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Abstract

In the automotive industry, press hardening is usually employed to produce safety or
structural components from advanced high–strength steels. This hot forming process, and
thermomechanical forming processes in general, is highly dependent on friction between
tool and workpiece as friction affects and controls the deformation of the workpiece.
However, friction is also directly associated with wear of the forming tools. Tool wear is
a complex system response depending on contact conditions and is a serious issue when
it comes to process economy as it reduces the service life of the tool. Therefore, it is
necessary to enhance the durability of thermomechanical forming tools by studying the
influence of parameters such as contact pressure, cyclic thermal loading, repetitive mech-
anical loading and others on tool wear. Then, computational mechanics can be utilised to
numerically simulate and optimise the thermomechanical forming process by predicting
wear of the tools.

Dry sliding tests were carried out on a high temperature reciprocating friction and
wear tester. The aim was to identify the occurring wear mechanisms and determine the
tribological behaviour of prehardened hot work tool steel when sliding against 22MnB5
boron steel. A normal load of 31 N, which corresponds to a contact pressure of 10 MPa, a
sliding speed of 0.2 ms−1 and temperatures ranging from 40 ◦C to 800 ◦C were employed.
It was found that the coefficient of friction and the specific wear rate decreased at elevated
temperature because of the formation of compacted wear debris layers on the interacting
surfaces.

Increasing material and energy expenses, rising demands for process flexibility and
stability as well as requirements for minimal trial and error have led to a growing interest
in numerical simulation of wear phenomena. Finite element simulations of a strip drawing
test were conducted to explore the possibility of predicting tool wear in press hardening.
The focus laid on unveiling the contact conditions on the forming tools through numerical
simulation. The influence of high temperature on wear was studied and the results were
implemented in Archard’s wear model to introduce temperature dependence. Further-
more, another wear model used for warm forging was also considered. It was found that
the extreme contact conditions occurred at tool radii and that the different wear models
led to similar wear depth profiles on the radii but with different orders of magnitude.

Standard high temperature tribometers allow fundamental tribological studies to be
carried out in order to investigate the tribological behaviour of the materials in contact.
However, the conditions prevalent during the interaction of the hot workpiece and tool
surfaces in thermomechanical forming are not adequately simulated in these tribometers.
A novel high temperature tribometer has been employed in order to more closely simulate
the interaction between tool and workpiece at elevated temperatures during thermomech-
anical forming. It was found that a higher load led to a lower and more stable coefficient
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of friction independently of sliding velocity or material. The influence of sliding velocity
on the coefficient of friction was only marginal for uncoated and Al–Si coated 22MnB5
steel. The friction coefficient of Al–Si coated 22MnB5 steel was generally higher and
unstable due to galling of the Al–Si coating on the tool. Adhesion was also the main wear
mechanism in the case of uncoated 22MnB5 steel.
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Chapter 1

Introduction

Tribology is a relatively new discipline even though its influence has been known to exist
for a long time. It is the science and technology of interacting surfaces in relative motion
and it involves friction, wear and lubrication. Tribology has a significant impact on almost
every aspect of our lives even if we do not think of it as tribology. The word tribology
is derived from the classic Greek word tribos that means ”to rub” and the suffix –logia,
whose meaning is here ”the study of” or ”knowledge of”. The term was introduced when
it was realised that complex phenomena affect the performance of interacting surfaces in
relative motion and result in considerable financial losses. This resluted in the interdis-
ciplinary field that tribology represents today and the main goal of tribological research is
to improve the quality of any system involving two interacting surfaces in relative motion
in terms of performance and service life, to reduce the consumption of raw materials or
energy as well as to achieve financial savings.

Friction is defined as the force opposing sliding motion between two surfaces in con-
tact. Hence, friction is an energy dissipative process. Sliding friction has two contributors,
an adhesive component and a ploughing component. Adhesive friction results from the
formation of atomic bonds between the two surfaces. Thereby, a higher affinity of the ma-
terials towards each other leads to an increase in friction. Ploughing friction occurs when
one of the surfaces is harder than the other and either asperities on the harder surface or
hard particles entrapped between the two surfaces plough through the softer surface.

Wear is defined as the removal of material from contacting surfaces, but material that
is removed from one surface can be transferred to the other one instead of being com-
pletely removed from the contact. In most situations, wear is detrimental to the system as
it results in deterioration of performance or even complete failure. However, manufactur-
ing processes like turning, milling, cutting, grinding or polishing are controlled forms of
wear.

There are various forms of wear. Adhesive wear results from formation and breakage
of atomic bonds between the contacting surfaces that leads to removal or transfer of ma-
terial. Abrasive wear occurs when hard protuberances plough and scratch a soft surface.
This can be either asperities on a hard surface as in two body abrasion or entrapped hard
particles as in three body abrasion. Fatigue wear results from cyclic stress loadings in
the contact that lead to fatigue in form of material removal after formation and propaga-
tion of subsurface cracks. Tribochemical wear, also referred to as corrosive or oxidative
wear, involves the removal of material through its consumption in chemical reactions in
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4 Chapter 1. Introduction

the contact. Fretting wear occurs when high loads act on the surfaces but their relative
motion is limited to oscillatory movement with small amplitudes. Erosive wear results
from the impacting action of solids, liquids, gases or combinations of these.

Friction and wear are dynamic processes. This means that they can be initiated by
one form or mechanism, and proceed with a different one. This is especially true in the
case of wear. Several wear mechanisms can even act at the same time, but the transitions
between these or the dominance of one specific wear mechanism depend on the operating
conditions, the materials in contact and the surrounding environment. These conditions
determine the presence and nature of chemical species at the contact interface in dry or
lubricated contacts.

The presence of a lubricant between the contacting surfaces in relative motion is usu-
ally a way to control friction and reduce wear by either separating the surfaces or reducing
the severity of the contact. A liquid lubricant such as oil consists for example of a base
fluid to which additives are added to improve certain properties. Grease is also a com-
mon lubricant where the oil is mixed with a thickener so that it does not leave the contact
and can provide sealing against contamination. Solid materials with a lamellar structure,
which are easy to shear, can also be employed as lubricants.

There are three possible scenarios that can happen in the interface between two sur-
faces in relative motion. Boundary lubrication occurs when the load is mainly carried
by surface asperities. However, these asperities can be covered by films that are formed
during sliding. Mixed lubrication is characterised by a hydrodynamic pressure that builds
up and that is able to partially carry the load. Full film lubrication occurs, as its name
indicates, when the two surfaces are completely separated and the entire load is carried
by the lubricant.

It can however happen that lubrication is not possible, for example, in high temper-
ature applications. Though, the term ”high temperature” can be a little bit confusing as
there is no limit between high and low temperature. It depends on the application. From
the point of view of materials, a high temperature for a polymer, for example its melting
point, might only be considered an intermediate temperature for a metal or even a low
temperature for a ceramic material. Hence, the reference to a ”high temperature” is re-
lative. From a tribological point of view, a system is considered to operate at elevated
or high temperatures when conventional lubrication is not applicable any more, which
usually occurs at temperatures around 300 ◦C when most liquid lubricants rapidly de-
compose. At even higher temperatures, the usage of solid lubricants might also fail to
provide protection of the surfaces in contact.

1.1 Press hardening
Thermomechanical forming of metals at elevated temperatures is not a new manufacturing
technique. It is known that the mechanical strength of metallic materials decreases with
increasing temperature. In most cases, the ductility of the materials also increases when
the temperature increases, which improves their overall formability. So, the reduction in
mechanical properties results in lower forces being required to deform the material, usu-
ally under atmospheric conditions, while production expenses and energy consumption
are kept within acceptable limits. In thermomechanical forming, a distinction between
hot and warm forming processes is usually made. Warm forming is performed below the
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recrystallisation temperature of a material consequently leading to some work hardening.
On the contrary, hot forming is performed above the recrystallisation temperature of a
material, and the recrystallisation reduces stresses in the material [1]. However, manu-
facturing processes like hot forming, hot forging or hot rolling provide some advantages
over other formgiving or shaping processes. For instance, if it is possible to manufacture
a component by a forming operation, it is not only the fastest way to change the shape of
the material, but also the most efficient and most economical one [2]. Additionally, it is
possible to produce large quantities of components with moderately complex geometries
while there is almost no waste of material, when forming to near net–shape or net–shape
dimensions [3]. However, it is better to make use of automated processes in these cases,
which also ensures dimensional stability and controls the mechanical properties of the
produced component.

In hot sheet metal forming, a steel blank is heated in a furnace above the austenat-
isation temperature, then transferred to a press and formed. A specific type of hot sheet
metal forming process, known as press hardening, further combines the forming step with
subsequent quenching in order to achieve microstructural changes in the material during
cooling. As the forming tool is kept closed during the quenching step, it is possible to
achieve a very good dimensional accuracy of produced components. The press hardening
process further provides the advantage that springback is reduced, a problem commonly
encountered during cold forming of advanced high–strength steels [4]. Moreover, as the
material is quenched from the austenite phase, the produced component will exhibit a
martensitic microstructure and therefore have superior mechanical properties than a com-
ponent that is not quenched. The martensitic microstructure allows using components
with lower thickness, which results in a high weight reduction potential when employing
these components [5]. This is for example utilised in practice in the production of car
body components in the automotive industry. There are two different forms of the press
hardening process, a direct one and an indirect one. In direct press hardening, the sheet
material is heated, transferred to the tool, formed and quenched, trimmed or cut and finally
cleaned. In indirect press hardening, the workpiece sheet is formed in a tool in the cold
state, trimmed and cut, then heated and transferred to another tool, formed and quenched
and finally cleaned. With help of the indirect process, it is possible to produce components
with very complex geometries such as closed profiles or special cross–sections [6].

1.2 Tribological aspects of press hardening
Press hardening, and any other thermomechanical forming process, depend on the friction
occurring due to the relative motion between the tools and the workpiece. An optimum
level of friction is required in obtaining the desired shape of the component. If the friction
level is too high, the energetic effort put into the forming step will be used to overcome
friction so that the workpiece might not reach its final shape. If the friction level is too
low, the energetic effort will as well lead to an undesired shape of the component as the
workpiece gets too heavily deformed. Thus, an optimum and stable level of friction is ne-
cessary in any thermomechanical forming process. Wear of forming tools is also a critical
issue when it comes to dimensional accuracy of the produced components. The tool wear
usually reduces the lifespan of the forming tools as it alters the contact conditions during
the forming step [7].
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The most common workpiece material used in press hardening is an advanced high–
strength manganese–boron steel with the nominal composition 22MnB5. This steel is
alloyed with boron, which stabilises the austenitic phase at elevated temperatures and
suppresses formation of ferrite and pearlite by promoting the formation of martensite
upon rapid quenching. In the beginning, uncoated manganese–boron steel was mainly
utilised. However, this material was prone to decarburisation and required shot blasting
after forming in order to remove the oxide scale. Furthermore, it also required some form
of corrosion protection. In order to avoid decarburisation and scaling of the steel sheet,
the workpiece material is nowadays coated with an Al–Si coating. This coating is usually
applied by hot–dip galvanising and forms layers of different intermetallic compounds dur-
ing heating since aluminium will diffuse into the steel bulk and iron will diffuse outwards
into the coating. The resulting layer provides good corrosion resistance in combination
with spot weldability and a surface that is suitable for painting [8].

In press hardening, severe contact conditions between the tools and the blank occur
due to the combination of repetitive mechanical loading, cyclic thermal loading and rel-
ative motion between tools and workpiece. The elevated temperatures during the process
also introduce several new phenomena. In the case of uncoated manganese–boron steel,
the sheet will form a rather thick oxide scale during heating in the furnace if the atmo-
sphere of the furnace is not controlled. This oxide layer usually tends to reduce friction
during the forming step [9]. The aluminium–silicon coating on the workpiece introduces
some new challenges. Oxidation of the coating will occur in the case of coated 22MnB5
steel if the atmosphere in the furnace is not controlled. Even if the atmosphere in the
furnace is controlled, the sheets will still oxidise during transfer from the furnace to the
forming tools. The Al–Si coating is also known to stick onto the rollers in the furnace
during heating.

During the forming step, relative motion between the tools and the workpiece oc-
curs when the tools close and the friction will govern the deformation of the workpiece.
Yanagida and Azushima [10] developed a hot flat strip drawing testing equipment in or-
der to determine the coefficient of friction under press hardening process conditions. They
studied the friction behaviour of two sheet materials as a function of temperature and die
pressure under dry and lubricated conditions. It was found that the coefficient of fric-
tion of aluminium–silicon coated 22MnB5 sheet material was higher than the one of an
uncoated sheet steel in both cases. Furthermore, the coefficients of friction that were
determined under lubricated conditions were lower than those under dry conditions for
both workpiece materials. Azushima et al. [11] further measured the coefficient of fric-
tion of aluminium–silicon coated manganese–boron steel under dry and lubricated press
hardening conditions for various surface roughnesses of the tool. It was found that the
coefficient of friction was independent of the surface roughness under dry sliding con-
ditions. However, even though the friction coefficients under lubricated conditions were
significantly smaller than those under dry sliding conditions, the coefficients of friction
under lubricated conditions depended on the surface roughness of the tool.

The relative motion between the tools and the workpiece also leads to the generation of
wear particles. Furthermore, when the tools get in contact with the blank, thermal shock
loading of the tools occurs by heat transfer from the hot sheet to the tools. Tribochemical
layers can form on the tools’ surfaces as a result of the increased temperature as well as the
interaction with the workpiece surface and generated wear debris. In the case of uncoated
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manganese–boron steel, the wear particles are generated when the thick oxide scale is
ruptured during deformation and this debris is mainly constituted of iron oxides. However,
deformation hardening or further oxidation can lead to hard and abrasive particles acting
as third body abrasives which induce wear on either one or both surfaces.

Substantial transfer of coating material to the tools during forming eventually leads
to a change in geometry of the tools and loss of dimensional accuracy of the produced
components [12, 13]. Tian et al. [14] investigated the friction and wear behaviour of
high strength steel under press hardening process conditions. It was reported that the
coefficient of friction only varied little up to temperatures of 500 ◦C, then, it increased
between 500 and 700 ◦C. Furthermore, the friction coefficient decreased with increasing
drawing speeds. The authors identified micro–cutting as the dominant wear mechanism
at temperatures below 500 ◦C and at drawing speeds of 0.75 ms−1, which changed to
adhesive wear at temperatures above 500 ◦C and at drawing speeds of 0.25 ms−1. Boher
et al. [15] investigated the high temperature wear behaviour of hot working tool steel
grades sliding against aluminium–silicon coated manganese–boron steel strips. It was
found that the major damage on the tool radii originated from material transfer of the Al–
Si coating from the workpiece and that the surface damage in form of significant material
transfer rapidly occurred after a few hundred drawing cycles. Abrasive wear appeared as
a minor damage mechanism when the surface hardness was not high enough.

Ghiotti et al. [16] carried out experiments on hot working tool steel and aluminium–
silicon coated high strength steel blanks under dry reciprocating sliding motion to invest-
igate the wear evolution with increasing number of forming cycles. It was found that
adhesive wear occurred due to transfer of aluminium from the protective Al–Si coating
and that abrasive wear mainly resulted from the formation of oxide particles acting as
third body abrasive wear debris. In another publication, Ghiotti et al. [17] studied the
evolution of the Al–Si coating in terms of chemical composition, morphology, and topo-
graphy and carried out high temperature friction experiments in order to determine the
most relevant press hardening process parameters affecting the friction behaviour. It was
shown that the heating cycle of the blank resulted in a varying surface topography and
that longer holding times resulted in a more homogeneous composition and surface to-
pography of the complex surface coating layer. Furthermore, it was concluded that the
cooling rate did not affect the surface characteristics and it was found that blank temper-
ature and contact pressure were the main process parameters influencing the coefficient
of friction.

Various other studies also evaluate new potential blank coatings such as Zn–Ni or Al–
Si–C and their ability to provide corrosion protection [18, 19, 20]. Kondratiuk and Kuhn
investigated the frictional behaviour of aluminium–silicon and zinc–nickel coated blanks
with drawing distance under different loads [18]. The zinc-nickel coating was applied
by electro-plating. In case of the aluminium–silicon coated 22MnB5 steel, the friction
coefficient decreased from a high initial value to a steady state value with increasing
sliding distance. Moreover, it was found that the coefficient of friction also decreased with
increasing load. However, severe adhesion of the aluminium–silicon coating material on
the tool surface was observed. In case of the zinc–nickel coated manganese–boron steel,
the coefficient of friction was independent of the applied normal load, but continuously
increased until the end of experiments. This behaviour was attributed to a chemically inert
ZnO layer that formed on top of the coating. Furthermore, the wear mechanism was mild
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but more material was removed than in the case of the Al–Si coating [18].
Hardell et al. [20] investigated the tribological response of an aluminium–silicon–

carbon coating on the blank material. Thereby, the coating consisted of the aluminium–
silicon coating mixed with graphite and a binder phase. According to the manufacturer,
this aluminium–silicon–carbon coating primarily protects against scaling and supports
together with additives the forming process, which contributes to overall longer lifetimes
of the forming tools [13]. Hardell et al. [20] found that the Al–Si–C coated blank material
exhibited a lower coefficient of friction than the Al–Si coated 22MnB5. Interestingly, the
graphite–containing coated manganese–boron steel had a bigger influence on the friction
coefficient than nitriding of the tool or coatings applied to the tools. However, material
build–up on untreated tool material occurred. The wear behaviour of the aluminium–
silicon–carbon coated workpiece was comparable to the one of the purely Al–Si coated
sheet steel when sliding against a nitrided tool.

The contact conditions during the forming step are altered due to the occurrence of
wear. In return, the friction will get affected by these changes in contact conditions during
subsequent forming steps. Furthermore, if wear reaches a critical stage, it often leads to
failure of the tools. As a consequence, material loss due to wear can be of considerable
economic importance [21]. Upon completion of the forming step, the sheet is quenched
by flushing cooling water through the tools or directly through the component in case
of closed profiles. In both cases, the temperature of the tools drops rapidly, which in-
duces thermal stresses in the tool material. This can result in the failure of the tools
through thermal fatigue when the cyclic thermal loading reaches a critical level. During
the quenching step, relative motion between the tools and the hardened workpiece can
also lead to increased wear due to shrinkage of the sheet material during cooling.

1.3 Wear models and high temperature wear modelling
In press hardening, an optimum and stable level of friction is necessary to achieve the
desired deformation of the workpiece. However, the relative motion between the austen-
itised blank and the tools leads to wear during the forming step. Oxidation as well as
tribochemical reactions between oxide layers and coatings on blanks or tools cause ma-
terial loss in the form of wear and material transfer such as galling on the tool surfaces.
These phenomena have a vital influence on the manufacturing process as they affect the
dimensional accuracy of produced components. Adhesive wear is the dominant wear pro-
cess in press hardening, but abrasive wear, thermal fatigue and corrosive wear also play
an important role and reduce the lifetime of the forming tools as they alter the contact
conditions during the forming step. It is therefore desirable to enhance the durability and
to extend the service life of the tools through adjustment of parameters during the pro-
cess. In metal forming processes, the wear model developed by Archard and Hirst [22] is
generally employed for the prediction of wear. They studied the wear of a wide range of
material combinations under unlubricated conditions over wide ranges of loads (weights)
and sliding speeds. In nearly all experiments and for all types of wear mechanisms, it was
observed that the wear rate was independent of the apparent area of contact when equilib-
rium surface conditions were established. It was furthermore suggested that with the same
surface conditions, the wear rate would also be proportional to the employed normal load.
According to Archard and Hirst [22], this proportionality was then applicable to both, the
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mild and severe forms of wear, two mechanisms that were distinguished. However, this
simple relation will be modified in practice as the surface conditions depend on the load.

