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“All theory is gray, my friend. But forever green is the tree of life.”
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Abstract

Implementation of press hardened parts in automobile responses to the requirement of
reduced carbon dioxide emission because the press hardened part has very high strength
to weight ratio. Furthermore, ultra high-strength steels (press hardened parts) increase
the vehicle safety. The press hardening processes are prevalently applied in global au-
tomotive industries. However, the press hardening processes corresponding to heating,
forming, and quenching processes result in harsh contact conditions such as cyclic load-
ings, high temperatures and complex interaction between coating and tool material. Con-
sequently, these harsh contact conditions result in wear and galling in stamping tools,
which influence the production quality negatively.

In order to study tribological behaviour in the press hardening, two kinds of laboratory
tests have been developed and used. Firstly, a reciprocating test, also called SRV test, is
performed at elevated temperatures to provide fundamental understanding of the wear
mechanisms in press hardening. However, the discrepancy between the press hardening
and SRV test is obvious. In order to improve the reproducibility of the press hardening, a
high–temperature tribometer test, also called tribological test, is used. A unidirectional
sliding process is running under the corresponding pressures, temperatures, velocities
and sliding distances. The test parameters are based on a numerical study of a press
hardening manufacturing experiment.

According to the present study, mass loss is the main wear phenomenon at the uncoated
workpiece–tool interface. When Al-Si coated workpieces are used in the press hardening,
experimentally transferred material building onto the stamping tool is presented. The
modelling of wear and galling is derived from the Archard wear model in which the
wear and galling rates are calibrated by the laboratory tests. The wear and galling
predictions implemented in the press hardening simulation have been validated by the
press hardening experiment, which represents a typical geometry of vehicle components
and is conducted as close to real production line as possible.

The improved wear and galling simulation can be used for optimization of manufac-
turing processes by a better prediction of wear and herewith decrease the maintenance
cost and time.
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Chapter 1

Introduction

This chapter provides general readers with a basic understanding of the present study,
which includes the objective, background, motivation and limitations. After reading of
this chapter, the readers can perceive the state-of-the-art of the topics and evaluate the
present study.

1.1 Objective

The modelling of wear and galling based on Archard wear model for press hardening is
the main concern in the present study. A deep understanding of the wear mechanisms
and the contact conditions in press hardening is of great importance. The aims of this
research is to study the tribological characteristics of the press hardening and to modify
and apply Archard model for the wear and galling in press hardening. The specific
objectives within the scope of the present study are as follows:

• To analyse the contact conditions in the press hardening

• To develop laboratory tests under the press hardening conditions

• To understand and analyse the tribological behaviour in the press hardening

• To model the wear and galling for the press hardening by means of finite element
(FE) simulations

• To validate the wear and galling models through a full–scale press hardening ex-
periment

In this study, the author needs to answer:

• Is it feasible to implement the wear and galling simulation for a full–scale press
hardening process?

3



4 Introduction

• When and where does the wear or galling occur in the stamping tool and what are
the correlated contact conditions?

• How does the wear or galling affect the production quality?

1.2 Background and motivation

Emission regulations put increased pressure on automotive industries to improve fuel
efficiency and to reduce exhaust gas emissions. Figure 1.1 illustrates the CO2 emissions
regulations in global markets. Actually, vehicle weight has grown over the generations

Figure 1.1: CO2 emissions (g/km) regulations in global markets, tbd= to be determined.
Source: Press research edited by Thaden (2017).

due to stricter crash regulations, increased safety features (e.g. ABS, ESP, higher brake
performance), more electric units and increased vehicle dimensions. Besides the en-
gine downsizing and weight optimization, increased use of lightweight components is a
straightforward method to lighten the vehicle so as to reduce CO2 emissions. Among the
materials for lightweight design, such as aluminium, magnesium and composite materi-
als, ultra high-strength steels (UHSS) produced by press hardening is an efficient method
due to economic and technical considerations. Compared to the part produced by con-
ventional steels, press hardened steels (UHSS) can reduce the weight by around 15−25%
through reducing the material thickness but UHSS can maintain a high crash perfor-
mance. The share of press hardened steels in vehicle components including structural
components, exterior and chassis continuously increases in recent years (as seen in Figure
1.2), which is driven by some other beneficial attributions such as reduced springback
during manufacturing processes and good weight saving per additional cost.

Press hardening, also called hot stamping, is a manufacturing method firstly announced
by Plannja HardTech (now SSAB) in 1973 to produce lightweight and strong steels, cf.
Berglund (2008). The press hardening involves three consecutive processes, heating,
forming and quenching. Firstly, a boron steel sheet as workpiece is placed in a furnace
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Figure 1.2: Share of press hardened steels in vehicle bodies – sample vehicles (%). Source:
Press research edited by Thaden (2017).

and heated to fully austenite phase (about 930 ◦C). Secondly, the workpiece is transferred
to the stamping tool, followed by a forming process as the tools close. And then, the hot
workpiece is quenching in the closed tool, where temperature in the workpiece decreases
until a fully martensite phase. Besides the excellent formability during the hot forming
process, the final production obtains a very high tensile strength up 1500 MPa, cf.
Karbasian and Tekkaya (2010). In 1980s, Saab 9000 was the first vehicle series equipped
with press hardened components in which the side impact beam was made of hardened
boron steels because the automotive industry’s focus on safety began, cf. Berglund
(2008).

The harsh contact conditions in the press hardening in terms of cyclic loadings, high
temperatures, and complex interactions among tool surface, coating and oxides result in
tool wear. The tool wear restricts the efficient production of press hardened parts due to
the consequently increased maintenance cost and degraded production quality. Pelcastre,
Hardell, and Prakash (2011) investigated a real production tool of press hardening against
Al-Si coated boron steels, the adhesive wear occurs mainly on curved tool surface in terms
of formed lumps through compaction of wear debris. The researchers pointed out that
one stamping can be used for 200 000 stokes before catastrophe but regrinding operation
is needed after every 3000 strokes. In order to improve the production efficiency and
to reduce the maintenance cost of press hardening, a predictive simulation to answer
when and where the tool wear happens is of great importance, which is based on the
understanding of the wear mechanisms at elevated temperatures.
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1.3 Scientific background

FE–simulations of press hardening provide a possibility to analyse the contact conditions
occurring at tool–workpiece interface and implement a wear or galling prediction. A
constitutive model including phase transformation and microstructure evolution for the
boron steel sheet ensures the accuracy of the press hardening simulation. The develop-
ment of press hardening simulations has been performed at the Division of Solid Me-
chanics at Lule̊a University of Technology for more than 15 years, cf. Åkerström (2006).
The corresponding researches include development of the thermo–mechanical constitu-
tive model, cf. Åkerström and Oldenburg (2006) and implementation of the model in
full-scale press hardening, cf. Åkerström and Oldenburg (2008). The related introduc-
tion of press hardening simulation has been presented in the author’s licentiate thesis, cf.
Deng (2014), thus this section preferentially introduces the scientific background related
to the continued work.

1.3.1 Wear mechanisms in press hardening

The tool wear is a combination of various physical and chemical processes, such as micro–
cutting, micro–ploughing, plastic deformation, cracking, fracture, cold–welding smearing
and chemical interaction. Therefore, wear is a property of the tribo–system instead of
a material property, i.e., strength. It is difficult to generalize a universal conclusion of
tool wear of press hardening without an in–depth understanding of wear mechanisms in
a certain tribo–system. According to Beek (2006) and Bhushan (2000), wear is basically
classified into adhesive wear, abrasive wear,fatigue wear and corrosive wear. A concise
introduction of wear mechanisms is presented by the illustration of wear mechanisms (see
Figure 1.3) and the corresponding technical terminologies commonly used in literatures
(see Table 1.1). The transferred material built–up on metal surface due to adhesive wear
in literatures is also called galling. According to The International Research Group on
Wear of Engineering Materials, IRG–OECD (Organization for Economic Cooperation and
Development), galling is defined as follows: a severe form of scuffing associated with gross
damage to the surfaces. In Wear Control Handbook (Peterson et al., 1980), scuffing is the
localized damage caused by the occurrence of solid phase welding between sliding surfaces
without local melting. Classified by contact types, wear phenomena can be distinguished

Table 1.1: Wear types and corresponding terminologies, cf. Beek (2006).

adhesive wear scuffing, scoring, galling, cold-welding, seizure, smearing
abrasive wear ploughing, polishing, grinding, scratching
fatigue wear pitting, flaking, spalling
corrosive wear thermo-chemical wear, oxidative wear

as sliding wear, oscillationg wear, rolling wear and tribochemical wear. Among them, the
sliding wear referring to volume loss and galling is the dominant wear process during a
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Figure 1.3: Schematic image of four basic wear mechanisms, cf. Bhushan (2000).

forming operation and aforementioned four wear mechanisms are combined with it, cf.
Emile van der Heide (2004). The relevant wear mechanisms in the press hardening are
abrasive wear and adhesive wear. According to Beek (2006), the abrasive wear occurs in
the interface between two bodies with a hardness different more than 20%, in which the
harder asperity summits plough in the relative softer counter surface. It is comparable
with a micro-cutting process. The harder wear particle between two sliding bodies can
participate to the ploughing process, which refers to so-called three-body abrasion. The
strong bonding between two contacting bodies due to chemistry affinity is the main driven
factor to the adhesive wear. In the continuous sliding process, junctions in the interface
shear off and the material may transfer from one surface to the mating surface. This
material transfer can be either temporary or permanent. The temporary adhesion means
that the material may be broken off and result in loose wear particles, which can give rise
to the three-body abrasion because the wear particles, typically mixed with oxidation,
becomes harder due to the repeatedly compression in the interface. Additionally, the
wear particles may embed in the mating surface or accumulate in valleys of the surface.
The normal observation of adhesive wear is the severe lumps in the tool surface, which
can attribute to the both the direct adhesion and the accumulation of the break–off wear
particle, cf. Pelcastre, Hardell, and Prakash (2013).

1.3.2 Wear modelling

Thermodynamic approach of wear modelling is prevalently used in the wear process in-
cluding considerable friction energy, i.e., fretting process. In this method, researchers
establish a simple relation between dissipated energy (friction work) and worn volume
or predict wear based on entropy. The corresponding works can be found in Bryant
(2009), Ersoy-Nürnberg et al. (2008), Liskiewicz and Fouvry (2005), Huq and Celis
(2002), Doelling et al. (2000) and Ling et al. (2002).

The another commonly used wear model is a contact–mechanics–based model. The
relation between wear volume and contact conditions including material hardness has
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been studied by Archard and Hirst (1956). The Archard wear model can be written as
Equation 1.1, which was derived from pin-and-ring tests with a variety of metal samples.
The wear volume V is proportional to the normal load F . The introduction of the
softer material hardness H is to estimate the true contact area that experiences plastic
deformation. The wear coefficient K is the possibility of the generation of wear particles
per unit sliding distance L.

V = K
FL

H
(1.1)

Typically, the dimensionless wear coefficient varies in different material combinations.
Welsh (1965) pointed out that even a slight change in process parameters, a consequently
large change in the wear coefficient by one or two orders of magnitude is possible. In
order to use the Archard wear model for industrial applications, the wear coefficient in
the model is commonly defined as a process-parameter dependent function. In the work
reported by Enblom and Berg (2008), the wear coefficient was defined as a function of
contact pressure and sliding velocity, which was calibrated by test results for the wear
simulation of rail wear. For warming forging processes, Lee and Jou (2003) defined the
wear coefficient as a function of high temperatures according to the wear results from a
ring-on-disk test. Bhushan (2000) states that the Archard wear model is compatible with
the adhesive wear. However, the wear model represents the material removal instead of
material gain during the sliding process. The amount of the material adhering on to the
counter surface is not discussed.

Some of the efforts made to the modelling of galling were headed to microscopic level
approaches. Rooij et al. (2013) employed a geometrical model of a single lump for the
material growing up on the surface. The initial geometry of an individual ploughing as-
perity is represented by an equivalent pyramidal shape with a hexagonal base. Based on
this model, the geometrical evolution of the asperity over time is modelled. Mishina and
Hase (2013) proposed an adhesive wear model of nanometer level with a shape assump-
tion of wear debris, which model considered physical properties of the sliding surfaces
as well as the chemical effect of surrounding gas molecules to the surfaces. Although
those microscopic level approaches have successfully provided various new knowledges
which show the possible development in tribo–elements, quantitative comprehension on
the galling with larger scale is necessary to be studied so as to establish a complete and
practical model of galling. Wieland and Merklein (2015) used a bending test to obtain
critical temperature and minor strain of workpieces at which the breakout of Al-Si coat-
ings occurred, which was thought of the main reason for the galling in press hardening.
Fukuda and Morita (2017) evaluated a shear force to indicate the galling occurrence
based on a pin–on–disk test, where the galling accumulation is assumed to occur when
the shear force at the interface is larger than the material shear strength. The proposed
physical model included two controlling factors on the galling rate, i.e., thickness of the
transfer unit, and shear strength at adhered interface. Both of the factors need to be
determined by further study on materials.
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1.3.3 Tribometers

A wide range of equipments used to study tribological behaviours is called tribome-
ters. The tribometers can be designed with different set–ups for different applications.
Pin–on–disc and ball–on–disc test are commonly used to characterize the wear mecha-
nisms. Figure 1.4 illustrates a basic apparatus of Optimol SRV–3, where SRV refers to
“Schwingungs-Reib-Verschleiss Test ( oscillating-friction-wear test)”. At elevated tem-

(a) SRV test machine (b) Testing chamber

Figure 1.4: Basic apparatus of the Optimol SRV–3.

peratures, the pin–on–disc test can study the tribological characteristics of different ma-
terial combinations and the corresponding works were reported by Hardell, Kassfeldt,
et al. (2008), Hardell and Prakash (2008) and Hardell, Pelcastre, et al. (2010). The disc
sample is heated to a specific temperature and the pin sample slides against it with a
load. However, the pin surface is always in contact repeatedly on the same track of the
counter disk specimen; this is different from the press hardening as in the real application
a fresh workpiece surface is in contact with the non-changing die surface for each formed
component. In order to better simulate the sliding in the forming operation, a strip–
drawing test has been developed, i.e., Tian et al. (2012) and Yanagida and Azushima
(2009). A typical schematic of the strip–drawing test is presented in Figure 1.5. A boron
steel strip is heated to the test temperature and then it is drawn by a clamper with a
certain velocity. The pins are loaded against the strip during the sliding process. Nor-
mally, the strip temperature, loads and sliding velocities are set as the test variables to
analyse the influence of the process parameters of press hardening on the tribological
behaviour. However, the different geometry of the pin surface is an uncertainty in the
tribological behaviour. A flat surface i.e., Paper E, or a hemispherical surface, i.e., Moz-
govoy et al. (2017), leads to different results due to the different contact conditions at
the interface, such as pressure distribution. Furthermore, the strip is heated in a furnace
prior to the tests, i.e., Yanagida and Azushima (2009), which means that the actual
temperature of the strip decreases during the sliding process. Thus, the actually reduced
temperature in the strip increases the uncertainty in the evaluation of the tribological
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behaviour. Another type of tribometer including a simplified drawing operation is em-
ployed by researchers. Groche and Nitzsche (2007) used a deep–drawing test involving
sheet deformation to determine the friction coefficient and evaluate the effect of process
parameters, coatings and tool surface engineering in the press hardening. However, this
test result may be valid in narrow test conditions due to the dedicated set–up itself.

Figure 1.5: Schematic of a strip–drawing test, cf. Yanagida and Azushima (2009).

Particularly, there are standard tests dedicated for galling research, which refer to
ASTM G98, ASTMG196 and twist–compression test as depicted in Figure 1.6. The
ASTM G98 (G98, 2009) and ASTM G196 (G196, 2008) both measure the apparent con-
tact stress when galling commences. The hollow cylinder in ASTM G196 can avoid stress
concentration in the contacting surface and approach the equivalent sliding distance in
radial direction. The twist–compression test uses the friction coefficient as the measured
parameter that indicates the occurrence of galling. These tests are mainly developed
to screen lubricants for sheet metal forming or determine the galling level between the
specimens, which allows engineers to choose proper lubricants or material combinations.

Figure 1.6: Schematics of three commonly used galling tests, (a) ASTM G98, (b) ASTM
G196, (c) twist–compression test, cf. Budinski and Budinski (2015).
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1.4 Scope and limitations

The aim of the present work is to develop wear and galling simulations for the press
hardening tool based on experimental evaluation of the tribological behaviour under press
hardening conditions. The understanding of contact conditions of the press hardening
and the tribological study on tool wear are of importance. Laboratory tests are developed
to reproduce tribological behaviour under press hardening conditions. Two commonly
used material combinations of press hardening are tested. Based on the wear result, the
Archard wear model is calibrated and implemented in FE–simulations. A full–scale press
hardening experiment is conducted in a production test line, which is used to validate
the wear and galling simulations.

