgovoy 2014 Temperature 

 Deng et al. 2018 Pressure, temperature. Validation 

galling model 

AC2T research Tomola et al. 2014 Solid lubricants 

University of Padua Ghiotti et al. 2011, 2013 Temperature, pressure, thermal cycle 

on pin 

 Medea et al. 2017 Temperature 

University of Technology of 

Compiègne 

Marzouki et al. 2007 Tool material, tool coating, sheet 

coating 

University of Erlangen-

Nuremberg 

Merklein et al. 2014 Heat treatment, pressure & 

temperature 

OC Oerlikon Balzers Sobiech et al. 2013 Tool coatings 

Strip drawing   

Luleå University 

 

Hardell et al. 2009 Sheet coatings & tool surface 

treatments/coatings 

 Mozgovoy 2014 Velocity, pressure 

CTM (RFCS project) Vilaseca et al. 2014 Heat treatment, temperature, velocity, 

pressure, Nitrided tools, Tool steels 

 Pujante et al. 2013 Measurement techniques 
DOC Dortmunder 
Oberflächencentrum 

Kondratiuk et al. 2011 Tool geometry, sheet coating 

Yokohama National University Azushima et al. 2012 Surface roughness, lubricant 
   

Daido Chemical industry Uda et al. 2015 Lubrication 

University of Erlangen-

Nuremberg 

Schwingenschlögl et al. 2017, 

2019 

Temperature, pressure, velocity, tool 

steel, tool hardness 
Strip drawing with bending   
University of Toulouse Boher et al. 2012 Tool steel, tool hardness 

CTM (RFCS project) Vilaseca et al. 2014 Tool steel, tool coating 

Hot stamping   

Dortmunder Oberflachen 

Centrum 

Kondratiuk et al. 2011 Heat treatment, tool coatings 

Luleå University Deng et al. 2019 Validation galling model 

University of Erlangen-

Nuremberg 

Wieland et al. 2015 Temperature, pressure 

Industrial tool   

Luleå University Pelcastre et al. 2011 Analysis wear 

CTM Vilaseca et al. 2013 Tool coating B-pillar 
 

CTM (RFCS project) Vilaseca et al. 2014 Identification wear mechanism. Frame 

dash panel 
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2.4.3.5 Pressure 

Several authors have studied the effect of pressure on (adhesive) wear in hot stamping. 
An increase in transferred material to the tool was observed by Pelcastre et al. 
(Pelcastre, Hardell and Prakash 2011), Mozgovoy (Mozgovoy 2014) and Vilaesca et al. 
(Vilaseca, Pujante and Casellas, et al. 2014). A higher contact pressure allows for easier 
adhesion of the coating and compaction of the debris (Pelcastre, Hardell and Prakash 
2011). Besides, at higher contact pressures more adhesive junctions are built up 
(Mozgovoy 2014).  

Merklein et al. (Merklein, Wieland and Fell 2014) and Schwingenschlögl et al. 
(Schwingenschlögl, Weldi and Merklein 2017) observed the opposite: a decrease in 
wear height for increasing contact pressure. This effect is contradictory to Archard’s 
formula and expectations. Schwingenschlögl et al. (Schwingenschlögl, Niederhofer and 
Merklein 2019) explain this by the reduced temperature in the contact zone due to 
increased heat dissipation. Merklein et al. (Merklein, Wieland and Fell 2014) suggest 
that not all wear particles are transferred onto the tool.  

 

2.4.3.6 Tool surface roughness 

Higher tool surface roughness results in more galling (Pelcastre, Hardell and Prakash 
2013), (Azushima, Uda and Yanagida 2012) since the accumulation of wear particles is 
promoted by the roughness defects on the surface (Pelcastre, Hardell and Prakash 2013). 
The influence is insignificant at high contact pressure (20 MPa) and significant at lower 
contact pressure (10 MPa) (Pelcastre, Hardell and Prakash 2011). At high contact 
pressure, all the tools specimens get a similar surface roughness in a very short time 
irrespective of their initial roughness due to rapid wear and plastic deformation 
(Pelcastre, Hardell and Prakash 2011). The orientation of the tool surface roughness has 
a large influence on the galling. A reduced material transfer was observed for parallel 
sliding with respect to the tool surface roughness orientation (Pelcastre 2011).  

 

2.4.3.7 Tool steels and tool hardness 

Since tool wear is an major issue in hot stamping, different tool steels are investigated 
and several tool suppliers commercialize tool steels with high wear resistance (Valls 
and Paar 2008), (Rahn and Schruff 2013). Boher et al. (Boher, Le Roux and Dessain 
2012) investigated the wear mechanism of tool steel grades and concluded that some 
modifications in the formulation of the tool material could improve their adhesion and 
abrasion resistance. In the RFCS project TEST Tool (Vilaseca, Pujante and Casellas, et 
al. 2014) HTCS steels show less material transfer, which the authors relate to the 
chemical affinity. The abrasive wear was more severe, however, something that could 
be improved with the application of a nitride treatment. Medea et al. (Medea, Ghiotti, 
et al. 2015) conclude that the HTCS tool materials give better performance than the 
most commonly available steels for hot stamping dies in terms of wear and friction 
reduction. Dessain et al. (Dessain, et al. 2008) observed a large difference in abrasive 
wear resistance for several tool materials and concluded that the initial hardness and 
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roughness do not seem to be relevant properties in order to understand the ability of a 
die radius to resist abrasive wear. 

Hardell et al. (Hardell and Prakash 2008) investigated the wear behaviour of three 
different tool steels at several temperatures with pin on disc tests. The author concludes 
that the wear characteristics of different plasma nitrided tool steels are similar, which 
indicates that the tool steel has hardly any influence on wear.  

Pelcastre et al. (Pelcastre, Hardell and Prakash 2011) observed a reduced severity of 
galling for harder tool steel substrates, particularly at high contact pressure and certain 
tool textures. Less wear debris is generated for higher hardness which for some of the 
tool textures resulted in a reduced amount of material transfer. At one particular tool 
texture, higher hardness possibly decreased the rate at which the surface was flattened, 
allowing for increased debris entrapment and ultimately higher material transfer. 

Schwingenschlögl et al. (Schwingenschlögl, Niederhofer and Merklein 2019) observes 
lower amount of adhesive wear for increased tool hardness, which is most likely due to 
decreased elastic deformation of the tool asperities which results in a decreased real 
contact area. The two tool steels (1.2383 and 1.2367) investigated shows only marginal 
difference in wear behaviour.  

 

2.4.3.8 Lubricants 

As mentioned previously, lubricants are rarely used in the hot stamping industry, while 
investigations (Azushima, Uda and Yanagida 2012), (Tomala, et al. 2014), (Uda, 
Azushima and Yanagida 2016) show a large decrease in wear for hot stamping with 
lubrication. 

 

2.4.3.9 Surface treatments and tool coatings 

To overcome galling, surface treatments and tool coatings are suggested as a possibility 
that can prevent adhesion between the tool and work piece surfaces (Pelcastre, Hardell 
and Prakash 2013). Valls et al. (Valls and Paar 2008) mention that a coating on the die 
will significantly decrease sheet coating adhesion, especially if the die surface 
temperature is low and the surface quality is high with the last polishing steps done in 
the direction of sheet flow. Vilaseca et al. (Vilaseca, Pujante and Ramirez 2013) 
investigated tool coatings (AlCrN & CrN) on stamping an industrial B-pillar and 
concluded that the tool coatings significantly reduced the adhesive wear. Many more 
investigations have been performed with respect to surface treatments and tool coatings, 
see Table 2.3. 

 

2.4.4 Wear model 

The wish exists to estimate the lifetime of hot stamping tools by numerical simulations 
of the process. Archard’s wear model is used in hot stamping (L. Deng, L. Pelcastre, et 
al. 2019), (Mozgovoy 2014). It is a typical contact mechanics-based wear model, in 
which the wear of metals is expressed as function of sliding distance, applied load, 
hardness and the wear coefficient representing the probability of producing wear 
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particles per unit encountered. The wear coefficient is determined by lab experiments. 
Mozgovoy et al. (Mozgovoy 2014) included temperature dependency in the model. 
Deng et al. (L. Deng, L. Pelcastre, et al. 2019) made the wear coefficient temperature 
and pressure dependent and performed a full scale hot stamping experiment and 
validated the galling model.  

Wieland et al (Wieland and Merklein 2015) predicted wear of a hot stamping tool for a 
cup drawing based on wear experiments. The authors made a bilinear fit through the 
experiments and implemented failure behaviour within the wear prediction.   

 

2.5 Relationship between friction and wear 
 
Some observations are made in literature on the relationship between friction and wear 
in hot stamping. Uda et al. (Uda and Azuhima 2015) performed hot strip drawing tests 
to investigate adhesive wear of aluminium coated 22MnB5. The authors observed a 
sharply increasing COF during the first sliding distance and related that to adhered 
aluminium. Subsequently the COF remains at a constant value of almost 0.55.  

Mozgovoy et al. (Mozgovoy, Hardell, et al. 2015) observed no influence of velocity on 
the COF but found a decreasing wear coefficient for increasing sliding speed.  

Tomola et al. (Tomala, et al. 2014) performed high temperature pin on disc tests with 
different lubricants. The authors observed an unstable track for some of the friction 
curves, which the authors relate to third-body particles in between the sliding surfaces, 
e.g. either oxide particle or detached solid lubricant from the pins.  

Pelcastre et al. (Pelcastre, Hardell and Prakash 2011) mention that galling is normally 
associated with instabilities in the frictional behaviour. However, in their study (high 
temperature pin on disc tests) friction instabilities were not associated with severe 
galling for the low contact pressures. In all the curves unstable friction was observed 
while no severe galling occurred. Therefore, the friction value is sensitive to changes at 
the interface which are not necessarily related to galling. At higher contact pressures, 
however, only big changes at the interface, such as severe galling, generate instabilities 
of the friction curve.  

Hardell et al. (Hardell, Prakash and Steinhoff 2009) studied the friction and wear 
characteristics on surface engineered tool steels and high-strength boron steels (Al–
Si/uncoated/Al–Si+graphite). After running in (three samples), the difference in COF 
is negligible between the different tool steel variants when sliding against the same 
UHSS material. However, a large difference was observed in the amount of wear. 

Hardell et al. (Hardell and Prakash 2008) studied the friction and wear behaviour of 
different tool steels during sliding against Al-Si coated UHSS with pin on disc tests. 
The authors concluded that the friction decreases with increasing temperature whereas 
the wear of the tool steel is increased with temperature.  

Schwingenschlögl et al. (Schwingenschlögl, Niederhofer and Merklein 2019) observed 
that after a certain amount of wear is built up on the tool further increase of the wear 
will not affect the friction.  
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2.6 Closure 
 
A huge amount of experimental data on friction and wear in hot stamping is available 
in the literature. The wear mechanisms are reasonably well understood. However, in 
many of the investigations only the tool is investigated and not the sheet metal. In the 
literature less attention is paid to the friction mechanism, while many contradictory 
results are found regarding the effect of certain process parameters on the COF. The 
contradictory results could be caused by a. different measurement set-ups, b. effect of 
wear, c. parameters are related to each other and d. effect of heat treatment. A friction 
model could be valuable to understand the cause of the contradictory findings. Wear is 
a main issue in hot stamping, which results in greater tool maintenance costs and affects 
the quality of the products. To predict the amount of wear after certain sliding distance, 
wear models based on Archard are developed for hot stamping (L. Deng, L. Pelcastre, 
et al. 2019), (Mozgovoy 2014).  

FE simulations are performed mainly with a constant Coulomb COF in hot stamping, 
while the friction is assumed to be temperature, pressure and velocity dependent. The 
effect of these parameters on COF is not unequivocal. A phenological model, 
temperature and pressure dependent, is developed in a FOSTA project (Merklein 2018).  

To be able to model the friction it is necessary to have certain physical data, such as 
material behaviour of the coating, interfacial shear strength and wear mode diagram. 
Some necessary data is unavailable in the literature and therefore some assumptions had 
to be made in the friction model. For example, an ideal plastic model is implemented 
for the coatings, since no hardening data is available for the coating. Also some 
knowledge gaps exists relating to the interfacial shear strength and the wear mode 
diagram for hot stamping. 



 

 

 

 

3. Friction and wear mechanism   
 

 

In this chapter a comprehensive insight into the friction and wear phenomena happening 
in the interaction between tool and blank is provided. Furthermore, the effect of 
temperature on friction and wear mechanisms during direct press hardening is 
investigated by probing the ongoing friction and wear phenomena on the sheet metal 
surface as well as the tool.  

The experimental set-up and characterisation techniques are presented in Section 3.1. 
To calibrate the multi-scale friction model presented in Chapter 4, the real contact area 
is determined by the normal loading tests (Section 3.2) and the coefficient of friction 
(COF) is determined by hot friction draw tests (Section 3.3). These hot friction draw 
tests are analysed to gain further insight in friction (Section 3.3) and wear phenomena 
(Section 3.4). The last Section (Section 3.4) contains the conclusions and 
recommendations.  
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3.1 Experimental set-up 
 

The normal loading tests and Hot Friction draw Tests (HFT) are performed on the 
installation shown in Figure 3.1. Strips of 800 mm x 50 mm are prepared and heated in 
a roller hearth furnace for 6 minutes up to 930 °C to ensure that the substrate is fully 
austenitized. It takes approximately 110 seconds to reach 850 °C (austenitization 
temperature). In the meantime, holding the coating at elevated temperature affects its 
morphology and topology considerably due to diffusion. After the heating phase, the 
strip is automatically transferred to the test unit and its temperature is measured by a 
pyrometer (SN21 LAND SOLOnet) to ensure that the test is started at the specified 
temperature. Table 3.1 contains the test parameters for the normal loading and hot 
friction draw test.  
 

a.  b.  

 

 

 

Figure 3.1. a. Test unit with roller hearth furnace, b. sketch of the drawing test. 

 

Al-Si coated PHS with an overall thickness of 1.5 mm is investigated. The Al-Si coating 
contains approximately 7-11% of silicon. 

The tools are rectangular, made from a bar (diameter 20 mm), and were ground to a 
milled surface finish prior to testing. The dimension of the flat tool surface is 90 x 11 
mm and the tool roughness (Sa) is 0.20 ±0.05 μm, as measured by confocal microscopy. 
The drawing direction of the strip is perpendicular to the milling direction of the tool. 
The initial roughness in the sliding direction is Ra//=0.15 µm and perpendicular to 
sliding direction the roughness is Ra┴=0.04 µm. The normal loading tools were made 
of the standard tool steel DIN 1.2367, hardened to 48±2 HRC. The hot strip drawing 
tools were made of the standard tool steel DIN 1.2344 hardened to 48±2 HRC. Both 
tool steels are used in several hot forming application areas.  
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Table 3.1. Test parameters for normal loading and hot friction draw tests.  