Nevertheless, Archard and Hirst [22] supported with these experiments a model for
the wear of materials earlier derived by Archard [23]. The basic concept for the model
was the relation of wear to the number and nature of local surface asperity encounters
[22, 23], which led to following relation:

W =
KsP
pm

(1.1)

where W is the volume worn away, s denotes the distance slid, P designates the applied
normal load, pm denominates the flow pressure of the softer material (nowadays hardness
is employed equivalently) and K is a constant related to the probability of producing a
wear particle per unit encounter.

According to Archard and Hirst [22], typical values of K could be obtained for a ma-
terial pair when the surface conditions did not change during the wear process, which
is the reason why the wear coefficient K is usually assumed to be constant. However,
proportionality between wear rate and applied normal load only exists when a change
in contact conditions does not alter the surface conditions. Moreover, the temperature
of sliding surfaces will depend on the applied normal load as the surface temperature
considerably rises under unlubricated sliding conditions. However, this might not be of
major importance in thermomechanical forming processes where an elevated temperature
of one surface is typically encountered, but it is the reason why proportionality between
wear rate and load is not generally observed. Furthermore, it is assumed that contact
occurs between a perfectly flat, non-deformable surface and a nominally deformable sur-
face (later known as the Greenwood–Williamson surface contact model), but asperities
on both surfaces should be considered in a realistic model. Wear rates and hence, pro-
portionality factors or wear coefficients can also vary over several orders of magnitude
even though friction is only marginally affected. Deduced values of K imply that a lot of
asperity encounters are required so that a wear particle is produced, which is the reason
why a specific K value may just work in a narrow range of pressure and sliding velocity.
Archard’s wear model is also often modified to suit specific applications.

Stupkiewicz and Mróz [21] modelled the interactions occurring in the contact of tool
and workpiece interfaces in hot forging. In this type of hot forming process, initial
workpiece temperatures typically lie between 1000 and 1200 ◦C, at which the surface
is covered by an oxide layer of complex chemical composition as all three existing iron
oxides are present in the case of steel. During forming, the oxide scale is fractured due to
deformation of the workpiece and this fractured oxide scale affects the interface between
tool and workpiece. Therefore, the authors represented the oxide scale by hard particles
adhering to the workpiece surface and developed a third body abrasive wear model in
order to enable reliable numerical simulation of hot forging. The basic concept for the
model was the micromechanical behaviour of hard (oxide) particles. In order to formu-
late the third body abrasive model, Stupkiewicz and Mróz [21] substituted the normal
contact pressure in Archard’s empirical wear model by introducing the tangential con-
tact pressure and the coefficient of friction. In doing so, the wear rate can be related to
frictional energy dissipation. Furthermore, Stupkiewicz and Mróz [21] considered that
several wear mechanisms could take place simultaneously at the contact interface and
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accounted for that by assuming that the total sliding friction stress could be divided into
contributions from each particular wear mode. Then, the generalised Archard wear law
was as follows:

ẇ =
1
H ∑

i
γi ptiυt (1.2)

where ẇ is the wear rate, H is the hardness of the worn surface, υt is the sliding velocity,
pti is the friction stress associated with the tribological mechanism i and γi equals Arch-
ard’s wear coefficient Ki associated with the tribological mode i divided by the coefficient
of kinetic friction μi of the tribological mechanism i. However, as it is assumed that wear
rates are governed by frictional energy dissipation, this wear model cannot be applied in
the case of oxidation. It should be further noticed that the wear model also neglects the
variation of hardness with temperature even though it considers the significantly reduced
hardness of the workpiece due to its elevated temperature. Moreover, the initial fracturing
of the oxide scale is neglected and the amount of oxide scale present during a forming
cycle is assumed to be constant, which implies that the number of hard abrasive particles
is constant as there is no change in formation rate of the oxide scale. In their numerical
simulations, Stupkiewicz and Mróz [21] revealed that lower friction stresses resulted in
higher slip distances. Furthermore, a higher concentration of hard particles resulted in
more abrasive wear of the tool. Thus, the wear distribution was mostly influenced by the
sliding distance and was less sensitive to variations in contact stresses in the numerical
simulations. Though, other wear mechanisms were neglected as third body abrasion was
the main wear mode occurring in hot forging.

The wear coefficient is usually assumed to be constant, but material properties and
contact conditions vary with temperature. That is the main reason why wear volumes
should be determined as temperature dependent parameters. Ideally, the wear coefficient
would be considered to result from overlapping of several mechanical and thermal phe-
nomena. Gupta [24] proposed such a generalised wear model that could account for the
mechanical as well as several thermally activated processes leading to wear. In general, if
wear is considered to be a thermally activated phenomenon, it usually is expected to obey
an Arrhenius type behaviour of the following form:

V =V0e
−Q
RT (1.3)

where V is the worn volume, V0 is a constant with the same unit as V at the thermal
wear rate 0, Q is the activation energy to be overcome for the phenomenon to happen,
R is the universal gas constant and T is the absolute temperature. According to Gupta
[24], appropriate coefficients of a temperature dependent wear model can be derived by
regression analysis of actual experimental data with the model, which also allows for wear
prediction with reasonable confidence. In metal cutting, Equation 1.3 was widely used to
incorporate diffusion processes and solid solubility into wear models [25]. Gupta [24]
introduced a reference temperature at which the total wear reduced to the Archard wear
equation in order to obtain a dimensionless expression and stated that this wear occurred
when there was no thermal rate contribution, which means that it could be represented by
the wear rate in vacuum at the reference temperature. Then, the temperature dependent
wear model was expressed as follows:

˜W = ˜W0eΦ˜T (1.4)
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where ˜W is the normalised worn volume, ˜W0 is the normalised pre–exponential factor that
equals Archard’s expression of the worn volume, ˜T is the dimensionless temperature and
Φ is a model coefficient determined through regression analysis of experimental results.
However, the wear rate in vacuum at the reference temperature is commonly not available,
but exponential regression analysis with linear parameters can still be applied in cases
where a clear temperature dependence of worn volumes can be identified.

Quinn [26] developed an oxidative wear model as unlubricated surfaces in relative
motion heat up and oxidise because of the frictional heating. This wear model intended
to obtain a more precise indication of the temperature at which a wearing contact oxid-
ises. It was assumed that the oxidation rate in the oxidative wear model decreased with
increasing oxide film thickness. Thus, the oxide film would grow until reaching a critical
thickness at which it broke off and became a wear particle. It should be noticed that, even
though various metal oxides are stable at different temperatures, it was implied that real
areas of contact only oxidised at one particular temperature in the oxidative wear model.
Quinn [26] further assumed that an average of 1/K (where K represents Archard’s wear
coefficient as introduced earlier) asperity encounters were necessary for the oxide film to
reach a critical thickness and subsequently detach to form a wear particle. Furthermore,
it is known that the thermodynamic instability of steels without the occurrence of sliding
motion obeys a parabolic oxide growth rate that is exponentially dependent on the tem-
perature of oxidation and can be expressed by Equation 1.3. This parabolic oxide growth
rate was utilised in the oxidative wear model, which contains a lot of parameters that are
difficult to determine.

Quinn [27] deduced from experiments that wear rates and general surface temperat-
ures were proportional to the load. Therefore, transitions in wear rates could be associated
with transitions in surface temperatures that were identified due to the proportions of ox-
ides present in the wear debris. However, the oxidative wear model does not describe in
detail the build–up and removal of the oxide film apart from mentioning that oxidation
appears in the contact until a critical thickness is reached. A major limitation is that the
oxidative parameters are taken from iron oxides that were formed in air without sliding
contact, so that only thick oxide layers are considered. Furthermore, mechanical proper-
ties of the oxides, such as hardness or ductility, are neglected and a spontaneous loss of
the oxide film is assumed when the critical thickness is reached. An influence of frictional
stresses on oxide removal is also not considered. Additionally, Quinn [28] stated that the
oxidative wear constants would become less relevant at higher temperatures, which means
that overall oxidation outside the contact, occurring due to a high surrounding temperat-
ure, cannot be neglected any more. Nevertheless, it is evident that temperature affects
wear.

Jiang et al. [29] developed a mathematical model for the friction behaviour of partic-
ulate materials. Initially, it was assumed that a Greenwood–Williamson surface contact
model, which means that contact occurred between a perfectly flat, non–deformable sur-
face and a nominally deformable surface, was applicable. The authors supposed that a
layer of particulate material built up over time and came in contact with a similar layer
on the opposing surface due to the sliding motion. Four possible mechanisms of particle
movement within the particle layers were considered to be possible. In the first mechan-
ism, a particle could get entrapped at an obstacle and only rotate around its own centre.
In the second mechanism, a particle could skid against a locked particle in the opposing



12 Chapter 1. Introduction

surface. In the third mechanism, several particles could roll freely for a certain distance
along with the opposing surface. In the last mechanism, adhesion could develop between
adjacent particles. In a subsequent publication, Jiang et al. [30] introduced a mathemat-
ical model for transitions between wear mechanisms with sliding time and temperature.
The basic concept for the model was the generation of wear debris as a result of relative
movement of metal surfaces under load, removal of some particles from the contact and
retention of other particles within the contact. According to Jiang et al. [30], particles
were comminuted by plastic deformation and fracture during entrapment in the contact.
When small enough, the particles were expected to get hindered in movement by obstacles
and agglomerate due to adhesion to form relatively stable and compact surface layers.
These layers were expected to be wear–protective as the particles had undergone heavy
deformation and oxidation. Material loss was assumed to be reduced as particles would
be reincorporated into the layers.

However, further debris generation was assumed to appear somewhere else on the
contacting surfaces. Moreover, wear of the compact debris layers was neglected. An
influence of temperature on the particle generation or debris behaviour was also not con-
sidered. The eventual incorporation of all retained particles in the compacted debris layer
was a major assumption, but small particles might easily escape the contact. Jiang et
al. [31] validated the model by comparing reciprocating self–mating dry sliding pin–on–
disc tests of Nimonic 80A with calculations. In calculations, it was assumed that the
formation of nickel oxide (NiO) obeyed a logarithmic growth rate below 350 ◦C and a
parabolic growth rate above that temperature. In experiments, it was found that metal–to–
metal contact lead to high contact pressures and large particles at low temperatures. Then,
the wear volume decreased rapidly with increasing temperature. A low activation energy
for the temperature dependent wear was found. This low activation energy was the reason
why formation of the wear debris layers was not controlled by oxidation but by adhesion
between particles. However, the deduced activation energy was one order of magnitude
lower than for diffusion–controlled oxidation, which indicates that temperature consider-
ably influences wear.

1.4 Research gaps
Increasing material and energy expenses, rising demands for process flexibility and sta-
bility as well as requirements for minimal trial and error have lead to a growing interest
in numerical simulation of wear phenomena. This is seen for press hardening, forging
or even fundamental tribological processes by means of the finite element method. Im-
plementation of accurate friction and wear data in numerical simulations is important
for improved tool life prediction and maintenance planning, which finally result in an
optimised and more flexible manufacturing process. Research needs to be carried out re-
garding improvement of thermomechanical forming tools as it can be expected that the
demand for presshardened components in car manufacturing will increase significantly in
the near future. Additionally, legislation regarding crash worthiness and emission might
be tightened and require the use of other advanced high–strength steels as workpiece ma-
terials in the future. Therefore, thermomechanical forming requires the development of
more flexible manufacturing processes and more adaptive tool wear models. Laboratory
experimentation in conjunction with computer simulation are necessary to enrich know-
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ledge within the field of hot forming tribology. An important aspect of press hardening
to consider in laboratory experimentation is the interaction between a fresh sheet surface
and a repeatedly utilised tool. Then, proper sliding velocity and contact pressures should
be used in laboratory experimentation on application–specific tribological testing equip-
ments. The tribological characteristics, i. e. friction and wear, of the system need to be
fully understood in order to adapt the tools’ design or materials to achieve an improved
forming process. Knowledge about the influence of workpiece coatings and even tool
coatings on the wear mechanisms of the tools is still inadequate. Significant savings could
be achieved if it was possible to control friction and wear in press hardening or other ther-
momechanical forming processes. A reduction in tool wear can be accomplished by either
changing chemical composition or mechanical properties of the tool steel, by treating the
surface of the tool or by applying coatings on the blank, the tool or both materials. Wear
models are generally not considered to be temperature dependent. However, hardness as
an input parameter of wear models decreases significantly with temperature. Models that
consider wear to be a thermally activated process could be useful for uncoated workpiece
materials that oxidise, but these models will require the determination of a considerable
number of parameters. A model that considers that debris is compacted and sticks to the
surfaces could also be useful.





Chapter 2

Objectives

From the discussion in Section 1.4, it is obvious that a better understanding and im-
proved knowledge of the high temperature tribological behaviour of tool steels contacting
manganese–boron steels under the specific conditions occurring during press hardening
will allow to study the contact conditions in more detail. This will improve numerical
simulations of press hardening and enable proper selection of materials to enhance the
durability of forming tools.

2.1 Specific objectives
The motivation for the current work is to obtain friction and wear data under contact
conditions prevalent in press hardening and to provide valid input data for finite element
simulations of the press hardening process. The main objectives of this thesis are:

• to experimentally investigate the high temperature friction and wear behaviour of
different tool steels during sliding against manganese–boron steel as well as the
interplay between friction and wear

• to identify and model the mechanisms that govern the friction and wear behaviour
of tool steels and manganese–boron steel at elevated temperatures

2.2 Limitations
The work contained in this thesis has been focussing on experimentation pertaining to the
high temperature tribological processes rather than on press hardening as a manufacturing
process. Furthermore, focus has been given to the adaptation of existing wear models to
high temperature applications such as press hardening instead of developing an independ-
ent wear model. The results presented here are also specific to the materials selected for
investigation.
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Chapter 3

Experimental work

The experimental work performed in the appended papers was carried out by using stand-
ard and simulative tribological testing equipment. The standard equipment was employed
in order to evaluate the material behaviour under controlled conditions and to identify the
friction and wear mechanisms prevalent at elevated temperatures. However, the stand-
ard testing equipment does not exactly reproduce the contact conditions occurring in the
press hardening process. For that reason, a simulative testing equipment was employed
in order to determine friction and wear under press hardening contact conditions. Fric-
tion and wear behaviour of the materials under these conditions were determined and
these results were utilised in numerical simulation of press hardening accounting for tool
wear. Moreover, a suitable test methodology for evaluation of materials subjected to press
hardening contact conditions was developed.

3.1 Experimental materials

3.1.1 Manganese–boron steel

In this work, 22MnB5 manganese–boron steel in unhardened and uncoated condition was
mainly studied. Its initial microstructure consisted of ferrite–pearlite. It is known that
the addition of boron to low alloyed steels enhances their hardenability. This hardenabil-
ity effect most likely originates from segregation of boron on austenite grain boundaries
resulting in pinning of these grain boundaries. Therefore, the nucleation of ferrite or the
decomposition of austenite is delayed or impeded during cooling. The kinetics of phase
transformations will be altered as the formation of thermodynamic equilibria is inhib-
ited when employing rapid cooling (quenching), which is the case in press hardening.
Nevertheless, the addition of boron leads to an improved hardenability of the steel when
quenching it to martensite. Furthermore, apart from specimen cleaning to avoid an effect
of contamination, the manganese–boron steel was used in its as–delivered surface condi-
tion in experiments. This was done in order to maintain the influence of the workpiece
surface roughness from the industrial process on the tribological behvaiour of the tool
material. In simulative tribological experiments, aluminium–silicon coated manganese–
boron steel was additionally investigated as this material is commonly employed in press
hardening. The Al–Si coating is intended to protect the manganese–boron steel from de-
carburisation and to prevent scaling during austenitisation. The nominal composition and

17



18 Chapter 3. Experimental work

Table 3.1: Alloying composition in wt.% (Fe makes up the balance) and initial hardness

Material C Si Mn P S Cr Mo V Ni B HV0.5

22MnB5
0.20 – 0.20 – 1.0 – max. max. 0.14 –

– – – 0.005
201

0.25 0.35 1.3 0.03 0.01 0.26 ± 3
Tool

0.32
0.6 –

0.8
max. max.

1.35 0.8 0.14
max.

–
458

steel 1 1.1 0.01 0.003 1 ± 6
Tool 0.22 – 0.6 –

0.8
max. max. 1.0 –

0.3
0.10 – max.

–
324

steel 2 0.24 1.1 0.01 0.003 1.2 0.11 1 ± 5

room temperature microhardness of the manganese–boron steel are given in Table 3.1.
It should be noticed that the hardness values were obtained by averaging at least five
different measurements.

3.1.2 Tool steels
In this work, the tribological behaviour of two low alloyed tool steels was investigated
and the two materials are denoted as tool steel 1 and tool steel 2. These tool steels are pre-
hardened, which means that they were delivered in a quenched and tempered condition.
No further heat treatments, surface treatments or coatings were performed or applied on
the tool steels as the intention was to study the behaviour of the bulk material. Hence,
the initial microstructure of these materials consisted of tempered martensite. In all ex-
periments, the tool steel specimens were polished in order to remove any preferential
surface lay and to reduce the number of influencing variables in experiments. The nom-
inal chemical compositions and room temperature microhardness of the tool steels are
summarised in Table 3.1. It should be noticed that specified hardness values were aver-
aged from at least five measurements. In Table 3.1, it can be observed that tool steel 1 has
higher contents of alloying elements than tool steel 2. It is known that elements like chro-
mium, molybdenum and vanadium stabilise the austenite phase at elevated temperatures
and facilitate the formation of martensite during rapid cooling. Moreover, these elements
are known to result in the formation of fine carbides during subsequent tempering of the
martensite, if present in sufficient amounts. This results in an even higher hardness than
usually possible for as–quenched martensite.

3.2 Experimental techniques

3.2.1 High temperature reciprocating friction and wear apparatus
In order to study the tribological behaviour of the tool materials at elevated temperatures
under controlled conditions, a high temperature reciprocating friction and wear apparatus
was utilised. In this device, an electromagnetic drive oscillates an upper specimen over
a stationary lower specimen. The upper specimen is loaded against the lower specimen
by means of a spring deflection loading arrangement. The friction force is measured by
two piezoelectric force transducers. For tribological studies at elevated temperatures, the
lower specimen can be heated to a temperature of 900 ◦C through a cartridge heater that is
situated in the lower specimen holder. A computerised data acquisition and control system
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Table 3.2: Test parameters used in high temperature reciprocating sliding tests

Test parameters Value
Load 31 and 62 N

Corresponding pressure 10 and 20 MPa
Temperature 40, 200, 400, 600 and 800 ◦C
Frequency 25 Hz

Stroke length 4 mm
Corresponding velocity 0.2 ms−1

Duration 900 s

monitors and records the various test parameters such as load, temperature, frequency,
stroke length, friction force and duration.

For experiments in the high temperature reciprocating friction and wear apparatus, the
upper specimens were cylindrical manganese–boron steel pins with a diameter of 2 mm
and a length of 8 mm, which were prepared by wire electro–discharge machining. The
edge of the flat contact surface was chamfered to avoid an uneven distribution of pressures
in contact during experiments. The initial, arithmetic, average surface roughness Ra of the
pins was 1.78 ± 0.12 μm measured by means of white light interferometry. The lower
specimens were discs made of tool steel 1 and tool steel 2 with a diameter of 24 mm
and a thickness of 8 mm. The contacting surface of the discs was finely ground in order
to remove the preferential surface lay obtained during cutting. The initial, arithmetic,
average surface roughness Ra of the discs made of tool steel 1 was 0.12 ± 0.01 μm and
Ra of the discs made of tool steel 2 was 0.13 ± 0.01 μm. During experiments, the flat
end of the pin was in contact with the flat disc specimen. This geometry was chosen with
a view to maintain a constant contact pressure even if the pin specimen is subjected to
high wear. The testing parameters employed in these experiments were based on values
typically encountered in press hardening and are given in Table 3.2.