Naturally, the work has some limitations that need to be addressed. Firstly, the wear
and galling simulations are employed for industrial applications, which are restricted in
macroscopic level. The Archard wear model is implemented in the present work, which
implies that the present prediction applies the correlations between the contact conditions
and the wear as well as galling. Through adjusting the process parameters of the press
hardening, it is possible to efficiently reduce the wear and galling based on the optimized
contact conditions. Physical parameters, such as plastic strain, shear strength and crack
initiation of coating, are not taken in account. Secondly, the test programme in the
laboratory test referring to the choice of test conditions is based on the fundamental
understanding of the tribological behaviour of press hardening. An elaborate design of
the test programme based on the analysis of the test result could be a start of a continued
research project.
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Chapter 2

Methodology

The present work is aimed to develop wear and galling simulations by means of the
understanding of tribological behaviour of press hardening. Simplified laboratory tests
are used to reproduce the tribological behaviour under press hardening conditions. To
clearly present the work procedures, this chapter introduces the press hardening exper-
iment, the numerical analysis of the press hardening and the consequently dedicated
laboratory tests. The calibration of wear and galling models based on the tribological
results obtained from the laboratory tests will be presented in the next chapter.

2.1 Press hardening experiment

A full-scale press hardening experiments is performed in a production line as a reference
to design the test programme for laboratory tests and to validate the calibrated wear
models. The set–up of the press hardening experiment and the geometrical measurements
are shown in Figure 2.1. Based on the interest of the materials commonly used for press
hardening, two material combinations are used in the present press hardening experiment.
Material combination 1 is TOOLOX 44 (stamping tool) against uncoated boron steel
sheets (workpiece), and material combination 2 is QRO90 (stamping tool) against Al-
Si coated USIBOR 1500 steel sheets (workpiece). Paper A-D focus on the material
combination 1, whilst the material combination 2 is studied in Paper E and F. The
chemical constituents of the materials are presented in Table 2.1. The workpiece (blank)
was heated in a furnace at 930 ◦C for 240 s, and this was followed by a transfer process

Table 2.1: Chemical constituents of workpiece and tool steels in wt% (Fe makes up the
balance) and initial hardness.

Material C Si Mn P S Cr Mo V Ni B Hv0.5

Uncoated 22MnB5 0.20-0.25 0.20-0.35 1.0-1.3 max. 0.03 max. 0.01 0.14-0.26 - - - 0.005 201±3

USIBOR 1500 0.23 0.29 1.25 0.013 - 0.211 - - - 0.003 -

TOOLOX 44 0.32 0.60-1.10 0.8 max. 0.01 max. 0.003 1.35 0.8 0.14 max. 1 - 458±6

QRO90 0.38 0.30 0.75 - - 2.6 2.25 0.9 - - 540±40

13



14 Methodology

for 9 s as the heated blank was transferred from the furnace to the die. Given cooling
by an effective heat transfer coefficient of 120 Wm−2K−1, the temperature in the blank
decreased to 763 ◦C when the stamping tools began to form. In the forming process, the
punch loaded by a maximum force of 950 kN moved down with the holders. A gap of
2.6 mm between the punch flange part and the holders was maintained until the end of
the forming process. After the forming process, the formed blank was quenched in the
closed tools for 11 s until the martensite phase obtained. This quenching process was
fulfilled by water cooling channels integrated in the stamping tools. These processes were
repeated for 200 times so as to accumulate the wear result in the tool. The worn profile
in the upper tool radius was measured by a coordinate measuring machine (Paper B)
and a 3D optical scan machine, GOM Atos Triple scan system (Paper F).
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Figure 2.1: Illustration of the press hardening experiment; all dimensions are given in
millimetres; half of the punch presented in (a) is for good illustration; all dimensions are
given in millimetres.
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2.2 FE–simulation of the press hardening experiment

2.2.1 Set–up of the press hardening simulation

In the present work, all numerical models were established in a commercial software,
LS–Dyna. For the press hardening experiment, the numerical model was established by
a quarter of the real geometry due to symmetry, as seen in Paper C and F. In Paper B
and D, the middle section of the stamping tools was extracted from the whole geome-
try. This geometrically simplified model included most characteristics of press hardening
processes. The chosen section model as seen in Figure 2.2 was used to study the contact
conditions in the tool radius (Paper B) and the consequent wear affect on the production
profile (Paper D). In the FE–simulations, solid elements of 1 mm size were used for the

35
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80
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83o

Punch
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Holder Gap

2.6

83

R5

Figure 2.2: FE–model of the middle section of the press hardening experiment (half
geometry, left part); all dimensions are given in millimetres.

stamping tools near the contact surface and larger size elements were used in the bulk.
The manganese–boron steel blank was modelled by four-node Belyschko–Tsay shell el-
ements with five integration points through the thickness. The initial temperature of
the blank was above the austenitisation temperature (930 ◦C), following which it was
decreased to 764 ◦C before the forming simulation started. An austenite decomposition
model predicting austenite decomposition into ferrite, perlite, bainite, and martensite for
thin-sheet boron steels has been developed by Åkerström and Oldenburg (2006). Conse-
quently, the influence of phase changes on both the mechanical and the thermal properties
of the continuously formed and quenched blank was considered in the material constitu-
tive model developed by Åkerström, Bergman, et al. (2007), which described the phase
transformation behaviour of manganese–boron steel. This constitutive model has been
implemented in the present FE code, and the corresponding data as in the FE–simulation
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of a hot forming component performed by Åkerström and Oldenburg (2008) was used.
In Åkerström and Oldenburg (2008), the accuracy of the material constitutive model
was proved by validating the forming force, final hardness of the blank, and thickness of
the formed blank. In the present model, the holder and the upper and lower tools were
modelled as rigid parts, and their initial temperature was set at 40 ◦C. The boundary
temperature of the tools was unchanged during the simulation. A constant heat transfer
coefficient of 6000 Wm−2K−1 was used for the uncoated tool–blank interface, lower val-
ues, i.e., 4000 Wm−2K−1, was used for the interface with Al-Si coated blank (in Paper F).
The specific heat capacity Cp and thermal conductivity k of the tool steel were assumed
to be the same as those for X40CrMoV5-1 tool material (see Table 2.2) in paper B–D.
In the continuous study, the thermal data of QRO90 tool steel is presented in Table 2.3.
The static and dynamic friction coefficients for the forming of the uncoated workpiece
were both assumed to be 0.56. This friction value was determined by Mozgovoy et al.
(2017) through sliding tests under uncoated press hardening conditions. A lower fric-
tion coefficient range from 0.4 to 0.2 was used for the interface between Al–Si coated
workpieces and the tool steel.

Table 2.2: Tool thermal parameters for X40CrMoV5-1 tool steel, cf. Bergman (1999).

T (◦C) Cp (J/kg K) k (W/m K)
20 460 24.6
400 460 26.2
800 460 27.6

Table 2.3: Thermal parameters for QRO90 tool steel (Paper F).

T (◦C) Cp (J/kg K) k (W/m K)
20 450 30
100 474 –
200 521 34
300 552 –
400 552 34
500 552 –
550 527 –
600 – 33
1000 561 33

According to the Archard wear model, wear is correlated with the contact conditions.
The present contact simulations employed penalty method, which involved a penalty
coefficient to scale the normal nodal force fn based on the penetration between the
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contact bodies, as seen in the simplified Equation 2.1 deduced from Hallquist (2006).
The choice of the penalty scaling factor affects the stability and accuracy of the contact
simulation.

fn = αKnd (2.1)

where α is the scaling factor, Kn is the stiffness modulus of the contacting segment, Kn =
EA

max(shell diagonal)
, E is Young’s modulus, A is the element area, and d is the penetration

depth. The penalty coefficient is equal to αKn.
In Paper B, a 2D hemispherical contact model was calculated in an implicit solver (see

Figure 2.3), and the applied contact force was gradually increased. The radius of the
hemishperical part was a quality guess of the waviness of the workpieces used in press
hardening. The element size of the flat part was consistent with the element size of the
stamping tool. The elastic body mimicking the blank in press hardening was tested with
element sizes of 0.2–2 mm. The aim in this contact model was to choose the proper
element size for the blank by the analysis of the accuracy and stability of the contact
simulation. Table 2.4 shows the test parameters and the analytical maximum pressure
based on Hertz contact theory (Beek, 2006).

The consistent element size of 1 mm to the elements used for the flat part (regarded
as a stamping tool in press hardening simulation) was the suggested element size because
it resulted in minimum penetration and the minimum pressure variation as the penalty
scaling factor increased. The detailed analysis can be found in Paper B.

R78.9

412

200

Figure 2.3: Dimensions of the hemispherical contact model; all dimensions are given in
millimetres.

In Paper F, a 3D contact model was used to reproduce the contact simulation. This
model was consistent to the press hardening simulation. A hemispherical part of a 9.5 m-
radius was modelled by shell elements against a flat block part consisting of solid elements
by means of LS-Dyna. The choice of the radius was based on the difference between the
thin and thick parts of a formed blank as reported in Paper C. Figure 2.4 illustrates
the set–up of the numerical model. The specific radius of the hemispherical part was
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Table 2.4: Test parameters and analytical maximum pressure for the hemispherical con-
tact model (Paper B).

Load (N) 40
Hertzian Pmax (MPa) 400

Element size of flat part (mm) 1
Element size of hemisphere (mm) 2, 1.4, 1, 0.5, 0.2

Table 2.5: Calibrated penalty scaling factors in hemispherical contact models (Paper F).

Load (kN) 2 10 50

Hertzian pressure (MPa) 38.5 65.9 112.7

Penalty factor (scaled value) 42 6.4 1

modelled by defining a variation in shell thickness. Table 2.5 presents the calibrated
penalty factors according to different load, which calibration referred to scale the penalty
factor to reach the analytical maximum. This result suggested that a higher value of the
penalty scaling factor is necessary for pressure response to a lower load and one constant
penalty scaling factor used in FE–simulations may result in an underestimated pressure
due to the thickness changed workpiece.

Hemispherical part

Block part

40

200

Z

X

Y

(a) Set–up (b) Cross section view of the workpiece
using shell elements

Figure 2.4: Illustration of the 3D contact model; all dimensions are given in millimetres.

2.2.2 Contact conditions in the press hardening experiment

Through the FE–simulation of the middle section of the press hardening experiment, the
contact conditions occurring on the tool radius are presented in Figure 2.5 (Paper B). This
numerical model was established by consistent element size for the tool and workpiece
with the consideration of the study of penalty scaling factor. The contact conditions in
the tool radius were varying in the different sub–section, which may facilitate the loose
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wear particles during the forming. The loosen wear particles at the interface may effect
the wear evolution during the stokes of press hardening.
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Figure 2.5: Contact conditions occurring on upper tool radius.
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In Paper C, the numerical model involving one quarter of the stamping tool provides
with the statistics data of the contact conditions in the tools, as seen in Table 2.6. This
result was the reference to design a test programme for the laboratory test.

Table 2.6: Statistics of the contact conditions (Paper C).

Tool Upper tool Lower tool
Max. pressure (MPa) 214.0 109.0
Mean pressure (MPa) 37.4 27.2

Std. deviation pressure (MPa) 35.7 23.4
Max. sliding velocity (m/s) 0.14 0.11
Mean sliding velocity (m/s) 0.077 0.0043

Std. deviation velocity (m/s) 0.029 0.0062
Max. sliding distance (m) 0.063 0.0024
Mean sliding distance (m 0.014 5.7 E-4

Std. deviation distance (m) 0.015 6.1 E-4
Max. surface temperature (◦C) 445.0 302.0
Mean surface temperature (◦C) 204.5 184.7
Std. deviation temperature (◦C) 108.4 73.0
Max. pass-by temperature (◦C) 768.0 768.0
Mean pass-by temperature (◦C) 674.7 656.7

Std. deviation pass-by temperature (◦C) 60.9 52.9
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2.3 Simplified laboratory tests

A reciprocating test, also called SRV test as mentioned in Chapter 1, was used to pro-
vide fundamental understanding of wear mechanisms at elevated temperatures. In the
SRV test, uncoated materials were used as a reference for further study. Sequentially, a
High-Temperature Tribometer test including a unidirectional sliding process under press
hardening conditions was developed. In this test, test conditions and specimen geometry
were dedicatedly designed to precisely reproduce tribological behaviour of press harden-
ing.

2.3.1 Reciprocating test

The reciprocating test was performed at elevated temperatures to study the tribological
behaviour in high temperatures. The machine apparatus is presented in Figure 2.6. An

FN

FR

Upper pin

Lower disc

Upper 
specimen 

Holder

Lower 
specimen 
holder and 
heater

Figure 2.6: Illustration of the reciprocating test employed in high temperature tribological
studies.

upper pin mounted in a eletromagnetic drive oscillates on an lower disc with a specific
load. The lower disc was heated to the high temperature by a cartridge heater that was
situated in the lower sample’s holder. The friction force in the interface was measured
by two piezoelectric force transducers. The upper pin was a cylinder with a diameter of
2 mm and a length of 8 mm, which was made of uncoated 22MnB5 as presented in Table
2.1. The average roughness of the pin was 1.78±0.12µm and the Vickers hardness was
measured with a Matsuzawa MXT–α microhardness tester using a load of 0.5 kg. The
lower disc was made of quenched and tempered TOOLOX 44 as the bulk material of the
stamping tool, as seen in Table 2.1. The roughness of the disc prepared by grinding with
#600 grid SiC paper was 0.12±0.01µm, where the preferential surface orientation was
removed. The test parameters as shown in Table 2.7 was based on the basic understanding
of the FE-simulation of the press hardening experiment.
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Table 2.7: Test parameters in the reciprocating test (Paper A).

Load (N) 31, 62
Temperature (m/s) 40, 200, 400, 600 and 800 ◦C

Frequency 25 Hz
Stroke length 4 mm

Corresponding velocity 0.2 m/s
Duration 900 s

2.3.2 High–Temperature Tribometer test

The High-temperature Tribometer test was used to study the triboligical characteristics
of material pairs subjected to contact conditions prevalent in press hardening. The basic
configuration of this tribological test is presented in Figure 2.7. A pair of tool steel pins
were loaded against the strip, one from each side, and were mounted in a moving assembly
driven by a ball screw. The normal load on the tool steel pins was applied through a
pneumatic bellow. The vertical set–up of steel strip can avoid unexpected scuffing during
due to the wear debris producing during the sliding process. A pneumatic cylinder
providing pretension kept the strip straight and the clamping jaws holding the strip are
attached to strain gauge force transducers providing friction force measurements during
sliding. Before the sliding process, the strip was heated up to the test temperatures via
the Joule effect by passing through a current. Since the heating method in the test was
different to the furnace in production line, a step–wise heating procedure was employed
(see Paper E), which was used to obtain the similar microstructure of the Al-Si coating
heated in an industrial furnace as reported by Pelcastre, Hardell, Rolland, et al. (2016).
In Paper C, a hemispherical top surface of the pin was applied in the testing so as to keep

1.5
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R50

20
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FD

Figure 2.7: (a) Illustration of the tribological test; (b) geometry measurements of the
tribological test, all dimensions are given in millimetres.

a good alignment of test specimens and to reach a higher pressure, see Figure 2.8 (a).
Table 2.8 presents the test parameters used in Paper C with the pin of a hemispherical
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Figure 2.8: Illustration of the pins put in the holder as used in the high–temperature
tribometer test; all dimensions are given in millimetres.

Table 2.8: Test parameters in the tribological test (Paper C).

Load (N) 50, 150
Velocity (m/s) 0.01, 0.1

Strip Temperature ( ◦C) 750
Initial pin temperature ( ◦C) 25
Sliding distance per strip (m) 0.55

top surface. These parameters were decided based on the contact conditions obtained
from the FE–simulation of the press hardening experiment. In order to accumulated the
wear result, ten strips were performed under each test condition combination. Uncoated
boron steel strip and pre–hardened steel, TOOLOX44, were used in the tests. The more
detailed information of the testing can be found in Paper C. The hemispherical pin used
in the test can reach a high pressure due to its initial point contact. However, the
pressure in the interface decreased when the pin tip surface worn off. A flat top surface
of the pin was employed in Paper E, see Figure 2.8 (b). Furthermore, the flat surface
pin can accommodate the transferred material built up during the testing. In Paper
E, varying temperatures, pressures and interrupted sliding distance were applied in the
test programme as seen in Table 2.9. This test programme was to study the galling
development during the interrupted sliding process and the transferred material built up
on the pin surface was measured by volume estimation. The Al-Si coated boron steel
(Usibor 1500) strip of 1.6 mm was employed in the test against the pre–hardened tool
steel, QRO90. The roughness of the pin was grinded to 0.35-0.40 µm (as measured in
a production line) paralleling to the sliding direction. The chemistry constituents of the
materials can be found in Table 2.1.
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Table 2.9: Experimental parameters in the tribological test (Paper E).