 Normal loading test Hot friction draw test 

Furnace Roller hearth Roller hearth 
Temperature 930 °C 930 °C 
Time  6 min 6 min 
   
Strip Al-Si PHS Al-Si PHS 
Dimensions  800 x 50 x 1.5 mm 800 x 50 x 1.5 mm 
   
Tool  DIN 1.2367 DIN 1.2344 
Hardness 50 ±2 HRC 48 ±2 HRC 
Roughness Sa 0.20 ± 0.05 µm 0.20 ± 0.05 µm 
Dimensions Flat surface 90 x 11 mm 90 x 11 mm 
   
Test   
Temperature 500–800 °C 450–750 °C 
Closing time 5 sec ~ 2.2 sec 
Nominal contact pressure 5, 10 & 20 MPa 5 MPa 
Velocity  - 100 mm/s 
Sliding distance -             220 mm 

 

3.1.1 Normal loading test 

In case of the normal loading tests the tools are closed at a specific temperature, and a 
normal pressure is applied for 5 seconds.  

The surface topography is measured at a reference position and at a loaded position. 
From the measured topographies, height distribution curves are obtained. From the 
undeformed and deformed height distribution curves the fractional real contact area can 
be determined (Hol 2013). The fractional real contact area is represented by the area 
under the height probability curves from a certain point, see also Figure 3.2. In the ideal 
case a vertical line should be observed in the height distribution curve of the deformed 
surface demonstrating the plane of deformation. However due to the elastic deformation 
of the asperities, tool surface roughness and asperities fracture a slope is visible in the 
curve. Therefore, a range is determined for the fractional real contact area. The upper 
bound is the local top point and lower bound the point from where the slopes increases 
(Figure 3.2).  
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Figure 3.2. Height distribution curve at 

reference state and after loading used to 

determine the fractional real contact area. 

 

3.1.2 Hot friction draw test 

The hot friction draw test is used to simulate the tribological conditions of a typical 
industrial hot stamping process (excluding the substrate deformation), see Figure 3.1. 
In this test, the strip is clamped and drawn through the friction unit tools while the tools 
apply a constant nominal pressure on the strip surface. The coefficient of friction (COF) 
μ is calculated directly using the classical Coulomb’s law: 

 

� = Ǹ
+⋅ b̀                                    Eq. 3-1 

 

where Ft and Fn are respectively the traction force and the normal load applied on the 
strip surface. 

Ten consecutive strip draw tests with a time interval of aproximately 8 minutes are 
performed per tool (pair) in order to investigate the cumulative and iterative effects 
occurring during hot stamping of Al-Si coated PHS steel. The test was performed at 
eight different strip temperatures between 400 to 750 °C with an interval of 50 °C. A 
new set of tools is used for each temperature. This makes it possible to investigate the 
wear mechanism on the tools at each specific temperature. Table 3.1 shows the test 
conditions. 

 

3.1.3 Imaging and chemical characterization  

In order to analyse the tool-sheet metal tribological interactions during hot stamping, a 
number of imaging and chemical characterization analyses before and after the hot 
friction draw tests are performed. The “fresh” and worn tools and sheets are analysed 
by 2D stylus (Mahr PKG120, cutoff 0.8mm) and 3D optical (nanofocus µsurf mobile) 
topographical measurements. Cross-sectional analysis (optical microscopy, Leica DM-
LM microscope with a motorised stage (Prior) and camera (Leica DFC 420C)) and 
scanning electron microscopy with electron-dispersive SEM/EDX (Leo 438VP 
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(tungsten filament), EDAX (liquid nitrogen cooled detector system)) analyses have 
been performed at the surfaces and in the cross-sections of tools. A layer of gold was 
sputtered on the sample to ensure conductivity in SEM. For further understanding, the 
generated debris (dust) on the tool is analysed with X-ray diffraction measurements 
(XRD, Bruker D4) as well. Analyses are performed on the tools before and after 
cleaning them in ethanol for 10 minutes in an ultrasonic bath.  

 

3.2 Normal loading  
    

The coating deforms and fractures due to normal loading (Section 3.2.1). The real 
contact areas were determined after the normal loading tests (Section 3.2.2).  

 

3.2.1 Fracture  

Fracture occurs after normal loading and some holes become visible (see red circles 
Figure 3.3), which are believed to be crushed voids underneath the original surface. 
Those crushed voids are also observed in the optical cross sections, see Figure 3.4.  

 

a.  b.  

  

  
Figure 3.3. Topography layer SEM for a. reference surface and b. surface after normal loading 

and removal of loose particles by adhesive tape at 700 °C and 10 MPa. 
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a.  b.  

  
Figure 3.4. Optical cross sections of coating at a. reference state and b. after normal loading 

at 700 °C and 20 MPa.  

 

Fractured particles not only fill the valleys but can also remain on the surface in contact 
with the tools. Figure 3.5 shows the confocal measurements of the sheet surface before 
and after deformation and after removing fractured asperities from the sheet surface 
using adhesive tape. It is therefore considered feasible that the fractured particles carry 
some load. 
 

a.  b.  c.  

   
Figure 3.5. Confocal measurement of sheet surface at 700°C and 20 MPa at; a. reference state 

b. after loading including the fractured particles c. after loading without the fractured 

particles.  

 
To quantify fractured particles adhesive tape (Nichiban reference tape) is taped on and 
pulled off the surface. The light intensity of this adhesive tape is measured by a novo 
shade meter, see Figure 3.6. A light intensity of 100 % means that there are no fractured 
particles adhered on the adhesive tape. More fractured particles on the adhesive tape 
results in a lower light intensity. Thus qualified, a higher pressure results in more 
fracture, see Figure 3.7. At 5 and 20 MPa a higher temperature results in more fracture, 
which could be related to the larger temperature gradient between tool and sheet surface 
at higher temperatures. At 10 MPa no obvious effect is observed between amount of 
fracture and temperature. 
 

a.  b.  

  
Figure 3.6. Adhesive tape pulled off surface a. at reference state and b. after loading 20 MPa 

800 °C. 
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3.2.2 Real contact area 

It is difficult to determine the fractional real contact area due to fracture and elastic 
deformation of asperities and tool roughness. Therefore, a range of fractional real 
contact area is defined. Values between 0.005 and 0.054 are calculated. Disregarding 
one outlier (700 °C & 20 MPa) a higher pressure and higher temperature result in a 
higher real contact area as expected, see Figure 3.8.  
 

  
Figure 3.7. Light intensity versus 

temperature for tests at 5 MPa, 10 MPa and 

20 MPa. 

Figure 3.8. Fractional real contact area 

(upper bound) versus temperature at 5 MPa, 

10 MPa and 20 MPa. 

 

3.3 Sliding  
 

The HFT tests are performed to measure the COF (Section 3.3.1) and to investigate the 
tribological interactions for Al-Si coated PHS and a common tool steel (Section 3.3.2.  

 

3.3.1 Coefficient of Friction 

The measured Coefficient Of Friction (COF) versus displacement is shown in Figure 

3.9. The first sample within the ten consecutive strip draw tests shows a clearer increase 
in the first 11 mm than in all the following samples. This is repeatable with new tools 
and is related to build-up of transferred material onto and abrasion of the tooling where 
the COF increases as the sample is drawn. This phenomena also explains and supports 
that tribolayers build up on the tool since the distance for the first sample where 
coefficient of friction gradually increases is in the order of the tool width (~11 mm). 
The first two samples have a higher COF than the other samples. Samples three to ten 
have similar COFs that are stable and almost constant during the test. 

 



 
38 Friction and wear mechanism 

  
Figure 3.9. COF versus displacement during 

hot drawing tests for 10 consecutive strips at 

700 °C. 

Figure 3.10. COF versus temperature: the 

diamond’s represent the first strip at each 

temperature, squares the tenth (last) strip, 

strips 2-9 are shown with crosses and 

average COFs are shown by circles. 

 

The average COFs are calculated from the friction curves between 25-150 mm of 
drawing distance where the COFs are somewhat stable. The averaged COFs from ten 
strip draw tests for temperatures between 400 and 750 °C are shown in Figure 3.10. The 
results show that the COF decreases with increasing temperature between 400 °C and 
600 °C and on average has a minimum between 600 °C and 700 °C, which is also 
reported in earlier studies (Medea, Ghiotti, et al. 2015), (Ademaj, Weidig and Steinhoff 
2013), (Merklein, Wieland and Fell 2014).  

The evolution of friction with respect to temperature could be due to the following 
phenomena that interact in a contradictory manner:  

• At high temperatures, asperities on the strip are easily deformed due to lower 
shear strength of the coating and the substrate which eventually leads to 
reduction in COF (Ghiotti, Bruschi and Borsetto 2011). 

• The softening of the coating at high temperatures on the other hand can lead to a 
larger real contact area and thus higher COFs (Wang 2012).  

• It is reasonable to assume larger adhesive forces at higher temperatures (Wang 
2012). These forces can occur due to more active atomic inter-diffusion at high 
temperatures which could result in higher COFs (Wang 2012).  

On the other hand, there is a large scatter in COF at each temperature between 
consecutive draw tests. The scatter is due mainly to evolution of tool surface during 
consecutive draws and its interaction with the coating: as the material transfers from 
coating to tool (galling) or the abraded material from both tool and coating are 
embedded in the coating, the friction mechanism is altered and this results in such a 
scatter at a specific temperature.  

The first samples that are drawn between clean tools have the highest COF values at 
each test temperature (see Figure 3.10). A temperature dependent COF can be observed 
in the first pass. However, while the general trend remains, the temperature dependency 
decreases significantly during the next nine draws. The main reason is that the tribo-
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system changes from tool material versus Al-Si sheet coating during the first draw test 
to a tribo-layer consisting of the adhered coating material on the tools versus Al-Si sheet 
coating with possibly embedded debris in the sheet coating. This implies that for the 
consecutive draw tests the sliding most likely occurs between two stable oxide layers 
of a similar material (Al-Si coating). The latter phenomenon makes the interaction 
between tribolayers almost temperature independent. The mechanisms behind the 
development of these tribolayers is, however, temperature dependent, which can be 
observed in the confocal and SEM images of the tools. This will be further discussed in 
Section 3.4. Furthermore, it should be mentioned that only ten draw tests were 
performed; there is a possibility that after more tests temperature dependency may 
develop during the process due to different wear mechanisms.  

 

3.3.2 Tribological interactions  

The coefficient of friction found in this study is in agreement with previous studies, see 
Table 2.2. However, the reported values are mean coefficients of friction and do not 
provide a detailed physical understanding of what leads to the high friction and the 
tremendous tool wear in hot stamping processes. Therefore, a detailed investigation 
through a series of scanning electron microscopy, confocal microscopy and X-ray 
diffraction analyses was carried out. Based on the results, the tribological interactions 
between tool and blank (sheet) can be described in four different stages: 

1. Initial contact 
2. Tool ploughing through the coating 
3. Secondary ploughing in sheet by adhered material on tooling 
4. Ploughing in the tool by embedded particles in sheet  

These four stages are discussed below. 

 

3.3.2.1 Initial contact 

In the initial contact, the tool with a roughness (Sa) of 0.2 ± 0.05 µm is much smoother 
than the coating with a roughness of 1.9 µm at 700 °C. 

A thin (150 nm) hard Al2O3 is present on the sheet surface, see Figure 3.11. The 
hardness of the Al2O3 layer is greater than that of the AlFe intermetallics of the coating 
and the tool material. The hardness of the rest of the coating is highly temperature 
dependent and the coating is softer than the tool material at temperatures higher than 
500 °C. Vilaseca et. al. (Vilaseca, Pujante and Casellas, et al. 2014), measured the Al-
Si coating hardness at various temperatures. Their measurements showed a large drop 
in coating hardness from 7.8 GPa at 500 °C to 1.1 GPa at 600 °C. And, at 700 °C, it was 
further decreased to 0.3 GPa. Furthermore, Windmann, et al. (Windmann, Rottger and 
Theisen 2017) measured hardness of different intermetallics within the Al-Si coating 
and the tool steel (X38CrMoV5-3). The authors found similar results: whereas at 400 
°C most AlxFey intermetallics are harder than tool, at 600 °C all the AlXFeY 
intermetallics become softer than the tool material. 
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Figure 3.11. SEM image and line scan of top of coating layer after heat treatment of 930 °C 

360 seconds.  

 

In the initial phase of the test, the normal contact force of 2.7 kN is concentrated on 
only a few highest asperities. As a first approximation the amount of islands of the sheet 
which are 5 µm above the mean plane is determined. This constitutes approximately 
4.5% of the nominal contact area (50 x 11 mm2). This raises the local contact pressure 
up to 109 MPa, leading to fracture, plastic deformation and flattening of the asperities. 
This fracture, plastic deformation and flattening are observed in the normal loading 
experiments.  

 

3.3.2.2 Tool ploughing through the coating 

Once the test becomes dynamic and the strip is drawn between the tools, the local load 
will be in the order of the shear strength of the asperities. In addition, the tool at ambient 
temperature is six times harder than the sheet coating at 700 °C (Vilaseca, Pujante and 
Casellas, et al. 2014). Therefore, the tool ploughs through the hills of the sheet and 
flattens the profile, Figure 3.12. These effects are observed when the sheet is in contact 
with a clean tool area where no adhesive wear is yet present. 

During the asperity flattening and ploughing a lot of debris is generated. The dust on 
the tooling is analyzed by XRD analysis, as shown in Figure 3.13. It contains the 
intermetallic compounds from the sheet coating (Fe2Al5 and FeAl) and ferrite (20%), 
most of which could originate from either the tool or the sheet material.  
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a.  b.  c.  

    

Figure 3.12. Confocal measurements(2 x 2mm) of strip surface at 700 °C and 5 MPa. a. after 

heat treatment, b. tool ploughs through the hills and flattens the profile and c. secondary 

ploughing by adhesive material on tooling.  

 

 

Figure 3.13. XRD spectra of the dust on the tooling after ten 

draws at 700 °C  with nominal contact pressure of 5 MPa. 

 

Once the debris is generated, it plays an important role in the subsequent wear and 
friction mechanisms. SEM/EDX analyses showed that these particles originate either 
from the tool surface or from the sheet surface. As can be seen in Figure 3.14, the 
particles could be: 

a. Embedded in the coating. Wear particles containing tool material are embedded 
in the relatively soft sheet coating. These particles are protruding from the 
coating and are smoothened due to subsequent sliding, Figure 3.14a.  

b. Embedded on the tool and play a role in compaction galling on the tool, Figure 
3.14b. 

c. Loose (third-body) particles in the contact between the tool and the strip and 
result in abrasive wear due to their very high hardness (for example the hardness 
of Fe2Al5 at 20 °C is 13 GPa), Figure 3.14c. Not all abrasive wear is caused by 
loose particles.  
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a.  b.  c.  

  

Figure 3.14. Role of particles/debris in contact at 700 °C and 5 MPa. They can be a. embedded 

in the sheet b. embedded in the tool or c. loose particles. 

 

The tool was rigorously assessed following the tests. Analysing the surface using 
SEM/EDX before and after cleaning the tools showed that the large amount of loose 
debris generated on the entry side of the tools is present on the tool face (Figure 3.15). 
These particles play a major role in developing what is called compaction galling, where 
debris is getting ‘stopped’ by either the adhered material on the tool or the tips of the 
tool asperities. Subsequently a transfer layer is formed by accumulation and compaction 
of these loose particles (Pelcastre, Hardell and Prakash 2013). It is interesting to note 
that (as will be confirmed later in Figure 3.21) the initial milled surface texture of the 
tool is almost completely removed, confirming the occurrence of the abrasive wear 
mechanism already postulated. 
 

a.  b.  