The experimental work was conducted following a well established testing proced-
ure in order to ensure reproducibility of results and to minimise sources of error. All
specimens and holders were cleaned in heptane and ethanol in an ultrasonic cleaner and
dried in air. The specimens were then weighed by using an analytical laboratory weighing
balance. Each specimen was weighed at least three times and an average mass was cal-
culated. After mounting the specimens, the heating of the lower specimen was performed
while the specimens were still separated from each other. When the desired temperature
of the lower tool specimen was reached, the upper workpiece specimen was brought in
contact by loading it against the lower specimen and then, the test was started. A schem-
atic of the testing sequence is shown in Figure 3.1. Upon completion of experiments, the
specimens were allowed to cool slowly down to room temperature. After dismounting,
the specimens were again ultrasonically cleaned in heptane and ethanol and afterwards
dried in air. Then, the specimens were weighed three times in the analytical balance, the
weight loss was calculated and it was compensated for specimen weight gain due to oxid-
ation at higher temperatures. This was done by exposing the specimens to air for the same
duration and to the same temperature as in tribological experiments, but without imposing
a sliding motion. The experiments carried out in the high temperature reciprocating slid-
ing apparatus were performed with a view to obtain steady state friction and measurable
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Figure 3.1: Schematic illustrating the test specimen arrangement and the testing sequence;
FN is the normal load and FR is the required oscillating force

wear at predefined tool steel temperatures and all experiments were repeated twice.

3.2.2 High temperature simulative friction and wear apparatus
In order to determine the tribological characteristics of material pairs subjected to con-
tact conditions prevalent in press hardening, a high temperature simulative friction and
wear apparatus was employed. In this device, an electric motor slides a movable tool
specimen assembly that is mounted on a ball screw along a workpiece strip specimen as
illustrated in Figure 3.2. A movable tool pin is loaded against the workpiece sheet strip
and a counteracting stationary tool pin by means of a pneumatic bellow. The workpiece
is clamped by means of hydraulically actuated jaws that are also designed to provide the
heating of the sheet strip via the Joule effect by passing a PID controlled current through
the workpiece strip. A pneumatic cylinder attached to one clamping jaw allows keeping
the workpiece strip straight during heating by applying a pretension force. The friction
force is measured by two strain gauge force transducers connected to the ends of the
workpiece strip. An automated pick and place mechanism feeds new sheet strips from
a tray, containing up to forty workpiece strips, into the hydraulically actuated clamping
jaws and puts the worn sheet strips back into the tray, which means that the workpiece
strip is tested in a vertical position. Moreover, accelerated wear on the tool pins can be in-
duced as long sliding distances above thirty metres can be achieved without necessitating
a change of tool specimens. As the sheet strip is mounted vertically during experiments,
the wear debris tray situated between the automated pick and place mechanism and the
tribological contact pair is needed to prevent oxide scale generated during sliding from
interfering with the wear process. The use of individual workpiece strips allows analysing
the strip surfaces after testing in order to understand changes in friction and wear mech-
anisms with respect to a specific position on a given sheet strip. Measurements of the
acoustic emission and the contact potential of the tribological pair as well as in–situ wear
measurements of the tool pins by using a linear variable differential transformer (LVDT)
sensor are also possible. For tribological studies at elevated temperatures, the tool pins
can be heated by means of resistive heating coils up to a temperature of 700 ◦C. Very fast
heating of the workpiece strip is achieved via the Joule effect by passing a current through
it up to a maximum temperature of 1000 ◦C. The workpiece strip can also be cooled or
quenched by means of pressurised air nozzles. The temperature of the workpiece strip
is continuously measured by a pyrometer in front of the contact during testing and the
temperature of the tool pins is measured by individual thermocouples (type–k) close to
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Figure 3.2: Schematic showing High–Temperature Tribometer test configuration em-
ployed in tribological studies; FN is the normal force, FD is the drawing force, T is the
temperature of the workpiece and s is the sliding distance per sheet strip

the contact interface. A LabView R©–based data acquisition and control software monit-
ors and records the various test parameters such as normal load, drawing (friction) force,
pretension force, sliding speed, specimen temperatures and more.

For experiments in the high temperature simulative friction and wear apparatus, the
workpiece material specimens were obtained as sheet strips with a thickness of 1.5 mm,
a width of 15 mm and a length of 1000 mm in case of Al–Si precoated boron–manganese
sheets and a length of 1100 mm in case of uncoated 22MnB5 sheets. The initial, arith-
metic, average surface roughness Ra of the uncoated workpiece strips was 1.16 ± 0.16 μm
and Ra of the Al–Si coated workpiece strips was 0.90 ± 0.18 μm, both measured by means
of white light interferometry. The tool steel specimens were rectangular pins made of tool
steel 1 with a width of 10 mm, a depth of 10 mm and a height of 20 mm, which were
prepared by wire electro–discharge machining. The contacting surface of the tool steel
pins was further machined with a radius of 50 mm resulting in a spherical ended pin. Fur-
thermore, the spherical tip of the tool steel pin was finely ground in order to remove any
preferential surface lay. The initial, arithmetic, average surface roughness Ra of the pins
made of tool steel 1 was 0.13 ± 0.01 μm. During experiments, the spherical tip of the
tool pins was in contact with the hot, flat surface of the workpiece strip. This geometry
was employed in order to simulate severe (detrimental) contact conditions on a radius of
a full–scale press hardening operation. The testing parameters employed in these exper-
iments were based on values typically encountered in press hardening and are given in
Table 3.3.

In order to ensure reproducibility of results and to minimise sources of error, a testing
procedure was established during the performance of the experimental work. The tool
pin specimens and pin holders were consecutively cleaned in heptane and ethanol in an
ultrasonic cleaner and left to dry in air. The tool pin specimens were then weighed by
using an analytical laboratory weighing balance. Each specimen was weighed at least five
times and an average mass was calculated. The sheet strip specimens were successively
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Table 3.3: Test parameters used in high temperature simulative tribological tests

Test parameter Value
Load 50 and 150 N

Resulting pressure 7 and 21 MPa
Sliding velocity 0.01 and 0.1 ms−1

Strip temperature 750 ◦C
Initial tool temperature 25 ◦C

Sliding distance per strip 0.55 m
Atmosphere air (1 atm)

Total number of strips 10

wiped clean with heptane and ethanol and dried in air, but were otherwise utilised in their
as–delivered condition. After mounting the specimens, the pretension was applied and
circular segments of alumina tube were put in front of the tool pins to protect them during
heating of the workpiece strip. Then, the heating of the workpiece strip was performed
while the specimens were separated from each other. In case of uncoated 22MnB5 sheet
strips, the parameters of the PID controls for the resistive strip heating were applied.
For Al–Si coated 22MnB5 sheet strips, the resistive heating was manually steered by
controlling the power input and three heating steps with different holding times as well as
a total duration of approximately seven minutes were necessary to reproduce the desired
morphology and microstructure of the coating. When the desired testing temperature was
reached, the ceramic heat shields were removed, the normal load was applied and sliding
was activated when the load was stable, as schematically depicted in Figure 3.2. Due to
the spherical tip of the tool steel pins, the contact pressure changed during experiments,
which led to the estimation of the contact pressure by the quotient of applied normal force
and approximate contact area of the tool steel pins after testing. Each experiment involved
the use of ten workpiece strips in order to obtain measurable wear on the tool steel pins and
each combination of test parameters given in Table 3.3 was run twice. Upon completion of
experiments, the workpiece strip was briefly allowed to cool down before placing it in the
tray and putting in place a new sheet strip for the next test. After testing ten sheet strips,
the tool steel pins were dismounted and again ultrasonically cleaned in ethanol. After
drying in air, the tool pin specimens were weighed five times in the analytical balance and
their weight loss was calculated.

In high temperature simulative friction and wear experiments, in–situ wear meas-
urements were not employed for the determination of tool wear as material built–up on
the tool affects the displacement measurement. Furthermore, accurate calibration of the
LVDT sensor at operating temperatures is difficult.

3.3 Regression analysis of experimental data

Curve fitting usually refers to the construction of a mathematical function that best fits a
series of data points which might underlie some restrictions. Fitted curves can then be
used to visualise data or to deduce the value of the function where no data is available
as well as to correlate two or more variables. In statistics, linear regression is a way to
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model the relationship between a scalar dependent variable and one or more explanatory
variables. Linear regression has many practical uses and it can be used to fit a predictive
model to a set of data points. The advantage is that models which linearly depend on
their unknown parameters are easier to fit than models with non–linear dependency of
their parameters. When the model exists, it can be employed to make a prediction of
an additional value. However, the more general regression analysis rather focusses on
how much uncertainty appears in a mathematical function that fits some data points when
comparing it to curve fitting. In this work, linear regression analysis of experimental
data was performed in the commercially available programming language MATLAB R©
in order to prepare the results of friction and wear experiments for processing in finite
element simulations to predict wear of the press hardening tools. The linear regression
model was fitted using the non–linear least squares approach. In statistics, the goodness of
fit describes how well the model fits a set of data points. Here, the accuracy of the fit was
elaborated using the coefficient of determination R2 in order to indicate the discrepancy
between the observed values and the values expected from the model.

3.4 Surface Analysis
The post–test analysis of specimens included the employment of optical white light in-
terferometry (WLI) in order to determine the surface topography of worn surfaces by
measuring the height in each point on a given area. The surface morphology of speci-
mens and the wear mechanisms were determined by using scanning electron microscopy
(SEM) in conjunction with energy dispersive x–ray spectroscopy (EDX).





Chapter 4

Results and discussion

In this chapter, some of the salient results from the appended papers are presented and
discussed. Firstly, the friction and wear behaviour of two prehardened hot work tool
steels sliding against unhardened and uncoated manganese–boron steel was determined.
This was conducted under dry conditions at various well controlled temperatures in a
standardised tribological testing device. Then, regression analysis of obtained wear res-
ults allowed incorporating temperature dependent wear coefficients into Archard’s wear
model for implementation in finite element simulations. Finally, experiments were car-
ried out on a newly developed tribological testing equipment. This aimed at determining
the friction and wear behaviour of prehardened hot work tool steel sliding against un-
hardened manganese–boron steel under conditions prevalent in press hardening. It should
be noticed that the results reported here only represent a selection and that more details
are given in the appended papers.

4.1 Reciprocating sliding experiments

4.1.1 Frictional behaviour

At 40 ◦C, the coefficient of friction increased as a result of continuous removal of the nat-
ural oxide layer leading to the occurrence of metal–to–metal contact and the deformation
or removal of surface asperities leading to a larger real area of contact. Additionally, the
tests performed at 40 ◦C showed fluctuations in the friction coefficient at low loads owing
to adhesion that led to local seizure between the two rubbing surfaces [32]. Therefore,
the coefficient of friction increased, seen as the rising of the peaks in Figure 4.1, until
a fragment of adhered material got stuck in its ploughing track and detached from the
surface leading to the decay in friction [32]. At higher loads, the ploughing component of
friction was reduced as the higher contact pressure resulted in higher tangential friction
stresses that led to earlier detachment of the adhered material. The friction coefficients at
all loads and at 200 ◦C, 400 ◦C and 600 ◦C were lower and more stable than at 40 ◦C,
which was explained by the formation of protective, compacted wear debris layers. At
room temperature, compacted wear debris was only loosely agglomerated while smooth
wear protective oxide layers were load bearing areas at higher temperatures [29]. Hence,
a generally observed decrease in the coefficient of friction at elevated temperatures was
confirmed [33, 34, 35, 36, 37, 38]. The coefficient of friction at higher loads was lower

25



26 Chapter 4. Results and discussion

Figure 4.1: Coefficient of friction at 40 ◦C, 600 ◦C and 800 ◦C for manganese–boron steel
sliding against tool steel 1

than at lower loads. This can again be attributed to the higher contact pressure that resul-
ted in more compaction and smoother protective wear debris layers that exhibited a lower
friction coefficient and could support the load more easily. At 800 ◦C, the coefficient
of friction exhibited an increase until the end of the test. The observed fluctuations in
the coefficient of friction were attributed to the formation of a compacted wear debris
layer. As this layer formed, the friction decreased and then the layer kept growing until
it reached a critical thickness and broke. When the layer broke, metal–to–metal contact
occurred and the friction coefficient increased. The continuous increase in the friction
coefficient to its final value seen in Figure 4.1 was explained by thermal softening of the
two mating surfaces as the test proceeded, which led to a steady increase in contact area.
However, the employment of a higher load at 800 ◦C resulted in an earlier increase in the
coefficient of friction as the higher contact pressures led to more plastic deformation of
the contacting specimens. Good repeatability of the experimental results was observed
during the experiments performed at 400 ◦C and 600 ◦C. Contrarily, experiments carried
out at 40 ◦C and 800 ◦C showed some scatter in the results.

4.1.2 Wear behaviour
In this work, it was found that the two investigated prehardened hot work tool steels ex-
hibited similar wear characteristics with increasing temperature. Figure 4.2 (a) illustrates
that the mass loss of the investigated materials decreased with a similar trend when the
temperature increased from 40 ◦C to 600 ◦C and almost coincided at 600 ◦C. At higher
loads, the higher contact pressure resulted in higher frictional stresses. This led to more
material removal as the adhered material detached more easily. Above 600 ◦C, the mass
loss increased with temperature in all cases. Figure 4.2 (b) shows that the wear coeffi-
cients of the tool steels initially decreased by one order of magnitude with temperature,
reaching their minima at 400 ◦C. At higher temperatures, the wear coefficients increased
again. However, the tool steels exhibited their highest wear coefficients at 40 ◦C. The ini-
tial transition from high to low wear coefficients could be explained by a change in wear
mechanisms from metallic, severe, adhesive modes to the formation of protective oxid-
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Figure 4.2: Mass loss and wear coefficient as functions of temperature for tool steel 1 at
different loads and for tool steel 2 obtained in the reciprocating sliding experiments
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ised wear debris layers. With further increase in temperature, the wear mechanisms of
the tool materials changed again to severe adhesive and additional plastic deformation ap-
peared as a result of thermal softening. A higher load at 800 ◦C resulted in higher contact
pressures that led to more plastic deformation and consequently more wear. However, the
changes in wear mechanisms of the manganese–boron steel and prehardened hot work
tool steels occurred at different temperatures than observed in other studies [38]. This
can be explained by the difference in experimental set–up as retention of wear debris in
the contact during reciprocating dry sliding occurs more easily than during unidirectional
dry sliding [31, 39]. This facilitates in return the formation of beneficial and protective,
compacted wear debris layers, which were confirmed by SEM analysis of the specimens.

In Figure 4.3, the scanning electron micrographs of the worn tool steel discs reveal that
the main wear mechanism occurring at 40 ◦C was severe adhesion. This was supported
by the observation of a high coefficient of friction in these experiments, as shown as an
example in Figure 4.1 for tool steel 1. This type of behaviour can be attributed to the
occurrence of metal–to–metal contact. The grooves that can be seen in Figure 4.3 are a
result of this metal–to–metal contact and oriented in the direction of sliding because of the
ploughing action of hard oxidised wear debris sticking to the counter surface. Generally,
the severe adhesive wear that occurred at 40 ◦C explained the observed highest wear rates
in these experiments.

In Figure 4.4, it can be observed that agglomeration and compaction of oxidised wear
debris led to the formation of isolated patches of wear protective layers at 200 ◦C. Jiang et
al. [29] reported that such patches adhered to the rubbing surfaces and were therefore able
to withstand the load. It was found that oxidation did not appear inside the wear scar at
locations where no contact between the surfaces occurred. The formation of the isolated
patches on all specimens can be explained by a low oxidation rate at 200 ◦C. That oxid-
ation rate is not high enough to quickly oxidise the rubbing surfaces or the wear debris,
which is the reason why adhesive wear features and even ploughing can also be observed
on the specimens. According to Glascott et al. [40], such an oxidised wear debris layer
is unstable below 300 ◦C and can rapidly break down, but a comparable difference in
oxidation rate below a certain temperature was reported by Stott [39]. However, the ox-

Ploughing
groove

(a)

Ploughing
groove

(b)

Figure 4.3: SEM images of disc of (a) tool steel 1 and (b) tool steel 2 tested at 40 ◦C
showing adhesion and ploughing grooves; double arrows indicate sliding directions
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Figure 4.4: SEM images of disc of (a) tool steel 1 and (b) tool steel 2 tested at 200 ◦C
showing isolated wear debris patches; double arrows indicate sliding directions
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Figure 4.5: SEM images of disc of (a) tool steel 1 and (b) tool steel 2 tested at 600 ◦C
showing smooth compacted wear debris layers; arrows indicate sliding directions

idation rate was high enough to significantly reduce the adhesion and ploughing action
as the patches were able to carry the load during the test. Jiang et al. observed a similar
behaviour of compacted wear debris layers rapidly decreasing the wear rate [41]. This is
further supported by a low and stable coefficient of friction and by the significantly lower
mass loss in Figure 4.2 (a) at 200 ◦C, 400 ◦C and 600 ◦C.

A further decrease in mass loss and in wear coefficient was observed during the ex-
periments carried out at 400 ◦C. The tool steel discs showed evidence of isolated, wear
protective patches on the surfaces. These patches suggest that the surfaces were com-
pletely covered by the beneficial, compacted wear debris layers resulting in the low mass
loss and wear coefficients shown in Figure 4.2. The high oxidation rate allowed agglom-
eration and compaction of wear debris, leading to a quick build–up of these layers. When
the thickness of these layers reached a critical level, the compacted wear debris broke
loose causing three–body abrasion on the counter surface. The very low mass losses and
wear coefficients observed in Figure 4.2 indicated a higher probability of their reinteg-
ration into the built–up layer on the tool steel discs. No significant change in mass loss
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(a)
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(b)

Figure 4.6: SEM images of disc of (a) tool steel 1 and (b) tool steel 2 tested at 800 ◦C
showing delamination of the compacted wear debris layers; arrows indicate sliding direc-
tions

or wear coefficient is noticed in Figure 4.2 when comparing the experiments performed
at 600 ◦C with the ones done at 400 ◦C. Figure 4.5 shows the worn surfaces of the tool
steel discs tested at 600 ◦C. The breaking–off of wear debris agglomerates is even more
evident on these specimens than the ones tested at 400 ◦C as the higher oxidation rate
led to a thicker built–up oxide layer, reaching its critical thickness more often during
experiments. Abrasive marks on the counter surface confirmed that loose wear debris
agglomerates became to some extent load carrying during these experiments.

It can be observed in Figure 4.2 that the mass loss and wear coefficient both increased
at 800 ◦C. The oxidation rate was so high that the formation of compacted wear debris
layers was not as beneficial as at lower temperatures. The material build–up repeatedly
reached critical thickness, leading to continuous breaking–off of debris agglomerates,
shown by abrasive marks and delamination of the oxide layers on both tool steel discs
in Figure 4.6. The appearing delamination gave rise to the assumption that breakdown
of the compacted wear debris layers predominantly occurred, inhibiting compaction and
sintering of wear particles. Plastic deformation of the specimens explains the steadily
increasing coefficient of friction in Figure 4.1 at 800 ◦C during the second half of the
experiments. The manganese–boron steel pins heated up due to conduction of heat from
the tool steel discs during the first half of the tests. Then, the thermal softening of both
contacting specimens led to an increase in contact area, which resulted in an increase in
friction coefficient. The plastic deformation was also the main reason why a change in
wear mechanisms from the formation of protective oxidised wear debris layers to severe
adhesive modes occurred for the tool materials.