Test Parameters Value
Temperature in strip (◦C) 600, 700, 750

Pressure (MPa) 5, 10, 15
Velocity (m/s) 0.1

Sliding distance per strip (mm) 50, 200, 400

A numerical model of the tribological test provides local contacting conditions oc-
curring in the interface of the tribological test, as seen in Figure 2.9. This numerical
model was executed with an implicit solution of LS-Dyna. As mentioned before, two
designations of the pin surface were employed in the test programme and then the nu-
merical model mimics the both pins in the simulation. The load according to the test
programme was gradually increased in the pin bottom to prevent unstable contact. The
thermoelastic-plastic material model with the same material compositions and corre-
sponding thermal data to the press hardening simulation was employed. The pins were
defined as elastic bodies. Furthermore, the coefficient of friction (COF) was based on the
average friction coefficient obtained in the tribological test according to different test. By

Figure 2.9: Set–up of the FE-simulation of the tribological test with flat surface pins,
only the partial strip is shown.

means of the numerical model, the temperature rising and the pressure concentration at
the interface during the sliding process provided with extended evidence to understand
the tribological behaviour in the test (see Paper C and E).



Chapter 3

Results and Discussion

The previous chapter outlines the methods in the work, which combines with numerical
study of the contact conditions in press hardening and the dedicated designed laboratory
tests. This chapter is a collection of the results of the aforementioned methods. For the
sake of clarity, the calibration of wear and galling model parameters is presented in the
chapter because it is strongly relevant to the results from the FE-models and the tests.

3.1 Tribological behaviours in laboratory tests

3.1.1 SRV test

The reciprocating test (SRV test), in the study was to provide a fundamental understand-
ing of the tribological characteristics of uncoated 22MnB5 boron steel sliding against
pre–hardened tool steel (TOOLOX 44). The tribological results in terms of the frictional
behaviour and the wear behaviour (mass loss of the tool steel) indicated that the test
temperature has a significant influence on the current material combination. In Figure
2–4 in Paper A, the friction coefficients generally became lower and more stable at 200 ◦C,
400 ◦C and 800 ◦C with increasing temperature due to agglomeration, compaction and
sintering of oxidised wear debris particles and formation of protective wear debris layers.
According to Equation 3.1, a specific wear rate calculated by measured mass loss in the
pin was used to quantitatively analyse the wear result, see Figure 3.1.

k =
V

FNs
(3.1)

where V is the worn volume (mm3), FN denominates the normal load (N) and s is the
sliding distance (m). It increased at 400 ◦C and 600 ◦C as the surfaces were protected
by compacted wear debris layers. At 800 ◦C, both the friction coefficient and the specific
wear rate increased because of thermal softening and breakdown of the compacted wear
debris layer. However, the pin slid always in the same wear track, which was different to
the sliding in press hardening. The formation of the compacted wear debris layer may
not be so strong as observed in the SRV test.

25
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Figure 3.1: Specific wear rate as function of temperature for tool steel.

3.1.2 High–temperature tribometer test

The main focus in the high–temperature tribometer test is set on the influence of process
parameters on the tribological behaviour. In Paper C, bilinear models of the friction
coefficient and the mass loss were presented for the uncoated tool–workpiece interface.
Figure 3.2 shows these models, where pressure and sliding velocity were the variables.
It can be noted that the influence of the pressure on both the friction coefficient and
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Figure 3.2: Bilinear models of the friction coefficient and the mass loss.

the mass loss was more pronounced than the sliding velocity. A lower sliding velocity
resulted in higher friction coefficients because the longer contact time led to increased
adhesion through the growth of adhesive junctions between the contacting surface, which
also attributed to the more mass loss with the lower sliding velocity. As seen in Figure
3.3, a higher pressure caused lower and more stable friction coefficients in tests. This
could be explained by a better adaptation of the contacting surfaces to each other as the
higher load applied. Because the higher load resulted in more plastic deformation of the
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hot sheet strip. Furthermore, Kayaba and Kato (1978) stated that, if growth of adhesive
junctions progressed by successive contact between free surface, the shear strength at the
interface would decrease with increasing area of contact. A decreased shear strength at
the interface can lead to easier material removal and therewith more wear. Consequently,
the higher mass loss was observed in the test with the higher load, see Figure 3.2 (b).
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Figure 3.3: Mean friction coefficients in the tribological test.

In Paper E, the tribological test with a flat top surface pin was used to analysis the
transferred material built up on the tool steel specimen. Al-Si coated boron steel strips
caused transferred material substantially occurred during the testing. The variational
test parameters were the pressure and the temperature. The results are presented in
Figure 3.4, where the growth rate of galling was obtained according to Equation 3.2.

g =
V

FNs
(3.2)

where g is the galling growth rate in [
m3

Nm
], V is the worn volume in [m3], FN is the

normal force in [N ] and s is the sliding distance in [m].
The tribological result implied that the galling growth rate increased with the increas-

ing test temperature. At 600 ◦C, the adhesion was relatively slight and the variation
in friction coefficient was explained by a rapid running–in. This running–in was caused
by a combined effect of plastic deformation in the contact due to a higher load and the
occurrence of abrasive wear, which resulted in a conformal contact early in the sliding
process. At 700 ◦C, the transferred layer in the pin surface at 10 MPa was stable and
bore the load, which was indicated by the low values in both the friction coefficient and
the growth rate of galling. At 750 ◦C, the galling grew quickly as indicated by the in-
creased galling rates in all loads. At 5 MPa, the built–up material may break off during
the early stage of sliding before the transferred layer full sintered. The continuously
increased transferred material at 10 MPa indicated the highest galling growth rate. At
15 MPa, the transferred layer continued to grow at the leading edge at a rapid rate, thus
resulting in an unstable tribo–system and early failure occurred due to the severe galling
accumulating in the leading edge of the pin.
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Figure 3.4: Tribological behaviour of the tribological test with the flat surface pins.

3.2 Modelling of wear and galling

According to Bhushan (2000), Archard type model can be expressed as in Equation 3.3.

V = K
FL

H
(3.3)

where V is the worn volume, K is the wear coefficient, F denominates the normal load
H is the hardness of the softer material, and L is the sliding distance. The introduction
of the hardness was used to estimate the real contact area under plastic deformation.
In Paper A, a temperature dependent mass loss of tool steel pin was obtained, thus the
dimensionless wear coefficient was obtained through Equation 3.4.

K =
V H

FL
(3.4)

Then the wear depth h can be calculated by Equation 3.5 based on Equation 3.3:

h =
V

A
= K

PL

H
(3.5)

where h is the wear depth in [m], P is the pressure in [Pa], L is the sliding distance
in [m], H is the hardness of boron steel in [Pa] and A is the nominal contact area in
[m2]. The hardness value in this equation is taken from the counter material at elevated
temperatures.

In Paper B, the wear simulation based on Equation 3.5 was applied for the middle
section of the press hardening experiment. Figure 3.5 illustrates a comparison of the
predicted and measured profiles on the worn tool radii, where the severe wear occurred.
It was noted that the predicted profile was linearly extrapolated by 200 strokes. The
discrepancies indicated by Area 1-3 can be explained by the effect of the loose wear
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particles during the consecutive strokes. The generated wear particles may entrap in the
scratched wear grooves and then piled up until exceeding the tool surface, which resulted
in Area 1 and 2. The piled up wear debris may break away when it reached to a certain
hight. The broken wear debris resulted in three–body abrasion, and then the wear scar
(Area 3) in the end of the tool radius formed.
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Figure 3.5: Wear profiles on the tool radius; radius direction and the drawing direction
of the tool are indicated by arrows, reference line represents the unworn surface.

Paper D presents the influence of a worn tool on the final production shape. Accord-
ing to the wear measurement of the stamping tool by a coordinate measuring machine
(Paper B), a worn tool radius based on mass loss was applied in the numerical model,
which represented the wear result at the uncoated tool–workpieces interface of the press
hardening. In order to consider the galling effect on the production quality, a worn tool
with calculated adhesion heights was implemented in the press hardening simulation. A
adhesion height model (Equation 3.6) was implemented in the numerical model to calcu-
late the worn tool profile, which equation and its corresponding coefficients were adopted
from Wieland and Merklein (2015).

W = [[(a1 × P ) + a2] × Tblank + [(b1 × P ) + b2]] × s (3.6)

where W is the adhesion height, P is the pressure, Tblank is the workpiece temperature,
s is the sliding distance, and a1, a2, b1, b2 are the corresponding coefficients. Due to
lack of validation, the maximum adhesion height was scaled to 0.1 mm, which value
referred to the adhesion observation of a real tool reported by Pujante et al. (2011).
Figure 3.6 illustrates the worn tool radius profile based on the measured wear depths and
the predicted adhesion heights. Both of the worn tools were implemented in the chosen
section of the press hardening experiment. In the numerical result, the different draw–in
distance of flange part of the formed workpiece can reach to 0.4 mm. Figure 3 in Paper
D illustrates the changed contact pressures in the worn tool radius (Point 1–3) compared
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Figure 3.6: Illustration of worn profiles on the tool radius.

to those in the unworn tool, which may negatively affect the forming quality. By means
of the FE–simulation with the worn tool, estimation of tool life based on the forming
quality became possible.

Paper E presents the galling growth rate obtained in the high–temperature tribometer
test. The modified Archard wear model was rewritten as Equation 3.7.

h =
V

A
= g × F

A
× s = g × P × s (3.7)

where h is the galling height in [m], V is the galling volume in [m3], g is the galling

growth rate in [
m3

Nm
], F is the normal force in [N ], A is the nominal contact area in

[m2], P is the pressure in [Pa] and s is the sliding distance in [m]. This model implied
a proportional relation between the galling height and the pressure as well as the sliding
distance. The galling growth rate adjusted the possibility of the accumulating wear
particles based on the test pressures and temperatures. As a preliminary demonstration
of galling simulation, Paper E presents a comparison of the predicted and measured
worn pin surface. In this simulation, a constant growth rate of galling obtained in the
test at 700 ◦C with 10 MPa was adopted in Equation 3.7, where the galling height was
proportional to the pressure distribution and the performed sliding distance. In Figure
3.7, the feasibility of the galling simulation was validated by a good agreement of the
galling distributions. Since the nominal contact area was applied in Equation 3.7, the
results corresponded to the mean galling height. Thus, the maximum galling height in
the simulation was underestimated. A scale factor α used towards the maximum galling
height of measurement was introduced in the galling simulation, as seen in Equation 3.8.

h = g × F

αA
× s =

1

α
× g × P × s (3.8)

In the result, α of 0.1 showed a good accordance to the maximum galling height of
measurement. A worn surface of the pin was used in the simulations, which profile was
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(a) Galling simulation (b) Worn surface observation after
1800 mm

Figure 3.7: Comparison of the galling result in the test at 700 ◦C with 10 MPa, arrows
indicate the sliding direction of the strip.

based on the galling simulation result with α=0.1. The uneven surface profile resulted in
the fluctuation in the contact pressure, as seen in Figure 16 in Paper E. The consequent
unstable contact with the increased pressure may explain the severe galling accumulating
in the pin’s leading edge.

Paper F implemented the galling simulation for a full-scale press hardening experiment
based on the modified Archard model as seen in Equation 3.8. The galling rate of growth
was obtained in Paper E, which was fitted by a polynomial function as seen in Equation
3.9.

g = 1.43 × 10−11 − 2.82 × 10−20 × P

− 4.4 × 10−14 × T − 3.3 × 10−27 × P 2

+ 1.2 × 10−22 × P × T + 3.4 × 10−17 × T 2

(3.9)

where g is the galling rate in [
m3

Nm
], T is the temperature in the workpiece in [◦C] and P

is the pressure in [Pa]. When the contact condition of the press hardening experiment
exceeded the test conditions of the tribological test, the galling rate of the boundary
value of the fitting function was applied. The exceeded contact conditions of the press
hardening, especially the high pressure, can be explained as follows: The press hardening
experiment needed a sufficiently high force to deform the workpiece. A very high pressure
locally and transiently existed in the stamping tool, which mainly concentrated in the
relatively small tool radius (5 mm). However, when the very high pressures applied
in the tribological test, the deformation of the specimen (strip) resulted in an unstable
tribo–system and failure occurred. In addition, the test load constantly applied in the
pin during the whole testing, which increase a tensile effect on the hot and soft strip.



32 Results and discussion

Figure 3.8 illustrates the distribution of the severe galling occurred in the real stamping,
which was compared to the predicted result obtained in the galling simulation. According

Maximum

Zero

Galling height

Figure 3.8: Comparison of the galling distributions occurred in the upper tool and ob-
tained in the galling simulation; Left: the curved part of the upper tool after 200 strokes;
Right: the calculated galling distribution.

to the measurement and the simulation, most of the severe galling occurred in the curved
part of the upper tool. Figure 3.9 presents the calculated galling profiles on the chosen
tool radius in the curved part. The profiles of the galling in the chosen areas were
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Figure 3.9: Illustration of calculated galling profiles on the tool radius.

correlated with the occurred contact conditions, as seen in Figure 9–10 in Paper F.
Generally, the amount of the sliding distance determined the amount of the galling. The
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pressure evolution during the forming process influenced the galling profile due to the
effect of loose wear particles at the interface. The detail discussion can be found in Paper
F.
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Chapter 4

Summary and conclusions

Paper A initializes the fundamental understanding of high–temperature tribology in
press hardening for all further work presented in this thesis. It was concluded that
the specific wear rate varying with increasing test temperatures was due to the wear
mechanism change from a severe adhesive wear to the formation of protective oxide
layers. However, the employed simulative test (SRV test) produced the sliding in the
same wear track, while stamping tools in press hardening always get in contact with new
workpiece material. Thus, the possibility to form the protective, compacted wear debris
layers in a real stamping would be significantly reduced.

Paper B numerically studied the contact conditions occurring in the chosen section of
a press hardening experiment. Based on the wear result in the SRV test, the specific wear
coefficient in Archard wear model was calibrated for the press hardening. The modified
Archard wear model was implemented in the FE–simulation of a section of a press hard-
ening experiment. Through a validation of the wear in the upper tool radius, the wear
simulation demonstrated a good agreement to the measured worn profile. However, wear
particles generated during the stamping strokes may entrap in the wear track and piled
up in the radius along the forming direction. The piled–up material can break off during
the repeatedly strokes of press hardening. The wear value calculated in the press harden-
ing simulation was linearly extrapolated by the amount of the strokes. The development
of the wear profile due to the effect of wear debris was not taken into account.

Paper C presents a statistical analysis of the contact conditions in the full-scale press
hardening experiment. A high–temperature tribometer test was executed during the
study. A test programme was defined based on the contact conditions from a press
hardening simulation. This simulative test mimicked the tribological behaviour under
press hardening conditions with a good reproducibility. The correlation between the
tribological behaviour and the process parameters, i.e., pressure and sliding velocity, was
presented. It was noted that the test pressure performed a more significant role than the
test velocity.

In Paper D the influence of a worn stamping tool on the contact conditions and the final
shape of the formed part was studied by means of FE–simulations. Positive and negative
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wear depths obtained from real measurement and calculation were implemented by tool
geometry update for press hardening simulations. Based on the simulation results, dif-
ferent contact pressures in the tool radius due to the worn tool were found. Accordingly,
the discrepancy in the draw–in distance of the formed part was about 0.4 mm.

In Paper E the galling development at the interface between coated boron steels and
uncoated tool steels was evaluated by means of the high–temperature tribometer test.
The observation of tribological behaviour concluded that the galling growth rate increased
with the increasing test temperature. At the test with 10 MPa, the transferred layer
on the specimen was compacted and became a load bearing surface. A growth rate of
galling based on the increased volume of tool steel was used to calibrate the Archard
wear model. The physical meaning of the growth rate of galling in the model was the
possibility of the wear particle generation and consequent adhering on the tool steel.
The implementation of the modified Archard wear model in the test demonstrated the
feasibility of the galling simulation. A worn specimen (pin) geometrically updated by
the galling height was applied in the simulation, which showed the fluctuation in the
contact pressure. This unstable contact as calculated may attribute to the severe galling
accumulation as observed.