  

Figure 3.15. SEM in back scattered electron (BSE) mode a. before and b. after cleaning of the 

tool. Example of the compaction galling on tool (at 700 °C and 5 MPa). The top right arrow 

indicates the motion of the strip.  
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3.3.2.3 Secondary ploughing in sheet by adhered material on the tooling 

SEM analysis shown in Figure 3.16 reveals that a lot of adhered material is present on 
the tool face. The adhered materials primarily contain oxidised Al, but Si, Fe and C are 
also clearly present in the EDX analysis (Figure 3.16, right) and as such the adhered 
materials are confirmed to originate from the sheet coating. The material transfer from 
the coating to the tool surface results from the adhesion forces occurring during the high 
temperature sliding of the tool on the strip surface. The confocal measurement of the 
tooling shows that spots of adhered material could be up to ~4 to 6 µm thick, as given 
in Figure 3.17.  
 

 
 

Figure 3.16. SEM BSE mode EDX of adhered material on the tooling after 10 draw tests at 

700 °C and 5 MPa. 

 

 

Figure 3.17. Section of confocal measurement of tooling at 700 °C and 5 MPa.  

 

The adhered material on the tool ploughs through the relatively soft sheet coating and 
results in sporadic ploughing tracks on the sheet with a depth of around 5 µm, see Figure 
3.18. These ploughing tracks are observed at all temperatures.  

 

 

 



 
44 Friction and wear mechanism 

500 °C 550 °C 600 °C  

   

 

650°C 700 °C 750 °C 

   

Figure 3.18. Confocal measurements of the sheet for the first samples of each test series at 

different temperatures. Ploughing marks are along the sliding direction (blue arrow).  

  

3.3.2.4 Ploughing in the tool by embedded particles in the sheet 

Many embedded particles are found in the sheet. These embedded particles have been 
found to be debris, parts of the coating and/or partly tool material. Tool and sheet 
surface fractures occur due to thermo-mechanical loading. Wear debris originates from 
asperity crushing and can remain in the sliding contact. These fractured particles and 
wear debris are embedded in the relatively soft sheet coating. This can be seen on the 
surface mapping of the elements (Figure 3.19) which shows tool material present on the 
sheet surface at 700 °C. The latter could be due to breaking the adhered coating off the 
tool surface after it has grown to unstable dimensions. These broken particles may be 
only compacted coating particles or may contain some parts of the tool material as well. 
EDX measurements on the sheet coating confirms this further; for example the EDX 
measurement “52” in Figure 3.20 contains Mo, Cr, V as well as Al, Si and Fe and thus 
certainly contains at least for some part tool material. There are also some particles 
measured, for example “53”, in Figure 3.20 which contain no tool material. More 
embedded particles of tool material in the sheet coating are observed on the strip of the 
first draw test than after the tenth. During the test series some abrasive wear will be 
covered up by adhesive wear, as shown in Figure 3.24b. At a certain moment the 
compaction galling layer will grow so thick that it will carry the load. The occurrence 
of abrasive wear at the entrance will then reduce.  
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Figure 3.19. SEM images of sheet surface after drawing tests on new tools at two temperatures: 

500 °C (top row) and 700 °C (bottom row). Surface mapping of chromium (purple) and 

aluminium (red) elements.  

 

 

Figure 3.20. SEM (SE image) and EDX of embedded particles on the sheet at 700 °C and 5 

MPa . Measurements 52: coating and tool material, 53: coating and 54: coating surface 

containing aluminium oxides. 
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At lower temperatures the number of embedded particles and amount of abrasive wear 
are significantly lower. At higher temperatures, the coating layer is softer (Windmann, 
Rottger and Theisen 2017) and it is therefore easier for the abraded tool particles to 
embed in the sheet coating. This is confirmed in Figure 3.19 where embedded tool 
material (containing chromium) in sheet coating (composed of aluminium) at 700 °C is 
much more than at 500 °C. These embedded particles cause more abrasion in the tool 
during the following draw tests. After ten slides the adhesive layers have grown over a 
large part of the tool surface (or form a high compacted layer) and almost no embedded 
particles are observed anymore in the sheet surface. 

Many ploughing tracks can be observed on the tooling at 700 °C, especially found to be 
originating at the entrance side of the tool (Figure 3.21). The ploughing tracks are 
caused by the embedded particles, resulting in long tracks. Figure 3.21 reveals the 
presence of several wear mechanisms in the contact during the test. Interestingly, the 
original score marks from the grinding are found still to be present faintly on the exit 
side of the tool (left side of Figure 3.21), indicating minimal wear in this area of the 
contact.  
 

 

Figure 3.21. Assembly of SEM images to show the topographic overview of the worn surface 

of the tooling, abrasive wear, compaction galling and normal adhesive galling after testing. 

White arrow in top right of figure shows drawing direction. 

 

3.4 Wear 
 

Both adhesive and abrasive wear on the tooling are observed during the strip drawing 
test. The wear is built up on the tool already after the first test at 700 °C, see Figure 
3.22. 
 

a.  b.  c.  

    
Figure 3.22. Confocal measurements (5.3 x 3.5 mm) of tool surface after a. 1 strip, b. 5 strips 

and c. 10 strips at 700 °C and 5 MPa. 
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3.4.1 Adhesive wear 

Adhesive wear can be classified into two different mechanisms (Pelcastre, Hardell and 
Prakash 2013) (J. Pujante, M. Vilaseca and D. Caellas, et al. 2016): a. compaction 
galling where debris from the coating is accumulated and compacted on the tool surface, 
these compacted hard particles later could break off and lead to severe abrasive wear as 
well (Figure 3.23a); b. Normal adhesive wear (Figure 3.23b). 
 

a.  b.  

  

  

 

Figure 3.23. SEM image of cross section of tool a. compaction galling and b. normal adhesive 

wear. Test at 700 °C and 5 MPa. 
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3.4.2 Abrasive wear 

Besides adhesive wear, a lot of abrasive wear occurs as previously shown in the large 
number of ploughing tracks in the surfaces of both the tool and the strip. Figure 3.24 
further highlights how the abrasive wear occurs due to several mechanisms, namely a. 
smearing of adhered material, b. scratching up to 2 µm deep due to debris and c. 
ploughing or cutting due to embedded particles in the sheet. Figure 3.24a shows the 
smearing phenomenon where a lump of adhered material on the tool surface is deformed 
and displaced (smeared) on the tool surface. The smearing of the adhered material 
results in abrasive wear. Ploughing/cutting by the embedded particles could result in 
wide tracks on the tool as shown in figure 3.24c. 

 

a.  b.  c.  

 
Figure 3.24. Abrasive wear on tooling by a. smeared adhered material b. debris and c. 

ploughing by embedded particles in sheet. Arrows indicate drawing direction. 

 

In addition, fracture of the tool surface due to thermo-mechanical loading is also 
observed, see Figure 3.25. As shown earlier (Figure 3.19), these fractured tool particles 
can be embedded in the sheet coating.  
 

 

Figure 3.25. SEM cross section of tool 700 °C 5 MPa. Fracture of tool. 



 
49 Friction and wear mechanism 

3.4.3 Temperature influence 

Formation of tool wear in direct press hardening is temperature dependent and results 
in different tool topographies. SEM/EDX measurements of the tool surface used for 
drawing tests at 700 °C show a compacted layer of the adhered material in the middle 
of the tool with the abrasive wear on the right-hand side (Figure 3.26). Abrasive wear 
on the right-hand side of the tool is due mainly to ploughing by embedded particles in 
the sheet (two-body abrasive wear) and/or by trapped debris at the tool-strip interface 
(three-body abrasive wear). The loose particles usually move in the drawing direction 
and are compacted in the middle of the tool. The compacted layer works as a shield and 
makes the normal lump growth possible at the left side of the tool. The embedded 
particles in the coating or debris that cause abrasive wear usually originate from the 
adhered material on the tool. These lumps are broken from the tool surface and may 
contain the tool material as well, see Figure 3.26. The V-shaped pattern of the 
compacted layer is associated with the contact pressure distribution on the tool and can 
result from very slight misalignment of the tooling. However, the latter does not change 
the nature of wear mechanism at 700 °C. 

The tool surface used for drawing tests at 500 °C has a different appearance and shows 
mainly adhesive wear. Cross sectional SEM analyses show that the adhesive wear for 
this temperature consists of compaction galling with smaller particles and normal lump 
growth.  
 

 

Figure 3.26. Stitched back-scattered electron (BSE) mode SEM micrographs of tool surfaces 

used at 700 °C (top) and 500 °C (bottom) after ten draw tests. Arrows indicate the sliding 

direction of the sheet with respect to the tool. 

 

The confocal measurements of the tools show a similar trend with more abrasive wear 
at higher temperatures. Figure 3.27 shows that at higher temperatures (between 650 to 
750 °C), abrasive wear is the dominant wear mechanism on the tools. The abrasive wear 
on the tool is caused by the loose debris from coating along with the embedded debris 
in the coating. In addition, adhesive wear is built up in the form of compaction galling, 
but adhesive wear becomes the dominant wear mechanism as the temperature drops. 
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Figure 3.27. Confocal measurements (6 x 2.75 mm) of the top tools used for strip draw 

tests at different temperatures. The strip is drawn from bottom to top in the images. 

 

At temperatures lower than 600 °C, a larger area of the tool is affected by adhesive 
wear. This is more evident at 500 °C where the whole width of the tool is covered by 
adhered material. SEM images of tool cross-section used for tests at 500 °C shows that 
severe abrasive wear occurs under the adhered material (Figure 3.28). These abrasive 
wear tracks could be the result of the coating asperities that abrade through the tool 
surface during the first draw tests on clean tools. This is due to the fact that the hardness 
of the coating is likely higher (Vilaseca, Pujante and Casellas, et al. 2014) or in the same 
order (Windmann, Rottger and Theisen 2017) than that of the tooling at 500 °C. Since 
the sheet coating is harder at lower temperatures, fewer abraded particles can get 
embedded in the sheet coating. Therefore, they will not cause so much (two-body) 
abrasive wear. However, adhesion forces still cause material transfer from sheet coating 
to tool material and the main wear mechanism will change to adhesive wear after some 
initial slides.  

Moreover, Figure 3.28 shows that the nature of adhesive wear and compaction galling 
observed at 500 and 700 °C is distinct. The particles trapped in the compaction galling 
region are larger at 700 °C (Figure 3.28b) than at 500 °C (Figure 3.28a). This is well in 
agreement with the larger debris (chunks of coating) broken from the coating that are 
observed at 700 °C than at 500 °C (shown in Figure 3.29). Thus, fracture in the coating 
is temperature dependent. 
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a.  b.  

  

Figure 3.28. BSE mode SEM analysis of the cross sections of tool surfaces at a. 500 °C and at 

b. 700 °C after 10 consecutive drawing tests. Compaction galling is evident at both 

temperatures.  

 

 a.  b.  
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Figure 3.29. Optical microscopy of cross sections of sheets tested at a. 500 °C and b. 700 °C. 

 

3.4.4 Wear quantification 

To quantify the abrasive and adhesive wear on tooling, 2D roughness measurements are 
performed over the width of the tooling. Two measurements along a and b (shown in 
Figure 3.30a) covering strip path (55 mm) on the top and bottom tools are performed 
and areas above and below the zero line (level of virgin tool surface) are calculated. 
Average values for the abrasive and adhesive wear are calculated from four 
measurements at each temperature. These average values provide an indication for the 
amount of abrasive and adhesive wear. This method disregards the abrasive wear under 
the adhered wear debris. However, an advantage is that the 2D measurements account 
for the whole width of the tool. Figure 3.30b shows that the adhesive wear is increasing 
during the test series at 700 °C, while the abrasive wear is partly filled up by adhered 
material after 10 strips.  

Figure 3.30c shows that the ratio of adhered to abraded material depicts a linear trend 
(R2=0.9) with respect to temperature. At temperatures below 700 °C adhesive wear is 
dominant, while for temperatures above 700 °C abrasive wear is dominant. This is in 
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agreement with (Medea, Venturato, et al. 2017) who reported a similar trend between 
abrasive and adhesive wear at different temperatures.  
 

a. 

 

b. 

 

c.

 

Figure 3.30. The area above/under the zero line measured by a. line roughness measurements 

over width of tooling, resulting in b. adhesive/abrasive wear on the tooling at 700 °C averaged 

over four measurements for each tool set; c. ratio of adhered/abraded material versus 

temperature. 

 

3.5 Discussion  
 

In the current research, a limited number of the strokes were investigated. It is believed 
that the friction and wear mechanism found in the hot strip draw test are representative 
of the friction and wear mechanism observed in industry, particularly in the initiation 
stage. Pelcastre et al. (Pelcastre, Hardell and Prakash 2011) analysed industrial tools for 
investigating the occurrence of galling during hot forming of Al-Si coated high strength 
steel. The author also describes the compaction of wear debris. Furthermore, in the 
RFCS project TestTool (Vilaseca, Pujante and Casellas, et al. 2014) a frame dash panel 
was analysed and the authors also described normal load adhesion and thick 
accumulation and compaction of material on the tool. Extending the results to an even 
higher number of strokes would be interesting.  
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3.6 Closure 
 

Hot friction draw tests between uncoated tool steel and Al-Si coated press hardening 
steel were carried out at several temperatures between 500 and 700 °C. A thorough 
analysis has been performed to understand the friction and wear mechanisms occurring 
during the hot friction drawing of Al-Si coated PHS steel for repeated draws. Better 
understanding of the friction and wear mechanisms will lead to more efficient process 
design and realistic simulation of the hot stamping processes by implementing more 
accurate friction and galling models.  

Regarding the tribological interactions, the analysis shows that: 

• In the case of a clean tool, the hard tool ploughs through a soft sheet coating. 

• Transient behaviour is seen in the friction during the initial phase of hot strip 
draw test, which is believed to be related to the immediate build-up of wear.  

• Global friction coefficient is controlled by an accumulation of material and 
reaches a stable level of ~ 0.5 after three passes. 

• COF during hot strip draw tests is temperature dependent when sliding occurs 
between relatively clean tools and sheet, reaching a minimum at 600 °C. 
However, the COF is less sensitive to temperature when tribolayers are built up 
on the tool surface. 

• The sheet surface asperities fracture and generate debris and a lot of dust. The 
debris plays a role in compaction galling and leads to two and three-body 
abrasive wear mechanisms.  

• The formation of tool wear in direct press hardening is temperature dependent 
and results in different worn tool topographies. At high temperatures, larger 
abrasive areas and more severe compaction galling occur. This could be related 
to the mechanical properties of the coating at different temperatures and the size 
of the fractured coating particles (larger at higher temperatures).  

• By adhesive forces and compaction galling, a large amount of sheet coating is 
transferred to the tool. The adhered material on the tool ploughs through the sheet 
coating over the whole temperature range 500-750 °C. 