4.1.3 Regression analysis of wear data

In this work, it is assumed that Archard’s wear model is applicable and the wear coeffi-
cient is usually assumed to be constant, but material properties and contact conditions vary
with temperature. Wear volumes were determined as temperature dependent parameters.
Hence, a modified Archard wear model, in which the wear coefficient is a result of the
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Table 4.1: Regression parameters of wear coefficients

Parameter Tool Load Regression Goodness
steel parameters of fit

a b c d R2

K(T) 1 31 N 2.264×10−2 - 0.0120 3.761×10−8 0.0062 0.9908
K(T) 2 31 N 7.937×10−1 - 0.0198 1.320×10−5 0.0014 0.9997
K(T) 1 62 N 1.088×10−3 - 0.0067 6.119×10−6 0.0023 0.9936

overlapping of several mechanical and thermal phenomena, was proposed. A regression
model of the following form was employed:

f (x) = aebx + cedx (4.1)

where a, b, c and d are unknown parameters of the regression model.
It is known that the oxidised wear debris layer plays an important role in the wear

process at elevated temperatures as it becomes stable and reduces friction between the
surfaces [40]. However, it is difficult to identify the influence of a particular, thermally
activated phenomenon and to determine corresponding parameters. Therefore, the mod-
ified, temperature dependent Archard wear model may be a more promising, predictive
wear model. In order to predict wear through finite element simulations, it was necessary
to convert mass losses to wear depth values as corresponding parameters in numerical
simulations are collected from nodes. Then, the modified Archard wear model relating to
the thickness of the material removed by wear is as follows:

d(T ) = K(T )
LP

H(T )
(4.2)

The temperature dependent wear coefficients that were calculated from the determined
mass losses were already shown in Figure 4.2 (b). The linear parameters of the regression
model are summarised in Table 4.1.

The high–temperature hardness values reported by Hernandez [42] are represented in
Figure 4.7. These hot hardness values were curve fitted by means of Equation 4.1 in order
to cover the whole temperature range as the materials used in this study are alloys that
undergo phase transformations during heating and cooling. The linear parameters of the
regression model for the hardness are summarised in Table 4.2.

A clear exponential dependence of the wear coefficient and the hardness on temperat-
ure could be deduced from Figures 4.2 and 4.7. These findings suggest that there is a high
probability that other thermally activated wear processes are also occurring. According
to Gupta [24], the combination of several thermally activated processes possessing dif-
ferent activation constants with mechanical wear processes allows modelling the wear
behaviour of materials in cases where wear rates are optimum in a certain temperature
range. Such overlapping of several wear processes can clearly be seen in Figure 4.2,
which consequently leads to good correlation of the proposed wear model with experi-
mental data. Furthermore, the higher value of the coefficient of determination R2 for tool
steel 2 suggests a difference in the material behaviour and a more complex tribological re-
sponse than that of tool steel 1. Hence, an influence of other mechanical properties of the
contacting materials than hardness cannot be excluded. However, whether this influence
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Figure 4.7: Vickers hardness as a function of temperature; data reported by [42]

Table 4.2: Regression parameters of hot hardness [42]

Parameter Material Regression Goodness
parameters of fit

a b c d R2

H(T) 22MnB5 - 5.729×101 0.00334 1.822×103 0.00023 0.9704
H(T) Tool steel 1 - 6.154×10−1 0.00791 4.554×103 - 0.00019 0.9949
H(T) Tool steel 2 - 1.455×10−2 0.01092 3.291×103 - 0.00030 0.9964

is of greater importance than the thermally activated processes occurring during contact
is still unclear.

4.2 Simulative tribological experiments

4.2.1 Frictional behaviour

Figure 4.8 shows the coefficient of friction as a function of sliding distance obtained
for uncoated tool steel pins sliding against uncoated and Al–Si coated manganese–boron
steel strips. It can be seen that a higher load leads to a lower and more stable coefficient
of friction independently of the sliding velocity or material. The coefficient of friction is
generally higher in the case of Al–Si coated manganese–boron steel when compared to
the uncoated 22MnB5 steel, which can be explained by a reduced occurrence of adhesion
owing to an oxide scale on the uncoated workpiece strip. In addition, the coefficient of
friction is unstable in the case of Al–Si coated 22MnB5 steel.

An effect of sliding velocity on the coefficient of friction can be deduced when con-
sidering Figure 4.8. It can be seen that an influence of the sliding velocity is only marginal
for uncoated and Al–Si coated manganese–boron steel, regardless of the applied normal
load. These trends differ from reported behaviour in the literature, which is believed to
originate from differing contact conditions when comparing experimental results. That
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Figure 4.8: Coefficient of friction as a function of sheet strip position (a) for uncoated
22MnB5 steel and (b) for Al–Si coated 22MnB5 steel
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is the reason why a clear tendency in the coefficient of friction considering changes in
the sliding velocity cannot be identified. In Figure 4.8, the influence of applied normal
load, and indirectly the effect of contact pressure, on the coefficient of friction can also be
deduced. It can be seen that there is a decrease in friction coefficient with increasing load
for both materials, uncoated and Al–Si coated manganese–boron steels. The decrease
in friction coefficient is even more pronounced in the case of aluminium–silicon coated
22MnB5 steel. The obtained results differ from results reported in the literature, but a
direct comparison of results is difficult as many factors influence the contact conditions,
which therefore might be very different. Nevertheless, higher coefficients of friction ob-
tained in this work were explained by the severer contact occurring between the spheric
end of the tool steel pin and the flat workpiece. The spherical tip leads to more ploughing
in the contact interface during sliding, in particular at the employed high temperatures
that result in thermal softening of the workpiece.

In Figure 4.9, the average coefficient of friction of tool steel pins sliding against un-
coated and Al–Si coated 22MnB5 steel sheet strips under different loads and sliding ve-
locities shows a good reproducibility of results obtained for uncoated manganese–boron
steel. Even experiments carried out at high loads show good reproducibility of results in
the case of Al–Si coated manganese–boron steel. It was pointed out by several authors
that friction coefficients determined under conditions used in this work could be utilised
in numerical simulation of press hardening by means of the finite element method.

4.2.2 Wear behaviour

In Figure 4.10, it can be noticed that the contact area on the tools corresponded to a
circular area of approximately 7.07 mm2, which indicated that mean Hertzian pressures
of 180 MPa at low normal loads and 270 MPa at high normal loads in the initial point
contact were reduced to nominal contact pressures of about 7.1 MPa in the cases with low
applied loads and 21.2 MPa in cases with high applied loads after running–in of the tool
pins.

In Figure 4.11, the effect of sliding velocity on the wear coefficient can be deduced. It
can be observed that an influence of sliding velocity is only marginal at low applied loads
in the case of uncoated manganese–boron steel as the contact pressure is only moderate.
At higher loads, the wear coefficient decreases with increasing drawing speed. This can
be attributed to the longer contacting times at low sliding velocities and hence, more time
for growth of adhesive junctions between the two contacting materials.

Figure 4.12 supports this owing to the observation of intermixing of metallic wear
debris (light grey), probably originating from the tool steel pins, and of oxidised wear
debris (dark grey) stemming from the fragmentation and compaction of oxide scale on
the uncoated 22MnB5 sheet strips with help of the material contrast of backscattered
electrons. Tian et al. [14] also observed that wear was more severe at lower drawing
speeds as well as constant temperatures and pressures. They also explained this by the
longer contact time at lower drawing velocities, which offered more time for the formation
of adhesive junctions during sliding.

In Figure 4.13, the effect of normal load on the wear coefficient can be deduced. It can
be observed that an increase in the applied load results in an increase in wear coefficient
independently of the material or sliding velocity. This can be attributed to more adhesive
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Figure 4.9: Mean coefficient of friction as a function of number of tested strips for (a)
uncoated 22MnB5 steel and (b) Al–Si coated 22MnB5 steel
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(a) (b)

Figure 4.10: Scanning electron micrographs of (a) stationary tool steel pin and (b) mov-
able tool steel pin tested at 50 N load and at 0.01 ms velocity; arrows indicate direction
of uncoated workpiece motion

junctions building up as the plastic deformation of the materials’ surfaces results in a
better adaptation of the surfaces to each other.

It was revealed that the tool steel pins mainly showed evidence of adhesion on their
contact surfaces. During sliding, heat conduction from the manganese–boron steel strip
to the tool steel pins resulted in a high tendency of the surfaces to adhere when the load
was applied, as can be observed in Figure 4.14.

Figure 4.15 shows scanning electron micrographs of a tool steel pin pair that slid
against aluminium–silicon coated manganese–boron steel. It can be noticed that adhesion
due to material transfer (galling) of the Al–Si coating from the coated workpiece strip
mainly occurred. Furthermore, Figure 4.15 (b) revealed that the transfer of material oc-
curred in the form of layers successively building up as new material came into contact
with the tool pin surface in each subsequent test of the workpiece strips. Boher et al.
[15] reported a comparable cyclic evolution of the transferred layer which was formed by
particles that were not fully agglomerated. The variations in coefficient of friction of Al–
Si coated 22MnB5 steel observed in Figure 4.8 can then also be attributed to this material
transfer (galling) of the aluminium–silicon coating from the workpiece strip to the tool
steel pin surfaces building up as sliding progressed. This explains why the wear coeffi-
cient is lower in Figure 4.13 in cases where the tool steel pins slid against Al–Si coated
manganese–boron workpiece strips. The transfer of material leads to an apparently smal-
ler material loss (wear) of the tool pins that were in contact with the coated workpiece
material.
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Figure 4.11: Mean wear coefficient as a function of sliding velocity for (a) low normal
loads and (b) high normal loads
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(a) (b)

Figure 4.12: Scanning electron micrographs of (a) stationary tool steel pin and (b) mov-
able tool steel pin at a load of 50 N and a speed of 0.01 ms−1; arrows indicate direction
of uncoated workpiece motion
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Figure 4.13: Mean wear coefficient as a function of normal load for (a) low sliding speeds
and (b) high sliding speeds
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Figure 4.14: Scanning electron micrographs of (a) stationary tool steel pin and (b) mov-
able tool steel pin tested at 50 N load and 0.1 ms−1 speed; arrows indicate direction of
uncoated workpiece motion
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Figure 4.15: Scanning electron micrographs of (a) stationary tool steel pin and (b) mov-
able tool steel pin tested at a load of 50 N and at a speed of 0.1 ms−1; arrows indicate
direction of Al–Si coated workpiece motion



Chapter 5

Conclusions

In this work, the tribological characteristics of prehardened hot work tool steels and un-
hardened manganese–boron steel was investigated at temperatures ranging from 40 ◦C
to 800 ◦C. One part of the experimental work was carried out in a reciprocating fric-
tion and wear testing device under dry sliding conditions. The results indicated that the
operating temperature had a considerable influence on the tribological behaviours of the
prehardened hot work tool steels and the unhardened manganese–boron steel. The friction
coefficient generally decreased with increasing temperature owing to formation of bene-
ficial and protective oxidised wear debris layers, except for 800 ◦C, where the coefficient
of friction increased due to thermal softening and plastic deformation of the materials.
The wear of prehardened hot work tool steels and unhardened manganese–boron steel de-
creased at higher temperatures as the surfaces were protected by compacted oxidised wear
debris layers. A modified Archard wear model, in which the wear coefficient is a result of
the overlapping of several mechanical and thermal phenomena, was proposed. Under the
assumption that Archard’s wear model is applicable, the wear volumes were expressed
as temperature dependent functions and a temperature dependent wear coefficient could
be obtained through regression analysis of experimental data. Good agreement between
the proposed wear model and experimental results validated the model and demonstrated
its practical significance. The other part of the experimental work was carried out in a
friction and wear testing device that closely simulates the contact conditions prevalent
in press hardening under dry sliding conditions. This was motivated by the fact that the
contact conditions occurring between forming tool and workpiece are not satisfactorily
represented by standardised tribological testing devices. Good reproducibility of results
showed that friction and wear could be measured under conditions prevalent in the press
hardening process. It was found that higher loads led to lower and more stable fric-
tion coefficients independently of sliding velocity or material. In the case of uncoated
manganese–boron steel, the influence of sliding velocity on the coefficient of friction was
only marginal. The coefficient of friction of Al–Si coated 22MnB5 steel was generally
higher and unstable due to galling of the Al–Si coating on the tool. It was confirmed that
adhesion was the main wear mechanism, but the test configuration in which the vertical
arrangement of the strip limited the occurrence of accumulation and compaction of wear
debris to the sliding contact. The obtained results agreed well with results reported in the
literature.
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Chapter 6

Future Work

In the future, more focus will be given to the interplay between friction and wear occurring
in press hardening. Friction between tool and workpiece controls the deformation of the
blank, but also results in wear of the forming tools. As this is a critical issue for the
accuracy of produced parts and maintenance costs, the long term aim is to understand
the influence of process parameters on friction and wear behaviours. The possibilities of
controlling friction and wear by surface engineering techniques will also be investigated.

The incorporation of temperature into a wear model was a first attempt to refine exist-
ing wear models that can be employed for the prediction of tool wear in press hardening.
The identification of relevant contact condition parameters for wear modelling was a fur-
ther step towards a possible model for the prediction of tool wear. A recent trend in
unlubricated tribology seems to be the determination of energetic properties for the de-
velopment of physical wear models. Therefore, the evaluation of potential wear models
and their relevance for the press hardening process is a very interesting question to be
addressed.

In tribological systems at elevated temperature, several phenomena occur simultan-
eously and it is not possible to separate them from each other, which makes the modelling
of these coupled problems a difficult task. A further step for improving wear modelling
in high temperature applications could be the adaptation and simultaneous combination
of several phenomenological wear models that can help in identifying the contribution of
individual phenomena and in getting new insights.
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Abstract
Mechanical components in tribological systems exposed to elevated temperatures are
gaining increased attention since more and more systems are designed to operate un-
der extreme conditions. In hot metal forming, the effect of temperature on friction and
wear is especially important since it is directly related to process economy (tool wear) and
quality of the produced parts (friction between tool and workpiece). This study is there-
fore focused on fundamental understanding pertaining to the tribological characteristics
of prehardened hot work tool steel during sliding against 22MnB5 boron steel. The tri-
bological tests were carried out using a high temperature reciprocating sliding friction and
wear tester under a normal load of 31 N (corresponding to a contact pressure of 10 MPa),
a sliding speed of 0.2 ms−1 and temperatures ranging from 40 ◦C to 800 ◦C. It was found
that friction coefficient and specific wear rate decreased at elevated temperature because
of formation of compacted wear debris layers on the surfaces.
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A.1 Introduction

High temperature tribology has recently received more and more attention since friction
and wear exert considerable influence on the performance of systems designed to oper-
ate under extreme conditions. Manufacturing processes like hot forming, hot forging and
hot rolling are usually performed at specific elevated temperatures in order to soften the
material and hence, make it easier to form under atmospheric conditions in view of keep-
ing production costs and energy consumption as low as possible. Additionally, a specific
temperature might be required to achieve microstructural changes in the material so as
to increase its strength for ambient temperature use. Press hardening of advanced high
strength steels such as 22MnB5 for car body components is one example where this is
used in practice. These components are produced in a hot sheet metal forming operation
where austenitised blanks are formed at elevated temperatures and immediately quenched
in the tool. The employed elevated temperature and relative movement between tool and
blank lead to an increased wear rate of the tool reducing its lifetime [7]. However, fin-
ancial savings could be achieved if it was possible to control friction and especially wear
in such processes. A reduction in tool wear can be achieved by either changing chem-
ical composition or mechanical properties of the tool steel or by applying coatings on
the blank, the tool or both materials [43]. An Al–Si coating is commonly applied on the
workpiece, but recent studies also evaluate other potential blank coatings [18, 19]. Other
studies investigate the tribological performance of hard coatings or surface treatments on
the tool [19, 33, 34, 44]. At the same time, a growing interest in computer modelling of
wear phenomena in press hardening, forging or even fundamental tribological processes
can be noticed [21, 29, 30, 45, 46, 47, 48, 49, 50]. Beynon stated that both laborat-
ory experimentation as well as computer simulation were necessary to enrich knowledge
within hot forming tribology [51]. Wieland and Merklein pinpointed that the heat transfer
coefficient represented important input data for computer modelling of press hardening
[7]. Cora et al. mentioned that important parameters of sheet metal stamping were in-
teraction between an unused sheet surface and repeatedly utilised tool as well as use of
proper sliding velocity and contact pressure levels [43]. However, interaction between
material properties at elevated temperatures and specific tribological conditions was only
studied for a limited number of material pairs such as Nimonic 80A, X38CrMoV5-1, 316
stainless steel or others [29, 52, 53]. These authors also studied wear phenomena under
dry sliding conditions at elevated temperatures [35, 52, 53]. They found that formation
of protective layers on mating surfaces was possible under certain conditions of load,
sliding velocity and temperature by agglomeration, compaction and sintering of oxidised
wear debris particles. These compacted wear debris layers separated the surfaces and
in some cases even developed glaze layers at higher temperatures further reducing wear
[31, 36, 37, 39, 41, 54]. The conditions at which these layers formed were also depending
on the materials in contact. Even though these layers are seldom observed in real ap-
plications, the interaction of tool steel with 22MnB5 boron steel at elevated temperatures
represents a typical material pair in the field of high temperature tribology. Hence, the
present literature survey shows that fundamental understanding about the interaction of
material properties at different physical and tribological conditions is still lacking. As
limited results concerning the sliding of tool steel against boron steel at elevated temper-
atures are available in the open literature, the motivation for conducting the present study
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Figure A.1: Schematic showing SRV test configuration employed in high temperature
tribological studies

is mainly in view of fundamentally understanding the phenomena occurring during dry
high temperature sliding between these two metallic materials at temperatures ranging
from room temperature to 800 ◦C. In the long term, the aim is to understand the influ-
ence of temperature on friction and wear so as to create useful physical data that can be
implemented in forming simulations, leading to a better prediction of tool wear in metal
working operations at elevated temperatures.

A.2 Experimental work

A.2.1 Test equipment
For tribological studies at elevated temperatures, the Optimol SRV reciprocating friction
and wear test machine was utilised. In this machine, it is possible to conduct tests up to a
temperature of 900 ◦C. An electromagnetic drive oscillates an upper specimen over a sta-
tionary lower specimen as shown in Figure A.1. The upper specimen is loaded against the
lower specimen by means of a spring deflection loading arrangement. The friction force
is measured by using a pair of piezoelectric transducers. A computerised data acquisition
and control system is utilised to control, monitor and measure the different parameters
during the tests.

A.2.2 Test materials and specimens
In the experimental test series, the upper test specimens, as shown in Figure A.1, were
made of boron steel in unhardened and uncoated condition. Thereby, the initial micro-
structure of the boron steel consisted of ferrite–pearlite. The boron steel was received as
plate material with a thickness of 8 mm. From this material, pin specimens with a dia-
meter of 2 mm and a length of 8 mm were obtained by wire electrodischarge machining.
SiC grinding paper with a #320 grit size was used to chamfer the edges of the flat contact
surface of the pins. Their initial surface roughness Ra was measured with a Veeco Wyko
NT 1100 optical interferometer. The hardness of the boron steel was measured with a Mat-
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Table A.1: Alloying composition (wt.%) (Fe makes up the balance), initial hardness and
surface roughness

Material C Si Mn P S Cr Mo V Ni B HV0.5
Ra Comments

[μm]
Pin 0.20 – 0.20 – 1.0 – max. max. 0.14 –

– – – 0.005
201 1.78 as

(22MnB5) 0.25 0.35 1.3 0.03 0.01 0.26 ± 3 ± 0.12 received
Disc

0.32
0.6 –

0.8
max. max.