In Paper F the galling result of the high–temperature tribometer test was used to cal-
ibrate the galling rate in the Archard wear model. The galling simulation based on the
modified Archard wear model was implemented for the full-scale press hardening experi-
ment. Meanwhile, the measured galling profiles in the stamping tool were investigated by
comparisons with FE–simulations. The galling simulation precisely predicted the severe
galling positions in the stamping tool. The evolution of galling profiles during the con-
tinued strokes was related to the varying contact conditions during the forming process,
which was different to the constant conditions in the high–temperature tribometer test.
The discrepancy between the measured and calculated galling profiles may be attributed
to the effect of loose wear particles at the tool–workpiece interface during the continued
strokes, which was not take into account by the present galling simulation.



Chapter 5

Outlook

Research is a learning process, which typically involves questions proposal, experiment
design and conduct, and result validation. Limitations due to financial consideration and
high time consumption are inevitable. In the present research, some of original questions
are answered, and the rest may be answered with limitations. In addition, new questions
are encountered during the studying. The new risen questions combines with promising
improvement in the solved questions are presented here.

Mass loss is the main wear phenomenon occurring in uncoated tool–workpiece interface
of press hardening. However, substantial material build–up (galling) happens in the press
hardening tool against Al-Si coated workpiece, which coated material is commonly used
in industries. The high–temperature tribometer test is promising for the galling research
because it can mimick the sliding process of press hardening with a high reproducibility.
The flat surface of pin used in Paper E provides galling accommodation; however, severe
galling accumulation in the leading edge of pin occurs early in the test with a high load.
An improved test programme including an elaborate choice of interrupted sliding distance
and high load for understanding of galling evolution is necessary. Furthermore, grinding
direction in a real stamping tool is not unidirectional due to the complex geometry of
stamping tool. The influence of varying grinding directions on the galling is of more
interest than a parallel grinding direction to the sliding direction as the present test
employed.

In the wear and galling simulations, the prediction using Arhcard wear model is based
on the correlation between the contact conditions and the tool wear. The specific wear
coefficient/rate in the Archard wear model performs as a modifier to adjust the correlation
with consideration of material combinations, process parameters and surface engineering.
However, the influence of physical factors, such as strain of the workpiece, tool surface
roughness and grinding direction on tool wear could be numerically and experimentally
studied with an extended range of material combinations of interest to industries.

The present wear and galling simulations assume a linear relation between the wear
and sliding distance. According to the measurement of worn tools, the varying wear
and galling profiles may be affected by wear particles during the repeatedly strokes of
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the press hardening. The quantitative wear and galling did not linearly develop during
the extended sliding distance, i.e., the build–up material could be broken off after a
certain height of galling. In future work, the effect of wear particles on the tool wear
evolution during the extended sliding distance of laboratory test correlating with the
strokes of press hardening could be taken into account. A worn stamping tool based on
the measured worn profile after a big amount of strokes and the predicted worn profile
with a proper extrapolation could be used in FE–simulation to further investigate the
influence of the wear and galling evolution on the production quality in terms of the final
product shape, concentrated contact conditions and the thickness changed workpieces.



References
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Effect of temperature on friction and wear of
prehardened tool steel during sliding against
22MnB5 steel

S. Mozgovoy*1, J. Hardell1, L. Deng2, M. Oldenburg2 and B. Prakash1

Mechanical components in tribological systems exposed to elevated temperatures are gaining

increased attention since more and more systems are designed to operate under 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 therefore focused on fundamental

understanding pertaining to the tribological characteristics of prehardened hot work tool steel

during sliding against 22MnB5 boron steel. The tribological 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 m s21 and temperatures

ranging from 40uC to 800uC. 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.

Keywords: Tool wear, High temperature, Friction, Tribology, 22MnB5 boron steel

This paper is part of a special issue on the 3rd International Tribology Symposium of the IFToMM: Part II

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
operate under extreme conditions. Manufacturing pro-
cesses 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 keeping
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 immedi-
ately 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.1 However, financial 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 chemical composition or mechanical

properties of the tool steel or by applying coatings on the
blank, the tool or both materials.2 An Al–Si coating is
commonly applied on the workpiece, but recent studies
also evaluate other potential blank coatings.3,4 Other
studies investigate the tribological performance of hard
coatings or surface treatments on the tool.4–7 At the same
time, a growing interest in computer modelling of wear
phenomena in press hardening, forging or even funda-
mental tribological processes can be noticed.8–16 Beynon
stated that both laboratory experimentation as well as
computer simulation were necessary to enrich knowledge
within hot forming tribology.17 Wieland and Merklein
pinpointed that the heat transfer coefficient represented
important input data for computer modelling of press
hardening.1 Cora et al. mentioned that important para-
meters of sheet metal stamping were interaction between
an unused sheet surface and repeatedly utilised tool as well
as use of proper sliding velocity and contact pressure
levels.2 However, interaction between material properties
at elevated temperatures and specific tribological condi-
tions was only studied for a limited number of material
pairs such as Nimonic 80A, X38CrMoV5-1, 316 stainless
steel or others.12,18,19 These authors also studied wear
phenomena under dry sliding conditions at elevated
temperatures.18–20 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 sepa-
rated the surfaces and in some cases, even developed glaze
layers at higher temperatures further reducing wear.21–26

The conditions at which these layers formed were also
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depending on the materials in contact. Even though
these layers are seldom observed in real applications, 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 temperatures are available in the
open literature, the motivation for conducting the present
study is mainly in view of fundamentally understanding
the phenomena occurring during dry high temperature
sliding between these two metallic materials at tempera-
tures ranging from room temperature to 800uC. In the long
term, the aim is to understand the influence 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.

Experimental work

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 900uC. An
electromagnetic drive oscillates an upper specimen over
a stationary lower specimen as shown in Fig. 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.

Test materials and specimens
In the experimental test series, the upper test specimens,
as shown in Fig. 1, were made of boron steel in
unhardened and uncoated condition. Thereby, the initial
microstructure 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 diameter of 2 mm and a length of
8 mm were obtained by wire electrodischarge machin-
ing. 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
Matsuzawa MXT-a microhardness tester using a load
of 0?5 kg. The lower test specimens, as shown in Fig. 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 consisted 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 1. It should be noticed that the given surface
roughness values were obtained by averaging seven
different measurements and the specified hardness
values were averaged from a total of five measurements.
Initial mechanical properties of the boron and tool steel
materials are given in Table 2 for temperatures ranging
from room temperature to 500uC.27,28

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 3.

1 Schematic showing SRV test configuration employed in

high temperature tribological studies

Table 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/mm Comments

Pin (22MnB5) 0.20–0.25 0.20–0.35 1.0–1.3 Max. 0.03 Max. 0.01 0.14–0.26 … … … 0.005 201¡3 1.78¡0.12 As received
Disc (tool) 0.32 0.6–1.1 0.8 Max. 0.01 Max. 0.003 1.35 0.8 0.14 Max. 1 … 458¡6 0.12¡0.01 Finely ground
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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 repeated twice and tests carried out at
40 and 800uC 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 experi-
ments, the pin was loaded against the disc and a
reciprocating movement was imposed. During station-
ary 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 and 800uC owing to a
larger surface area of the discs. Specific wear rates were
calculated according to following equation

k~
V

FNs
(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).29,30

Results and discussion

Frictional behaviour
In this work, the tests performed at 40uC showed that
the coefficient of friction was initially high, and then
dropped before it increased to reach its steady state
value of about 1?34, as illustrated in Fig. 2. Even for the
elevated temperature tests, a similar initial behaviour
could be observed as shown in Figs. 3 and 4. Such
behaviour was attributed to the presence of a natural
oxide layer and surface asperities on the mating surfaces.

Table 2 Available mechanical properties of boron and tool steel27,28

Boron steel Tool steel

Temperature/uC 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 …

Table 3 Test parameters used in high temperature
tribological tests

Test parameters Value

Load/N 31
Pressure/MPa 10
Temperature/uC 40, 200, 400, 600, 800
Frequency/Hz 25
Stroke length/mm 4
Duration/min 15
Atmosphere (1 atm) air

2 Coefficient of friction at 40uC for boron steel sliding

against tool steel

3 Coefficients of friction at 200, 400 and 600uC for boron

steel sliding against tool steel

4 Coefficient of friction at 800uC for boron steel sliding

against tool steel
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At 40uC, 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
deformation 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 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.29 The appear-
ance of metal to metal contact in the 40uC tests could
further be confirmed by adhesive wear features on the
worn surfaces of pin and disc depicted in Fig. 5.
Additionally, the tests performed at 40uC showed
fluctuations in the friction coefficient owing to plough-
ing. This type of severe adhesion led to local seizure
between the two rubbing surfaces.31 Therefore, the
coefficient of friction increased, seen as rising peaks in
Fig. 2, until a fragment of adhered material got stuck in
its ploughing track and detached from the surface
leading to a decrease in friction.31 At elevated tempera-
tures, the natural oxide 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 200uC, as seen in Fig. 3,
because of the continuous removal of the natural oxide
layer leading to metal to metal contact. The frictional
behaviours at 400 and 600uC were also depicted in Fig. 3
and good repeatability of the experimental results was
observed during these tests. The friction coefficient
reached at 200, 400 and 600uC lower and more stable
steady state values than at 40uC, 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 400uC in Fig. 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.12 When comparing to
other reported experimental results,32 it can be seen that
the friction coefficient stabilised quickly, confirming fast
adaptation of the surfaces stated by Archard and
Hirst.29 Hence, a generally observed decrease in the
coefficient of friction at elevated temperatures seen in
other studies could be confirmed.5,6,20,25,26,32 The fric-
tional behaviour observed during a test at 800uC was
shown in Fig. 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 attrib-
uted 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 value of the friction coefficient
increased as was also observed by Jiang et al.12 This
was supported by observation of delamination of the
wear debris layers on pin and disc, as illustrated in
Fig. 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 coeffi-
cients observed in other work due to the difference in
experimental set-up as the simulative tests performed in
other studies were designed to mimic the conditions in
the real application.33,34 In simulative tribological
experiments, the tool would always get in contact with

5 SEM images of a boron steel pin and b tool steel disc exposed to 40uC; arrows indicate sliding directions

6 SEM images of a boron steel pin and b tool steel disc exposed to 400uC; arrows indicate sliding directions
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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. Typically, 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 the workpiece. Wear would usually
be higher in reciprocating sliding tests due to much
severer contact conditions appearing in these types of
experiments.

Wear behaviour
Specific wear rates were calculated according to equa-
tion (1) and given in Fig. 8. A decrease in specific wear
rate of the boron steel at elevated temperatures could be
observed. The lowest wear rate of the boron steel was
found at 400uC and the specific wear rates at the other
elevated temperatures, i.e. 200, 600 and 800uC, were in
the same range. The highest specific wear rate occurred
at 40uC. 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 a metallic severe adhesive mode to
the formation of protective oxide layers. This behaviour
differed from earlier reported changes in wear mode as
the transition occurred at a lower temperature,32 but the
presence of such a transition temperature above which
the wear rates decreased significantly was reported by
several authors.5,6,12–14,21–23 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.32 The specific wear rate of the tool
steel initially decreased by two orders of magnitude with
temperature reaching its minimum at 400uC. At higher

temperatures, it increased again by an order of
magnitude. However, the tool steel exhibited its highest
specific wear rate at 40uC. 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.32 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.22,24 This facilitated in return the
formation of beneficial and protective, compacted wear
debris layers, which were confirmed by SEM analysis of
the specimens.

In Fig. 5a, the SEM image of the worn pin revealed
that the main wear mechanism occurring at 40uC was
severe adhesion. Simultaneously, the SEM image of the
worn disc also revealed severe adhesive wear behaviour
at 40uC, as shown in Fig. 5b. This was supported by the
high coefficient of friction occurring in these experi-
ments as shown in Fig. 2. This type of behaviour could
be attributed to the occurrence of metal to metal
contact. The grooves that could be seen in Fig. 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 under-
neath adhesive junctions of the contact surfaces.35

At 200uC, 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 Fig. 9. These patches adhered
to the rubbing surfaces and were hence able to withstand
the load as suggested by Jiang et al.12 The presence of
oxygen in zones where the patches were found was
confirmed by EDS analysis as illustrated in Fig. 10. The
spectrum taken inside the wear track where no patches
formed was also shown in Fig. 10. This revealed that
oxidation did not appear inside the wear scar at
locations where no contact between the surfaces
occurred. Formation of the isolated patches could be
explained by a low oxidation rate at 200uC. That
oxidation rate was not high enough to quickly oxidise

7 SEM images of a boron steel pin and b tool steel disc exposed to 800uC; arrows indicate sliding directions

8 Specific wear rate as function of temperature for boron

and tool steels

Mozgovoy et al. Effect of temperature on friction and wear of tool and boron steels

Tribology 2014 VOL 8 NO 2 69



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 compar-
able difference in oxidation rate below a certain
temperature was reported by Stott.22 Nonetheless, the
oxidation 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 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.23 This was further reflected by the low and stable
coefficient of friction in the 200uC experiments shown in
Fig. 3.

A further decrease in specific wear rate was observed
during the experiments carried out at 400uC. In Fig. 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.32 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 resulting in the low wear rate shown in
Fig. 8, as was discussed by Stott, when comparing
surface coverage of these layers to glaze layers.24 The
high oxidation rate allowed agglomeration and compac-
tion 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

9 SEM images of a boron steel pin and b tool steel disc exposed to 200uC; arrows indicate sliding directions

10 SEM image of tool steel disc exposed to 200uC 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
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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
Fig. 6a and by the isolated patches in Fig. 6b.

No significant reduction in wear rate was noticed
when comparing the experiments performed at 600uC
with the ones done at 400uC. Figure 11a showed the
same formation 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 600uC.32

Figure 11b showed the worn surface of the 600uC disc.
The breaking-off of wear debris conglomerates was even
more evident on these specimens than on the ones tested
at 400uC 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 insignificant once it had formed.35

Abrasive marks on the boron steel pin surface confirmed
that loose wear debris conglomerates became to some
extent load carrying during the test.

At 800uC, the specific wear rates of boron steel pin
and tool steel disc both increased, as observed in Fig. 8.
EDS analysis in side and outside the wear track revealed
the presence of oxygen in both cases, as could be seen in
Fig. 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 conglom-
erates, shown by abrasive marks and delamination of
the oxide layers on pin and disc in Fig. 7. The appearing
delamination gave rise to the assumption that break-
down of the compacted wear debris layers predomi-
nantly occurred, inhibiting compaction and sintering of

11 SEM images of a boron steel pin and b tool steel disc exposed to 600uC; arrows indicate sliding directions

12 SEM image of tool steel disc exposed to 800uC depicting measurement sites and containing inlays showing relevant

scale of obtained EDS spectra; rectangles indicate where areal analysis was performed and the double arrow indi-

cates sliding directions
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wear debris particles as suggested by Jiang et al. and
Stott.12,22 Furthermore, Fig. 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 speci-
mens. This could be confirmed by the observations of
Hernandez et al. that the hardness of the tool steel
rapidly decreased as the temperature exceeded 600uC.36

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 in which wear loss mainly occurred because
of plastic extrusion of material from the pin.35

Conclusion
In this work, experimental studies pertaining to funda-
mental understanding of the tribological characteristics
of prehardened hot work tool steel sliding against
22MnB5 steel were carried out under atmospheric,
unlubricated, reciprocating, sliding conditions at tem-
peratures between 40 and 800uC. 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 tempera-
ture owing to agglomeration, compaction and sintering
of oxidised wear debris particles and formation of
beneficial and protective wear debris layers. At 800uC,
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 and 600uC as the surfaces were
protected by compacted wear debris layers. At 800uC,
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 sintering of oxidised wear debris
particles.
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Abstract In the press hardening industry, industrial and
academic efforts are being directed toward predicting tool
wear to realize an economical manufacturing process. Tool
wear in press hardening is a tribological response to contact
conditions such as pressure and sliding motion. However,
these contact conditions are difficult to measure in-situ.
Furthermore, press hardening involves high temperatures,
and this increases the complexity of the tribo system. The
present work investigated the contact conditions of press
hardening with a commercial FE code (LS-DYNA) as a
base for tool wear simulation. A press hardening experiment
was established in industrial environments and evaluated
through FE simulations. The numerical model was set up so
as to approximate the manufacturing conditions as closely
as possible, and the sensitivity with respect to the friction
coefficients was examined. The influence of numerical fac-
tors such as the penalty value and mesh size on the contact
conditions is discussed. The implementation of a modified
Archard’s wear model in the FE simulation proved the pos-
sibility of tool wear simulation in press hardening. Finally,
a comparison between the tool wear simulation and the
measured wear depth is presented.
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Introduction

In order to improve vehicle safety and reduce carbon emis-
sion, press hardening is increasingly being used to produce
light sheet metal parts with high strength. In the press hard-
ening process, a sheet metal is heated up in a furnace and
kept at 930 ◦C until a fully homogenous austenite phase
content is reached. The blank is then transferred to the die
position and sequentially formed and quenched in the closed
tool until a martensitic state is obtained [11]. The commonly
used sheet metal material in the press hardening is 22MnB5
steel, which produces a fully martensitic microstructure
after press hardening when quenched in cooled tools. The
press hardening process takes advantage of excellent forma-
bility of steels at elevated temperature and causes small
springback and a remarkable high strength-to-weight ratio
to the finished parts. However, the hot forming process
requires stamping tools that can endure cyclic loadings and
dramatic temperature changes. The relative motion between
the austenitised metal sheet and the press hardening tools
leads to wear during the forming process. van der Heide
and Schipper [9] stated that sliding wear is the dominant
wear process in the forming process, in which abrasive wear,
adhesive wear, thermal fatigue, and corrosive wear play a
role during the entire service life of the tools. Furthermore,
oxidation and reactions between the oxide layers as well as
the coatings on the blanks and tools increase the complexity
of the wear mechanisms. Wear strongly influences not only
the performance and quality of the produced parts but also
the overall productivity of press hardening in particular and
thermomechanical forming in general.