• The tool surface and adhered particles on the tool surface can fracture at 
microscale due to thermo-mechanical loading and instability of adhered lump. 
These fractured particles are embedded in the sheet and plough through the tool. 
In the sheet coating, more (tool) material particles are embedded at higher 
temperatures (700 versus 500 °C). After ten samples almost no embedded 
particles are observed anymore on the sheet surface due to the build-up of 
adhesive layers – or rise of the compacted layer – on the tooling.  



 

 



 

 

 

 

4. Modelling friction in hot stamping   
 

 

Finite Element (FE) simulations are used in the metal forming industry to perform 
feasibility analyses and to optimize process parameters. To predict stresses and strains 
accurately, it is necessary to have an accurate description of the friction. Generally, a 
constant Coulomb friction coefficient is used in hot stamping simulations (Li, et al. 
2014), (Junjia, et al. 2015), (Mu, et al. 2018), (Abspoel, Neelis and Liempt 2016), but 
this does not describe the actual conditions well. It has been shown that the Coefficient 
of Friction (COF) is a local phenomenon and varies with local contact pressure, strain, 
local tool topography and surface deformation history (Hol 2013).  

Different methods have been used to circumvent this issue. One option is to create a 
database of COFs for different conditions which can be implemented by means of a 
phenomenological model into commercial FE software codes. This approach has been 
investigated for hot stamping by Merklein et al. (Merklein 2018). The developed model 
is pressure, velocity and temperature dependent.  

Another option is to use a multi-scale physics-based model developed by Hol (Hol 
2013) for cold stamping processes. The model accounts for micromechanical friction 
mechanisms which take place in cold stamping processes. Sheet and tool surface height 
distributions, the plastic deformation of the asperities and the lubrication effect in sheet 
metal forming processes are modelled.  

In this chapter, the existing multi-scale model (Hol 2013) is extended for hot stamping 
by including the coating layer in the contact model (Shisode, et al. 2018), and using a 
temperature dependent material model for the substrate, according to Abspoel and van 
Liempt (Abspoel, Neelis and Liempt 2016), and the coating. Furthermore, a 
phenomenological temperature and pressure dependent interfacial shear strength model 
is implemented. Hot Friction Tests (HFT) are used for calibration of the multi-scale 
friction model. 

The first section of this chapter is an introduction to the multi-scale model, the rest of 
the chapter is organized in accordance with the three steps in the friction model as 
shown in Figure 4.1. Section 4.2 treats the input step with the material models. Section 
4.3 discusses the asperity deformation due to normal loading, bulk deformation and 
sliding. The calculation of the shear stresses and the COF is outlined in Section 4.4. 
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4.1 A multi-scale friction model 
 
The friction framework developed by Hol (Hol 2013) includes the boundary and the 
mixed lubrication regime. However, since in hot stamping no lubricant is applied, only 
the boundary lubrication part is extended to include hot stamping temperatures and 
coating effects. The boundary lubrication framework is able to model different surface 
deformation phenomena in cold stamping processes that modify the workpiece surface. 
The multi-scale friction framework comprises the models describing the deformation of 
surface asperities due to normal loading, sliding of tool asperities on the sheet surface 
and deformation of the substrate bulk material. The boundary lubrication friction regime 
is modelled in three steps, see Figure 4.1.  
 
 

 
Figure 4.1. Multi-scale approach used in the friction model. 

 

In the first step the input parameters are read, including the process parameters, sheet 
& tool surface topography and the material constitutive parameters. 

In the second step the asperity deformation due to normal loading, bulk deformation 
and sliding is calculated. Normal loading flattens the asperities of the sheet metal and 
the real contact area evolves. To calculate the real contact area, a contact model is 
necessary between the sheet and the tool surface. Different contact models exist (Liu, 
Wang and Lin 1999), such as stochastic contact models or numerical contact models. 
Westeneng (Westeneng 2001) developed a contact model in which a soft rough surface 
is flattened by a hard smooth tool. The height distribution function of the workpiece 
asperities and the work hardening of the workpiece material determines the real contact 
area. Shisode et al. (Shisode, et al. 2018) extended this model for coated steels. This 
model (Shisode, et al. 2018) is included in the multi-scale model for hot stamping. Bulk 

material deformation affects the surface topography and both roughening and flattening 
could occur (Westeneng 2001). Flattening caused by bulk deformation is described by 
Westeneng (Westeneng 2001). Here the Westeneng model (Westeneng 2001) is 
implemented which describes the increase in real contact area due to bulk deformation. 
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Sliding causes an additional tangential load, which results in an increase in real contact 
area (junction growth), which is considered by Tabor’s model (Tabor 1959).  

In the third step, contact patches are defined and the shear stresses and friction 
coefficient are calculated at each contact patch (Challen and Oxley 1979), (Ma, de Rooij 
and Schipper 2010). The overall coefficient of friction is based on the friction 
coefficients at each contact patch. The solution procedure is given in Figure 4.1. 

 

4.2 Input step 
 

In this Section, the necessary input is described such as the process parameters (Section 
4.2.1), sheet and tool topography (Section 4.2.2) and material constitutive parameters 
(Section 4.2.3).  

 

4.2.1 Process parameters 

Temperature, contact pressure and bulk strain are necessary input parameters for the 
calculations, since they affect the asperity deformation. Temperature affects the 
interfacial shear strength (Ma, de Rooij and Schipper 2010) as well as the coating 
(Windmann, Rottger and Theisen 2017) and substrate properties (Abspoel, Neelis and 
Liempt 2016). Contact pressure affects the asperities deformation and therefore the 
surface topography (Westeneng 2001), (Hol 2013). Bulk strain results in an increase in 
real contact area (Westeneng 2001), (Wilson and Sheu 1988) (Sutcliffe 1988).  

HFT tests were performed at 50 degree intervals between 450 and 750°C. Samples were 
tested at all temperatures with a nominal pressure of 5 MPa, and at two temperatures 
(550 and 700°C) also tested at 2.5 MPa. It is not possible to calibrate the bulk strain 
model, since no strain can be applied in the HFT test. A complete overview of 
experiments can be found in Chapter 3.  

The sliding velocity could affect the COF. The velocity effect might be the result of 
temperature rise due to frictional heating. Several authors investigated the effect of 
velocity in hot stamping. Vilaseca (Vilaseca, Pujante and Casellas, et al. 2014), Ghiotti 
et al. (Ghiotti, Bruschi and Borsetto 2011) and Mozgovoy et al. (Mozgovoy 2014) 
investigated velocity effects at 20-120 mm/s, 1-10mm/s and 1-100 mm/s respectively. 
They observed almost no influence of velocity. However, in another paper Ghiotti et al. 
(Ghiotti, Bruschi and Sgarabotto, et al. 2014) observed an influence of the velocity (10-
60 mm/s) for most combinations of process parameters. In the multi-scale model the 
velocity is not included. The HFT tests were performed at a single velocity of 100 mm/s.  

 

4.2.2 Sheet and tool topography 

Sheet and tool topography play an important role in friction. Sheet metal generally has 
a higher roughness than the tool surface. In sheet metal forming, contact pressure leads 
to microscopic areas of contact. These add up to a ‘real area of contact’, which is much 
smaller than the nominal contact area. The topography of the workpiece determines the 



 
58 Modelling friction in hot stamping 

size of these islands (contact patches) and the gap between tool surface and mean 
surface of the workpiece. The tool asperities plough through the sheet surface on the 
contact patches as the tool slides relative to the sheet, thereby creating the friction force.  

To determine the tool and sheet topography, confocal measurements are made, see 
Figure 4.2. The sheet topography is measured on the strips after cooling down to room 
temperature. It is assumed that the topography at test temperatures is not significantly 
different from the topography after cooling down to room temperature. Thus, the 
furnace treatment defines the structure and topography of the coating. Ghiotti et al. 
(Ghiotti, Bruschi and Borsetto 2011) and Borsetto (Borsetto, Ghiotti and Bruschi 2009) 
investigated the effect of cooling rate after a thermal cycle on the structure and chemical 
composition of the coating, and neither of them observed significant differences. 
Therefore, it seems reasonable to assume that the surface topography can be measured 
at room temperature. The variation in surface topography among all tests in one test 
series is relatively small, so one representative sheet topography is used for all normal 
loading model calculations and one representative sheet topography is used for all HFT 
model calculations.  

Unfortunately, it is not possible to measure the topography of the substrate, due to the 
diffusion process in the furnace. The same surface topography is therefore used for 
substrate and coating effectively assuming constant coating thickness all-over. The 
representative size of the sheet and tool topography used in the calculations is 1x1 mm. 
The sheet surface is relatively homogeneous and a size of 1x1 mm is shown to represent 
the sheet surface height distribution well. Increasing the size of the representative area 
does not significantly change the surface height distribution that is used as the input in 
the multi-scale friction model.  
 

a.  b.  

 

 
 

Figure 4.2. a. Sheet topography after heat treatment b. Texture of a clean tool. 
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Temperat
ure 

Surface 1 Surface 2 Surface 3 

450 °C 

  
500 °C 

  
550 °C 

  
600 °C 

  
650 °C 

  
700 °C 

  
750 °C 

  
Figure 4.3. Tool topography (1x1 mm) after 10 strip draw tests used in friction calculations. z 

indicates max. height. All the images have the same colour bar scale. 
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The tool topography is measured before the first strip draw test and after the tenth test. 
Due to tool wear the tool surface changes. The tool shows inhomogeneous wear, 
especially at higher temperatures. Therefore, for each test temperature, three confocal 
measurements are made at different positions on the tool area with the most severe wear, 
see Figure 4.3. Figure 4.3 shows larger differences in topography between the three 
measurements at higher temperatures than at lower temperatures. The tool surfaces of 
Figure 4.3 are used to perform the calculations. 

 

4.2.3 Material constitutive properties 

The material behaviour of both the coating and the substrate should be described. The 
substrate material behaviour is described by Abspoel–Van Liempt material model 
(Abspoel, Neelis and Liempt 2016). They determined the model parameters by hot 
tensile tests.  

Describing the material behaviour of the coating is far more difficult. The coating 
consists of five different sublayers with different intermetallics. Windmann et al.  
(Windmann, Rottger and Theisen 2017) measured the hardness of the different 
intermetallics present in the coating at different temperatures. A mixture rule is applied 
to determine the coating behaviour from the hardness measurements.  

 

4.2.3.1 Substrate 

The Abspoel–Van Liempt (Abspoel, Neelis and Liempt 2016) material model for 
hardening behaviour has been implemented in the friction model. The material model 
has three components: 1. Yield stress, 2. Thermally activated stress and 3. Strain 
dependent work hardening component. The equation for the flow stress is (Abspoel, 
Neelis and Liempt 2016): 

 

� = �� + RcdHMK
eH�K� V ∙ f1 − ijRkHl� ,SK

W V∙�m + ��∗ ∙ n1 + op∙M
∆qr ∙ /0 R ��

�� rVs   Eq.  4-1 

in which: 

 σ : flow stress [MPa] 
 �� : athermal limit of the yield stress [MPa] 
 σ�∗  : dynamic stress at zero thermal activation [MPa] 

 <′ : normalized hardening parameter [mm-1] 

 � : parameter describing annihilation and remobilization of dislocations [-] 
 � : plastic strain [-] 
 -. : Boltzmann-constant [eV/K] 
 9 : absolute temperature [K] 
 ∆'� : maximum activation energy [eV] 

 �� : strain rate [1/s] 
 ��� : limit strain rate for thermally activated movement [1/s] 
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Table 4.1 gives the values of the model parameters which are used in the calculations. 
The resulting curves are shown in Figure 4.4a.  

Table 4.1. Parameters of the substrate material model. 

 �� <′ � -� ∆'� ��∗ ��� 

PHS 44 -10·T+13500 -1.73·lnH�K� +18 8.617 ·10-5 1.8 188 106 

 

a. b. 

  
Figure 4.4. a. Stress versus strain curves for substrate material model at different temperatures  �� =0.01 and b. yield strength versus temperature for coating.  

 

4.2.3.2 Al-Si coating 

The coating consists of different intermetallic phases and contains voids. As mentioned 
previously, Windmann et al. (Windmann, Rottger and Theisen 2017) measured 
hardness values for several AlxFey intermetallics at several temperatures. A linear fit 
between the hardness and temperature is made for the various intermetallics (Figure 
4.4b). From SEM/EDX line measurements of the cross sections (Figure 4.5) the 
percentage of FeAl and Fe2Al5 are determined. The number of voids is estimated from 
cross sections of the coating. A mixture rule is implemented to approximate the 
hardness of the coating, in which the voids are not included:  

 

( = %#i�/ ∙ (`YvZ + %#i+�/, ∙ (`Y+vZ,     Eq.  4-2 

(`YvZ = −5.28 ∙ 9 + 6714      Eq.  4-3 

(`Y+vZ, = −7.14 ∙ 9 + 12401     Eq.  4-4 

in which: 

 (	 : Hardness of coating [MPa] 

 ()*� : Hardness of the intermetallic FeAl [MPa] 

 ()+*�, : Hardness of the intermetallic FeAl [MPa] 

 %#i�/ : percentage of the intermetallic FeAl [1/100%] 

 %#i+�/, : percentage of the intermetallic Fe2Al5 [1/100%] 

 T : absolute temperature [K] 
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Unfortunately, the hardening behaviour is unknown for the coating material. Therefore, 
the coating is modelled as an ideally plastic material with a yield stress of 1/2.8 times 
the hardness (Tabor 1970).  

Table 4.2. Parameters of the coating material. 

 %>���7 %#i�/ %#i+�/, 

PHS 5 36 59 

 

  
Figure 4.5. SEM-EDX line scan Al-Si coating after heat treatment 930 °C 6 min.  

 

4.3 Asperity deformation 
 

Asperity deformation occurs due to normal loading (Section 4.3.1), ploughing (Section 
4.3.2) and bulk deformation (Section 4.3.3).  

 

4.3.1 Normal loading 

The tool is modelled as rigid and perfectly flat when it flattens the asperities of a soft 
and rough workpiece material. The workpiece asperities (substrate and coating) are 
modelled as bars, where the contacting bars with the tool are indented and the non-
contacting bars can rise.  

The strains in the bars can be calculated by a reference height λ:  

 

/0 R1 F �jX
� V ,	for	B F :	 � �	Hcontacting	aspertiesK   Eq.  4-5 

/0 R1 F �
�V , ���	B F :	 � �	Hnon-contacting	aspertiesK   Eq.  4-6 

in which: 

 B : height parameter [mm] 

 : : rise of asperities [mm] 

 � : indentation of asperities [mm] 

 � : reference height [mm] 
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In previous studies, this reference height is used as a fitting parameter (Hol 2013), 
(Shisode, et al. 2018). In this investigation, the reference height used for the coating is 
equal to the coating thickness (27 µm) excluding the interface layer with the substrate, 
while the reference height for the substrate is calculated by a 2D FE simulation of a 
normal load test. From this 2D FE simulation, the reference height is defined as the 
nodal position where the total equivalent plastic strain has dropped to 5% of the 
maximum total equivalent plastic strain in the substrate. 