1.35 0.8 0.14
max.

–
458 0.12 finely

(Tool) 1.1 0.01 0.003 1 ± 6 ± 0.01 ground

Table A.2: Available mechanical properties of boron and tool steel [55, 56]

Temperature [◦C]
Boron steel Tool steel

E–Modulus [MPa] Poisson ratio Compressive yield strength [MPa] Impact toughness [J]
20 212 0.284 1250 30
100 207 0.286 – –
200 199 0.289 1120 60
300 193 0.293 1120 80
400 166 0.298 1060 80
500 158 0.303 930 –

suzawa MXT–α microhardness tester using a load of 0.5 kg. The lower test specimens, as
shown in Figure A.1, were discs with a diameter of 24 mm and a height of 8 mm obtained
from quenched and tempered tool steel. No further heat treatments, surface treatments or
coatings were performed or applied on the tool steel discs as the intention was to study
the behaviour of the bulk material. Hence, the initial microstructure of the tool steel con-
sisted of tempered martensite. The reason for choosing the tool steel as disc material was
to study its tribological behaviour at various well controlled temperatures. Before each
test, the contacting surface of the disc was prepared by grinding with #600 grit SiC paper
to remove the preferential surface orientation obtained from a cutting operation. Average
surface roughness and microhardness were also determined on these specimens. During
the tests, the flat end of the pin was in contact with the flat disc specimen. Composition,
hardness values and initial surface roughness of the different materials used in this work
are summarised in Table A.1. It should be noticed that the given surface roughness values
were obtained by averaging seven different measurements and the specified hardness val-
ues were averaged from a total of five measurements. Initial mechanical properties of the
boron and tool steel materials are given in Table A.2 for temperatures ranging from room
temperature to 500 ◦C [55, 56].

A.2.3 Test procedure
All specimens were ultrasonically cleaned in heptane and ethanol and finally dried in air
before testing. After mounting the specimens in the test chamber, heating of the lower
specimen was started. During heating, the test specimens were still separated in order to
avoid heating of the upper specimen prior to testing. When the desired temperature of
the lower test specimen was reached, the upper test specimen was brought in contact by
loading it against the lower specimen and the test was started. The test parameters used
in this study are listed in Table A.3. The tests were performed to study both friction and
wear characteristics of tool steel and boron steel. The experiments were performed with a
view to obtain steady state friction values at different temperatures. All experiments were
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Table A.3: Test parameters used in the high temperature tribological tests

Test parameters Value
Load [N] 31

Pressure [MPa] 10
Temperature [◦C] 40, 200, 400, 600, 800
Frequency [Hz] 25

Stroke length [mm] 4
Duration [min] 15

Atmosphere (1 atm) air

repeated twice and tests carried out at 40 ◦C and 800 ◦C showed some scattering results.
As metallic materials oxidise when exposed to elevated temperatures under atmospheric
conditions, as a result of their thermodynamic instability, the weight of the specimens
will increase. This has to be taken into account when determining specific wear rates at
elevated temperatures in air. In the friction and wear experiments, the pin was loaded
against the disc and a reciprocating movement was imposed. During stationary tests, the
disc was heated to the desired temperature and the pin specimen was subsequently loaded
against the disc, but the pin was prevented from moving. Then, the disc was kept at the
desired temperature for the same duration as in the sliding tests and left to cool in air.
After cooling, the specimens were weighed and the weight gain due to oxidation was
quantified. Finally, the weight gain was subtracted from the measured weight loss after
the wear tests in order to compensate for the effect of oxidation. Thereby, it was found
that boron steel pins did not gain any weight. A weight gain was measured for the tool
steel at 600 ◦C and 800 ◦C owing to a larger surface area of the discs. Specific wear rates
were calculated according to following equation:

k =
V

FN · s (A.1)

where k is the specific wear rate as reported by Archard, V designates the volume worn
away (mm3), FN is the normal load (N) and s denominates the sliding distance (m) [22,
23].

A.3 Results and discussion

A.3.1 Frictional behaviour
In this work, the tests performed at 40 ◦C showed that the coefficient of friction was ini-
tially high, and then dropped before it increased to reach its steady state value of about
1.34, as illustrated in Figure A.2. Even for the elevated temperature tests, a similar initial
behaviour could be observed, as shown in Figures A.3 and A.4. Such a behaviour was
attributed to the presence of a natural oxide layer and surface asperities on the mating sur-
faces. At 40 ◦C, the coefficient of friction increased as a result of continuous removal of
the natural oxide layer leading to the occurrence of metal to metal contact and the deform-
ation or removal of surface asperities leading to a larger real area of contact. At elevated
temperatures, the materials in contact were subjected to thermal softening leading to an
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Figure A.2: Coefficient of friction at 40 ◦C for boron steel sliding against tool steel

increase in real contact area and to a rise in the coefficient of friction. This agreed very
well with Archard’s statement that the real area of contact was determined by the extent
of deformation of touching surface asperities under the applied load [22]. The appearance
of metal to metal contact in the 40 ◦C tests could further be confirmed by adhesive wear
features on the worn surfaces of pin and disc depicted in Figure A.5. Additionally, the
tests performed at 40 ◦C showed fluctuations in the friction coefficient owing to plough-
ing. This type of severe adhesion led to local seizure between the two rubbing surfaces
[32]. Therefore, the coefficient of friction increased, seen as rising peaks in Figure A.2,
until a fragment of adhered material got stuck in its ploughing track and detached from
the surface leading to a decrease in friction [32]. At elevated temperatures, the natural ox-
ide layer was not completely removed or quickly rebuilt as the oxidation rate was higher.
However, the coefficient of friction also showed fluctuations to some extent at 200 ◦C,
as seen in Figure A.3, because of the continuous removal of the natural oxide layer lead-
ing to metal to metal contact. The frictional behaviours at 400 ◦C and 600 ◦C were also
depicted in Figure A.3 and good repeatability of the experimental results was observed
during these tests.

The friction coefficient reached at 200 ◦C, 400 ◦C and 600 ◦C lower and more stable
steady state values than at 40 ◦C, namely 1.06, 1.02 and 1.02, respectively. This could
be explained by the formation of protective, compacted wear debris layers depicted as an
example for the boron steel pin and the tool steel disc after testing at 400 ◦C in Figure A.6.
As suggested by Jiang et al., compacted wear debris was only loosely agglomerated at
room temperature, while smooth wear protective oxide layers were load bearing areas at
higher temperatures [29]. When comparing to other reported experimental results [38], it
can be seen that the friction coefficient stabilised quickly, confirming fast adaptation of
the surfaces stated by Archard and Hirst [22]. Hence, a generally observed decrease in the
coefficient of friction at elevated temperatures seen in other studies could be confirmed
[33, 34, 35, 36, 37, 38]. The frictional behaviour observed during a test at 800 ◦C was
shown in Figure A.4. As mentioned above, the curve started with a high initial value,
followed by a drop and a continuous and gradual increase until the end of the test. The
fluctuations in friction coefficient could be attributed to the formation of a compacted
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Figure A.3: Coefficients of friction at 200 ◦C, 400 ◦C and 600 ◦C for boron steel sliding
against tool steel

Figure A.4: Coefficient of friction at 800 ◦C for boron steel sliding against tool steel

wear debris layer. As this layer formed, the friction decreased and then the layer kept
growing until it reached a critical thickness and broke. When the layer broke, metal
to metal contact occurred and the value of the friction coefficient increased as was also
observed by Jiang et al. [29]. This was supported by observation of delamination of the
wear debris layers on pin and disc, as illustrated in Figure A.7. The continuous increase
in the friction coefficient to its final value could be explained by thermal softening of the
two mating surfaces as the test proceeded leading to a steady increase in contact area.

However, these results differed markedly from reported friction coefficients observed
in other work due to the difference in experimental set–up as the simulative tests per-
formed in other studies were designed to mimic the conditions in the real application
[57, 58]. In simulative tribological experiments, the tool would always get in contact with
new workpiece material. Hence, the possibility to form protective, compacted wear debris
layers or glazed layers as reported in the current work would be strongly reduced. Typ-
ically, the simulative tests also exhibited a lower coefficient of friction due to an inferior
severity of the contact and a reduced occurrence of adhesion owing to an oxide scale on



56 Paper A. Effect of temperature on friction and wear

a b

Figure A.5: SEM images of a boron steel pin and b tool steel disc exposed to 40 ◦C;
arrows indicate sliding directions

a b

Figure A.6: SEM images of a boron steel pin and b tool steel disc exposed to 400 ◦C;
arrows indicate sliding directions

a b

Figure A.7: SEM images of a boron steel pin and b tool steel disc exposed to 800 ◦C;
arrows indicate sliding directions
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the workpiece. Wear would usually be higher in reciprocating sliding tests due to much
severer contact conditions appearing in these types of experiments.

A.3.2 Wear behaviour

Specific wear rates were calculated according to Equation (A.1) and given in Figure A.8.
A decrease in specific wear rate of the boron steel at elevated temperatures could be ob-
served. The lowest wear rate of the boron steel was found at 400 ◦C and the specific
wear rates at the other elevated temperatures, i.e. 200 ◦C, 600 ◦C and 800 ◦C, were in
the same range. The highest specific wear rate occurred at 40 ◦C. The transition from
high to low specific wear rate of one order of magnitude for boron steel with increasing
temperature suggested a change in wear mechanism from metallic severe adhesive mode
to the formation of protective oxide layers. This behaviour differed from earlier repor-
ted changes in wear mode as the transition occurred at a lower temperature [38], but the
presence of such a transition temperature above which the wear rates decreased signific-
antly was reported by several authors [29, 30, 33, 34, 39, 41, 48, 54]. Additionally, the
specific wear rates of the pins in this study were mostly one order of magnitude lower
than the ones obtained by Hernandez et al. [38]. The specific wear rate of the tool steel
initially decreased by two orders of magnitude with temperature, reaching its minimum
at 400 ◦C. At higher temperatures, it increased again by an order of magnitude. However,
the tool steel exhibited its highest specific wear rate at 40 ◦C. The initial transition from
high to low specific wear rate could be explained by the same type of change in wear
mechanism from a severe adhesive mode to the formation of protective oxide layers as
for boron steel. With further increase in temperature, the wear mechanism of the tool
material changed again to severe adhesive and additional plastic deformation appeared as
a result of thermal softening. These changes in wear mechanisms of boron and tool steel
also occurred at different temperatures than observed by Hernandez et al. [38] and could
be explained by the difference in experimental set–up as retention of wear debris in the
contact during reciprocating sliding occurred more easily as compared to unidirectional
dry sliding experiments [31, 39]. This facilitated in return the formation of beneficial and
protective, compacted wear debris layers, which were confirmed by SEM analysis of the
specimens.

In Figure A.5a, the SEM image of the worn pin revealed that the main wear mechan-
ism occurring at 40 ◦C was severe adhesion. Simultaneously, the SEM image of the worn
disc also revealed severe adhesive wear behaviour at 40 ◦C, as shown in Figure A.5b. This
was supported by the high coefficient of friction occurring in these experiments as shown
in Figure A.2. This type of behaviour could be attributed to the occurrence of metal to
metal contact. The grooves that could be seen in Figure A.5 were a result of this metal
to metal contact and oriented in the direction of sliding because of the ploughing action
of hard oxidised wear debris sticking to the counter surface. As suggested by So et al.,
compacted wear debris layers mainly formed in the plastic zones underneath adhesive
junctions of the contact surfaces [59].

At 200 ◦C, agglomeration and compaction of oxidised wear debris particles led to the
formation of isolated patches of wear protective layers on boron steel pin and tool steel
disc, as shown in Figure A.9. These patches adhered to the rubbing surfaces and were
hence able to withstand the load as suggested by Jiang et al. [29]. The presence of oxy-
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Figure A.8: Specific wear rate as a function of temperature for boron and tool steels

a b

Figure A.9: SEM images of a boron steel pin and b tool steel disc exposed to 200 ◦C;
arrows indicate sliding directions
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Figure A.10: SEM image of tool steel disc exposed to 200 ◦C depicting measurement sites
and containing inlays showing relevant scale of obtained EDS spectra; points indicate
where point analysis was performed and the double arrow indicates sliding directions

gen in zones where the patches were found was confirmed by EDS analysis as illustrated
in Figure A.10. The spectrum taken inside the wear track where no patches formed was
also shown in Figure A.10. This revealed that oxidation did not appear inside the wear
scar at locations where no contact between the surfaces occurred. Formation of the isol-
ated patches could be explained by a low oxidation rate at 200 ◦C. That oxidation rate
was not high enough to quickly oxidise the rubbing surfaces or the wear debris, which
was the reason why adhesive wear features and even ploughing could also be observed on
both specimens. A comparable difference in oxidation rate below a certain temperature
was reported by Stott [39]. Nonetheless, the oxidation rate was high enough to signific-
antly reduce the adhesion and ploughing action as the patches were able to carry the load
during the test. Jiang et al. observed a similar behaviour of compacted wear debris layers
as they reported that adhesion of wear debris particles to each other and to the rubbing
surfaces played an important role in the rapid decrease in wear rate [41]. This was further
reflected by the low and stable coefficient of friction in the 200 ◦C experiments shown in
Figure A.3.

A further decrease in specific wear rate was observed during the experiments carried
out at 400 ◦C. In Figure A.6, it could be seen that compacted wear debris layers formed
on pin and disc. Agglomeration and compaction of debris particles led, in the case of
the pin, to the formation of beneficial, wear protective layers that completely covered the
surface of the pin. Spots where material was torn out of the layers revealed the bulk of the
underlying alloy. Complete coverage of the surface by the oxide layer was also observed
by Hernandez et al. and consequently led to a smaller volume that was worn away during
the experiment than when compared to other temperatures [38]. However, the tool steel
disc showed evidence of isolated, wear protective patches on the surface. It is suggested
that its surface was completely covered by the beneficial, compacted wear debris layers
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a b

Figure A.11: SEM images of a boron steel pin and b tool steel disc exposed to 600 ◦C;
arrows indicate sliding directions

resulting in the low wear rate shown in Figure A.8, as was discussed by Stott, when
comparing surface coverage of these layers to glaze layers [31]. The high oxidation rate
allowed agglomeration and compaction of debris particles, leading to a quick build–up of
these layers. When the thickness of these layers reached a critical level, conglomerates of
compacted wear debris broke loose causing three–body abrasion on the boron steel pin,
but were reintegrated in the built–up layer on the disc (weight gain) as suggested by the
grooves seen in Figure A.6a and by the isolated patches in Figure A.6b.

No significant reduction in wear rate was noticed when comparing the experiments
performed at 600 ◦C with the ones done at 400 ◦C. Figure A.11a showed the same form-
ation of a continuous layer on the worn surface of the pin. This allowed extending the
hypothesis of protective wear debris layer formation formulated by Hernandez et al. to a
temperature of 600 ◦C [38]. Figure A.11b showed the worn surface of the 600 ◦C disc.
The breaking–off of wear debris conglomerates was even more evident on these speci-
mens than the ones tested at 400 ◦C as the higher oxidation rate led to a thicker built–up
oxide layer, reaching its critical thickness more often during experiments. This was not in
agreement with the statement of So et al. that the growth of the oxide’s size was insigni-
ficant once it had formed [59]. Abrasive marks on the boron steel pin surface confirmed
that loose wear debris conglomerates became to some extent load carrying during the test.

At 800 ◦C, the specific wear rates of boron steel pin and tool steel disc both increased,
as observed in Figure A.8. EDS analysis inside and outside the wear track revealed the
presence of oxygen in both cases, as could be seen in Figure A.12. It is suggested that
the oxidation rate was so high that the formation of compacted wear debris layers was
not as beneficial as at lower temperatures. The material build–up repeatedly reached
critical thickness, leading to continuous breaking–off of debris conglomerates, shown by
abrasive marks and delamination of the oxide layers on pin and disc in Figure A.7. The
appearing delamination gave rise to the assumption that breakdown of the compacted
wear debris layers predominantly occurred, inhibiting compaction and sintering of wear
debris particles as suggested by Jiang et al. and Stott [29, 39]. Furthermore, Figure A.7a
revealed severe plastic deformation of the rubbing surface in form of waviness on the
pin. It is believed that this plastic deformation occurred because of thermal softening of
both specimens. This could be confirmed by the observations of Hernandez et al. that
the hardness of tool steel rapidly decreased as the temperature exceeded 600 ◦C [60].
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Figure A.12: SEM image of tool steel disc exposed to 800 ◦C depicting measurement sites
and containing inlays showing relevant scale of obtained EDS spectra; rectangles indicate
where areal analysis was performed and the double arrow indicates sliding directions

Simultaneously, the boron steel pin did not reach as high temperatures as the tool steel
disc, giving rise to the suggestion that the boron steel pin was macroscopically ploughing
through the tool steel disc. So et al. observed a comparable change from oxidational to
severe wear in their work as wear loss mainly occurred because of plastic extrusion of
material from the pin [59].

A.4 Conclusions

In this work, experimental studies pertaining to fundamental understanding of the tribolo-
gical characteristics of prehardened hot work tool steel sliding against 22MnB5 steel were
carried out under atmospheric, unlubricated, reciprocating, sliding conditions at temper-
atures between 40 ◦C and 800 ◦C. The results indicated that the operating temperature
had a considerable influence on friction and wear behaviours of tool steel and boron steel.
It was shown that the friction coefficient generally decreased with increasing temperature
owing to agglomeration, compaction and sintering of oxidised wear debris particles and
formation of beneficial and protective wear debris layers. At 800 ◦C, the initially low
friction coefficient increased as a result of thermal softening and plastic deformation of
tool steel and boron steel. The specific wear rate of tool steel decreased at 400 ◦C and
600 ◦C as the surfaces were protected by compacted wear debris layers. At 800 ◦C, the
specific wear rate increased again because of thermal softening and breakdown of the
compacted wear debris layer. The 22MnB5 boron steel similarly exhibited a decreasing
specific wear rate when the temperature increased. Hence, it could be confirmed that it
was possible to reduce friction and wear by forming protective layers on the contacting
surfaces of the material pair used in this work through agglomeration, compaction and
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sintering of oxidised wear debris particles.
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Abstract
The prediction of tool wear is a major concern in both press hardening industry and the
research community. However, tool wear is a complex system response depending on
contact conditions, such as contact pressure, sliding distance, surface temperature, etc.
The current study focused on analysing the contact conditions of press hardening tools
through FE–simulations of a strip drawing test and exploring the possibility of prediction
of the tool wear in press hardening. Based on the contact conditions obtained from these
simulations, reciprocating sliding tests with designed test parameters were conducted to
study the influence of high temperature on wear and provide wear data, which allowed
modifying the Archard type wear model used for prediction of tool wear in simulations.
Furthermore, another contact based wear model developed for warm forging was also
considered. FE–simulations revealed that extreme contact conditions occurred on tool
radii and the different wear models resulted in similar profiles of wear depth on the radii
but of different orders of magnitude.