A variety of papers have contributed to the fundamen-
tal investigation of the wear in press hardening conditions.
The fundamental studies focus on tribological behaviour
using laboratory tests mimicking the conditions of the press
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hardening process. Hardell and Prakash [8] studied the fric-
tion and wear behaviours between boron steels and tool
steels from 40 ◦C to 800 ◦C through a reciprocating test. In
this study, the tribological tests were conducted with plasma
nitrided and untreated tool steel pins sliding repeatedly on
Al-Si coated boron steel discs at elevated temperatures. The
results have shown that friction decreased with increasing
temperature whereas wear of the tool steel increased with
temperature. Al-Si coated steel shows a significantly low
wear rate at 800 ◦C due to morphological changes. Moz-
govoy et al. [15] have studied the tribological behaviour of
an uncoated contact pair through reciprocating tests with
more test temperatures in the range from 40 ◦C to 800 ◦C.
The results have shown that the formation of compacted
wear debris layers on the surfaces was a main reason when
the friction and the wear rate decreased at high tempera-
tures. Hernandez et al. [10] has studied the wear mecha-
nisms at elevated temperatures with a High Temperature
Continuous Abrasion Tester. Microploughing and microfa-
tigue were the main wear mechanisms of the used tool steel
and the wear rate kept relatively stable from room temper-
ature to 400 ◦C. At 500 ◦C and 600 ◦C, as the tool steel
became softer, the embedded wear particles increased and
penetrated deeper on the tool surface. Furthermore, some of
the wear particles were fractured due to the shearing force
at the outermost surface and then further cut the tool sur-
face, which increased the wear rate. At temperatures above
600 ◦C, the tribolayer consisting of iron oxide and small
wear particles was found but it did not reduce the wear rate
because the thickness of this layer was negligible compared
to the thickness of the plastically deformed layer caused by
abrasive particles. Engineers need approaches for predict-
ing tool wear that provides the possibility of extending the
tool service life through adjustment of the operating condi-
tions. A contact-mechanics-based wear equation, also called
Archard’s wear model, was described by Archard and Hirst
[1], and it is widely used for metal forming processes. This
model postulates that the real contact area is determined
by the plastic deformation of contacting asperities and that
wear particles are generated owing to the removal of sur-
face asperities under conditions such as load and sliding
distance. To implement wear prediction in certain manu-
facturing processes, researchers modified Archard’s wear
model because the wear coefficient in this model repre-
sents the probability of wear particle generation. Enblom
and Berg [3] defined a specific value of the wear coefficient
when working in a narrow range of pressure and sliding
velocity. Shen et al. [21] employed a combined approach
with the finite element (FE) method and Archard’s wear
model to simulate the progressive wear of contacting sur-
faces. The authors measured the wear rates by performing
pin-on-disc experiments and implemented the removal of

material by moving boundary nodes to predict the wear
developing in a spherical plain bearing. In a study of wear
under high temperature, Stupkiewicz and Mróz [22] found
that the interactions occurring in the contact between the
tool and the workpiece in a hot forging process caused oxide
scaling owing to the hard particles adhering to the work-
piece surface. The initial oxide particle concentration had a
large influence on the resulting distribution of abrasive wear
in the tools. A third body abrasive wear model was devel-
oped by generalising Archard’s wear model by substituting
the normal pressure with the friction stress. To optimize the
process parameters, Lee and Jou [13] combined FE simula-
tions with a modified version of Archard’s wear model to
predict tool wear in a warm forging process, in which the
wear coefficient and hardness were determined as functions
of temperature. It was found that the tool material exhibited
thermal softening and that its wear coefficient increased sig-
nificantly with temperature. Furthermore, Ersoy-Nürnberg
et al. [4] developed a wear coefficient that was corre-
lated with the cumulative wear work (frictional dissipation
energy) applied in the modified Archard’s wear model. This
method made it possible to predict the progression of wear
damage at any stage of the tool life cycle by determining the
wear coefficients as well as their gradients in deep-drawing
experiments. These studies indicate that the application of
wear prediction generally defines the wear coefficient as
the probability of wear particle generation under signifi-
cant contact conditions, such as temperature, pressure, and
friction.

The present study aims to study the contact conditions
occurring on the stamping tool and to explore the possibil-
ity of using the FE method in conjunction with Archard’s
wear model to predict the tool wear in press hardening.
To accomplish these objectives, a specific press hardening
experiment was established in an industrial environment and
evaluated through FE simulations. The present press hard-
ening experiment setup is designed to accelerate the wear
process, which decreases the required number of strokes to
obtain the measurable wear results. The wear results were
used to validate the wear simulation. A user subroutine inte-
grated in a commercial FE code (LS-DYNA) provides the
contact conditions used in the tool wear calculation. In addi-
tion to deterministic simulations, the present study considers
the sensitivity of the contact conditions due to friction coef-
ficients and numerical factors, such as the penalty value
and mesh size. A modified Archard’s wear model based on
the input from a standardised tribological test was imple-
mented for tool wear simulation. The comparison between
the tool wear prediction and the measurement was presented
based on the tool shape change in the press hardening exper-
iment as measured by a coordinate measurement machine
(CMM).
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Fig. 1 Illustration of the press hardening experiment (half geometry,
left part); all dimensions are in millimetres

Press hardening experiments and simulation

Press hardening experiment

Figure 1 shows the setup of the designed press hardening
experiment in one half due to symmetry, which was a part of
a production line tool section. The constant gap between the
punch and the holder provided frictional sliding of the blank
rubbing the tool and increased the contact pressure, which
results in an accelerated wear process. Uncoated blanks are
used in this investigation and they are frequently used in the
industrial process. The aim of this initial study is to model
and evaluate basic wear conditions and the more complex
behaviour of the Al-Si coating is not included. The pro-
cess parameters applied in the press hardening experiment
are within the ranges of process parameters used in the
industrial process. A boron-alloyed steel blank was homo-
geneously heated to 930 ◦C in furnace for 5 minutes. The
transfer process for the blank to move from the exit of the
furnace to the entrance of the die took 9 s. According to a
temperature simulation using an effective heat transfer coef-
ficient of 120 Wm−2K−1, the temperature in the blank after
transfer decreased to 764 ◦C. The movable punch (upper
tool) formed the blank into a target shape with a maximum
force of 95 kN while the die (lower tool) kept stationary.

With a constant velocity of 100 mms−1, the upper tool was
stroked down for 80 mm. To intensify the wear process, the
holders accompanied the moving-down punch. When the
gap distance between the holders and the punch was set as
2.6 mm, 3.6 mm and 4.6 mm in the FE-simulation of the
press hardening experiment, decreasing trends of the contact
conditions were obtained in terms of the contact pressure
and sliding distance. Since the tool wear is related to the
contact conditions assumed by Archard wear model, a small
gap distance can accelerate the wear process. Furthermore,
the blank thinning was reversely proportional to the gap dis-
tances, a smaller gap distance would result in a high risk
of cracks of the blank during the forming process. The gap
distance of 2.6 mm was chosen to accelerate the wear with-
out the risk of blank cracking. In the forming process, the
gap distance of 2.6 mm was maintained, followed by cool-
ing for 11 s. These processes were continuously run 200
times. The number of the strokes was determined by two
considerations. Firstly, the number of strokes results in the
measurable wear result obtained by the current measuring
method mentioned in Section “Wear simulation and valida-
tion”. Secondly, the quality of the production parts has been
degraded. A deep groove of the worn blank produced after
192 strokes is presented in Section “Wear simulation and
validation”. The material used for the blank was uncoated
manganese–boron steel (22MnB5) with a thickness of 1.6
mm, and the stamping tools were made of hot working tool
steel (Toolox 44), see Table 1.

Press hardening simulation

In the present study, a numerical model was used to investi-
gate the contact conditions occurring on the stamping tools
and to implement the modified Archard’s wear model. The
established FE simulation based on real manufacturing con-
ditions can be considered as a typical part of a production
line. Owing to the symmetry, only half of the press harden-
ing tools were modelled, as shown in Fig. 1. This numerical
model includes a blank with dimension of 14 × 132 ×
1.6 mm (width × length × thickness) in 3D; however, the
blank motion in the width direction was restricted. For the
tools, solid elements of 1-mm size were used near the con-
tact surface and larger elements, in the bulk. The blank was
modelled using four-node Belyschko–Tsay shell elements
with five integration points through the thickness. The initial

Table 1 Alloying compositions (wt%) and initial hardness; Fe makes up the balance

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

22MnB5 0.20 – 0.25 0.20 – 0.35 1.0 – 1.3 Max. 0.03 Max. 0.01 0.14 – 0.26 ... ... ... 0.005 201 ± 3

Tool steel 0.32 0.6 – 1.1 0.8 Max. 0.001 Max. 0.003 1.35 0.8 0.14 Max. 1 ... 458 ± 6
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temperature of the blank was above the austenitisation tem-
perature, following which it was decreased to 764 ◦C before
the forming simulation started. An austenite decomposi-
tion model predicting austenite decomposition into ferrite,
perlite, bainite, and martensite for thin-sheet boron steels
has been developed by Åkerström [18]. Consequently, the
influence of phase changes on both the mechanical and the
thermal properties of the continuously formed and cooled
blank was considered in the constitutive model developed
by Åkerström et al. [20], which described the phase trans-
formation behaviour of manganese–boron steel. This con-
stitutive model and set of material data applied in a similar
crash forming process have been validated by Åkerström
and Oldenburg [19]. The forming force measured in the
upper tool was in agreement with the calculated force. The
tool temperature history measured by thermocouple fixed
under the tool surface was consistent to the calculated result.
Furthermore, the differences between the calculated and the
measured hardness and thickness along each cross section of
the formed blank were less than 10 % and 5 % respectively.
The positions of the maximum and minimum thicknesses of
the formed blank were precisely predicted by the FE simu-
lation. In the present model holder and the upper and lower
tools were considered rigid parts, and their initial tempera-
ture was set at 40 ◦C. A constant heat transfer coefficient
of 6000 Wm−2K−1 was used for the uncoated tool–blank
interface. The specific heat capacity Cp and thermal con-
ductivity k of the tool steel were assumed to be the same
as those for X40CrMoV5-1 tool material (see Table 2). The
static and dynamic friction coefficients for the forming of
the uncoated blank were both assumed to be 0.56. This fric-
tion value was obtained by a high-temperature tribometer
test using uncoated contact pairs, where the boron steel strip
was pre-heated until a complete austenite phase and the tool
steel pins were kept separated before the sliding process.
The test pressures and velocities were within the reasonable
ranges in agreement with the present press hardening exper-
iment. A stable friction coefficient of 0.56 was obtained
independently of the test velocities and this friction coeffi-
cient was regarded as a constant friction coefficient applied
in the present press hardening simulation. The detailed setup
of the high-temperature tribometer test can be found in work
done by Mozgovoy [14].

Table 2 Tool thermal parameters for X40CrMoV5-1 tool material [2]

T (◦C) Cp (J/kg K) k (W/m K)

20 460 24.6

400 460 26.2

800 460 27.6

R79

412

200

hemispherical part

flat part
contact area

load

Fig. 2 Dimensions of a spherical contact model; all dimensions are in
millimetres

Influence of numerical factors

Because the present contact calculation is based on the
penalty method, the inevitable penetration scaling the nor-
mal interface force fn affects the stability of the contact
conditions, as seen in the simplified Eq. 1 deduced from
Hallquist [7].

fn = αKd (1)

where

K = EA

max(shell diagonal)
(2)

where α is the scaling factor, K is the stiffness modulus, E

is Young’s modulus, A is the element area, and d is the pen-
etration depth. Normally, the element sizes used for the tool
and the blank are not same because the geometric character
of the tool, e.g. the radius needs small elements for a good
geometric representation but big elements are used for the
rest part of the tool to save computational cost. According
to Eq. 2, a large stiffness modulus owing to the big element
size causes a large interface force or even a fake bounce.
Small elements result in small stiffness modulus. The under-
standing of the interaction between the mesh size and the
stiffness modulus is important for the FE-simulation and a
proper scaling factor for the contact calculation determines

Table 3 Test parameters and analytical maximum pressure for spher-
ical contact model

Load (N) 40

Hertzian Pmax (MPa) 400

Element size of flat part (mm) 1

Element size of hemisphere (mm) 2, 1.4, 1, 0.5, 0.2
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Table 4 Calibrated results in spherical contact model

Element size in hemispherical part (mm) 2 1.4 1 0.5 0.2

Penalty scaling factor 0.67 0.80 1.00 0.87 0.27

the accuracy of the present contact-mechanics-based wear
simulation.

A 2D spherical contact model was established as shown
in Fig. 2, a hemispherical part defined as an elastic body was
loaded by a rigid flat part. In order to be consistent to the FE-
simulation of press hardening, the spherical contact model
was simulated with the explicit solver. The load applied
on the bottom of the elastic part was gradually increased.
The element size of the flat part was consistent with the
element size of the stamping tool. The elastic body mim-
icking the blank in press hardening was tested with element
sizes of 0.2–2 mm; however, the mesh alignment in the con-
tact area was carefully kept. The Hertz contact theory was
used for calculating the maximum contact pressure in the
elastic body as an analytical solution to compare with the
maximum pressure obtained with different numerical fac-
tors. Table 3 shows the test parameters and the analytical
maximum pressure, where Young’s modulus of the flat part
was infinitely large because it was defined as a rigid part in
the spherical contact model.

Table 4 shows the calibrated penalty scaling values with
different element sizes in the hemispherical part. As a sim-
plification, the calibrated penalty scaling factor of the case
with 1-mm element size was scaled to 1 as a reference for
others. Because the present FE code used the stiffness mod-
ulus of the minimum element between the contact parts,
bigger element sizes defined in the hemispherical part com-
pared to the element size used in the flat part did not increase
the stiffness modulus but resulted in bigger time steps. A
big time step led to deeper penetration due to the relation
between element size and the stiffness modulus, e.g Eq. 2.
In Fig. 4a the cases using the element size of 2 mm and
1.4 mm had very high penetration depths. It was noted that
the calibrated penalty factors decreased in the cases using 1
mm to 0.2 mm. In the case with small elements, the contact
force is distributed over several nodes, thus the penetra-
tion will be smaller, see Fig. 3. On the other hand, smaller
elements did not provide the most stable results in terms

of less penetration depth and less spurious oscillation. In
Fig. 4, the smallest elements of 0.2-mm size led to the
apparent waves of penetration depth compared to the other
element sizes. Figure 4b shows the gradients of the maxi-
mum pressure when the penalty scaling factor was increased
slightly from the calibrated values. A higher gradient of the
increasing pressure indicated a more unstable contact state
in which a small numerical variation can drastically affect
the pressure. The bigger element sizes used in the hemi-
spherical part caused higher gradients compared to the case
using 1-mm element size for the both parts. The case using
the 0.5-mm element size resulted in a very high pressure
gradient.

The mesh size of 1 mm with the calibrated penalty factor
was the most stable choice, and therefore, it was employed
for the blank in the FE simulation of the press hardening
experiment.

Contact conditions occurring on stamping tool

In the present press hardening experiment, the tool expe-
rienced different blank deformation in different zones as
shown in Fig. 5. In the zone 1 and 3, the blank was
stretched and bent around the tool radii. In the zone 2, the
blank underwent a tensile straining process because the gap
between the holder and the punch provided the friction force
sticking the blank. Since the upper tool formed the flat blank
into the target shape, the upper tool radius (zone 3) expe-
rienced the most plastic deformation of the blank and the
slight contact occurring on the tool lateral surfaces.