The amount of flattening and the rise of asperities due to normal loading (and thus the 
real contact area) can be calculated by solving the energy, momentum and volume 
conservation equations (Hol 2013), (Shisode, et al. 2018). 
 

 
Figure 4.6. Schematic view of normal loading model. Adapted from 

(Shisode, et al. 2018). 

 

4.2.1.1 Energy conservation 

The sum of internal energies is equal to the external work on the sheet metal. The 
external energy is the average indentation (indentation factor) of the contacting 
asperities multiplied by the total normal load on the tool (Shisode, et al. 2018): 

 ?Y�� D #[�       Eq.  4-7 

� D �∑ #�,�∆B ,� F�O�∗
��� ∑ #�,�∆BI,��O�∗

��� � #[�     Eq.  4-8 
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in which: 

 ?@&  : external energy [Nmm] 

 #" : total normal load [N] 

 � : indentation factor [mm] 

 1 : number of contacting bars with the tool [-] 

 1∗ : number of non-contacting bars that come into contact due to the rise [-] 

 #$,� : normal load on bar i [N] 

 ∆B	,�, ∆B�,�	 : indentation of bar i in the coating and substrate respectively [mm] 

 
The normal load on each bar in contact is assumed to be equal to the hardness times its 
area.  

The internal energy is assumed to be the sum of the energy absorbed due to plastic 
deformation of bars ?�[�,��	and the energy required in shearing of bars during their 

relative motion ?�[�,IQ (Hol 2013). The energy required to raise non-contacting 

asperities is neglected in the energy equation. The internal energy is (Shisode, et al. 
2018): 

 

?�[� D ?�[�,�� F?�[�,IQ     Eq.  4-9 

 
?�[�,�� D ∑ ( ∆B ,�∆� F ∑ (I∆BI,�∆��O�∗

����O�∗
���    Eq.  4-10 

?�[�,IQ D 0�5 ∑ � �IQ, ∆7ℎ F 5I ∑ �I�IQ,I∆7ℎI�O�∗
����O�∗

��� �   Eq.  4-11 

 
in which: 
 ?%"&,A. : sum of energy absorbed due to plastic deformation [Nmm] 

 ?%"&,�� : energy required in shearing of bars during their relative motion [Nmm] 

 (	, (� : hardness of coating and substrate respectively [MPa] 
 ∆�  : contact area [mm2] 
 0 : number of sides of the bars in shearing (n=2 for 3D) [-] 

 5	, 5� : probability of contacting bars surrounded by non-contacting bars in 
coating and substrate respectively [-] 

 �	, �� : shear stress between moving bars of coating and substrate respectively 
[MPa] 

 ���,	, ���,� : shear area of coating and substrate respectively [mm2] 

 ∆7ℎ	, ∆7ℎ� : shear length in coating and substrate respectively [mm] 

 
The shear stress is calculated based on the von Mises yield criterion:  
 

� D �
√ �¡      Eq.  4-12 
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4.2.1.2 Force balance  

The total normal force is equal to the normal forces on contacting asperities and the 
shear force between contacting and non-contacting asperities of the coating (Shisode, 
et al. 2018): 

 #� D # ,[ F # ,IQ D ∑ ( ∆� F H1 − 5 K∑ � ¢/IQ�∗∗����O�∗
���    Eq.  4-13 

 
in which: 
 1∗∗ : number of non-contacting bars [-] 
 w : shearing area [mm2] 
 /�� : shearing length [mm] 

 

4.2.1.3 Volume conservation 

The total volume of the coating and substrate must remain constant (Shisode, et al. 
2018): 

 

∑ ∆B�∆� D ∑ ∆:�∆��∗������� F ∑ ∆:�∆��∗∗���     Eq.  4-14 

in which: 

 ∆z�  : indentation of bar [mm] 
 ∆u� : rise of non-contacting bars [mm] 

 

4.2.1.4 Normal load calculations 

The force balance, volume and energy conservation equations are written in stochastic 
form using the normalized height distributions (Hol 2013), (Shisode, et al. 2018). An 
example of the normalized height distribution is shown in Figure 4.7. The indentation, 
the rise of the bars and the fractional real contact area are calculated by solving the 
equations for a certain normal pressure by a Newton Raphson method (Hol 2013), 
(Shisode, et al. 2018).  

 

4.2.1.5 Normal load experiments 

The real contact area due to normal loading calculated by the model falls within the 
range of real contact areas determined from normal loading experiments (discussed in 
Section 3.2) at average contact pressures of 10 MPa and 20 MPa (Figure 4.8). In the 
experiments a range has been determined for the real contact area. The upper bound is 
the local top point and the lower bound is the start point from where the slope increase 
in the height distribution curves (see Section 3.2). At low pressures (5 MPa) the model 
predicts lower real contact area values than in the flattening tests at temperatures of 700 
and 800 °C. This might be due to inaccuracy in the calculation of real area of contact 
from height distributions at low contact pressures. 
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Figure 4.7. Normalized surface height 

distribution measured and a B-spline fit. 

 

a. b. 

  
c.  

 

 

Figure 4.8. Real contact area versus temperature determined from experiments (dots) and 

predicted by the model (grey line) at a. 5 MPa, b. 10 MPa and c. 20 MPa. The red squares 

represent the upper bound and blue circles the lower bound for the real area of contact.  
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In the initial contact there is indeed a smooth hard tool and a relatively soft rough sheet 
coating. However, wear is built up on the tool that consists of oxides, coating 
intermetallics and tool debris. The tool wear has two implications for the main 
assumptions in the normal load model. Firstly, the disparity in roughness between the 
tool and the sheet is greatly reduced. Secondly, the new hardness of the tool (including 
wear) is unknown. These factors result in a less accurate prediction of real contact area 
due to normal loading because the wear on the tool may also deform. Normal loading 
tests at 700 °C using tools with adhesive wear revealed that the wear on the tool does 
not deform significantly after loading but remains as it is, as shown in the surface 
profiles in Figure 4.9. However, some fracture is observed at sharp edges, see Figure 
4.10.  
 

a.  b.  

  
Figure 4.9. a. Position of cross section on the tool. b. Profiles of tool wear before (red) and 

after normal loading (blue) at 20 MPa. 

 

a.  b.  

  
Figure 4.10. Confocal measurement of the worn tool topography at a sharp edge of adhered 

material a. before and b. after normal loading at 20 MPa.  

 

4.3.2 Sliding 

The increase in real contact area during sliding is calculated by taking two mechanisms 
into account (Hol 2013). In the normal loading model, a flat tool is assumed and a force 
equilibrium between the applied load and calculated real contact area is present.  
However, during sliding the rough tool asperities plough through the softer work piece 
asperities. This means that only the frontal area (half) of the penetrating tool asperities 
are in contact. Therefore, the real contact area is first multiplied by two to satisfy force 
equilibrium.  
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The second mechanism is known as the junction growth phenomenon (Tabor 1959). 
Tabor stated that an additional tangential load has to result in an increase in real contact 
area due to the requirement to maintain a constant von Mises stress at yielded contact 
points, see Figure 4.11. The Tabor equation (Tabor 1959) is included to take this 
mechanism into account: 

 

> D £1 F -�+        Eq.  4-15 

in which: 

 > : increase in fractional real contact area [-] 
 k : constant shear factor [-] 
 � : coefficient of friction [-] 

 

 
Figure 4.11. Illustration of increase in contact area due to 

combined normal load and sliding (Tabor 1959). a. contact 

under normal load alone b. contact under normal load + 

sliding load. 

 

The value of k can be either determined by experiments (McFarlane and Tabor 1950), 
(Courtney-Pratt and Eisner 1957), (Kayaba and Kato 1978) or used as a fitting 
parameter (Hol 2013). Different experimental set-ups are used in the literature. 
McFarlane et al. (McFarlane and Tabor 1950) used experiments containing a steel ball 
supported on a fine steel wire sliding over a block of indium mounted on a slowly 
rotating table. The deflection of the wire is a measure of the frictional force. Courtney-
Pratt et al. (Courtney-Pratt and Eisner 1957) used contact between a spherically ended 
specimen on a flat plate. The normal load is applied by twisting of a torsion bar, while 
the tangential load is applied by bending a cantilever. Kayaba et al. (Kayaba and Kato 
1978) used a cylinder with two circular notches which represents a large-scale junction 
model. Table 4.3 gives an overview of the k values used in literature. 
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Table 4.3. Overview values k from literature. 

Author Method Materials COF k 

McFarlane and Tabor 1950 Experiment Steel – indium ~5 3 
Courtney-Pratt and Eisner 1957 Experiment Platinum 0<µ<1 12 
Kayaba and Kato 1978 Experiment Brass 

Phosphor-bronze 
Aluminium 
Mild steel 

0<µ<1 4.2 
5.5 
8.9 

19.8 
Hol 2013 Calibration Tool steel – blank 

material 
~0.15 55 

 

4.3.2.1 Calibration of k 

The k value is calibrated on the COF determined by HFT experiments (see Section 3.1). 
The current model underpredicts the real contact area with the experimentally 
determined k values from literature (k=3─20). To obtain for each experiment the 
minimum real contact values measured after the HFT test, a k value of 100 is necessary, 
see Figure 4.12. Regarding the scatter in the experiments a k value of 55 seems to be 
reasonable to fit the minimal real contact area. However, to find the upper limit of the 
HFT experimental range of real contact areas an even higher k is needed, which seems 
unrealistic based on the previous findings. 

Importantly, these high values of k result in an unrealistically high pressure dependency 
of the coefficient of friction, which is not in accordance with the HFT test results, see 
Figure 4.12b. Hardly any pressure dependency is observed in the HFT experiments. It 
should be mentioned that the experiments were limited to low contact pressures (2.5─10 
MPa).  
 

a.  b.  

  
Figure 4.12. a. Real contact area after sliding for several k values b. COF versus pressure for 

several k values at 700 °C. 

 

In the literature different trends are observed regarding the effect of pressure on the 
COF. Like in this thesis, Dessain et al. (Dessain, et al. 2008) (10─50 MPa), Vilaseca et 
al. (Vilaseca, Pujante and Casellas, et al. 2014) (3─6 MPa) and Kondratiuk et al. 



 
70 Modelling friction in hot stamping 

(Kondratiuk and Kuhn 2011) (2.5 & 4 kN) observed a negligible influence of the 
pressure on the COF. However, in other literature an increase (Merklein, Wieland and 
Fell 2014) or decrease (Ghiotti, Bruschi and Borsetto 2011), (Pelcastre, Hardell and 
Prakash 2011) in COF due to change in contact pressure is observed. Even disregarding 
the trend with pressure, such low COF values (~0.25 at 20 MPa) calculated with the 
friction model for k=55 are unrealistic compared with values measured in literature, see 
Figure 2.4b. Therefore, in case of a clean tool a k value of 5.5 is applied and in case of 
a tool with wear a k value of 2 is applied. 

With these applied k values (k=2 and 5.5), the real contact areas are not well predicted 
by the model. The theory behind the model might not be fully applicable in our situation. 
Junction growth results in an increase in the real contact area due to an additional 
tangential load. However, in hot stamping the increase in real contact areas is not only 
caused by plastic deformation but is actually due mainly to fracture of the coating. This 
can be easily observed by the very large amount of tool pollution, see Figure 3.15.  

 

4.3.3 Bulk deformation 

A decrease in hardness occurs due to bulk straining of the underlying material (Saha 
and Wilson 1994), (Sutcliffe 1988), (Wilson and Sheu 1988). Westeneng (Westeneng 
2001) developed a model to include this effect. The change in fractional real contact 
area due to straining is: 

 

X¤l
X�¥ = /? X¤l

XHcljXlK     Eq.  4-16 

in which: 

 �� : fractional real contact area after normal loading, sliding and straining [-] 
 <� : rise after normal loading, sliding and straining [mm] 
 �� : indentation after normal loading, sliding and straining [mm] 

 W : velocity parameter for which an empirical relationship is used [-] 
 l : mean half spacing between asperities [mm] 
 ��  : in plane strain [-] 

 

The change in fractional real contact area is calculated by solving the equations for the 
rise and indentation of the asperities while the strain is incrementally increased. 
Unfortunately, no data is currently available to validate the straining step at high 
temperatures.  

 

4.4 Shear stresses & COF 
 

The friction is calculated in three steps. In the first step the contact patches are 
determined by binary image processing techniques, see Figure 4.13. Elliptical 
paraboloids are fitted through the height data and in this way the attack angle can be 
determined (Ma, de Rooij and Schipper 2010). With this attack angle, the friction force 



 
71 Modelling friction in hot stamping 

of each contact patch can be calculated using the Challen and Oxley model (Challen 
and Oxley 1979). In the third step, the overall coefficient of friction is calculated.  
 

a. b. 

 
 

Figure 4.13. a. Schematic view of contact patches and b. Geometric characteristics of an 

elliptic paraboloid fitted on asperities. Figure adapted from (Ma, de Rooij and Schipper 2010). 

 

4.4.1 Interfacial shear strength 

In Challen and Oxley’s model (Challen and Oxley 1979) the COF is dependent on attack 
angle and shear factor. This shear factor is defined as the shear strength of the interfacial 
boundary layer divided by the shear strength of the plastically deforming material.  

To determine the effect of pressure on interfacial shear strength, Westeneng et al. 
(Westeneng 2001) made power law fits through experimental data from literature. In 
this thesis, a power law model has been extended with temperature, see equation 4.17.  

 

4.4.1.1 Power law model 

Several authors measured interfacial shear strengths (Timsit and Pelow 1992), (Briscoe, 
Scruton and Willis 1973). Timsit and Pelow (Timsit and Pelow 1992) measured 
interfacial shear strengths for stearic acid on Aluminium. Westeneng (Westeneng 2001) 
fitted the reported values of the experiments with power laws. An extra temperature 
variable is added to Timsit and Pelow’s model. The boundary layer shear strength is 
formulated as: 

 

�� = ¦(Y]][i§2j¨M    Eq.  4-17 

(Y]] = \b©ª
¤        Eq.  4-18 

in which: 

 τ. : boundary layer shear strength [Pa] 
 2"34  : nominal contact pressure [Pa] 
 (��  : effective hardness [Pa] 

 T : absolute temperature [K] 
 c,n,m  : constants 
 � : fractional real contact area  
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The constants c, m and n are calibrated relative to the strip-draw tests for the 
combination of a clean tool and Al-Si coating and the combination of wear on the tool 
and Al-Si coating. The values listed in Table 4.4 give the best agreement with the 
experimental data.  
 

Table 4.4. Parameters of interfacial shear strength model. 

 ¦ 0 J 

Timsit and Pelow’s 3.94 0.81 - 
Clean tool 9 0.81 2 10-3 
Tool wear 4.8 0.81 1 10-5 

 

Figure 4.14 shows the calculated boundary layer shear strength for the case of a clean 
tool and the case with wear on the tool. The boundary layer shear strength of the case 
with wear on the tool is higher compared to the case of a clean tool for various 
temperatures. The higher boundary layer shear strength in the case of a worn tool might 
be due to welding of the adhered coating material on the tool surface and the coating on 
the sheet metal. Therefore, it can be expected that the boundary layer shear strength is 
essentially the shear strength of the coating. Tool wear is temperature dependent and 
for each temperature calculations are performed with their own topography 
measurement. This explains why the line is less smooth than that of the clean tool in 
Figure 4.14. 
 