B.1 Introduction
In the automotive industry, press hardening becomes prevalent to reach the increasing
requirements of light sheet metal parts with higher strength as forming the hot austen-
itic blank and quenching to martensite gives the finished parts a hard–to–beat strength to
weight ration. However, the combined hot forming and quenching require the hot stamp-
ing tools to endure cyclic loadings and dramatic temperature changes. Relative motion
between the austenitised metal sheet and the press hardening tools leads to wear during
the forming process. Normally, sliding wear is the dominant wear process in thermo–
mechanical forming, in which abrasive wear, thermal fatigue and corrosive wear also
play a role during the whole service life of the tools and corresponding discussions can



66 Paper B. Numerical simulation for tool wear prediction

be found in [61]. Furthermore, oxidation and complex reactions between oxide layers
as well as coatings on blanks and tools cause material loss (wear) and material transfer
(galling) on the tool surfaces. These phenomena have a vital influence, not only on the
performance and the quality of produced parts, but also on the overall productivity of
press hardening in particular and thermo–mechanical processes in general.

Engineers are in need of a predictive approach to tool wear in order to extend the
service life of tools through adjustment of parameters during the process. Archard [62]
proposed a wear model based on contact mechanics that is widely used for metal forming
processes. The model postulates that the real contact area is determined by plastic deform-
ation of contacting asperities and that generation of wear particles occurs due to removal
of surface asperities. Enblom and Berg [63] defined that the wear coefficient represented
the probability of wear particle generation and a specific value may just work in a narrow
range of pressure and sliding velocity. Later on, many modified Archard wear models
were proposed to suit specific applications. Shen et al. [64] used a combined approach of
finite element method (FE–method) and Archard’s wear model to simulate the progressive
wear of contacting surfaces. The authors measured wear rates by performing pin–on–disc
experiments and implemented the removal of material (wear) by moving boundary nodes
in order to predict wear of a spherical plain bearing. Lin et al. [65] estimated the total
amount of die wear on tool surfaces by combining a modified Archard wear model that
accounted for temperature with the FE–method. The authors established an equation that
considered the influence of extrusion cycles on total die wear.

Stupkiewicz and Mróz [21] modelled the interactions occurring in the contact between
tool and workpiece in hot forging and represented the oxide scale by hard particles adher-
ing to the workpiece surface. The authors developed a third body abrasive wear model
by generalising Archard’s wear model through substitution of the normal pressure with
the friction stress. It was found that the initial oxide particle concentration had a large
influence on the resulting distribution of abrasive wear on the tools. Lee and Jou [47]
combined experimental techniques, wear modelling and numerical simulation in order to
predict tool wear in warm forging. In order to optimize the process, the authors proposed
a modified Archard wear model, in which wear coefficient and hardness were determined
as functions of temperature. It was found that the tool material exhibited thermal soften-
ing and that its wear coefficient increased significantly with temperature. Furthermore,
Ersoy–Nürnberg et al. [66] suggested a modified Archard wear model, where the wear
coefficient was correlated with cumulative wear work and allowed to associate changes
in wear rate with dissipated energy. The authors were able to predict the progression of
wear damage at any stage of the tool life cycle by determining these wear coefficients as
well as their gradients in deep drawing experiments. It was shown that wear calculations
according to the suggested model were in good agreement with experimental results.

Doelling et al. [67] observed a linear correlation between wear, also referred to as de-
gradation, and entropy flow for most of their results. In cases where the correlation was
not linear, it was possible to observe the influence of hardness or partition of frictional
heat between the sliding surfaces. These two factors were the main reasons why the de-
gradation rate tapered off with time. The delamination theory of Suh [68] also represented
a modified Archard wear model which correlated wear with the existence of dislocations
as well as crack formation and propagation in the material beneath the contact surface.
In this model, the total wear was correlated with mechanical properties such as shear
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modulus, tangential (friction) stress and Poisson’s ratio.
The motivation for the current work is to study the contact conditions occurring on

press hardening tools and to explore the possibility of using the FE–method in conjunction
with wear models to predict tool wear. A reciprocating sliding test conducted at elevated
temperatures is used to include temperature dependent wear rates in a modified Archard
wear model. The user subroutine integrated in the commercial FE–code (LS–DYNA)
reveals the contact conditions and estimates the highest wear depth on the corner of the
upper tool.

B.2 Proposed wear model
As mentioned earlier, the wear coefficient is usually assumed to be constant, but mater-
ial properties and contact conditions vary with temperature. In this work, it is assumed
that Archard’s wear model is applicable and it can be combined with FE–simulations of
the press hardening process, but wear volumes are determined as temperature dependent
parameters. Then, the wear model can be expressed as follows:

V (T ) = K(T )LAr(T ) = K(T )L
W

H(T )
(B.1)

where the real contact area is determined by the load and the hardness of the softer of the
two materials in contact. The proportionality constant K, i. e. the wear coefficient, can be
obtained through following expression:

K(T ) =
V (T )H(T )

W L
(B.2)

Furthermore, a temperature dependence of hardness is considered. The temperature
dependence of the hardness of the materials used in the current work was based on the
work done by [42]. The author measured the hardness of the materials from room tem-
perature up to 800 ◦C at increments of 100 ◦C by an extension of the Vicker HV10 test.
According to [69], such a temperature dependence of hardness can be expressed by an
exponentially decreasing function of the form:

H(T ) = Ae−BT (B.3)

where A and B are regression parameters. However, Equation B.3 was reported to agree
well with hardness data of pure metals. In the present case, steels are considered and
therefore, Equation B.3 was extended to a sum of two exponential functions, which leads
to:

H(T ) = AeBT +CeDT (B.4)

where A, B, C and D are parameters of the regression model. Hence, it is possible to
express the hardness values reported by [42] as a function of temperature.

In the current work, a modified Archard wear model, in which the wear coefficient
is a result of the overlapping of several mechanical and thermal phenomena, has been
employed. The wear volume is determined as a function of temperature. Gupta [24]
proposed such a generalised wear model that could account for the mechanical as well
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as several thermally activated processes leading to wear. If wear is considered to be a
thermally activated phenomenon, it is expected to obey an Arrhenius type behaviour of
the following form:

V =V0e
−Q
RT (B.5)

According to Gupta [24], appropriate coefficients of a temperature dependent wear
model can be derived by fitting the model to actual experimental data, which allows for
wear prediction with reasonable confidence. Cook and Nayak [25] used Equation B.5 to
develop a wear model which considered diffusion and solid solubility in metal cutting.
Quinn [26] presented a modified Archard model in which wear resulted from oxidation
phenomena and a further study done by Quinn [28] expressed the temperature dependence
of the oxidation rate by Equation B.5. However, it should be noticed that determination of
oxidation parameters for Quinn’s wear model or measurement of mechanical properties
for Suh’s delamination theory are rather difficult. Furthermore, Gupta [24] introduced
a reference temperature, at which the total wear reduced to the Archard wear equation
and stated that this wear occurred when there was no thermal rate contribution and that it
could be represented by the wear rate in vacuum at the reference temperature. However,
this wear rate is commonly not available, which is the reason why in the current work a
regression model of the following form was employed for the wear coefficient:

K(T ) = aebT + cedT (B.6)

where a, b, c and d are unknown parameters of the regression model. Even though the
investigations of how different aspects of the reviewed models affect wear and how relev-
ant these aspects are for the prediction of wear are important, this study is limited to the
implementation of a wear model in FE–simulation containing a temperature dependent
wear coefficient obtained through regression analysis of experimental data.

B.3 Press Hardening Simulation and wear experiments

B.3.1 Press hardening simulation
The motivation of establishing the FE–simulation is to study the contact conditions in
press hardening and to implement the proposed wear model. In Figure B.1, the strip–
drawing model to form a heated blank with 5 mm width, 284 mm length and 1.6 mm
thickness without cooling can be seen. This coupled thermo–mechanical simulation us-
ing the FE–code LS–DYNA consisted of 19299 nodes, 1420 shell and 11368 solid ele-
ments. For the tools, solid elements were dense near the contact surface and coarse
in the bulk. The manganese–boron steel as the blank was modelled using four–node
Belyschko–Tsay shell elements with 5 through thickness integration points. The initial
temperature of the blank was 850 ◦C, which led to austenitisation of the blank. The
material model,’MAT_UHS_STEEL’, describing the phase transformation behaviour of
manganese–boron steel for the blank has been developed by Åkerström [70] and Åker-
ström et al. [46] and its corresponding data was extracted from Åkerström and Olden-
burg [71]. The upper and lower tool were regarded as rigid bodies and their initial and
constant boundary temperatures were set to 40 ◦C. A constant heat transfer coefficient of
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Figure B.1: Strip drawing tool geometry; all dimensions are in millimetres

Table B.1: Tool thermal parameters for strip–drawing [72]

T (◦C) Cp (Jkg−1K−1) k (Wm−1K−1)
20 460 24.6

400 460 26.2
800 460 27.6

4000 Wm−2K−1 for the tool–blank interface was applied. The heat capacity and thermal
conductivity of the tool steel were assumed to be the same as for X40CrMoV5–1 tool
material. These values were extracted from Bergman [72] and are listed in Table B.1.
The static and dynamic friction coefficients for the forming of an uncoated blank were
assumed to be 0.40. Instead of thermal scaling, the current model was run with a real
drawing velocity of 100 mms−1.

B.3.2 Contact conditions in FE–simulations
A user subroutine integrated in LS–DYNA was implemented to extract the contact condi-
tions, such as sliding distance, sliding velocity, surface temperature and normal pressure,
from contacting nodes during the drawing process. In every time step, the FE–code cal-
culated the relative motion between the blank and the tool, which could be accumulated
as the sliding distance and when divided by the time step as relative velocity. The normal
pressure of a node was the quotient of the normal force and the fraction area of elements
connecting to that node. The contact force was calculated by the penalty method de-
scribed by Hallquist [73]. Table B.2 lists the contact information in a statistical manner.
Due to the apparent standard deviation, the mean values collected from all contacting
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Table B.2: Contact conditions and wear predictions from FE–simulations of strip drawing

Upper tool
Parameter Contact pressure (MPa) Surface temperature (◦C) Sliding distance (m) Sliding velocity (m/s)
Max. value 77 177 0.057 0.14

Mean 12.79 74.83 0.0081 0.057
Standard deviation 13.92 35.63 0.014 0.038

Lower tool
Parameter Contact pressure (MPa) Surface temperature (◦C) Sliding distance (m) Sliding velocity (m/s)
Max. value 102 179 0.0043 0.112

Mean 9.84 70.97 4.3E-4 0.014
Standard deviation 12.41 33.50 6.62E-4 0.017

nodes during the complete drawing process were added up and divided by the number of
all samples. This represented the overall contact conditions more appropriately than the
maximum value.

Tool wear and extreme contact conditions were mainly concentrated on the tool radii
during the drawing process. Figure B.2 illustrates the contact conditions occurring on
the tool radii, where contact data was collected from 12 nodes along the radius angle.
Figure B.2 (a) shows the pressure profile over the stamping tools’ radii. Since pressure is
a transient value, only the final value of the pressure is illustrated. Two peaks of pressure
were observed on the radii. As seen in Figure B.2 (b), the front part of the upper tool
radius and the back part of the lower tool radius experienced higher temperatures when
compared to the rest of the tools’ radii. The surface temperature, extracted from the tool
radii, represented the contact duration between the tool and the passing–by blank as the
high temperature was caused by a longer heat transfer process. However, the influence of
friction on temperature was neglected. In Figures B.2 (c) and (d), the measurements of
sliding distance and friction work occurring on the tool radii revealed that the front part of
the upper tool radius and the back part of the lower tool radius were mainly subjected to
the sliding during the forming process. However, the fact that the upper tool dominated the
motion during drawing may explain the higher values of sliding distance and friction work
that occurred on the upper tool when compared to the lower one. Based on a conventional
forming test, Jensen et al. [74] reported similar contact profiles on tool radii obtained
through experimental measurements and FE–method. However, the observation reported
by Pereira et al. [75] that an extremely high pressure of more than 1000 MPa, occurring
transiently on a tool radius due to the bending stress and line contact conditions, was not
found in the current simulation.

B.3.3 Tribological experiments

Tribological experiments were carried out on the Optimol SRV reciprocating friction
and wear test machine in order to obtain friction and wear data of prehardened tool
steels. These reciprocating sliding tests without lubricant were conducted at temperatures
between 40 ◦C and 800 ◦C to study the wear behaviour of the bulk material. A schem-
atic of the experimental setup is shown in Figure B.3. The upper specimen (pin) was
made of manganese–boron steel (22MnB5) with a ferritic–pearlitic microstructure while
the lower specimen (disc) was made of prehardened hot work tool steels with martens-
itic microstructures. The pins were obtained from as–received 22MnB5 plate material by
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Figure B.2: Contact conditions occurring on stamping tool radius
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Pin
diameter = 0.002 m

Disc
diameter = 0.024 m

Figure B.3: Basic configuration of reciprocating sliding test

Table B.3: Alloying compositions (wt%), initial hardness and surface roughness; Fe
makes up the balance

Material C Si Mn P S Cr Mo V Ni B HV0.5
Ra

(μm)

22MnB5
0.20 – 0.20 – 1.0 – max. max. 0.14 –

– – – 0.005
201 1.78

0.25 0.35 1.3 0.03 0.01 0.26 ± 3 ± 0.12
Tool

0.32
0.6 –

0.8
max. max.

1.35 0.8 0.14
max.

–
458 0.12

steel 1 1.1 0.01 0.003 1 ± 6 ± 0.01
Tool 0.22 – 0.6 –

0.8
max. max. 1.0 –

0.3
0.10 – max.

–
324 0.13

steel 2 0.24 1.1 0.01 0.003 1.2 0.11 1 ± 5 ± 0.01

wire electrodischarge machining and chamfered on the edges of the contact surface with
silicon carbide grinding paper. Tool steel discs were prepared from bulk material and
ground with silicon carbide paper to remove the preferential surface lay after machining.
The average, initial surface roughness Ra of the specimens was measured using a Veeco
Wyko NT 1100 optical interferometer and the hardness of the materials was measured
with a Matsuzawa MXT–α microhardness tester using a load of 0.5 kg. Chemical com-
positions of pin and disc materials and initial surface roughness as well as hardness values
are summarised in Table B.3.

When an experiment was carried out, the disc was first heated up to the desired tem-
perature. Then, the pin was loaded against the disc by means of a spring deflection loading
arrangement and the movement of the upper specimen was imposed through an electro-
magnetic drive. The experimental parameters are summarised in Table B.4. The reciproc-
ating sliding tests were conducted for 900 seconds with two constant pressures of 10 and
20 MPa that were based on the contact conditions extracted from press hardening simula-
tions. During experiments, a computerised data acquisition and control system monitored
and measured the different parameters. After testing, the specimens were left in air to cool
down to room temperature. The experiments were repeated twice with the same condi-
tions and the frictional heat due to sliding between pin and disc during tests was neglected.
Then, the weight loss due to sliding was measured and it was compensated for specimen
weight gain due to oxidation at higher temperatures. A more detailed description of the
experimental work can be found in Mozgovoy et al. [76].
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Table B.4: Test parameters

Parameter Value
F [N] 31, 62

S [mm] 4
t [s] 900

f [Hz] 25
T [◦C] 40, 200, 400, 600, 800

Velocity [ms−1] 0.2

B.4 Results and discussion

B.4.1 Wear behaviour and wear data

The wear behaviour of tool steel 1 at a load of 31 N and at the different testing temper-
atures was described in detail by Mozgovoy et al. [76]. Tool steel 2 at a load of 31 N
and tool steel 1 at a load of 62 N exhibited similar wear characteristics with increasing
temperature. Figure B.4 illustrates that the mass loss of tool steel 1 at different loads
and of tool steel 2 decreased with a similar trend when the temperature increased from
40 ◦C to 600 ◦C and almost coincided at 600 ◦C. Above 600 ◦C, the mass loss increased
with temperature in all cases. Generally, severe adhesive wear occurred at 40 ◦C, as can
be seen in Figure B.5 (a) for tool steel 2 as an example. At 200 ◦C, agglomeration and
compaction of oxidised wear debris formed wear–protective patches on the surfaces that
were able to withstand the load and avoid metal–to–metal contact, as can be observed as
an example in Figure B.5 (b) for tool steel 2. Glascott et al. [40] studied the effectiveness
of wear–protective oxide layers on metal surfaces through a reciprocating test at elev-
ated temperatures and revealed that such an oxidised wear debris layer is unstable below
300 ◦C and broken down rapidly. When comparing to the patches of oxidised wear debris
existing on the surfaces at 200 ◦C, complete coverage of oxidised wear debris layers was
believed to exist during sliding at 400 ◦C. At this temperature, the lowest mass losses
were obtained independently of the applied load or employed tool steel. Even though the
wear–protective layers became stable and completely covered the contact surfaces due
to a high oxidation rate, Quinn [26] reported that such layers broke down into particles
causing three–body abrasive wear after reaching a critical thickness. However, the obser-
vation of very low wear rates in all cases indicated a higher probability of reincorporation
of loose wear debris into the protective layers. At 600 ◦C, breaking–off of wear debris ag-
glomerates occurred as an even higher oxidation rate led to a thicker oxidised wear debris
layer that reached its critical thickness more often during experiments, as illustrated as an
example for tool steel 2 in Figure B.5 (c). At 800 ◦C, overall oxidation led to the continu-
ous breaking–off of abrading wear debris agglomerates and delamination of the oxidised
wear debris layers that inhibited compaction and sintering of wear particles as shown in
Figure B.5 (d) for tool steel 2. Thermal softening that led to plastic deformation was also
evident at 800 ◦C.

According to Glascott et al. [40], the oxidised wear debris layer is expected to play an
important role in the wear process at high temperature as it becomes stable and reduces
friction between the surfaces. However, it is difficult to identify the influence of a par-
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Figure B.4: Mass loss and wear coefficient in the reciprocating sliding experiments
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(a) (b)

(c) (d)

Figure B.5: SEM images illustrating the wear behaviour of tool steel 2 at (a) room tem-
perature, (b) 200 ◦C, (c) 600 ◦C and (d) 800 ◦C
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Figure B.6: Vickers hardness as a function of temperature; data reported by [42]

ticular, thermally activated phenomenon and to measure corresponding data, for example
for Quinn’s oxidational wear model. The modified Archard model with consideration of
high temperature may be a more promising, predictive model. The wear coefficient in the
current case is treated as a function of temperature through regression analysis of experi-
mental results. To predict wear through a numerical model of drawing, it is necessary to
convert weight loss obtained in standardised, tribological experiments into a wear depth
value as corresponding parameters used in the wear calculation in FE–simulations are col-
lected from nodes and wear depth could be a starting point for geometry updating in the
future. Due to the variation of pressure during the drawing process, the integral of sliding
velocity v over time step dt replaces the sliding distance L. Then, the modified Archard
wear model relating to the thickness of the material removed by wear is as follows:

d(T ) = K(T )
LP

H(T )
(B.7)

The temperature dependent wear coefficient can be calculated from the weight loss ob-
tained in the tribological experiments by means of Equation B.2 and can be curve fitted
by means of Equation B.6. Hence, the wear coefficients are

K(T ) = 2.264×10−2 · e−0.0120·T +3.761×10−8 · e0.0062·T (B.8)

for tool steel 1 at a load of 31 N with an R2 of 0.9908,

K(T ) = 7.937×10−1 · e−0.0198·T +1.320×10−5 · e0.0014·T (B.9)

for tool steel 2 at a load of 31 N with an R2 of 0.9997 and

K(T ) = 1.088×10−3 · e−0.0067·T +6.119×10−6 · e0.0023·T (B.10)

for tool steel 1 at a load of 62 N with an R2 of 0.9936.
The high–temperature hardness values reported by Hernandez [42] could not be curve

fitted by means of Equation B.3 as the materials used in this study are alloys, not pure
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metals, and undergo phase transformations during heating and cooling. However, it was
possible to fit the temperature dependent hardness values with help of Equation B.4 in
order to cover the whole temperature range. For the softer manganese–boron steel, the
temperature dependent hardness was

H(T ) =−5.729×101 · e0.00334·T +1.822×103 · e0.00023·T (B.11)

with an R2 of 0.9704, the temperature dependent hardness of tool steel 1 was

H(T ) =−6.154×10−1 · e0.00791·T +4.554×103 · e−0.00019·T (B.12)

with an R2 of 0.9949 and the temperature dependent hardness of tool steel 2 was

H(T ) =−1.455×10−2 · e0.01092·T +3.291×103 · e−0.00030·T (B.13)

with an R2 of 0.9964. Suh [68] stated that an increase in hardness through hardening by
inclusion of secondary phase particles, such as carbides would be, could either have a
beneficial or detrimental influence on the wear rate, depending on their distribution. In
the current work, the observed reduction in wear rate of tool steel 1, when comparing with
tool steel 2, is believed to result from the presence of secondary carbides. The better fit for
tool steel 2 when comparing to tool steel 1, seen in the coefficient of determination, further
supports a difference in the material behaviour and a more complex tribological response
of tool steel 1. Hence, an influence of other mechanical properties of the contacting
materials than hardness cannot be excluded. However, whether this influence is of greater
importance than the thermally activated processes occurring during contact has yet to be
investigated.