In order to validate the FE-simulation, the blank thick-
ness was measured after the second stroke of the press
hardening experiment. A micrometer screw gauge was used
to measure specific positions along the center section in
the formed blank, as seen in Fig. 6. Each position spac-
ing by 10 mm was measured by 20 times and the average
value was compare to the calculated thickness of the form-
ing simulation. Figure 6b presents a thickness comparison,

Fig. 3 Illustration of the
penetrated nodes when small
elements and big elements are
used in hemispherical part

penetrated node penetrated nodes

master 
segment

slave node
hemispherical 
part

flat part
penetration

penetration
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where the predicted thickness variations along the specific
positions were consistent to the tendency of the measured
thickness. The difference in most positions may attribute to
the tolerance of the initial blank thickness. The thickness
difference between the measured and calculated values in
position 7 can be explained in terms of the thinning of the
blank caused by actually higher friction between the holder
and the punch compared to the friction coefficient used in
the FE-simulation.

A user subroutine integrated with LS-DYNA was used
to extract the contact conditions in terms of the sliding

1
2

3

Punch

Holder

Die

Blank

Forming process

Punch motion 
direction

Fig. 5 Forming process of the press hardening model with different
zones: zone 1 is the die radius, zone 2 refers to the both tool lateral
surfaces, zone 3 is the punch radius

distance, sliding velocity, contact temperature, and contact
pressure from the contacting nodes during the drawing pro-
cess. In each explicit time step, the FE code calculated the
relative motion between the blank and the tool, the sum-
mation of which gave the sliding distance; dividing this
distance by the time step gave the relative velocity. The con-
tact information was output at 0.01-s intervals. The nodal
pressure was the quotient of the normal force and the frac-
tion area of the elements connecting to the node. Table 5
shows a statistical overview of the contact conditions evalu-
ated on the upper tool from the press hardening simulation,
where the element size of the blank was 1 mm. It should
be noted that the mean values of the transient values such
as contact pressure and sliding velocities were the averages
of the contact conditions occurring on all contacting nodes
in the entire drawing process, whereas the statistical data
of sliding distance was calculated by the final and accu-
mulated values. The high standard deviations of the surface
temperature, contact pressure, sliding distance and sliding
velocity represent the contact conditions that were unevenly
distributed in the contact area and the harsh conditions con-
centrated on the upper tool radius when the blank was bent
around the tool radius.

According to the radius direction shown in Fig. 7, the
contact pressures and tool temperatures measured from dif-
ferent sub-sections in the upper tool radius and averaged
over the blank width are shown in Fig. 8. The small pres-
sure peaks in sub-sections 3 and 4 at around 0.2 s were
due to the impact effect when the upper radius initially
touched the blank. The frequency oscillation was attributed
to the different stiffness modulus between segments, which
was amplified when the blank slid along the radius. Sub-
sections 3, 4 and 5 from 26◦–51◦ of the radius were critical
areas and experienced high pressures. The front part, sub-
section 1, only experienced short-duration contact at the
beginning of the drawing process; the contact between the
end part of the punch radius and the blank occurred when
the tools closed, as indicated by the pressure curve measured
in sub-section 7. A similar observation was made for the
tool temperature; the temperature evaluated in sub-section 3
increased drastically at the beginning of drawing while the
end part of the radius was heated later, as indicated by the
temperature curve of sub–section 7. The rising tool temper-
ature observed implied that stagnation between the tool and
the pass-by blank caused increased heat transfer.

An extended range of constant friction coefficients was
applied in the present model in order to study the influ-
ence of the friction on the contact conditions. The selected
range of friction coefficient has been reported in literature
from different tests with uncoated and Al-Si coated blanks,
see Karbasian and Tekkaya [11] and Naganathan and
Penter [16]. The resulting contact conditions are presented
in Table 6. The variation percent in the contact condition
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referring to the ratio between difference and average illus-
trates the influence of the extended friction coefficients on
the contact conditions as seen in Fig. 9. The higher fric-
tion coefficient defined in the numerical model provided
a stronger sticking effect between the blank and the tool,
and higher pressure and sliding distance were observed.
The variation in friction coefficients dramatically affected
the maximum pressure in the tool, which variation percent
reached 48.2 %. Furthermore, more friction energy due to
the higher friction coefficient led to higher tool temperature
and the variation reached 24.3 %. The variation in friction
range did not significantly influence the maximum sliding
distance.

Wear simulation and validation

In the present study, a standardised tribological experiment,
the pin-on-disc test, performed by Mozgovoy et al. [15]
with uncoated samples was used to provide the input to
Archard’s wear model. In the pin-on-disc test, the generated
wear particles were repeatedly compressed during the recip-
rocating sliding process and the formation of the protective
wear debris layers prevented the further wear. The repeated
sliding process gives a similar effect as the protective wear

debris layers in the worn stamping tool. The worn stamp-
ing tool needs to be reground when it has been experienced
around 3000 strokes as mentioned by Pelcastre et al. [17].
The wear coefficient in Archard’s wear model was treated
as a function of temperature through a regression analy-
sis of the experimental results. The present wear prediction
employed the experimental results at 40 ◦C, 200 ◦C and
400 ◦C that covered the maximum tool temperature obtained
from the FE simulation of the press hardening experiment.
Two reasons were considered in the choice of the nominal
pressure of 10 MPa in the pin-on-disc test. Firstly, the real
contact area, generally, was much smaller than the nomi-
nal area of the pin. Secondly, the pin entraps in the hot, and
soft disc if a very high load used in the pin-on-disc test. To
predict wear through a numerical model of stamping, the
weight loss obtained in the pin-on-disc test was converted
into the wear depth value used in the wear calculation. How-
ever, the present wear simulation neglected complex wear
mechanisms such as abrasion and adhesion combined with
oxidation. The wear coefficient in consideration of the over-
lapping of several mechanical and thermal phenomena was
used to predict the volume loss. Owing to the variation of
pressure during the drawing process, the integral of the slid-
ing velocity v over the time step dt was used to replace
the sliding distance L. Then, the modified Archard’s wear

Table 5 Contact conditions occurring on the upper tool in press hardening simulation

Upper tool

Parameter Contact pressure (MPa) Surface temperature (◦C) Sliding distance (m) Sliding velocity (m/s)

Maximum 94.5 302 0.0612 0.183

Mean 18.924 177.162 0.00372 0.0719

Standard deviation 18.649 69.452 0.0115 0.0374
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model relating to the thickness of the material removed by
wear with the pressure, the sliding distance and the hardness
of the blank is defined:

W(T ) = K(T )
PL

H(T )
(3)

where W(T ) is the temperature-dependent wear depth;
K(T ), the wear coefficient, P , the pressure; and H(T ),
the temperature-dependent hardness of the 22MnB5 steel
as measured by Hernandez et al. [10] through a specially
developed hot hardness tester.

Gupta [6] developed a generalised wear model that
accounted for mechanical as well as several thermally acti-
vated processes leading to wear; the temperature-dependent
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Fig. 8 Contact conditions occurring on upper tool radius

Table 6 Contact conditions occurring on the upper tool due to varia-
tional friction coefficients

Friction coefficient 0.2 0.4 0.7

Maximum pressure (MPa) 71.5 87.5 116.0

Maximum sliding distance (m) 0.0569 0.0598 0.0613

Maximum surface temperature (◦C) 261 276 332

wear coefficient was derived by fitting the model to actual
experimental data. This method introduces a reference tem-
perature at which the total wear reduces to Archard’s wear
equation. Then, the thermal rate contribution would vanish,
and Archard’s wear rate could be represented by the wear
rate in vacuum at the reference temperature. However, this
wear rate is commonly not available, and therefore, a regres-
sion model of the following form was used instead for the
wear coefficient:

K(T ) = aebT + cedT (4)

where a, b, c, and d are unknown parameters of the regres-
sion model. The present temperature-dependent wear coef-
ficient was calculated using Eq. 5, and it can be curve fitted
using Eq. 4.

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

F L
(5)

where F is the load applied in standardised tribologi-
cal experiments and V , the loss volume measured by the
weight change of the sample. The parameters of the applied
Archard’s wear model is summarized in Table 7.

A topological measurement of the worn blank produced
after 192 strokes was carried out by a WYKO 3D opti-
cal profilometer, as seen in Fig. 10. This measurement was
performed with a 2.5× optical objective and a 1× image
zoom lens. The measurement scope was 1.9 × 2.5 mm and
located in position 6 as shown in Fig. 6a The deep of the
groove on the worn blank surface in relation to the reference
plane (defined by the surrounding flat surface) was 70 um.
Regrinding operation for the tool would be needed in a pro-
duction line due to such a produced part with the degraded
quality. The wear profile of the worn blank surface was in
agreement with the groove profile formed in the abrasive
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Table 7 Wear coefficient fitting parameters

Material Pressure Fitting parameters adj. R2

(MPa) a b c d

Tool steel 10 2.264 × 10−2 – 0.0120 3.761 × 10−8 0.0062 0.9630

wear process. Kato and Adachi [12] stated that in the abra-
sive wear process the grooves are formed as the result of the
generated wear particles scratching on the surface and plas-
tic flow of material forms ridges on both sides of a groove.
In the present study, the tips of the ridges were compressed
and formed into flat shapes when the blank was bent around
the tool radius. Two relatively small ridges formed in one
side of the grooves was attributed to the abrasive wear of the
entrapment of the wear particles in the interface between the
ridge and the tool.

Additionally, the scratching track formed on the worn
blank surface implied a hard adhesion built up in the counter
surface.

A ZESIS Contura G2 coordinate measuring machine
(CMM) was used to measure the shape changes of the
upper tool radius after 200 continuous strokes because the
measurable wear concentrated to the upper tool radius and
this observation was consistent to the wear simulation. The
probe measured seven positions distributed evenly along the
radius for 90 ◦. The first measurement was performed on the
original tool and the second one, at the same positions after
200 strokes of press hardening. The different distances from
the measured coordinates to the radius centre were con-
sidered shape changes due to wear. The nominal machine
accuracy is 1 μm; however, the real maximum error can
reach 6 μm. Because the original measurement was per-
formed before the press hardening experiment, the severest

Reference plane

Ridge

Two small ridges

Fig. 10 3D surface profile of the worn blank after 192 strokes, the big
arrow indicates the direction of the relative motion of blank

wear scar may not be present at the measured positions. This
deviation between the severest wear scar and the measured
positions affects the validation of tool wear prediction. To
ensure accuracy, the CMM measurements were performed
by four times at different width positions on the upper tool
radius.

Based on the tool wear simulation using LS-DYNA, the
statistical analysis of the wear depths of the upper tool
in which the wear depth was linearly extrapolated by 200
times after one drawing simulation is shown in Table 8.
The mean value and standard deviation indicate that wear
was distributed unevenly. The extended range of the friction
coefficient, cf. Table 6, resulted in the maximum wear depth
range of 7.3 %. Figure 11 (a) shows the predicted concen-
tration of wear on the upper tool radius, which was the part
that experienced the most contact behaviour. Additionally,
the blank with 2-mm mesh size with a calibrated penalty
factor led to smaller maximum wear depth of 0.0103 mm
owing to the smaller sliding distance predicted. The wear
depths at the sub-sections were averaged from the nodes dis-
tributed along the blank width, the variation of which was
attributed to the thickness changing of the blank during the
drawing process. Figure 11b shows the wear profiles of the
prediction and the measurement on the punch radius and the
reference line referring to zero shape deviation indicates the
initial tool shape.

The negative shape deviation can be regarded as wear
depth and the positive shape deviation was the built-up
material adhered on the tool surface exceeding the tool
shape (indicated by the reference line in Fig. 11b). The posi-
tion of the highest wear depth at 30 degrees related to the
harsh contact conditions, e.g the contact conditions in sub-
section 3 shown in Fig. 8, was predicted by the present
wear simulation. However, since the valleys formed on the
tool surface due to wear act as reservoirs for wear debris
[17], the area indicated by 1 and 2 were the accumulation

Table 8 Prediction of the extrapolated wear depth for 1-mm blank
element size

Wear depth (mm)

Maximum Mean Standard deviation

0.0162 0.000715 0.00217
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of the wear debris caused by repeated compressions of the
increasing pressures in sub-section 4 and 5 (see Fig. 8a)
during 200 strokes. The severe contact conditions in sub-
section 7 in the end of forming process (see Fig. 8) may
cause three-body abrasive wear in the end part of the radius
(area 3) due to the break-off of the significant adhesion
indicated by area 1. This wear result was consistent to the
statement that when the initial adhesion takes place at asper-
ities due to the formation of bonding junctions and increase
in size as sliding motion continues, the built-up adhered
fragment may break away due to plastic shearing and cause
three-body abrasive wear [5]. The discrepancy between the
measurement and the prediction implied the limitation that
the employed Archard’s wear model based on the standard-
ised tribological test used a positive wear coefficient. The
present wear coefficient represented the probability of the
generation of the wear particles under the experimented
condition, and the development of wear particles in the
interface in terms of the adhesion and the consequent three-
body abrasion due to the break-away of the adhesion was not
captured.

Conclusions

This study aimed to investigate the contact conditions caus-
ing tool wear in press hardening through FE-simulations
and to explore the possibility of the application of tool wear
simulation. To calibrate numerical factors such as the mesh
size and penalty factor, a spherical contact model was stud-
ied. By using the calibrated mesh size and penalty scaling
factor, the FE simulation of the press hardening experi-
ment predicted the contact profiles, such as the pressure
and tool temperature, occurring on the upper tool radius.
The statistical analysis of the contact conditions provided
a base to design an experiment that reproduces the tri-
bological behaviour of press hardening. It was noted that
increased friction coefficient caused increased pressure and
sliding distance in the present FE simulation of the press
hardening experiment. A modified Archard’s wear model
with a temperature-dependent wear coefficient was imple-
mented in the tool wear simulation. The relatively good
agreement between the FE simulation using the modified
Archard’s wear model and the experimental results demon-
strated the practical significance of the tool wear simulation.
However, the present tool wear simulation is dependent of
the choice of numerical factors, the variation in friction
and the input data for the employed wear model. Fur-
thermore, the employed wear model predicting the wear
particle generation resulted in negative wear depths but the
wear measurement of the upper tool radius indicated that
the adhesion of wear particles existed. With the contact
conditions calculated by the FE simulation of the press hard-
ening experiment, the mechanism behind the adhesion can
be explained. The difference in the wear prediction based
on the present method and the measurement motivated
the researchers to develop a more elaborated laboratory
test. Further studies will focus on a redesigned tribologi-
cal experiment with interrupted sliding processes to obtain a
deep understanding of the mechanism behind the adhesion.
In order to capture both abrasive and adhesive wear, relevant
physical factors need to be introduced into the modelling of
wear in press hardening processes.
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Abstract Press hardening is widely utilized to form ultra-

high-strength steels characterized by a high strength-to-

weight ratio for automotive components. Press hardening

processes include heating boron–manganese steels to

austenite phase, forming the steels at a high temperature,

and cooling the formed blanks until the martensite phase is

reached. However, press hardening processes lead to severe

contact conditions between the blank and the tools

including contact pressure, relative sliding, and high tem-

peratures, which result in tool wear and increased main-

tenance cost. The contact conditions that occur in the

stamping tool are difficult to study on site. Additionally,

simplified tests, such as pin on disc and ball on disc, are

insufficient to reproduce press hardening conditions in

laboratory environments. The aim of this study includes

developing a tribological test with press hardening condi-

tions in which tool steel pins continuously slide on fresh

and hot boron–manganese steel strips. The test programme

mimics press hardening conditions with respect to sliding

distance, sliding velocity, contact pressure, and surface

temperature that were studied based on finite element (FE)

simulations of a press hardening experiment. Furthermore,

a FE simulation of the tribological test is established and it

provides contact temperature in the pin tip with a high

accuracy. A tribological test is used to study friction and

mass loss with variational pressures and velocities that

represented typically variational contact conditions in the

press hardening. The tribological test is also used to obtain

correlations between the tribological behaviours and

process parameters in press hardening including pressure

and sliding velocity.

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

1 Introduction

In comparison with cold forming operations, press hard-

ening processes include heating boron–manganese steel

sheets to an austenite phase, forming steel sheets at high

temperatures, and quenching formed parts until the

martensite phase is reached. However, harsh working

conditions including high temperatures, cyclic loading, and

sliding processes, result in severe wear in the stamping

tool. This in addition to shortening the service life of the

stamping tool also increases rejection of produced parts.