 
Figure 4.14. Interfacial boundary layer 

shear strength for clean tool and tool with 

wear. 

 

4.4.2 Single asperity 

The friction coefficient at an individual contact patch is calculated with the Challen and 
Oxley model (Challen and Oxley 1979). An attack angle is calculated for a wedge-
shaped asperity. From this attack angle, the active mode (cutting, ploughing, wear) is 
determined by a wear mode diagram (Challen and Oxley 1979), (Hokkirigawa and Kato 
1988), see Figure 4.15.  
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The friction coefficient in the cutting regime is (Challen and Oxley 1979): 

 

� � = ¬E0 R� − �
 ® + �

+ E�¦¦�7H� KV     Eq.  4-19 

 

The friction coefficient in the ploughing regime is (Challen and Oxley 1979): 

 

�\Z = v¯ I�[ °O ±IH�²  ±IH]³j°KK
v¯ I�[ °OI�[H�²  ±IH]³j°KK     Eq.  4-20 

�� = 1 + �
+ ® + E�¦¦�7H� K − 2� − 2E�¦ 7�0 ´ I�[H°K

��j]³ �¯/W¶   Eq.  4-21 

The friction coefficient in the wear regime is (Challen and Oxley 1979): 

 

�·Y D ¸�j+I�[ vWO��j]³W�¯/W¹ I�[ °O]³  ±I °
¸�j+I�[ vWO��j]³W�¯/W¹  ±I ° j]³ I�[ °     Eq.  4-22 

�+ D 1 − �
 ® − �

+ E�¦ ¦�7 � + E�¦ 7�0 ´ I�[ °
��j]³ �¯/W¶    Eq.  4-23 

in which: 

 � : attack angle [-] 
 �	 : shear factor [-] 

 

 

Figure 4.15. Wear mode diagram. 
 

The shear factor is defined as: 

 

� = ºp
oP       Eq.  4-24 

in which: 

 �� : shear strength of interfacial boundary layer [MPa] 
 ks  : shear strength of the plastically deforming material [MPa] 
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The shear strength of the interfacial boundary layer is described by a power law (see 
Section 4.1.2). The shear strength of the plastically deforming material can be expressed 
by: 

 

-I = »
¼√       Eq.  4-25 

in which: 

 H : hardness [MPa] 
 B : hardness factor [-] 

 
The factor B is approximately equal to 2.8 and was experimentally determined by Tabor 
(Tabor 1970). 

Figure 4.16 a. shows the effect of the shear factor and b. the effect of the attack angle 
on COF. A higher shear factor in the ploughing and wear regime results in a higher 
COF, while in the cutting regime it results in a lower COF. The clean tool situation 
results in �  values between 0.14-0.23 while the worn tool situation results in �  values 
between 0.53-0.61. A larger attack angle generally results in a higher COF, except if a 
step is made to another regime, see Figure 4.16b. 
 

a. b.  

  
Figure 4.16. a. COF versus shear factor for an attack angle of 25 degrees and 35 degrees of 

attack angle b. COF versus attack angle for shear factors of 0.2 and 0.6. 

 

4.4.3 Multiple asperity model 

The model developed by Ma (Ma, de Rooij and Schipper 2010) is used to determine the 
attack angles. The sheet and tool surface are projected onto each other. The sheet surface 
is adapted for the amount of flattening and rise of asperities. 

Binary image processing technique is used to identify contact patches. An elliptic 
paraboloid is fitted through a contact patch. The effective attack angle between the 
elliptic paraboloid and the counter surface is calculated (Hol 2013), see Figure 4.13: 

 

�Y]] = E�¦¬E0 R+½
�¾ V     Eq.  4-26 
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in which: 

 ��� : effective attack angle [-] 
 2�

E�  

 

: tangent of elliptical paraboloid [-] 

The effective attack angle is needed to calculate the friction force on a contact patch. 
This friction force is calculated by the Challen and Oxley model (Challen and Oxley 
1979). However, the Challen and Oxley model is a 2D plane strain expression. 
Therefore a shape factor was introduced by Hokkirigawa & Kato (Hokkirigawa and 
Kato 1988) to adjust the effective attack angle from a 3D to a 2D situation. A shape 
factor of 0.8 is applied in the friction model, which they found for brass, carbon steels 
and austenitic stainless steels.  

 

4.4.4 Coefficient of friction 

The overall coefficient of friction is calculated by dividing the sum of all individual 
friction forces of the contact patches by the total normal load, which in itself is also the 
sum of the loads on all contact patches (Hol 2013):  

 

� D ¿̀
`À D ∑ ÁÂH°ÂKvÂ»ªÂÃ¯∑ vÂ»ªÂÃ¯

     Eq.  4-27 

in which: 

 m : number of contact patches [-] 
 µ i : friction coefficient of contact patch i [-] 
 �i : attack angle of contact patch i [-] 
 Ai : area of contact patch i [mm2] 
 H : hardness [MPa] 

 

In the friction calculations, the tool (surface) topography is important for the 
determination of the contact angles. In hot stamping the tool wear is severe, occurs very 
fast and modifies the tool texture. Confocal measurements are performed on the clean 
tool surface and on the tool surfaces after ten sliding repetitions of 220 mm each. 
Calculations with a clean tool result in a predicted COF of 0.22, which corresponds to 
the start value of the friction curve versus displacement from the experiment. 
Calculations with worn tools result in a COF value of 0.52 which corresponds to the 
final value of 0.50 from the experiments, see Figure 4.17. The COF value increases due 
to larger attack angles and a higher interfacial shear strength factor (0.6 vs 0.2). The 
percentage of asperities (in the model) in the cutting regime for a clean tool (~5 %) is 
smaller than for the situation for a tool with wear (~8-29%), see Figure 4.18.  
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Figure 4.17. Friction coefficient versus displacement from experiment. First sample 

calculation with clean tool. Last sample calculation with tool wear. 

 

 
Figure 4.18. Percentage of asperities in the 

cutting regime for a clean tool and a tool surface 

with wear. 

 

4.4.4.1 Clean tool calculations 

The clean tool is not a stable situation since tool wear starts immediately. This in turn 
explains the increase in COF values from the experiment (Figure 4.17). The first point 
of each measurement is taken for the experimental value of COF of a clean tool at the 
given temperature. The interfacial shear strength parameters are calibrated (for k =5.5) 
and the best fit over the temperature range is obtained with the values C=9, n=0.81, 
m=2 10-3, see Figure 4.19.  

No information is available on the real contact area, since a clean tool is not a stable 
situation. The clean tool situation is also less relevant since wear occurs immediately 
on the tools. This can be observed in the first 10 mm of sliding of the first pass (Section 
3.3.1), after the first slide in the HFT test (Figure 3.22) and also after the first sample of 
a top hat, see Figure 5.4.  
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a. b. 

  
Figure 4.19. COF versus temperature for a clean tool. Experimental value red dots. a. 

influence C value interfacial shear strength and b. influence m value interfacial shear strength. 

 

4.4.4.2 Tool wear 

The interfacial shear strength parameters are calibrated for k=2. For each temperature, 
calculations are performed with the three tool topographies of Figure 4.3. Only a small 
temperature dependency in the interfacial shear strength is included (m=10-5), since 
otherwise an unrealistic increase in COF occurs for the validation case where tool wear 
at only one temperature is measured, see Figure 4.20b. A value of C=4.8 and m=10-5 

result in the best fit (see Figure 4.20) and will be used for the validation case in Chapter 
5.  

 

a. b. 

  
Figure 4.20. a. COF versus temperature for several C values of interfacial shear strength b. 

COF versus temperature for two different combination of parameters.  

 

The COF becomes more or less independent of temperature after a certain number of 
strokes during the experiments. The tool wear, however, is temperature dependent. For 
each temperature, confocal measurements of the tool have been made after ten slides. 
At lower temperatures (< 600 °C), a large area of the tool is covered with adhesive wear. 
At higher temperatures (> 600 °C), abrasive and adhesive wear are both visible. The 
tool wear is more inhomogeneous at low temperature than at higher temperatures, which 
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is shown in Section 3.4.3 and Figure 4.21. This results in larger sensitivity to the 
measurement position for high temperatures than for low temperatures, see Figure 4.21. 
 

 

Figure 4.21. COF versus temperature for three different worn tool surface textures, in 

comparison with experimental values. 

 

4.5 Discussion 
 

In this investigation, an existing multi-scale model has been extended for hot stamping 
by including temperature dependency and coating effects. The model is based on plastic 
deformation, while in hot stamping fracture and loose particles play an important role; 
these cause some of the discrepancies.  

Several assumptions of the model are not or only partially fulfilled. One of the 
assumptions is that a hard flat tool ploughs through the soft rough surface. In the initial 
situation this is indeed the case. However, in case of tool wear, the roughness of the tool 
is not always lower than the roughness of the sheet (workpiece). This will result in a 
less accurate prediction of the real contact area in the normal loading step where a 
perfectly flat tool is assumed. Also the hardness of the tool with wear is unknown and 
might not exceed the sheet coating hardness. However, the tool wear content is a 
combination of oxides, sheet coating intermetallics and tool debris. And normal loading 
tests using a tool with wear revealed almost no deformation of the adhered material 
(wear) on the tool. The main deformation (fracture) occurs in the sheet coating. The 
mechanism of the tool asperities (or tool wear) ploughing through the sheet is observed 
in the whole temperature range. It may be concluded that the model is at least partially 
valid.  

The determination of the real contact areas in the experiments is difficult due to a non-
flat tool, elasticity and fracture of the asperities. Therefore, an experimental range has 
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been indicated. The real contact areas calculated by the normal load model fall within 
this range. The real contact areas after sliding can be fitted with the k factor of Tabor’s 
model; however, this results in an unrealistic pressure dependency and therefore a lower 
value is used. Thus, the model is a compromise between pressure dependency and real 
contact area.  

The calibration of interfacial shear strength values for a worn tool is not straightforward, 
since the tool wear is very inhomogeneous. The influence of the inhomogeneity makes 
the calibration of the interfacial shear strength parameters difficult. Only a small 
temperature dependency in the interfacial shear strength is included (low m value), since 
otherwise an unrealistic increase in COF values occurs for the validation case where 
tool wear at only one temperature has been measured. A better alignment of the tools 
will result in a better homogeneity.  

In Chapter 3, the measurements revealed that the COF is temperature independent after 
a certain number of slides. Which raises directly the question whether it is useful to 
make a temperature dependent friction model. Could it not be better to use just one 
constant measured friction coefficient? However, to be able to predict the friction 
accurately it is necessary to have a good description of the tool texture. The evolution 
of tool topography is temperature dependent and therefore temperature effects should 
be included in the final model. 

 

4.6 Closure 
 

In this chapter a multi-scale friction model is extended to make it applicable for hot 
stamping. To calculate friction coefficients during hot stamping, it is necessary to 
include tool wear. The effect of tool wear is demonstrated in the model using a clean 
tool topography (start of the HFT test) and worn tool topography (end of HFT test) to 
calculate COF. The calculated values satisfactorily represent the observed effect of 
increase in COF in the first sliding test.  

The tool wear is temperature and pressure dependent. To accurately predict the COF in 
a press hardening process it will be necessary to have tool topography measurements at 
several locations at a specific number of parts. A realistic galling model could be 
developed and combined with this friction model to overcome all these measurements.  

 





 

 

 

 

5 Application to Forming processes   
 

 

In the previous chapter a friction model for hot stamping was described. In this chapter 
the implementation of this friction model in FE simulation of hot stamped parts will be 
discussed. For this purposes, two different parts are hot formed and their experimental 
results are compared with FE predictions that implement the friction model which was 
calibrated in the previous chapter. The top hat product is discussed in Section 5.1 and 
the cross die product is discussed in Section 5.2.   
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5.1 Top hat product 
 

The first product for the validation of the friction model is a top hat shaped part. The 
experiment is outlined in Section 5.1.1. The comparison of the experimental results with 
the FE predictions is discussed in Section 5.1.2. 

 

5.1.1 Experimental set-up 

The Al-Si PHS blank (350 x 250 x 1.51 mm) is heated in a roller hearth furnace (930 
°C, 6 min). Thereafter, the blank is transported to the press (~7 seconds) where the blank 
is formed as soon as it reaches a temperature of 700 °C. During waiting the blank is 
lying on four distance pins. A spacer distance of 1.65 mm is applied between 
blankholder and die, which holds the sheet without applying a normal force. No 
lubrication is applied on the sheet or the die. The die is new and the punch is relatively 
clean. Confocal measurements of the tools at the radius have been performed before 
drawing, after 5 and 50 strokes, see Figure 5.4. These will be used as the input for the 
friction model. 
 

Table 5.1. Process parameters of the top hat experiments.  

Furnace Tool  Process 
Time  6 min Material  1.2344 Temperature 700 °C 
Temperature  930 °C Hardness   48 HRC Velocity 100 mm/s  
Transport time 7 seconds Radius  5 mm Height 50 mm 

 

 

Figure 5.1. Schematic view of top hat tools. 

 

The experiment shows that tool wear is one of the predominant factors during forming 
top hats. After hot stamping, scratches in the wall of the top hat are visible. These 
scratches occur due to the adhesive wear on the tooling and are visible even in the first 
product. The scratches and the galling become more severe after more repetitions, see 
Figure 5.2 and Figure 5.4.  
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a.  b.  c.  

   
Figure 5.2. Photographs of side wall of a. 1st product, b. 5th product and c. 50th product  

 

Thickness measurements are performed on the 1st, 5th and 50th sample. The measured 
thickness in the wall is between 1.41–1.42 mm. No obvious difference in thickness is 
observed between the three products. Differences in wall thickness between the three 
products are in the order of 0.01 mm, which is also the measurement accuracy. 
Furthermore, the positioning of the blank was not always perfect, resulting in a slight 
difference in wall thickness on both sides of the part.  

In hot stamping, springback can often be neglected. The width of all products has been 
also measured as an indication of draw-in. These will be used for comparison with FE 
predictions. The draw-in is calculated from the width (draw-in = (original width – 
width) /2) and compared with FE simulations in Section 5.1.2. The difference in draw-
in between the products is small (0.8 mm), see Figure 5.3. It seems that the draw-in 
starts at a higher level, whereafter it decreases and reaches a more or less stable level, 
with some outliers. The outliers could possibly be explained by the dynamic nature of 
the wear. Adhesive wear is built up on the tools and can also break off (see Section 3.4) 
which could cause some variation in the tribological behaviour of tools and therefore in 
the process.  
 