A clear exponential dependence of the wear coefficient or hardness on temperature can
be deduced from Figures B.4 and B.6 and their correlation with the rate of oxidation at
the different experimental temperatures can be suggested and is supported by Quinn’s [26]
statement that the parabolic oxidation rate constant was exponentially dependent on the
temperature of oxidation. Furthermore, an analysis of wear debris in the current study
would most likely reveal the presence of varying proportions of the different iron oxides
and therefore, it could be possible to associate transitions in wear rates with transitions in
surface temperatures, as was deduced by Quinn et al. [27]. Hence, the observed transitions
in wear rates above 600 ◦C were most probably caused by different chemical constituents
in the oxidised wear debris. However, it was also stated by Quinn [28] that the oxidative
wear constants would become less relevant at higher temperatures, e. g. 600 ◦C and
800 ◦C, which can be seen in Figure B.4. It means that the overall oxidation outside the
contact, occurring due to the high surrounding temperature, cannot be neglected any more.
Nevertheless, there is a high probability that other thermally activated wear processes are
also occurring. However, according to Gupta [24], combining several thermally activated
processes with different activation constants with mechanical wear processes such as the
classical load and sliding speed dependent one allows modelling the wear behaviour of
materials in cases where wear rates are optimum in a certain temperature range. Such
overlapping of several wear processes can clearly be seen in the current work, which
consequently leads to good correlation of the proposed wear model with experimental
data.



78 Paper B. Numerical simulation for tool wear prediction

273 373 473 573 673
0

4

8

12

16

20

24
·10−6

Temperature (K)

W
ea
r
co
effi

ci
en
t
(–
)

Figure B.7: Wear coefficient in Lee’s and Jou’s model

B.4.2 Wear simulation in press hardening
In order to implement wear prediction for press hardening tools, wear data obtained from
the tests was used to modify Archard’s wear model. Since the mean pressure obtained
from the simulations was around 10 MPa, Equation B.7 with the temperature depend-
ent wear coefficient obtained in Equations B.8 and B.9 were used as the wear model in
FE–simulations. Additionally, another Archard type wear model introduced by Lee and
Jou [47] for a warm forging process with varying wear coefficient and hardness was also
used in the current study. However, in order to use that model for press hardening, the
wear coefficient and hardness were assumed to be functions of the surface temperature in
an expression identical to Equation B.7. The authors obtained the following expressions
for the temperature dependent wear coefficient and hardness:

K(T ) = (29.29 ·Ln(T )−168.73)×10−6 (B.14)

and
H(T ) = 9216.4 ·T−0.505 (B.15)

Statistical wear data based on the contacting nodes on the stamping tool can be found
in Table B.5. Since wear depth is an accumulated value, the statistical data only counted
the last appearing data during the drawing process. It was noted that the reciprocating
wear test under the load of 31 N resulted in a higher wear coefficient in the temperature
range from 40 ◦C to 400 ◦C and its corresponding wear data also indicated a higher wear
depth than that of Lee’s and Jou’s model.

The implemented wear models brought about similar wear profiles at tool radii and
Figure B.8 illustrates the results based on the model for tool steel 1. Since these wear
models were based on the contact conditions, the similarity among sliding distance, fric-
tion work and wear depth can be easily seen, as illustrated in Figure B.9. It is believed
that wear will be the predominant factor affecting tool life in press hardening as it is
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Table B.5: Wear data calculated by the two wear models

Model Reciprocating wear model Lee wear model
Material Tool steel 1 Tool steel 2 X40CrMoV5–1

Parameter Max. Mean Std. dev. Max. Mean Std. dev. Max. Mean Std. dev.
Upper 8.92e-8 3.59e-9 1.33e-8 3.07e-7 1.37e-8 4.88e-8 6.82e-10 1.59e-11 8.80e-11
Lower 5.20e-9 1.97e-10 5.70e-10 1.60e-8 7.33e-10 1.92e-9 7.11e-11 1.19e-12 7.06e-12
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Figure B.8: Wear profile at stamping radius using the reciprocating wear model

expected to result in higher temperatures and working pressures, which was also estim-
ated by Lee and Jou [47] for warm forging processes. However, wear prediction through
FE–simulations should be the most effective way to optimize the process. Furthermore,
Ersoy–Nürnberg et al. [66] pointed out the importance of obtaining geometry independ-
ent, variable wear coefficients that considered the loading history in order to predict the
progression of wear damage at any stage of the tool life cycle by FE–simulations. Hence,
future investigations will also consider wear coefficients varying with pressure and sliding
velocity. Additionally, the influence of work–piece coatings or tool coatings on process
parameters and their subsequent effect on wear could be described by a wear model sim-
ilar to the one of Stupkiewicz and Mróz [21] in a way that normal pressures between tool
and work–piece as well as tool and wear debris contacts can be separated from each other.
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Figure B.9: Typical sliding distance and wear depth collected from the same nodes
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B.5 Conclusions
In this work, the influence of temperature on the wear behaviour of tool steel sliding
against manganese–boron steel has been studied. Good agreement between the proposed
wear model and experimental results validate the model and demonstrate the practical sig-
nificance of the model. The numerical results of contact conditions can help researchers
to design the laboratory test for fundamental studies of tool wear. Since the most extreme
contact conditions were concentrated on tool radii, the press hardening simulation in-
cluding different wear models allowed extracting profiles of contact conditions and wear
depth along the tool radii. Further studies will focus on tribological experimentation with
extended parameter ranges and consideration of a wear coefficient varying with pressure
and sliding velocity.
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Nomenclature
Ar Real contact area m2

d(T ) Wear depth m
H Hardness Nm−2

H(T ) Temperature dependent hardness MPa
L Sliding distance m
P Pressure MPa
Q Activation energy Jmol−1

R Universal gas constant Jmol−1K−1

R2 Coefficient of determination
T Absolute temperature K
V Worn volume m3

V0 Worn volume at the wear rate 0 m3

W Applied normal load N
Cp Specific heat capacity at constant pressure Jkg−1K−1

HV0.5 Vickers Hardness with indicated load kgf
k Thermal conductivity Wm−1K−1

Ra Arithmetic average surface roughness μm
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Abstract
Press hardening is employed in automotive industry to produce advanced high–strength
steel components for safety and structural applications. This hot forming process depends
on friction as it controls the deformation of the workpiece. However, friction is also as-
sociated with wear of the forming tools. Tool wear is a critical issue when it comes to
dimensional accuracy of the produced components and it reduces the service life of the
tool. It is therefore desirable to enhance the durability of the tools by studying the influ-
ence of high contact pressures, cyclic thermal loading and repetitive mechanical loading
on tool wear. This is difficult to achieve in conventional tribological testing equipment.
Therefore, the tribological behaviour of tool–workpiece material pairs at elevated temper-
atures was studied in a newly developed experimental set–up simulating the conditions
prevalent during interaction of the hot workpiece with the tool surface. It was found that
higher loads led to lower and more stable friction coefficients independently of sliding
velocity or material. The influence of sliding velocity on the coefficient of friction was
only marginal for uncoated and Al–Si coated 22MnB5 steel. In the case of Al–Si coated
22MnB5 steel, the friction coefficient was generally higher and unstable due to galling
of the Al–Si coating on the tool. Adhesion was the main wear mechanism in the case of
uncoated 22MnB5 steel.

C.1 Introduction
In the automotive industry, advanced high–strength steels are formed into safety or struc-
tural components by a hot sheet metal forming technique known as press hardening. This
hot forming process, and metal forming processes in general, significantly depend on
friction between the tool and the workpiece as it controls the deformation of the work-
piece. Friction is also related to wear of the forming tools, which causes most of the
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issues encountered in press hardening of advanced high–strength steels as it reduces the
service life of the tools. Nonetheless, tool wear in hot forming processes is a complex
system response that depends on the contact conditions and does not receive adequate
attention. By studying the influence of contact conditions such as contact pressure, cyc-
lic thermal loading and repetitive mechanical loading on tool wear, it should be possible
to enhance the durability of the tools. This can be achieved by employing application–
specific tribological testing equipment. Hardell et al. [20] investigated the tribological
response of an aluminium–silicon–carbon coating on the blank material in a special hot
sheet metal forming test simulator. They found that Al–Si–C coated blank material exhib-
ited a lower coefficient of friction than Al–Si coated 22MnB5. The graphite–containing
coated manganese–boron steel had a bigger influence on the friction coefficient than ni-
triding of the tool or coatings applied to the tools. Material build–up on untreated tool
material occurred. The wear behaviour of the aluminium–silicon–carbon coated work-
piece was similar to the one of the purely Al–Si coated sheet steel when sliding against a
nitrided tool. However, even though the surface damage mechanisms were investigated,
wear coefficient data was not reported.

Yanagida and Azushima [10] developed a simulative testing equipment of hot flat strip
drawing type in order to determine the coefficient of friction in press hardening at elev-
ated temperatures. They found that the coefficient of friction of Al–precoated 22MnB5
steel was higher than the one of SPHC steel. Furthermore, the coefficients of friction
that were measured under lubricated conditions were lower than those under dry condi-
tions for both workpiece materials. However, results regarding the wear mechanisms or
occurring surface damage were not reported. In a subsequent publication, Yanagida et
al. [77] evaluated the applicability of their hot flat strip drawing device by measuring the
coefficient of friction under lubricated conditions while varying process parameters such
as drawing speed, contact pressure and workpiece temperature. It was concluded that the
tribological behaviour of the interface between tool and workpiece could be evaluated
and that obtained friction coefficients could be employed in finite element simulations of
press hardening. However, wear coefficient data was not reported. In another publication,
Azushima et al. [11] measured the coefficient of friction of aluminium–silicon coated
22MnB5 steel under dry and lubricated conditions for various surface roughnesses of the
tool. It was found that the coefficient of friction was independent of the surface rough-
ness of the tool under dry sliding conditions. Even though the friction coefficients under
lubricated conditions were significantly smaller than those under dry sliding conditions,
the coefficient of friction under lubricated conditions depended on the surface roughness
of the tool. Here, surface damage and wear coefficients were not determined. Tian et
al. [14] developed a simulative testing equipment of hot flat strip drawing type in order
to investigate the friction and wear behaviour of high strength steel under press harden-
ing process conditions. It was reported that the coefficient of friction only varied little
up to temperatures of 500 ◦C and then increased between 500 and 700 ◦C. Furthermore,
the friction coefficient decreased with increasing drawing speeds. The authors identi-
fied micro–cutting as the dominant wear mechanism at temperatures below 500 ◦C and
at drawing speeds of 0.75 ms−1, which changed to adhesive wear at temperatures above
500 ◦C and at drawing speeds of 0.25 ms−1. However, the reported data concerned exper-
imental results that were measured at temperatures below the austenitisation temperature
of the workpiece material.
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Le Roux et al. [78] used a simulative testing equipment of deep drawing type to in-
vestigate the adhesive and abrasive wear damage developing on a tool radius owing to
the relative motion at elevated temperature. A methodology to locate and quantify the
wear damage on tool radii was developed with help of confocal microscopy and allowed
classifying different tool materials in terms of adhesive and abrasive wear behaviour with
good repeatability and reliability. However, friction results were not reported. In a sub-
sequent publication, Boher et al. [15] investigated the high temperature wear behaviour
of hot working tool steel grades sliding against aluminium–silicon coated manganese–
boron steel strips using the simulative deep drawing testing equipment. It was found that
the major damage on the tool radii originated from material transfer of the Al–Si coating
from the workpiece and that the surface damage in form of significant material transfer
rapidly occurred after a few hundred drawing cycles. Abrasive wear appeared as a minor
damage mechanism when the surface hardness was not high enough. However, the level
of the coefficient of friction was not determined. Ghiotti et al. [16] developed a simulative
testing equipment for press hardening based on the pin–on–disc configuration and carried
out experiments on hot working tool steel and aluminium–silicon coated high strength
steel blanks under dry reciprocating sliding motion to investigate the wear evolution with
increasing number of forming cycles. It was found that adhesive wear occurred due to
transfer of aluminium from the protective Al–Si coating and that abrasive wear mainly
resulted from the formation of oxide particles acting as third body abrasive wear debris.
However, wear data was not reported despite the investigation of the wear mechanisms
and the determination of the friction coefficient. In another publication, Ghiotti et al. [17]
studied the evolution of the Al–Si coating in terms of chemical composition, morphology,
and topography and carried out high temperature friction experiments in order to determ-
ine the most relevant press hardening process parameters affecting the friction behaviour.
It was shown that the heating cycle of the blank resulted in a varying surface topography
and that longer holding times resulted in a more homogeneous composition and surface
topography of the complex surface coating layer. Furthermore, it was concluded that the
cooling rate did not affect the surface characteristics and it was found that blank temper-
ature and contact pressure were the main process parameters influencing the coefficient
of friction.

Above literature survey shows that the simultaneous determination of friction and
wear is not sufficiently performed despite their interconnection. This paper aims at study-
ing the tribological behaviour of tool–workpiece material pairs at elevated temperatures
in a newly developed experimental set–up that was designed to simulate the conditions
prevalent during interaction of the hot workpiece with the tool surface. The reason for
this is that the contact conditions occurring for example between punch, stock and die
are not satisfactorily represented by standard tribological testing devices. The influence
of pressure, sliding velocity, tool temperature and blank coating on the friction and wear
behaviour of tool steel pins sliding against manganese–boron steel blanks under press
hardening contact conditions is the main focus of this study. However, in the present
study, the 22MnB5 steel sheets are in a vertical position in order to avoid wear debris
accumulation usually occurring on the lower tool. The two tool pins are clamping the
manganese–boron steel workpiece from left and right rather than from top and bottom.
Friction results were compared to earlier reported results obtained in similar equipments
to validate the experimental set–up used in the newly developed simulative testing equip-



88 Paper C. Simulative high temperature friction and wear tests

FN

Movable
tool pin

Stationary
tool pin

s

FN

FD

T

Workpiece
strip

Figure C.1: Schematic showing High–Temperature Tribometer test configuration em-
ployed in tribological studies; FN is the normal force, FD is the drawing force, T is the
temperature of the workpiece and s is the sliding distance per sheet strip

ment. Wear results were analysed with help of Archard’s wear model and the wear coef-
ficient was expressed as a function of pressure and sliding velocity in order to improve
input data for numerical simulations of the press hardening process including tool wear
prediction.

C.2 Experimental work

C.2.1 Simulative testing equipment
Figure C.1 shows a schematic representation of the simulative testing equipment used to
determine the tribological characteristics of material pairs subjected to contact conditions
prevalent in press hardening. This simulative testing equipment consists of two fixed
support frames located at the outermost ends of four main guiding rods. On these guiding
rods, two hydraulically actuated clamping jaws are designated to clamp the workpiece
strip depicted in Figure C.1 at its ends during testing. The workpiece clamping jaws are
also designed to provide the heating of the sheet strip via the Joule effect by passing a
PID controlled current through the workpiece strip. Furthermore, a ball screw, driven by
an electric motor, is also attached to the two fixed support frames. This ball screw drives
a movable tool assembly in order to slide the two tool pins over the workpiece strip, as
illustrated in Figure C.1. A pneumatic cylinder, which is connected to one of the clamping
jaws, allows keeping the workpiece strip straight during heating by applying a pretension
force. The movable tool assembly is provided with two pin holders that accommodate two
rectangular tool pins with identical dimensions. The basic configuration of the simulative
testing equipment involves a pair of tool pins that are loaded from each side against the
workpiece strip by means of a pneumatic bellow and subsequently slid along the length
of the strip, as shown in Figure C.1. Hence, the workpiece strip is mounted vertically in
order to minimise the accumulation of wear debris. The tangential forces occurring during
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sliding are measured by two strain gauge force transducers connected to the hydraulic
clamping jaws of the workpiece strip. The drawing force is measured by a strain gauge
force transducer that covers a load range between 50 and 5000 N and the pretension
force is monitored by a strain gauge force transducer covering a load range between 50
and 1000 N. The applied normal force is monitored with a strain gauge force transducer
covering a load range between 50 and 5000 N. These strain gauge force transducers allow
obtaining the coefficient of friction by employing the Amonton–Coulomb law of friction
according to following Equation:

μ =
FD −FP

2FN
(C.1)

where FD denominates the drawing force, FP is the pretension force and FN designates the
applied normal force.

An automated pick and place mechanism located under the contact pair feeds new
sheet strips from a tray that can accommodate a total of forty workpiece strips into the
hydraulically actuated clamping jaws holding the strip during testing and puts the worn
sheet strips back into the tray. In that manner, accelerated wear on the tool pins can be
induced as it is possible to achieve long sliding distances above thirty metres without
changing the tool specimens. As the sheet strip is mounted vertically, a wear debris tray
situated between the automated pick and place mechanism and the tribological test setup,
schematically represented in Figure C.1, is necessary to prevent oxide scale generated
during sliding from interfering with the wear process. In addition, the use of individual
workpiece strips allows analysing the strip surfaces after testing in order to understand
the changes in friction and wear mechanisms with respect to a specific position on a given
sheet strip. On the contrary, Le Roux et al. [78] reported the use of a sheet coil that
was rolled up immediately after testing, which damages or contaminates the workpiece
surface before examination.

The simulative testing equipment further allows economic and efficient testing as the
employed specimens are small and exhibit a simple geometry. It is further equipped with
two separate heating systems for the tool pins as well as the workpiece strip. The tool
pins can be heated by means of resistive heating coils up to a temperature of 700 ◦C. As
already mentioned, the heating of the workpiece strip is achieved via the Joule effect by
passing a current through it up to a maximum temperature of 1000 ◦C, which also allows
very fast heating. There is also the possibility of cooling or quenching the workpiece
strip by means of pressurised air nozzles. However, air quenching of the sheet strip was
not employed in the current study as the intention was to investigate the sliding motion
of the forming step with severe contact conditions before the allotropic transformation of
the material into martensite takes place. Additionally, as the workpiece strip is heated in
air, a logarithmic or parabolic oxide scale growth as well as the composition of the oxide
scale on uncoated 22MnB5 steel might get affected by varying amounts of humidity in
the surrounding environment. Alloying of the Al–Si coating on coated manganese–boron
sheet strips is foremost affected by the employed, different type of heating, but air and
humidity in the surrounding environment might again influence the material in a different
manner than in other studies [10, 14, 15, 78].