Thus, it is necessary to possess a deep understanding of

tribological behaviours that occur in the stamping tool.

However, this is restricted by the difficulty of on-site

measurements and the lack of a simplified test with a high

reproducibility of press hardening conditions.

Most terminology standards define friction as the resis-

tance to sliding a solid body over or along another body

and wear as the progressive removal of material from a

surface in contact with a counter surface [1]. In order to

study tribological behaviours of press hardening, Geiger

et al. [2] established a numerical model of cup deep

drawing process to use Siebel’s equation to calculate the

friction coefficient in a forming process. The decreases in

the coefficient of friction with increases in temperature

were attributed to plastic softening of the blank material.

Nevertheless, an examination of tribological behaviours in

the press hardening experiment is a complicated process
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because either a wear mechanism or several mechanisms

lead to continuous removal of material from the contacting

surfaces, and thus, the accumulated wear debris increases

the friction force. In order to simplify the mechanical

characteristics of a forming operation, researchers designed

different laboratory test set-ups. Okonkwo et al. [3] con-

ducted ball-on-disc tests to study tribological behaviours in

a cold forming process by considering temperature effects.

The tests were performed at elevated temperatures between

ambient temperature and 150 �C to simulate the increase in

temperature due to friction work during the sliding process.

The observations indicated that higher temperatures

decreased the adhesion of the ball material to the tool steel

(disc), and increased disc material was removed due to

ploughing and spalling. The amount of the transferred

material could explain the relatively low friction coeffi-

cients that were observed at ambient and 50 �C as well as

high friction coefficients that were observed at 100 �C and

150 �C. Mozgovoy et al. [4] conducted a high-temperature

reciprocating test in which the oscillating sliding on the

disc was performed by a pin with a flattened surface and

observed that lower and more stable friction coefficients

occurred at higher temperatures due to the formation of

protective and compacted layers of wear debris that pre-

vented the sliding track from metal-to-metal contact and

caused the wear rate of the disc to decrease above 200 �C.

However, simplified laboratory tests, such as ball-on-disc

tests and reciprocating tests, do not simulate press hard-

ening processes. This is because the sliding process

repeatedly occurred in at least one of the counter parts in

which friction heat caused mechanical changes in the

specimens and the contacting surface could change at the

microcosm level including plastic hardening and the for-

mation and removal of oxidized layers. Furthermore, tri-

bological behaviours, such as friction behaviour and

material transfer, could differ from a tribosystem to another

because tribological behaviours involve system parameters

instead of material properties and are affected by every

small change in the set-up of the tribosystem, process

parameters, chemical constituents, and surrounding

environments.

In order to obtain a deeper understanding of tribological

behaviours under press hardening conditions, contact con-

ditions of a press hardening experiment were studied by

means of FE simulations of a production test line. Typi-

cally variational contact conditions with respect to pressure

and sliding velocity served as a base to determine test

parameters for a tribological test. The tribological test

mimics the sliding process of press hardening as closely as

possible, and this results in a possible correlation between

the test parameters and the consequent friction coefficients

and mass losses. The tribological study in the present study

was confined by friction behaviour and mass loss of tool

steels, which characterized the mechanism by which two

solids slid and the consequent material transfer that

occurred. A future study will focus on wear mechanisms

and topography analysis of the worn surface.

2 Contact Conditions in a Press Hardening
Experiment

2.1 Set-up of the Press Hardening Experiment

In order to study tribological behaviours of press hardening

in laboratory environments, a press hardening experiment

representing typical press hardening processes in automo-

tive industries was performed in a production test line. The

set-up of the press hardening experiment and the geomet-

rical measurements are shown in Fig. 1. The initial tem-

perature of the blank was set at 930 �C, and this was

followed by a cooling process for 11 s as the heated blank

was transferred from the furnace to the die. Given cooling

by an effective heat transfer coefficient of 120 Wm�2K�1,

the temperature in the blank decreased to 763 �C when the

stamping tools began to form. In the drawing process, the

punch loaded by force moved down with the holders.

However, a gap of 2.6 mm was maintained until the end of

the drawing process. Following the drawing process, the

water in the tool channels was cooled down the formed

blank until the martensite phase was reached during 9 s.

The tools were composed of hot work tool steels, and the

blank was made of 22MnB5 steel. The material properties

used in the press hardening experiment are presented in

Table 1 based on [4].

2.2 Simulation of the Press Hardening Experiment

A numerical model of the press hardening experiment

using a commercial FE software termed as LS-Dyna, which

consisted of 140,101 nodes, 6857 shells, and 125,160 solid

elements, was defined on a quarter of the actual geometry

due to symmetry. The blank was modelled by four-node

Belytschko–Tsay shell elements of 2 mm each with 5

integration points through the initial thickness of 1.6 mm.

The smallest element length defined for the tools in the

contact surface corresponded to 1 mm. However, it

increased until 10 mm in the bulk due to high computa-

tional cost. The thermal expansion of boron–manganese

steels due to the heating process was simulated with

assumed volume fractions of 80% ferrite and 20% pearlite,

and this expanded the thickness to 1.618 mm. Following

the heating process, the numerical model commenced with

a cooling process of the blank mimicking the transfer

process, and this was followed by a drawing process and a
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cooling down process. A thermoelastic-plastic constitutive

model based on the von Mises yield criterion with asso-

ciated plastic flow that described the phase transformation

and deformation behaviour of the blank was developed by

Åkerström [5] and Åkerström et al. [6]. This model was

implemented in LS-Dyna, and the material properties of

the boron–manganese steel at elevated temperatures could

be extracted based on a previous study by Åkerström and

Oldenburg [7]. The stamping tools corresponded to rigid

bodies, and their initial and constant boundary temperature

corresponded to 40 �C. A constant heat transfer coefficient

of 6000 Wm�2 K�1 was used for the uncoated tool–blank

interface, which coefficient was extracted from the work on

a validated austenite decomposition model presented in [8].

The heat capacity was assumed as the same for the

X40CrMoV5-1 tool material (see [9]), and the thermal

conductivity of the tools was provided by the steel supplier

as shown in Table 2. The static and dynamic friction

coefficients for forming the uncoated material were both

assumed as 0.56. The present model was analysed by an

explicit solver with a real drawing velocity corresponding

to 100 mm/s without thermal scaling although the heating

and cooling processes were speeded up by 100 times each.

In the present study, the thickness of the formed blank

was used to validate the numerical model of the press

hardening experiment. As shown in Fig. 2, two regions

(dash line) were measured on the formed blank based on

the FE simulation in which Z1 represented the mild

thickness change region and region Z2 experienced a sig-

nificant change in thickness. The thickness measurement

was performed by a micrometre and was averaged across

20 repetitions in each measured position. As shown in

Fig. 3, the tendency of the calculated thickness was con-

sistent with the measured results.

2.3 Presentation of Contact Conditions

The presentation of the contact conditions could serve as a

basis for designing a simplified test aimed at reproducing

the tribological behaviours of press hardening in laboratory

environments. The contact conditions occurring in the

stamping tools were statistically analysed as shown in

Table 3. The contact force assembling the reflective forces

on the slave and master sides produced the nodal pressure

as a quotient of the contact force and the sum of frag-

mentary areas of the neighbouring segments. According to

Pereira et al. [10], transient pressure could reach an

extremely high value that exceeds 1000 MPa. However,

the extremely high value of contact pressure was not
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bFig. 1 Illustration of the press hardening model; all dimensions are
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observed in the present study because the hot blank was

relatively soft in the press hardening experiment. The high

standard deviations of contact pressure indicated that the

pressure was unevenly distributed over the tools. The

median pressure that occurred in the upper tool corre-

sponded to 28.3 MPa, and this implied that most part of the

tool experienced the pressure within the range from

20 to 30 MPa. The relative distance between the pass-by

blank and the tool at each time step accumulated as the

sliding distance. The maximum sliding distance that

occurred in the upper tool exceeded that obtained in the

lower tool by one magnitude level. The sliding velocity

corresponded to the value of the relative distance divided by

the time step of the explicit solution. Even the transient

sliding velocity exceeded the drawing velocity, and most of

the velocities measured in the upper tool dropped in mag-

nitude levels from 0.01 to 0.1 m/s. The mean tool temper-

atures in the upper tool as well as the lower tool reached

approximately 200 �C. The upper tool experienced harsher

contact conditions when compared with that of the lower

tool. Therefore, the contact conditions that occurred in the

upper tool formed the main basis for designing the test

programme of the tribological test. Additionally, most of

the extreme contact conditions appeared in the observation

area within the curved part of the tool radius as shown in

Fig. 4. Figure 5 indicates the extreme contact conditions

obtained by the FE simulation with respect to contact

pressure, sliding distance, surface temperature, and the

temperature in the blank passing by the tools. Most of the

sliding process between the blank and the tool resulting in

tool wear occurred during the drawing process of the press

hardening experiment (0.09–0.9 s). Figure 5a illustrates the

contact pressure histories obtained from the nodes that

experienced the highest pressures in the upper and lower

tools. The oscillation of the pressure that appeared in the

upper tool was attributed to the sliding process along the

neighbouring elements with stiffness differences. The

pressures increased sharply in both tools when the blank

began to bend, and this was followed by a relatively

stable stage as the upper tool continuously drew on the

blank. Following this, the pressures increased drastically as

the tools closed. The highest pressure occurred in the end of

the drawing, and it may be not significant in the entire

drawing process. Figure 5b presents the maximum sliding

distances that occur in the upper and lower tools. The radius

of the upper tool experienced the maximum sliding process

since it formed the blank into the targeted shape. Addi-

tionally, the lower tool remained stationary during the

drawing process, and the sliding process that occurred in it

was mainly caused by the deformation of the blank. Based

on the implementation of FE simulations, the prediction of

the tool surface temperatures and the temperatures in the

pass-by blank were obtained by a user-defined subroutine

integrated with LS-Dyna. Figure 5c and d illustrates the

surface temperatures in the contact interface between the

pass-by blank and the tools. The fresh blank continuously

slid over the radius of the upper tool, and thus, the tem-

perature in the blank passing by the observation area of the

Table 1 Alloying compositions (wt%), initial hardness, and surface roughness

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

22MnB5 0.20–0.25 0.20–0.35 1.0–1.3 Max. 0.03 Max. 0.01 0.14–0.26 – – – 0.005 201 ± 3 1.16 ± 0.16

Tool steel 0.32 0.6–1.1 0.8 Max. 0.001 Max. 0.003 1.35 0.8 0.14 Max. 1 – 458 ± 6 0.13 ± 0.01

Table 2 Thermal parameters for stamping tools

T (�C) C p (J/Kg �C) k (W/m �C)

20 460 34

200 460 32

800 460 31

95

90

20

10

P1 P2 P3
P4

P5

P6

P7

P8

P9Z2

Z1

Fig. 2 An illustration of the

measured positions on the

formed blank. Left Z1, Z2

illustrate the measuring regions

on a quarter of the blank; right

P1–P9 correspond to the

specific measured positions in

each measuring region; all

dimensions are in millimetres
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upper tool exceeded 750 �C. Additionally, the temperature

in the observed node in the upper tool continuously

increased until 445 �C due to the combined effect of friction

energy accumulation and heat transfer. The decrease in the

sliding distance and the increase in stagnation between the

lower tool and the hot blank resulted in the increased

transfer of heat from the blank to the lower tool. The

apparent decrease in temperature in the pass-by blank and

the increasing tool temperature are shown in Fig. 5d.

3 Experimental Conditions

3.1 The Set-up of a Tribological Test

A tribological test that included a pair of tool steel pins

sliding on a boron–manganese steel strip was designed to

study the tribological behaviours with respect to press

hardening conditions. The basic configuration of the tri-

bological test is shown in Fig. 6. A pair of tool steel pins

was loaded against the strip with a tool steel pin from each

side and was mounted in a moving assembly driven by a

ball screw. A normal load on the tool steel pins was applied

through a pneumatic bellow. In contrast to the flattened

surfaces of pins employed in a reciprocating test performed

by Mozgovoy et al. [4], each of the two pins in the present

study was designed with a spherical tip with a radius of

50 mm. The tip design was adopted to maintain the

alignment of test specimens and to reach higher pressures.

The vertical set-up of the strip could avoid unexpected

scuffing due to the wear debris produced during the sliding

process. A pneumatic cylinder that provided pretension

kept the strip straight. Furthermore, clamping jaws holding

the strip were attached to the strain gauge force transducers

to provide friction force measurement during sliding. Prior

to the sliding process, the strip was heated to the austenite

phase of boron steels via the Joule effect by passing a

current through the strip. The typical temperature of the

pass-by blank sliding over the upper tool varied around

750 �C as shown in Fig. 5c. Thus, the test temperature of

the strip was set at 750 �C after the fully austenite phase.

The pressure and sliding velocity varied in the stamping

tool during the drawing process, and their effects on the

tribological behaviours were unclear. Hence, the sliding

velocity and pressure served as variables to compose four

test condition combinations in the tribological test as

shown in Table 4 in which the variables consisted of an

upper level and a lower level. The range of the sliding
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Fig. 3 Comparison of the formed blank thickness between the

measured results and calculated results

Table 3 Statistics of the contact conditions

Tool Upper tool Lower tool

Max. pressure (MPa) 214.0 109.0

Mean pressure (MPa) 37.4 27.2

Std. deviation pressure (MPa) 35.7 23.4

Max. sliding velocity (m/s) 0.14 0.11

Mean sliding velocity (m/s) 0.077 0.0043

Std. deviation velocity (m/s) 0.029 0.0062

Max. sliding distance (m) 0.063 0.0024

Mean sliding distance (m) 0.014 5.7 E-4

Std. deviation distance (m) 0.015 6.1 E-4

Max. surface temperature (�C) 445.0 302.0

Mean surface temperature (�C) 204.5 184.7

Std. deviation temperature (�C) 108.4 73.0

Max. pass-by temperature (�C) 768.0 768.0

Mean pass-by temperature (�C) 674.7 656.7

Std. deviation pass-by temperature (�C) 60.9 52.9
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velocity in the tribological test covered a reasonable range

of sliding velocity that occurred in the upper tool. An

extremely high load could tense the hot strip until breakage

occurred. Thus, the current loads applied on the pins cor-

responded to 50 and 150 N. Based on Hertz theory, the

maximum pressure of a point contact corresponded to

180 MPa at a low normal load and 270 MPa at a high

normal load with a reduced Young’s modulus of hot boron

steels. The pressure could be reduced to approximately

7.1 MPa at the low applied load and 21.2 MPa at the high

applied load with increases in the real contact area. A real

contact area of 7:1 � 10�6m2 was stable under the present

test conditions as shown in Fig. 7. The selected sliding

distance per strip corresponded to 550 mm and it approx-

imately reproduced the sliding distance by 9 strokes with

respect to the press hardening experiment. When compared

with the sliding distance of 50 mm as obtained in a test

performed by Tian et al. [11], the long sliding process on

each strip as obtained in the present study could overcome

the fluctuations with respect to the tribological behaviours

in the initial stage of the present test. Following the sliding

process on a strip, an automated pick and place system

Observation area

Curved part

Observation area

(a)

(b)

Fig. 4 Illustration of the observation area in the upper tool
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removed the worn strip to a tray and placed a fresh strip in

the test position for the next heating–sliding process. The

tribological test included ten strips for each parameter

combination, and each combination was tested twice.

Uncoated 22MnB5 steel with a dimension of

1000 � 15 � 1:5 mm (length � width � thickness) was

used as the material for the strip, and tool steel with the

contact surface polished to a roughness of 0.13 ± 0.01 um

(as shown in Table 1) was used as the pin material. A

thermocouple was fixed within 5 mm of the drilled hole

behind the tip surface of the pin. As previously mentioned,

strain gauge force transducers provided the friction coef-

ficient via the use of Amonton–Coulomb’s law according

to Eq. 1 as given below:

l ¼ FD � FP

2FL

ð1Þ

where FD represents the drawing force, FP denotes the

pretension force, and FL denotes the load applied on the

pin.