 
Figure 5.3. The variation in draw-in during 

top hat production.  
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5.1.2 FE simulation of top hat 

FE simulations for the top hat have been performed, incorporating the calibrated multi-
scale model developed in the previous chapter. The input for the simulations is 
discussed in Section 5.1.2.1. The results of the FE simulations are presented in Section 
5.1.2.2 

 

5.1.2.1 Input FE simulation 

Friction coefficients are calculated with the actual tool and sheet surface topography 
with the friction model of Chapter 4. The friction coefficients are the basis of ‘friction 
files’ which are used in the FE simulation. 

Top hats have been pressed from Al-Si coated press hardening steel. The coating 
properties are the same as those in Section 4.1.3.2. The substrate material model 
parameters are listed in Table 5.2 and Table 5.3. The hardening curves are determined 
with the Abspoel-van Liempt material model. A Vegter yield surface is used. An 
elasticity modulus of 1.05 105 MPa is used for PHS in austenitic state. The heat transfer 
coefficient is pressure dependent and listed in Table 5.4. 

 

Table 5.2. Parameters of substrate material model. 

 �� <′ � -� ∆'� ��∗ ��� 

PHS2 30 Max(0.0102∙T2-
29∙T+21500+215 

lnH�K� ;500) 

-0.326∙lnH�K�  
+0.0103∙T+3.25 

8.617 ∙10-5 3.5 210 1012 

 

Table 5.3. r values of the substrate at several temperatures.  

Temperature r0 r45 r90 

600 °C 0.65 0.58 0.78 

700 °C 0.72 0.81 0.88 

 

Table 5.4. Thermal properties in FE simulation. 

 20  
°C 

950 °C    

HTC to ambient (mW/(mm2K)) 0.020  0.145    

HTC to tool (mW/(mm2K)) 3.5     

With pressure dependency 0 MPa 1 MPa 2 MPa 3 MPa 20 MPa 

Scaling factor 0.3 0.7 0.8 0.9 1 
 

Separate friction files are constructed for the contact between punch-sheet metal and 
die-sheet metal. The die shows severe build-up of wear on the radius and therefore 
friction files are made for three situations: a. clean tool (before testing), b. moderate 
wear (after 5 strokes) and c. severe wear (after 50 strokes). The punch shows negligible 
increase in wear and therefore only one friction file for the punch has been constructed.  
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The confocal measurements of the die (at radius 45°), the punch (using replica at radius 
45°) and the sheet surface, presented in Figure 5.4, are used as input for the multi-scale 
friction model. 
 

a. Sheet surface b. Punch surface 

  
c. Clean die d. Die after 1 stroke 

e. Die moderate wear f. Die severe wear 

Figure 5.4. Confocal measurements of a. the sheet surface b. the punch (replica measurement), 

c. the clean die radius 45° d. the die radius 45° after 1 stroke, e. the die radius 45° after 5 

strokes and f. the die radius 45° after 50 strokes. 

 

The friction model provides the real area of contact and COF as a function of process 
parameters, namely contact pressure, strain and temperature. The COF values are in the 
expected range (0.28-0.68), see Figure 5.5. The lowest COF values are obtained for the 
clean die while the highest COF values are obtained for the case simulating severe wear. 
The punch is somewhat rougher than the clean die, resulting in higher friction. The 
difference between moderate and severe wear on the die is relatively small. Low 
temperature dependency is observed due to the calibration of the interfacial shear 
strength model from the HFT experiments (see Section 4.4.4.2). Increased pressure, 
however, results in a decrease of COF, which is observed in some although not all of 
the literature, see also Section 4.3.2.   
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a. b. 

  
Figure 5.5. Friction values for clean die, punch, die with moderate wear and die with severe 

wear. a. cross-section at constant strain of 0. b. cross-section at constant temperature of 700 

°C. 

 

5.1.2.2 FE simulation of top hat.  

Validation simulations for the top hat are performed for the first product (friction files: 
clean die & punch), 5th product (friction files moderate wear & punch) and 50th product 
(friction files severe die wear & punch). The top hat shows COFs between 0.30 and 
0.60 for clean tools, between 0.41 and 0.60 for a die with moderate wear and between 
0.41 and 0.68 for a die with severe wear. All these values are at 50 mm drawing depth, 
see Figure 5.6.  
 

a. Clean die b. Moderate wear on die  

 
 

c. Severe wear on die  
 

Figure 5.6. Coefficient of friction distribution at the last increment of simulation after 50 mm 

of drawing for a. 1st product , b. 5th product and c. 50th product.  
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Figure 5.7 shows the results for the FE simulation of the top hat for product 1 (clean 
die), product 5 (moderate wear) and product 50 (severe wear). Furthermore, an 
additional simulation was performed using a constant friction of 0.45. In both the 
simulation and experiment, the product shows low sensitivity to friction. Usually, in 
cold deep drawing, the top hat product is sensitive to friction due to the blankholder 
force. The blankholder force is not present in hot stamping since spacers are used, which 
apparently lower the sensitivity for friction. In the FE model less thinning and more 
draw-in are predicted than in the experiment. The error is somewhat larger for the first 
product, since a ‘clean tool’ friction file is used while wear already builds up on the 
tooling during the first slide. The prediction with the multi-scale friction model is 
slightly better than the prediction with a Coulomb COF of 0.45. 
 

a. b. 

  
Figure 5.7. a. minimum thickness of the top hat wall measured from experiments and calculated 

from simulations and b. draw-in obtained from experiments and simulations. 

 

5.2 Cross die product 
 

Cross die products have been pressed with two different starting temperatures. In 
addition, strain measurements have been performed for these products. No topography 
measurements are performed on the cross die tools. These tools were cleaned for the 
next test series and could not be measured for the accumulation of the wear (galling). 
Therefore the friction file ‘moderate wear’ of the top hat is used. The cross die tools 
have been cleaned after approximately every five strokes, thus no severe wear was built 
up on the tools. Section 5.2.1 discusses the experimental set-up and section 5.2.2 
includes the comparison between simulations and experiments.  

 

5.2.1 Experimental set-up 

Al-Si coated PHS steel blanks are heated in a roller hearth furnace (6 min - 930 ºC). 
After the heating phase the sheet is transported to the pre-cooling unit, where it is cooled 
to a target temperature with forced air. The blank (260 x 260 x 1.51 mm) is then 
transported to the press (~7 seconds) where the blank is formed. The spacer distance 
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between die and blankholder is 1.65 mm during forming. No lubrication is applied to 
the sheet or the die.  

The temperature at start of pressing is measured by a pyrometer. The tests are performed 
at two target blank temperatures, namely 640 and 730 °C. At each specific temperature 
the maximum height before fracture is determined by visual inspection. At this 
maximum height a strain measurement is performed. The maximum height at 640 °C is 
29 mm, while the maximum height at 730 °C is 28 mm. The tool material is 1.2331 with 
a hardness of 60 ± 2 HRC. The set-up is shown in Figure 5.8.  
 

a.  b.  

  
Figure 5.8. The cross die experiment. a. facility b. the cross die product with grid for strain 

measurement. 

Table 5.5. Process parameters for cross die product.  

Furnace Tool  Process 
Time  6 min Material  1.2331 Temperature 640 and 730 °C 
Temperature  930 °C Hardness  60 ± 2 HRC Velocity 100 mm/s  

Transport time 7 seconds   Height 28 and 29 mm 

 

The coating fractures and produces a large amount of dust that is deposited on the tool 
(Venema, et al. 2019). The coating fracture is temperature dependent (Hirose, et al. 
2003), (Venema, et al. 2019). After each test the dust is removed from the tools with 
tissues.  

 

5.2.2 FE simulation of cross die product 

Cross-die product experimental results have been used to validate the friction model as 
well. The tool in cross die forming is found to exhibit moderate wear, therefore the 
moderate wear friction file of Section 5.1 is used in the FE model. The friction 
coefficient is between 0.39 and 0.64 for a start temperature of 640 °C and between 0.39 
and 0.66 for a start temperature of 730 °C, see Figure 5.9. Thus, there are only slight 
differences in COF between the two temperatures.  
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a.  b.   

 
Figure 5.9. Coefficient of friction distribution for a. 640 °C 29 mm and b.730 °C 28 mm. 

 

Three simulations have been performed: two with constant Coulomb friction (0.45 and 
0.8) and one with the friction coefficients obtained from the multi-scale friction model. 
The simulation results are compared with the experiment. The constant Coulomb 
friction of 0.45 underpredicts the punch force, while the constant Coulomb friction of 
0.8 overpredicts the punch force. With the multi-scale friction model, however, the 
punch force is well predicted for both temperatures, see Figure 5.10. 
 

  
Figure 5.10. Punch force versus displacement for forming at the start temperature of a. 640 °C 

and b. 730 °C. Experiment compared with simulation with constant Coulomb COFs and multi-

scale friction model. 

 

The measured maximum major strains are high (0.7 at 640 °C and 0.46 at 730 °C). The 
very high maximum major strain for 640 °C is measured within a neck. The cross die 
at 730 °C is critical in the experiment. In the experiments, the major strains are not the 
same in the four corners because the blank is not accurately positioned. The maximum 
major strains in the four corners at 730 °C are 0.36, 0.40, 0.45 and 0.46 respectively. 
The maximum major strains at corresponding drawing depths in the simulations are 
much lower ( ̴ 0.25 at both temperatures). Even an unrealistically high COF of 0.8 still 
results in an underprediction of the measured strains), see Figure 5.11. 
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a.  

 
b.  c.  d.  

    

   
Figure 5.11. a. major strain measurement and b. prediction of strain at 730 °C with standard 

constant Coulomb COF of 0.45, c. multi-scale friction model and d. constant Coulomb COF of 

0.8 versus experimental results (red dots).  

 

Underprediction of the strains could be caused by wrinkling, the description of material 
model or thermal calculations. Wrinkling occurs at both forming temperatures (see 
Figure 5.12) and they have a total peak to peak height of approximately 0.1 mm, which 
is in the same order of magnitude as the blankholder clearance (0.14 mm). The height 
of the wrinkles depends on the exact measurement position. The wrinkles may cause an 
additional restraining force against material flow, which is not well described in the FE 
simulations with shell elements. 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. In that case the punch force was overpredicted, however. 
 

 

 

 

Figure 5.12. Wrinkle height measured on the sheet surface at two start forming temperatures. 

Arrow indicates measurement position. 
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The simulation is sensitive to the material description. The material description in the 
model could also account for some deviation from the experimental results. The strain 
rate sensitivity is relatively large, which could cause the lower strains since it suppresses 
the localization of the strains. However, Abspoel et al. model (Abspoel, Neelis and 
Liempt 2016) showed good agreement between experiment and simulation in their 
investigation. While the simulation performed thus far showed underprediction of the 
strains, a simulation file with a material file supplied by AutoForm showed 
overprediction. The AutoForm data has far less hardening which could explain the 
difference in results. The r-values are completely different too. But the simulation is 
less sensitive to the r-values. These cross dies are critical and (close) by the necking 
regime. In this regime, the simulation is very sensitive to the material description. 
Further investigation on material description in the necking regime is necessary.  

Thermal properties could also cause deviations. Standard values of heat transfer 
coefficients are used in the current analyses. A sensitivity analysis using a heat transfer 
coefficient twice as high did not increase the major strains enough, while the maximum 
punch force was slightly overpredicted and the temperature already drops to 460 °C. As 
this is close to the martensite transformation start temperature and as formability of 
martensite is low, this is the realistic limit of the heat transfer coefficient.  

 

5.3 Closure 
  

Two products have been used to validate the friction model: the top hat and the cross-
die products. The top hat was found not to be friction sensitive and therefore the effect 
of wear on thickness or draw-in could not be seen. The thickness and draw-in are 
predicted reasonably well.  

In case of the cross die, the punch force was well predicted; however, the strains were 
underpredicted. The underprediction of strains cannot be explained by the friction 
coefficient or the thermal description. The wrinkling causes an extra restraining force 
which cannot be well described by the shell elements in AutoForm. However, an extra 
restraining force will alter the punch force as well. Most likely the material description 
is not correct in the necking regime or close to it.   

It is recommended that another validation study be performed on a product which has 
no wrinkling and is more friction sensitive. In this new validation study the build-up of 
wear should be examined and regular measurements of the surface topography should 
be performed.





 

 

 

6 Conclusions & recommendations      
 

 

The aim of this investigation was to give an insight into the friction and wear 
mechanisms and to develop and validate a multi-scale physics-based friction model for 
hot forming of Al-Si coated material. In the previous chapters the work was presented 
and discussed. Conclusions and recommendations are given in this final chapter.  

  



 
94 Conclusions and recommendations 

6.1  State of the Art 
 

A huge amount of experimental friction and wear data for hot stamping is available. 
The wear mechanism is well understood, but less attention has been paid to the friction 
mechanism and modelling. Hot stamping formability analyses normally use a constant 
Coulomb friction coefficient which does not describe the friction phenomenon in hot 
stamping realistically. In the FOSTA project (Merklein 2018) a large database of 
measured friction coefficients has been created and a phenomenological-based friction 
model has been developed. This friction model is temperature, pressure and velocity 
dependent. A physics-based multi-scale model exists for room temperature deep 
drawing applications, which is extended for hot stamping in this thesis. 

Physical data is necessary to model the friction accurately. However, some data is 
missing such as material behaviour of coating, interfacial shear strength and a wear 
mode diagram for hot stamping. To address these shortcomings, the following points 
can be considered: 

• The characterisation of the material behaviour of the AlSi coating is 
important for the contact model. This characterisation may be done by 
producing bulk material of the various intermetallics. Plasticity tests at 
higher temperatures should be performed on this bulk material.   

• No measurement data is available on the interfacial shear strength at high 
temperatures for the Al-Si coating. Even the trend with increasing 
temperature is not clear. It is difficult to measure the interfacial shear 
strength at high temperature due to oxidation of the surface, since the 
surface needs to be very smooth.  

• It is unknown whether the existing wear mode diagram is applicable for 
hot stamping. The wear mode diagram is important since it determines 
the friction coefficient in the different regimes. Tests should be carried 
out to create a wear mode diagram for hot stamping.  

Measuring more friction data seems not to be the way forward. It is worthwhile working 
on a friction model to better understand the friction mechanism and the different trends 
observed in the literature.  

 

6.2 Friction and wear mechanism 
 

Normal load tests revealed that both fracture and plastic deformation occur during 
normal loading of the surface. Voids underneath the surface are collapsing. A higher 
pressure results in more fracture and higher real contact area. Higher temperature also 
results in a higher real contact area. It is difficult to determine the fractional real contact 
area due to fracture, elasticity and tool roughness. Therefore a range of fractional real 
contact area have been defined. It is recommended to investigate other possibilities to 
determine the real contact area.  
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In the HFT tests, four stages are identified at the interface between tool and sheet 
coating during hot stamping: 

1. Flattening due to initial normal contact 
2. Ploughing of tool asperities through coating in the case of a clean tool. 
3. Secondary ploughing in the coating by adhered material on the tooling 
4. Abrasive wear in the tool by embedded particles in the sheet metal coating. After 

ten samples almost no embedded particles are observed anymore in the sheet 
metal coating due to build-up of adhesive layers – or rise of a compacted layer – 
on the tooling. 