The main specifications of the simulative testing equipment are summarised in Table
C.1. The temperature of the workpiece strip can be measured by a movable type–k ther-
mocouple, but a pyrometer continuously measures the temperature of the workpiece sur-
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Table C.1: Technical specifications of the high–temperature tribometer

Parameter Range
Load 50 – 5000 N

Velocity up to 0.25 ms−1

Temperature (Strip) up to 1000 ◦C
Temperature (Tools) up to 700 ◦C

Quenching rate > 35 ◦Cs−1

Strip length 900 – 1100 mm
Strip thickness 1 – 3 mm

Strip height 8 – 16 mm
Tool dimensions 10 × 10 × 20 mm3

face in front of the contact during testing. The temperature of each tool pin is measured
by means of a type–k thermocouple close to the contact interface, which is inserted from
the back into each pin. Additional measurement sensors include acoustic emission, con-
tact potential and in–situ wear measurements of the tool pin by using a linear variable
differential transformer (LVDT) sensor. In the current work, in–situ wear measurements
were not employed for the determination of tool wear as material built–up on the tool
originating from the aluminium–silicon coating on the workpiece strip affects the dis-
placement measurement. Furthermore, calibration of the sensor at operating temperatures
in order to account for thermal softening of the workpiece and compensating for thermal
expansion of the tool and the workpiece during contact is difficult. Acoustic emission and
contact potential measurements were not either considered in the current work as focus
was primarily given to the tribological response, i. e. friction and wear behaviours, of the
contacting pair.

During experiments, a LabView R©–based data acquisition and control software mon-
itors and measures normal force, drawing (friction) force, pretension force, sliding speed,
specimen temperatures, acoustic emission, contact potential, in–situ wear and strip cur-
rent. It should be noticed that a certain degree of uncertainty is primarily associated with
measurement devices due to the complexity of the newly developed tribometer. The soft-
ware even allows ramping of drawing speed, applied normal load or strip temperature.
In the future, plastic deformation of the workpiece strip, a system for application of high
temperature lubricants or in–situ optical measurement of the workpiece surface can also
be implemented.

C.2.2 Materials and specimens
For experiments in the newly developed hot strip drawing testing equipment, the work-
piece material was obtained as unhardened sheet strips with a thickness of 1.5 mm, a width
of 15 mm and a length of 1000 mm in the case of Al–Si precoated manganese–boron sheet
strips and a length of 1100 mm in the case of uncoated 22MnB5 sheet strips, as they are
depicted in Figure C.1. Thereby, their initial microstructure consisted of ferrite–pearlite.
These manganese–boron steel sheet strips were used in their as–delivered surface con-
dition. Their initial surface roughness Ra was measured with a Veeco Wyko NT 1100
optical interferometer. The hardness of the 22MnB5 steel was measured with a Matsu-
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Table C.2: Alloying composition in wt.% (Fe makes up the balance), initial hardness and
surface roughness (values in parenthesis are for Al–Si coated 22MnB5)

Material C Si Mn P S Cr Mo V Ni B HV0.5
Ra Comments

(μm)
Strip 0.20 – 0.20 – 1.0 – max. max. 0.14 –

– – – 0.005
201 1.16 (0.90) as

(22MnB5) 0.25 0.35 1.3 0.03 0.01 0.26 ± 3 ± 0.16 (0.18) received
Pin

0.32
0.6 –

0.8
max. max.

1.35 0.8 0.14
max.

–
458 0.13 finely

(Tool) 1.1 0.01 0.003 1 ± 6 ± 0.01 ground

zawa MXT–α microhardness tester using a load of 0.5 kg. The tool steel specimens, as
shown in Figure C.1, were rectangular pins with a width of 10 mm, a depth of 10 mm
and a height of 20 mm, obtained from pre–hardened hot work (quenched and tempered)
tool steel by wire electro–discharge machining. No further heat treatments, surface treat-
ments or coatings were performed or applied on the tool steel pins as the intention was
to study the behaviour of the bulk material. Hence, their initial microstructure consisted
of tempered martensite. The contact surface of the tool steel pin was machined with a
radius of 50 mm resulting in a spherical ended pin. The point contact of the spherical
tip against the flat counter surface was employed to simulate severe (detrimental) contact
conditions on a corner in a full–scale forming operation. Furthermore, the spherical tip of
the tool steel pin was finely ground with P1200 silicon carbide abrasive grinding paper.
Initial surface roughness and hardness were also determined on these specimens. The
chemical compositions, hardness and surface roughness values of the different materials
used in the current work are summarised in Table C.2. It should be noticed that the given
surface roughness values were obtained by averaging five different measurements and the
specified hardness values were averaged from a total of five measurements.

C.2.3 Test procedure

Before performing the experiments, the tool pin specimens were consecutively cleaned in
heptane and ethanol in an ultrasonic cleaner and left to dry in air. Then, these specimens
were weighed by using an analytical laboratory weighing balance and each specimen was
weighed at least five times before calculating an average mass. Afterwards, the tool pins
were mounted in two pin holders. During mounting of the pin holders into the movable
tool assembly, type K thermocouples were inserted from behind into the tool pins in
order to measure the temperature at an approximate distance of 5 mm from the contact
interface. The blank strip specimens were successively wiped clean with heptane and
ethanol, but were otherwise utilised in as–delivered condition as the intention was to test
them under similar conditions as in the real press hardening process. A total of ten sheet
strips, which corresponds to a sliding distance of 5.5 m, were put in the sheet specimen
tray for testing, which allowed to obtain measurable wear on the tools. The tray was
moved in position and the first strip was pneumatically put in place to be clamped by the
hydraulic jaws. Then, the pretension was applied and the wear debris tray was moved in
position and circular segments of alumina tube were put in front of the tool pins in order
to protect them from radiative and conductive heat during heating of the workpiece strip.
The testing parameters that are summarised in Table C.3 and a new file name for each
individual strip were entered into the LabView R©–based software, which was utilised to
steer, control and monitor the simulative testing equipment.
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Table C.3: Test parameters used in the high temperature tribological tests

Test parameter Value
Load [N] 50, 150

Velocity [ms−1] 0.01, 0.1
Strip temperature [◦C] 750

Initial tool temperature [◦C] 25
Sliding distance per strip [m] 0.55

Atmosphere (1 atm) air

In case of uncoated 22MnB5 sheet strips, the parameters of the PID controls for the
resistive strip heating were entered and heating was started. Thereby, the heating took
180 s to reach the desired testing temperature, which corresponds to furnace dwelling
times in real press hardening of uncoated manganese–boron steels. For Al–Si coated
22MnB5 sheet strips, a different approach for heating was necessary in order to repro-
duce the layered morphology of the coating consisting of intermetallic compounds. Here,
the resistive heating was manually controlled by setting the power input and hence, the
electric current passing through the sheet strip. Three heating steps with different holding
times and a total duration of approximately seven minutes were found to result in the de-
sired morphology of the coating. When the desired testing temperature was reached, the
ceramic heat shields were removed. Then, the normal load was applied and sliding was
activated when the load was stable within an error margin of ± 1.4% at high loads and ±
4.0% at low loads. The experiments in the current work were conducted at a workpiece
strip temperature of 750 ◦C as the blanks quickly cool down in the real application during
transfer from the furnace to the forming tool. In the tribological tests, sliding velocity,
i. e. drawing speed, and applied normal force were set to values of 0.01 and 0.1 ms−1

as well as 50 and 150 N, respectively. The contact pressure was then directly estimated
by the quotient of applied normal force and approximate contact area of the tool steel pin
after testing. Each experiment involved the use of ten workpiece strips and each combin-
ation of test parameters given in Table C.3 was run twice. As soon as the pre–set sliding
distance was reached, the normal load was released and heating was turned off. The mov-
able tool assembly was reversed and the strip cooled down before it was placed in the tray.
Then, the next sheet strip was put in place and the procedure was repeated. After testing
ten sheet strips, the tool steel pins were removed, ultrasonically cleaned in ethanol and
weighed five times in the analytical laboratory weighing balance in order to determine
their weight change.

C.3 Results and discussion

C.3.1 Frictional behaviour

In Figure C.2, the effect of sliding velocity on the coefficient of friction can be deduced.
It can be seen that an influence of the sliding velocity is only marginal for uncoated and
Al–Si coated manganese–boron steel, regardless of the applied normal load. A slight de-
creasing tendency in the coefficient of friction with increasing sliding speed at low loads
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Figure C.2: Mean coefficient of friction as a function of sliding velocity for (a) low normal
loads and (b) high normal loads
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can be observed for uncoated 22MnB5 steel. For Al–Si coated manganese–boron steel,
a slight increasing tendency in the coefficient of friction with increasing sliding speed at
low loads can be seen. At higher loads, these tendencies are slightly more pronounced
than at low loads. However, these tendencies are negligible and the variation of sliding
speed was not very large in the current work. Yanagida et al. [77] observed an increase
in coefficient of friction with increasing drawing speeds up to 0.01 ms−1, but the friction
coefficient became constant above drawing speeds of 0.01 ms−1 for SPHC steel (C <
0.16% and Mn < 0.6% according to [10]) under lubricated conditions. Contrarily, Tian et
al. [14] observed that lowering the drawing speed at a constant temperature increased the
friction coefficient. It is known that, in dry sliding contacts, an influence of sliding velo-
city can sometimes exist when varying the sliding speed over several orders of magnitude.
Nevertheless, the purpose of the current work was to perform experiments at drawing ve-
locities commonly used in industry and these velocities were also obtained from finite
element simulations of press hardening [79].

In Figure C.3, the influence of applied normal load, and indirectly the effect of contact
pressure, on the coefficient of friction can also be deduced. It can be seen that there
is a decrease in friction coefficient with increasing force for both materials, uncoated
and Al–Si coated manganese–boron steels. The decrease in friction coefficient is even
more pronounced in the case of aluminium–silicon coated 22MnB5 steel. Figure C.3 also
indicates that these results differ from results reported in the literature that were obtained
on equipments with comparable experimental setups [10, 11, 14, 77]. However, a direct
comparison of results is difficult as many factors influence the contact conditions, which
therefore might be very different. For instance, Yanagida and Azushima [10] focussed
their investigation on the friction behaviour of aluminium–silicon coated manganese–
boron steel under dry and lubricated sliding conditions and controlled the atmosphere
of the employed furnace with argon gas, which prevents the occurrence and influence
of oxidation during experiments. Tian et al. [14] employed an induction heating for
the workpiece strip and also stated that temperature and drawing speed can considerably
influence the friction and wear behaviour during the tribological contact between tool and
high strength steel. Nevertheless, the higher coefficients of friction obtained in the current
study can be attributed to the severe contact of the spheric end of the tool steel pin when
comparing to the flat contact in other studies [10, 11, 14, 77]. The spherical tip leads to
more adhesion in the contact interface during sliding, in particular at the employed high
temperatures resulting in thermal softening.

Figure C.4 shows the coefficient of friction as a function of sliding distance obtained
for uncoated tool pins sliding against uncoated and Al–Si coated manganese–boron steel
strips. It can be seen that a higher load leads to a lower and more stable coefficient of
friction independently of the applied sliding velocity or material. One explanation is that
the noise in the coefficients of friction for uncoated and Al–Si coated 22MnB5 steels at
low loads result from the occurring friction forces being close to the sensitivity limit of the
strain gauge force transducers. The coefficient of friction is generally higher in the case
of Al–Si coated manganese–boron steel when compared to the uncoated 22MnB5 steel,
which can be explained by a reduced occurrence of adhesion owing to an oxide scale on
the uncoated workpiece strip. In addition, the coefficient of friction is unstable in the case
of Al–Si coated 22MnB5 steel at low load and some variations can even be seen at higher
load. On the contrary, Tian et al. [14] observed that the coefficient of friction at a lower



C.3. Results and discussion 95

0 50 100 150 200
0.0

0.5

1.0

1.5

2.0

Load (N)

M
ea
n
co
effi

ci
en
t
of

fr
ic
ti
on

(–
)

Uncoated
Al–Si

(a)

0 50 100 150 200
0.0

0.5

1.0

1.5

2.0

Load (N)

M
ea
n
co
effi

ci
en
t
of

fr
ic
ti
on

(–
)

Uncoated
Al–Si

(b)

Figure C.3: Mean coefficient of friction as a function of normal load for (a) low sliding
speeds and (b) high sliding speeds
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Figure C.4: Coefficient of friction as a function of sheet strip position (a) for uncoated
22MnB5 steel and (b) for Al–Si coated 22MnB5 steel
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drawing speed was higher than the one measured at a higher drawing speed. However,
these experiments were run at lower temperatures than employed in the current study.

In Figure C.5, the average coefficient of friction of tool steel pins sliding against un-
coated 22MnB5 steel sheet strips under different loads and sliding velocities shows a good
reproducibility of results. Even experiments carried out at high loads show good repro-
ducibility of results in the case of Al–Si coated manganese–boron steel. Yanagida et al.
[77] also observed good repeatability of their measurements of friction coefficients in a
comparable simulative testing equipment of hot strip drawing type. In other studies, the
coefficient of friction was calculated from the maximum drawing force in hot deep draw-
ing experiments by using Siebel’s equation. However, Azushima et al. [11] stated that a
direct method to determine the coefficient of friction as the one employed in the current
study is preferable since the flow stress of the workpiece affects the measurement of the
friction coefficient. Several authors also pointed out that friction behaviour determined
under conditions used in the current study can be utilised in numerical simulation of press
hardening by means of the finite element method [14, 77].

C.3.2 Wear behaviour

In Figure C.6, it can be noticed that the contact area on the tools corresponded to a circular
area of approximately 7.07 mm2. This indicated that the mean Hertzian pressures were
180 MPa at low normal loads and 270 MPa at high normal loads in the initial point
contact. These were reduced to areal contact pressures of about 7.1 MPa in the cases
with low applied loads and 21.2 MPa in cases with high applied loads after running–in
of the tool pins. The tool steel pins mainly showed evidence of adhesion on their contact
surfaces. During sliding, heat conduction from the manganese–boron steel strip to the tool
steel pins resulted in a higher tendency of the surfaces to adhere, as depicted in Figure C.7.

In Figure C.8, the effect of sliding velocity on the wear coefficient can be deduced.
It can be observed that an influence of sliding velocity is only marginal at low applied
loads in the case of uncoated manganese–boron steel as the contact pressure is only mod-
erate. For Al–Si coated 22MnB5 steel, the wear coefficient decreases with increasing
sliding speed independently of the load. At higher loads, the wear coefficient of uncoated
manganese–boron steel also decreases with increasing sliding speed. This can be attrib-
uted to the longer contacting times at low sliding velocities and hence, more time for
growth of adhesive junctions between the two contacting materials. Figure C.9 supports
this owing to the observation of intermixing of metallic wear debris (light grey), probably
originating from the tool steel pins, and of oxidised wear debris (dark grey) stemming
from the fragmentation and compaction of oxide scale on the uncoated 22MnB5 sheet
strips at low load and low sliding velocity. However, the possibility to form protective,
compacted wear debris layers or glazed layers as reported in [76] is significantly reduced
as the tool steel pins repeatedly get into contact with new workpiece material. Tian et al.
[14] also observed that wear was more severe at lower drawing speeds as well as con-
stant temperatures and pressures. The authors also explained this by the longer contact
time at lower drawing velocities, which offered more time for the formation of adhesive
junctions during sliding. Furthermore, it was also stated that the possibility to form adhes-
ive junctions was more difficult during shorter contact periods when sliding speeds were
much higher. However, although it was not clearly stated, it is believed that this trend
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(a) (b)

Figure C.6: Scanning electron micrographs of (a) stationary tool steel pin and (b) movable
tool steel pin; arrows indicate direction of workpiece motion

(a) (b)

Figure C.7: Scanning electron micrographs of (a) stationary tool steel pin and (b) movable
tool steel pin; arrows indicate direction of workpiece motion
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concerned aluminium–silicon coated 22MnB5 steel.
In Figure C.10, the effect of normal load on the wear coefficient can be deduced. It can

be observed that an increase in the applied load results in an increase in wear coefficient
independently of the material or sliding velocity. This can be attributed to more adhesive
junctions building up as the higher contact pressure and the plastic deformation of the
materials’ surfaces result in a better adaptation of the surfaces to each other.

Figure C.11 shows scanning electron micrographs of a tool steel pin pair that slid
against aluminium–silicon coated manganese–boron steel. It can be noticed that adhesion
due to material transfer (galling) of the Al–Si coating from the coated workpiece strip
mainly occurred. Furthermore, Figure C.11 (b) revealed that the transfer of material oc-
curred in the form of layers successively building up as new material came into contact
with the tool pin surface in each subsequent test of the workpiece strips. Boher et al.
[15] reported a comparable cyclic evolution of the transferred layer which was formed by
particles that were not fully agglomerated. The variations in coefficient of friction of Al–
Si coated 22MnB5 steel observed in Figure C.4 can then also be attributed to this material
transfer (galling) of the aluminium–silicon coating from the workpiece strip to the tool
steel pin surfaces building up as sliding progressed. This explains why the wear coeffi-
cient is lower in Figure C.10 in cases where the tool steel pins slid against Al–Si coated
manganese–boron workpiece strips. The transfer of material leads to an apparently smal-
ler material loss (wear) of the tool pins that were in contact with the coated workpiece
material.

Boher et al. [15] reported different adhesive and abrasive wear behaviours for three
different types of tool steels with martensitic microstructures containing various types of
precipitates. Thereby, dispersed and fine carbides seemed to increase the abrasive wear
resistance whereas large precipitates improved the adhesive wear behaviour. However, the
bulk hardness of the tool materials employed in their study was usually higher than the
one of the material used in the present study [15]. Nevertheless, the chemical composition
of the tool steel employed in the current work, given in Table C.2, indicates that it might
contain sufficient amounts of substitutional elements like chromium, molybdenum and
vanadium to form fine and dispersed carbides. These carbides then will have an influence
on the wear behaviour.
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(a) (b)

Figure C.9: Scanning electron micrographs of (a) stationary tool steel pin and (b) movable
tool steel pin; arrows indicate direction of workpiece motion
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Figure C.11: Scanning electron micrographs of (a) stationary tool steel pin and (b) mov-
able tool steel pin tested at a load of 50 N and at a speed of 0.1 ms−1; arrows indicate
direction of Al–Si coated workpiece motion
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C.4 Conclusions
The current work showed that it was possible to measure friction and wear under con-
ditions prevalent in the press hardening process. It was found that higher loads led to
lower and more stable friction coefficients independently of sliding velocity or mater-
ial. In the case of uncoated manganese–boron steel, the influence of sliding velocity on
the coefficient of friction was only marginal. The coefficient of friction of Al–Si coated
22MnB5 steel was generally higher and unstable due to galling of the Al–Si coating on the
tool. It was confirmed that adhesion was the main wear mechanism occurring in tribolo-
gical experiments reproducing the contact conditions prevalent during the forming stage
in press hardening. Furthermore, due to the vertical arrangement of the strip, the occur-
rence of accumulation and compaction of wear debris was limited to the sliding contact.
The obtained results agreed well with results reported by research groups with compar-
able simulative testing equipments and the good reproducibility of these results further
supports that the newly developed experimental set–up can be successfully employed for
the tribological simulation of tool–workpiece interaction at elevated temperatures in press
hardening. In the future, more focus will be given to the interplay between friction and
wear as the friction between tool and workpiece controls the deformation of the blank,
but also results in wear of the forming tools. As tool wear is a critical issue for the ac-
curacy of produced parts and also maintenance costs, the long term aim is to understand
the influence of process parameters on friction and wear behaviours so as to enhance the
durability of the tool materials by creating useful physical data that can be implemented
in forming simulations. Then, computational mechanics can be utilised to optimise the
forming process by predicting wear of the tools.
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