The global friction coefficient is controlled by an accumulation of material and reaches 
a stable level of ~ 0.5 after three passes. The COF is less sensitive to temperature after 
tribolayers are built up on the tool surface. The number of strokes investigated is 
limited. It is believed that the friction and wear mechanism found in the hot strip draw 
test are representative of the friction and wear mechanism observed in industry, 
particularly in the initiation stage. However, it would be interesting to increase the 
number of strokes and investigate the relation between galling and friction further. 

Wear starts to build up immediately. Asperity crushing is found to generate debris and 
a lot of dust: this plays an important role in compaction galling and leads to two and 
three body abrasive wear mechanisms. The formation of tool wear in direct press 
hardening is temperature dependent and results in different tool topographies. At high 
temperatures, larger abrasive areas and more severe compaction galling occur. This 
could be related to the mechanical properties of the coating at different temperatures 
and the size of the fractured coating particles, which are larger at higher temperatures.  
Compacted galling regions consist of larger particles at high temperatures; this is in 
agreement with the size of the fractured coating particles at higher temperatures.  

The influence of temperature has been extensively investigated; however, the 
investigation of pressure dependency is limited. Compaction galling and adhesive wear 
are pressure dependent and friction coefficients at several pressures are necessary to 
calibrate the friction model. In the HFT tests, pressures cannot be increased above 10 
MPa, due to plastic deformation in substrate at higher values of the pressure. Therefore, 
it is recommended to investigate the pressure dependency with a different test set-up.  

It is clear that the wear and friction behaviour are controlled primarily by material losses 
and material transfer. Tool and sheet surface asperities fracture due to thermo-
mechanical loading and a lot of wear debris originates from the sliding contact. Particles 
can be embedded in the sheet and cause abrasive wear of the tool, and/or they can play 
a role in compaction galling on the tool and/or cause three-body abrasive wear. The 
control of these material losses would lead to a cleaner and more predictable process. 
This may be achieved by modifying the surface of the sheet being formed, to reduce the 
large number of asperity peaks and voids underneath the surface which are considered 
to lead to the initial generation of wear debris. Different sheet coatings or changed 
heating cycles may assist in reducing the debris formation. Alternatively, the tooling 
itself could be modified chemically or by surface texturing to either promote material 
ejection from the contact or reduce mechanical locking. Finally, high-temperature 
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lubricants could be developed to reduce the friction coefficient and to ultimately obtain 
a stable and predictable friction.  

 

6.3 Multi-scale friction model 
 

An existing multi-scale model has been extended for hot stamping by including 
temperature dependency and coating. Material description and topography 
measurements of the sheet metal and tool are necessary to calculate the real contact 
areas and COF.  

The real contact areas calculated by the normal load model fall within the experimental 
range. The real contact areas after sliding are underpredicted, except if a higher k-value 
for the Tabor model is used. With a higher k-value the real contact area is well predicted, 
but COF values at higher pressures are then underpredicted. Due to extensive fracture 
of asperities the real contact area could be higher than the model (based on plastic 
deformation) predicts.   

To calculate friction coefficients during hot stamping, it is necessary to include tool 
wear. The effect of tool wear is made visible in the model by calculations with a clean 
tool topography (start of the HFT test) and worn tool texture (end of HFT test). The 
interfacial shear strength parameters were calibrated with the HFT results. Only a small 
temperature dependency in the interfacial shear strength has been included (low m-value 
in eq. 4.17). Otherwise an unrealistic increase in COF values occurs at lower 
temperatures when only one tool topography is read in for the whole temperature range. 

The model for a clean tool shows the same trend regarding temperature as the first 
experimental point in the COF displacement curve. However, this situation is not stable 
and is less relevant because of the immediate build-up of wear on the tools. 

The model for a worn tool shows higher sensitivity of the COF regarding to the 
temperature than the experiment, probably due to the inhomogeneity of the tool wear. 
Three surface topographies for each temperature are used and a relatively wide range in 
COF is observed, especially at higher temperatures. A better alignment of the tools will 
probably result in a better homogeneity. 

Two possible explanation for the discrepancies between the model and experimental 
results are: 

1. The model is based on plastic deformation, while fracture and loose particles 
play an important role in hot stamping. Incorporating fracture in the model 
could improve the prediction. The role of loose particles should be further 
investigated. Depending on their behaviour, they could increase or decrease 
the friction.  

2. Several assumptions of the model are not or only partly valid. One of the 
assumptions is that a hard flat tool ploughs through the soft rough surface. 
Ploughing of (adhered material on) the tool is indeed observed in the whole 
temperature range. However, in the case of tool wear, the roughness of the 
tool is not always lower than the roughness of the sheet. This will result in a 
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less accurate prediction of the real contact area in the normal loading step 
where a perfectly flat tool is assumed. The hardness of the tribolayers built 
up on the tool is unknown. These tribolayers contain a combination of oxides, 
sheet coating intermetallics and tool debris. Normal loading tests with a worn 
tool revealed almost no deformation of the tribolayer on the tool and the main 
deformation (fracture) is observed in the sheet.   

Measuring or fitting a coefficient of friction under different conditions to be used in a 
FE simulation is not ideal. A wide range of COFs is found in the measurements and the 
measurement facility also plays a role. Besides calculating a COF, a model could also 
result in better understanding of the friction behaviour. The model should be able to 
capture the main tribological/contact mechanics effects. At this moment the multi-scale 
friction model only includes the normal loading and the ploughing of the tool asperities 
through the sheet surface. The investigations on the contact between tool and sheet 
showed that this is only one of the mechanisms occurring. The model is plasticity-based, 
while fracture of the coating plays a very important role in hot stamping. The effect of 
the fracture particles is not taken into account. The particles can be embedded in the 
sheet coating, causing ploughing marks in the tool. However, the embedded particles 
are only observed in the first few strokes and therefore are probably less important to 
include. But particles also stay as third bodies in the contact and could act as a 
‘lubricant’ or cause abrasive wear on the tooling. Therefore, it is of major importance 
to address these aspects.  

Tool wear is temperature and pressure dependent. To accurately predict the COF in a 
press hardening part it will be necessary to have tool topography measurements at 
several locations after a specific number of strokes. This will result in a large 
experimental effort. To overcome this, a realistic galling model could be developed and 
combined with the multi-scale friction model.  

 

6.4 Application to forming processes 
 

The multi-scale friction model is implemented in FE simulation of hot stamped parts. 
For this purpose, two different parts are hot formed and their experimental results are 
compared with FE predictions. Three situations were examined, namely clean die, die 
with moderate wear (after 5 strokes) and die with severe wear (after 50 strokes).   

The top hat is friction-insensitive in the simulation and experiment, therefore it was not 
possible to validate the effect of tool wear on the formability of the product. The 
thickness and draw-in are reasonably accurately predicted. It is necessary to investigate 
the effect of amount of galling on the friction prediction with another part. 

Cross die experiments are performed at two temperatures. The punch forces in the cross 
die experiment are well predicted, but the strains are underpredicted. The investigation 
showed that underprediction of strains is not particularly friction-related, since even 
with a very high COF (0.8) the strains are still underpredicted. It could be that either the 
restraining force in the simulation is too low due to wrinkling or the description of the 
material is not correct. It is recommended to investigate the material description in the 
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close to necking regime. Performing a validation study on another product without any 
wrinkling is also advised.  

Wear starts immediately and a clean tool situation is an exception. Galling is a local 
issue and depends on temperature and pressure and it is (therefore) a dynamic process. 
To predict the friction correctly, the galling should be described accurately and a galling 
model could add value to the current state of the art. 

 

4.7 Closure 
 

The friction and wear mechanisms and their interaction in hot stamping are investigated 
in detail. A different contact situation occurs as soon as wear build up on the tool. The 
tool asperities and/or wear on the asperities plough through the relatively soft sheet 
surface. This mechanism is described in an extended multi-scale friction model. 
However, the question arose directly as to whether a temperature dependent friction 
model makes sense if no temperature dependency is measured as soon as layers are built 
up on the tool. This build-up of layers (galling) is temperature dependent, therefore 
temperature should be included in a multi-scale friction model. The effect of tool wear 
is made visible in the model by calculations with a clean tool topography (start of the 
HFT test) and worn tool topography (end of HFT test). The calculated values 
satisfactorily represent the observed effect of increase in COF in the first sliding test. 
The two application cases each had its own drawbacks and therefore it is recommended 
to validate the multi-scale friction model for another product. In hot stamping the tool 
wear is very inhomogeneous over the tool surface. It would be highly recommended to 
include a galling model to be able to predict the COF more accurately without 
performing a huge amount of measurements. Besides, galling is the main issue in hot 
stamping, thus predicting galling heights could be used for process optimisation and 
reduction of maintenance costs.  
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Als eerste wil ik Tata Steel in het algemeen bedanken. Ik ben zeer dankbaar dat ze mij 
de mogelijkheid hebben geboden om een PhD te doen.  

Laten we bij het begin beginnen. Het was tijdens een functioneringsgesprek dat Hans 
Mulder (mijn toenmalige chef) mij vroeg naar mijn toekomstplannen. Ik moest het 
antwoord schuldig blijven, maar toen ik twee dagen later langskwam met het idee voor 
een PhD opdracht steunde hij deze direct. Ik heb een voorstel geschreven en deze moest 
worden goedgekeurd door een heel aantal lagen binnen de organisatie. Hier heeft Hans 
zich zeker hard voor gemaakt, waarvoor veel dank! Nico Langerak (afdelingshoofd) 
heeft het voorstel ook direct gesteund, wat erg fijn was. Jan Bottema (programma 
manager automotive) heeft het originele voorstel verbeterd door aan te geven dat er ook 
zeker onderzoek moest gedaan worden aan de opbouw van de coating op de tools. Wat 
zeker achteraf gezien heel erg van belang is gebleken.  Loes Jansen heeft het contactuele 
werk voor haar rekening genomen. Ellen van der Aa en Theo Kop hebben mij alle 
ruimte in hun projecten gegeven om aan mijn PhD te werken. Tushar Khandeparkar, 
mijn huidige chef, heeft ook dit werk gesteund en prioriteit gegeven. Debbie 
Zimmerman van Woesik heeft mij geholpen met alle administratieve zaken te regelen 
met betrekking tot de verdediging en het proefschrift. Bedankt allen! 

Ton van den Boogaard was mijn afstudeerbegeleider in 2005 in de vakgroep technische 
mechanica op de universiteit Twente. Toen ik hem opbelde (10 jaar later) was hij 
eigenlijk direct positief om samen dit project aan te gaan. Het is altijd een prettig contact 
geweest en ik waardeer zeer zijn kennis en kunde. Dave Matthews was tot zijn afscheid 
bij Tata Steel mijn industriële begeleider. Na zijn afscheid bleef hij ook nauw betrokken 
bij het project. Het contact was altijd gezellig en ik heb ook veel aan zijn kennis en hulp 
gehad. Matthijn de Rooij, hoe druk je ook was, je was altijd bereid om mij te helpen en 
mee te denken. Met jouw enorme kennis van tribologie heb je mij heel erg geholpen 
met het begrijpen van de mechanismes. Bedankt! Eisso Atzema kwam het laatste 
anderhalf jaar erbij als industriële begeleider, maar ik heb ook zijn hulp als zeer 
waardevol ervaren. Naast al je kennis en inzicht, ben je ook gewoon een hele prettige 
collega die altijd klaar staat voor anderen. My ‘daily’ supervisor, Javad Hazrati, was 
always available for questions and I really appreciate your help and the close 
cooperation. Mats Sigvant, thank you for your kind help and support. Bedankt allen! 

Daarnaast zijn er een heel aantal collega’s van Tata steel die mee geholpen hebben aan 
het werk. Als eerste wil ik graag Richard Stegeman bedanken, hij heeft ongelofelijk 
veel oppervlakte metingen uitgevoerd zonder ooit maar te klagen als ik weer terug 
kwam met nog meer samples. Bovendien waardeer ik erg zijn structurele aanpak en 
nauwkeurigheid. Marco Appelman heeft ook geholpen met de metingen en stond altijd 
klaar om te helpen met zijn kennis. Dan zijn er Gerben Botman en Menno de Bruine 
die de SMG pers hebben bediend en geholpen met de proef voorbereidingen. Bovendien 
is Gerben mijn kamergenoot op het werk en hij heeft mij de afgelopen vier jaar altijd 
gesteund. Dank je wel Gerben. Jos Sengers bedankt voor de verbeteringen aan de HFT 
installatie. Mary Roelofsen bedankt voor de rekmetingen. Michael Abspoel bedankt 
voor de materiaal files voor de FE simulaties. Stefan Melzer bedankt voor de XRD 
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analysis van het stof. Frank Korver bedankt voor je hulp met het meshen voor de MSC 
Marc simulaties. We hebben bij Tata Steel een bijzonder hoog niveau als het gaat om 
microstructuur en oppervlakte karakterisering. Ik ben dan ook veel dank verschuldigd 
aan Tu Phan (optische doorsnedes), Jan Wörmann (SEM) en Jan Pool (SEM). Tu het 
was altijd leuk om bij je langs te komen, je bent altijd positief en vrolijk. Jan Wörmann 
en Jan Pool bedankt voor het SEM werk, deze waren echt die laatste puzzelstukjes om 
het beeld compleet te krijgen.  

Daarnaast is het heel fijn om gemerkt te hebben hoeveel collega’s, familie en vrienden 
mij de afgelopen vier jaar hebben gesteund. Kleine dingen doen zo goed, zoals een 
buurman en buurman kaartje van Juliette Hoornsman in de drukste laatste weken om te 
zeggen dat het altijd goed komt. Familieleden, ooms en tantes, nichten en neven, altijd 
gezellig en geïnteresseerd. Ik heb geluk dat ik uit zo’n liefdevolle familie kom. Mijn 
moeder die altijd vind dat ik te hard werk en erop hamert dat ik meer rust neem. Maar 
dan ook altijd klaar staat met haar hulp. Mijn vader met wie ik zo fantastische tijd met 
het racen heb gehad en me enthousiast heeft gemaakt om werktuigbouwkunde te gaan 
studeren. Mijn zusje en broer die helaas al jaren in het buitenland wonen maar die toch 
altijd in het hart blijven. Nenna, ik heb zoveel leuke weekenden en vakanties gehad in 
België, Parijs, Curaçao, Castellon, Barcelona en Warschau. Willem, Mexico was een 
avontuur en New York een reis om nooit te vergeten. De afronding van mijn phd heeft 
er ook voor gezorgd dat de training voor de Nijmeegse vierdaagse in het water is 
gevallen. Sorry Henri, maar ondanks het afzien hebben we hem toch uitgelopen. 
Bedankt voor je begrip en we gaan nog een hele hoop avonturen samen beleven.   

De laatste woorden zijn voor mijn kinderen:  

 

Voor goede wensen zijn we dankbaar, 

Ook ik wens je alles goeds, 

Maar het doen vooral, mijn (klein)kind 

Dat is, waar je vreugde vindt. 

Albertus Venema, Bakel 1988, Poëzie album 

 

Lionel en Isabelle, jullie brengen zoveel geluk en liefde. Ik hou van jullie.  

 

 