(a)

1.5

10

10

15

1000

R50

20

FL

FD

(b)

Fig. 6 a Illustration of the

tribological test; b the

geometrical measurements of

the tribological test; all

dimensions are in millimetres

Table 4 Test parameters in the tribological test

Load (N) 50, 150

Velocity (m/s) 0.01, 0.1

Strip temperature ( �C) 750

Initial pin temperature ( �C) 25

Sliding distance per strip (m) 0.55

Fig. 7 Scanning electron micrograph of a tool steel pin; the dashed

line indicates the estimated contact area
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3.2 Simulation of the Tribological Test

A numerical model of the tribological test provides more

contacting information on the tribological behaviours for

further study. This numerical model consisted of 247,600

solid elements for the pins and strips, and it was executed

with an implicit solution of LS-Dyna. The geometry of the

pin with the holder that was used in the FE model is shown

in Fig. 8. The constant boundary temperature of the pin

bottom was set at 40 �C. The load based on the test pro-

gramme (see Table 4) was gradually increased on the pin

bottom. The aforementioned thermoelastic-plastic material

model with material data as given in Table 1 was used for

the heated strip, and the thermal data were based on

Table 2. The heat transfer coefficient between the hot strip

and the pins corresponded to 5000 Wm�2 K�1. The pins

were defined as elastic bodies. Furthermore, the coefficient

of friction (COF) was based on the average friction coef-

ficient obtained in the tribological test according to dif-

ferent test condition combinations. The normal and

tangential interface forces obtained in the FE simulation of

the tribological test are shown in Fig. 9 in which the nor-

mal interface force based on the penalty contact algorithm

was equal to the load. Additionally, the tangential interface

force of approximately 80 N was almost the same as the

drawing force of 81 N in the tribological test (normal

load = 150 N, COF = 0.54). Furthermore, the contact

area of 7:23 � 10�6m2 obtained in the numerical model

was close to the estimated area of the pin as shown in

Fig. 7.

4 Experimental Results and Discussion

In the tribological test, the tool steel pins were mainly

exposed to adhesion on the contact surfaces since they

were heated through conduction of heat from the uncoated

boron–manganese steel strip when the load was applied.

This resulted in a higher reactivity of the surfaces. The heat

transfer and friction energy accumulation caused the tem-

perature in the pins to increase continuously, and this was

similar to the real temperature condition of the stamping

tool in press hardening. The pin temperature measured by

thermocouples installed 5 mm during the first strip behind

the contact tip was compared with the calculated value

obtained in the FE simulation as shown in Fig. 10. The

disturbed temperature measurement prior to 2 s is not

presented. The disturbance was caused by delayed tem-

perature responses due to vibrations of the thermocouple

within the drilled hole. As observed in Fig. 10, the tem-

perature in the contact tip of the pin increased until 241 �C

as a load corresponding to 50 N and a velocity of 0.1 m/s

was applied. This contact temperature after the sliding of

550 mm exceeded the mean upper tool temperature in the

press hardening experiment. The increase in the pin tem-

perature indicated that a long sliding process makes the

tribological test different to the press hardening conditions

and an interrupted sliding process could be considered in

the further study. The temperature analysis in the interface

could serve as a reference with respect to which the test

conditions of the tribological test could be adjusted to

achieve higher reproducibility.
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Fig. 8 Geometrical measurements of the pin within a holder used in

the FE simulation of the tribological test, all dimensions are in

millimetres
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Fig. 9 Normal and tangential interface force in the simulation of the

tribological test, load = 150 N, velocity = 0.1 m/s, and COF = 0.54
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The tribological test programme proposed in the present

study obtained a friction model in which the coefficient of

friction l exhibited a bilinear relation (see Eq. 2) with

respect to the applied pressure and the sliding velocity as

observed in Fig. 11a.

lðv;PÞ ¼ 1

ð0:1 � 0:01Þð21 � 7Þ ½0:81ð0:1 � vÞð21 � PÞ

þ 0:56ðv� 0:01Þð21 � PÞ
þ 0:76ð0:1 � vÞðP� 7Þ
þ 0:54ðv� 0:01ÞðP� 7Þ�

ð2Þ

where v represents the sliding velocity in m/s and P denotes

the normal pressure in MPa. Figure 11b shows the friction

coefficients in the present tribological test in which the

friction coefficients were averaged in each sequenced strip.

A lower load led to higher friction coefficients when

compared to those observed in tests with higher loads.

Given the same load, a lower sliding velocity resulted in

higher friction coefficients since the longer contact time

resulted in increased adhesion through the growth of

adhesive junctions between the two contacting materials.

With respect to the testing conditions in the present study,

the influence of the normal load on friction behaviour was

much more pronounced when compared to that of the

sliding velocity. Yanagida and Azushima [12] reported

similar correlations between the friction coefficient and

pressure in a hot strip sliding test with respect to a different

test programme. However, the strip was heated outside the

test position, and thus, the actual strip temperature

decreased by approximately 100 �C during the transferring

process. Tian et al. [11] reported consistent correlations

between the friction and process parameters with respect to

temperature and sliding velocity through a hot strip sliding

test with varying process parameters. However, the sliding

distance in the study was only 0.05 m, and potentially this

short sliding distance was unable to achieve stable re-

sponses in the tribological system. Okonkwo et al. [3]

revealed that the friction coefficients in a pin-on-disc test
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Fig. 11 An Illustration of frictional behaviour in the tribological test
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increased to 0.8 at elevated temperatures until 150 �C.

However, the load used in the test was designed to simulate

an extremely high pressure that exceeded 1000 MPa,

which corresponded to the high pressure caused by bending

stress and line contact conditions as reported by Pereira

et al. [10]. These conditions did not exist in the current

study. Given that the friction coefficients fluctuated in

certain ranges due to the vibration of the present contact

pair, the standard deviations of the friction coefficients as

depicted in Fig. 11c indicated that more stable friction

coefficients were obtained at higher loads independent of

the sliding velocity. This was because the occurring friction

forces at low normal loads were close to the sensitivity

limit of the strain gauge force transducers. Conversely, the

higher load compacted the wear particles and adhesion

generated due to the sliding process, and this led to less

noise and less fluctuations during the sliding process.

However, a lower speed resulted in relatively lower stan-

dard deviations of friction coefficients at both loads due to

the reduced vibration of the contact pair.

The mass loss of the pins representing the detached wear

particles that generated because of the sliding in the present

tribological test was measured and averaged following

sliding with respect to ten strips. A bilinear relation between

the contact conditions and the mass loss was established, and

the model was based on the four experimentally tested

contact conditions as shown in Fig. 12 and Eq. 3 as follows:

mðv;PÞ ¼ 1

ð0:1 � 0:01Þð21 � 7Þ ½0:00144ð0:1 � vÞð21 � PÞ

þ 0:00186ðv� 0:01Þð21 � PÞ
þ 0:00105ð0:1 � vÞðP� 7Þ
þ 0:00126ðv� 0:01ÞðP� 7Þ� ½g� ð3Þ

where v denotes the sliding velocity in m/s and P denotes

normal pressure in MPa. Under the same velocity, a higher

pressure led to increased mass loss. When the most severe

mass loss was observed, the lowest corresponding standard

deviation of the friction coefficient was observed. Fur-

thermore, the least mass loss occurred at the highest stan-

dard deviation of friction coefficient. This implied that

more stable friction behaviour resulted in increased mass

loss of the tool steel specimens.

5 Conclusions

In the study, the contact conditions of a press hardening

experiment were examined to design a simplified test to

reproduce the press hardening conditions. A tribological

test with a dedicated test programme was developed in

which the test programme including the variational process

conditions mimicked typical variational contact conditions

in press hardening. The results were compared with other

set-ups of laboratory, and the findings emphasized that

frictional behaviour and mass loss corresponded to system

dependent parameters that resulted in differences across

different sets of working conditions. Based on the set-up of

the tribological test in the study, the correlations between

tribological behaviours and process parameters in press

hardening were presented and can be used to optimize

press hardening processes. Furthermore, the tribological

test equipment may be used to study the effect of lubri-

cation on the forming process. The improved space for

higher reproducibility was illustrated by the FE simulation

of the tribological test, and this revealed that the contacting

temperature in the tool steel pin experienced a considerable

increase during the sliding process.
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5. Åkerström, P.: Modelling and simulation of hot stamping. Doc-

toral Thesis, Department of Applied Physics and Mechanical
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Tool wear, consisting of scratched grooves and severe adhesion, prevalently happens on stamping 
tools during the press hardening process. The transferred material attaching to or delaminating from 
the stamping tool causes shape changes of the final parts and increases their rejection due to a 
decreased surface quality. The present study aims at using finite element (FE) simulations to 
investigate the influence of the shape change of the stamping tool on the contact conditions and the 
final shape of the formed part. 

Keywords: Tool shape change; FE-simulation; Contact conditions; Press hardening. 

1. Introduction

Wear occurring on stamping tools is an inevitable phenomenon during the press 
hardening process, which increases the rejection of produced components and the cost for 
tool maintenance. The tool wear in press hardening, consisting of a combination of 
scratched grooves and galling lumps, is mainly caused by transfer of coating materials 
and generation of oxide scale [1]. Hence, tool wear leads to shape changes of stamping 
tools that probably affect the following contact conditions and the formed shape of the 
produced components. The influence of the shape change of the tool on the wear process 
was recently studied through an experimental test, a so called cylinder-plate test, where 
the wear simulation using an updated cylinder geometry provides an accurate wear 
prediction [2]. The present study employed the predicted adhesion height and the 
measured wear depth to update the geometry of stamping tools, where primary focus was 
given to the varying contact conditions. Consequently, the final shape of the formed part 
due to the worn press hardening tool was studied. 

2. Press Hardening Test

In order to study the wear behaviour on the stamping tools, a press hardening test close to 
industrial conditions was conducted and included the heating, forming and cooling steps. 
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Figure 1 illustrates the half geometry of the test apparatus. Firstly, a manganese-boron 
alloyed steel blank with a thickness of 1.6 mm was homogeneously heated to 930oC in a 
furnace for 300 s. Then, the heated blank was transferred to the die within 9 s for the 
forming operation. The holder moved down with the upper tool and a gap of 2.6 mm was 
maintained until the end of drawing. The upper tool pressed the blank into the target 
shape with a velocity of 100 mm/s followed by a cooling process of 10 s. The press 
hardening processes repeated for 200 strokes in the same tools. The material used for the 
blank was uncoated 22MnB5 and the tools were manufactured from pre-hardened steel, 
whose alloying composition can be found in [3]. 

Fig. 1. Half geometry of the press hardening test; all dimensions are in millimeters. 

The main observation of the tool wear in the press hardening test was abrasion 
occurring as scratched grooves randomly distributing along the tool radius. A coordinate 
measuring machine (CMM), ZESIS Contura G2, was used to measure the geometry at 
evenly distributed positions along the die radius before using the stamping tool. The 
probe of the CMM was also used to record the shape changes of the die radius after 200 
strokes. The difference between measured coordinates was regarded as the tool shape 
change due to tool wear. 

3. Simulation of Press Hardening

A commercial FE-code, LS-Dyna, was used to model the press hardening test and study 
the varying contact conditions due to shape changes of the stamping tool. This coupled 
thermo-mechanical simulation consisted of 29098 nodes, 11550 shell elements and 5220 
solid elements. The manganese-boron steel blank was modeled as four node Belyschko-
say shell elements with 5 through thickness integration points. The stamping tools were 
built up by solid elements that were dense near the contact interface and coarse in the 
bulk. The material model implemented for the manganese-boron steel considered the 
phase transformation behaviour and its corresponding parameters were extracted from [4]. 

The present simulation aims at establishing a numerical model of the worn stamping 
tool experiencing shape changes due to wear. In the case of uncoated blank material, the 
wear depth measured in the press hardening test was implemented to change the positions 
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of the nodes on the upper tool radius that experienced the most severe wear. In the case of 
Al-Si coated blanks, the main wear mechanism is thought of as irregular lumps of 
adhered material [1]. Equation 1 was adopted from [5] to predict the adhesion height W 
on the stamping tool in the press hardening simulation. However, in order to simplify the 
implementation and to overcome the lack of wear data, the wear coefficient was 
neglected. That means that the ductile-to-brittle transition of the Al-Si coating due to a 
decreased forming temperature was not considered. The maximum adhesion height was 
scaled to 0.1 mm, a value based on [1] and industrial experience. 

(1)

where  are coefficients,  represents pressure and  is sliding distance. 

Fig. 2. Illustration of the updated upper radius; wear values are normalized. 

Figure 2 illustrates the updated upper tool radius based on the measured wear depths 
and the predicted adhesion heights. Through the use of FE-simulations, the updated 
stamping tool substituted the original tool in the numerical model to form the blank. The 
nodal pressures collected from three observation points (see Figure 2) are presented in 
Figure 3. The dashed line is the pressures in the case of uncoated blanks and “updated 
geometry 2” means the worn tool where the adhesion height applied. In points 1 and 3, 
the peak of the adhesion material experienced higher pressures than observed on the 
original stamping tool. In point 2, the groove valley had the lowest pressures when 
compared to the other two pressure lines. The discrepancy attributed to the changed shape 
of the tool. In the present press hardening simulation, the discrepancy between the nodal 
temperatures at these observation points was negligible since the material properties and 
the thermal interface for the adhesion were not specifically defined, which definitions 
likely accumulate the friction energy in the adhesion during the drawing process. 
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Fig. 3. Nodal pressures on the observation points, (a) point 1, (b) point 2, (c) point 3. 

In order to understand the influence of the worn stamping tool on the formed part, 
the positions of the central section nodes on the formed blank were recorded. The 
difference in the nodal position on the blank formed by the worn tools and the position of 
the same node on the blank formed by the original stamping tool was regarded as the 
shape difference seen in Figure 4, where the formed blank pressed by the original tools 
was the shape reference. The tool of the updated geometry 2 led to a formed part with 
higher shape change compared to a part manufactured by the original stamping tool. It 
was noted that the differences in nodal positions in the FE-simulation contained thickness 
reduction of the formed blanks that were up to 8.4 % gained from the tool of updated 
geometry 2, which meant the elongation of the formed blank amplified the nodal 
differences. 

Fig. 4. (a) Shape changes of formed parts using worn stamping tool; (b) Measurement direction on the blank. 

Springback mainly caused by the elastic recovery after the forming process is 
markedly decreased by the martensitic transformation. A study pointed out that a critical 
forming temperature existed where an abrupt decrease in springback could be observed 
when the forming part experienced a temperature higher than 750 K [6]. Since the present 
press hardened part was formed at a higher temperature until the last few steps of the 
drawing process, springback is negligible. 

(a) (b) (c) 

(a) (b) 
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4. Conclusions

The worn stamping tool of press hardening has been established in FE-simulations to 
study the influence of tool shape changes on contact conditions and the formed shape of 
the blank, where the geometry changes of the stamping tool were based on the measured 
wear depths obtained from a press hardening test and the predicted adhesion heights. 
Discrepant nodal pressures on the worn stamping tool were found when comparing to the 
original tool. Furthermore, the numerical model revealed the shape changes of the formed 
blank with the worn tool were up to 0.4 mm. However, the present study only considered 
the geometry update on the upper tool radius and the used adhesion heights were based 
on a simplified wear model.  In the future work, definitions of material properties and 
thermal interface for adhesion can be considered and the adhesion prediction model needs 
to further study. However, the present results, consisting of the varying pressures and the 
shape changes of the formed blank, can provide fundamental knowledge for a possible 
tool compensation for the tool wear. 
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Abstract Severe adhesion, also referred to as galling, is a critical problem
in press hardening, especially in stamping tools used for hot forming of Al-Si
coated ultra-high strength steel. Galling is known to develop rapidly on the
tool surface and it negatively affects the quality of the formed products. Earlier
research on this topic has focused on the galling initiation. However, studies on
the galling development during extended sliding and the corresponding quan-
titative measurement still lack depth. In the present study, a tribological test
is established to study the galling development under press hardening condi-
tions. The tribological test set–up aims to simulate extended sliding between
the Al-Si coated boron steels and the tool die material. The contact conditions
in the interface are studied by a numerical model of the tribological test. The
friction coefficients and material transfer are discussed taking into account the
variation of the different test conditions. Using the results from the tribological
tests, the galling simulation is performed in the numerical model. A geometry-
updated sample based on the galling (transferred material build–up) height is
simulated and the consequent pressure fluctuation is obtained in the numerical
model. This contributes to the explanation of the severe transferred material
accumulation during the test.

Keywords Galling evolution · Contact conditions · FE simulation ·
tribological test · tribological behaviour

1 Introduction

The press hardening processes involve heating, forming and quenching. A
boron steel sheet is heated in a furnace until fully austenitised, followed by
transferring to stamping tools. The stamping tools form the workpiece taking
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the advantage of a good formability of the boron steel at high temperatures.
Subsequently, the workpiece is cooled down in the tooling section itself to
obtain the transformation to martensite, which provides a yield strength be-
tween 1000 MPa and 1200 MPa(Naganathan and Penter, 2012). The amount
of press hardened steels in vehicles as structural components has increased in
recent years. For example, the new generation of Volvo cars has introduced
press hardened steels up to 38% of the total body weight, Mori et al (2017).
Al-Si coating on boron steels is commonly employed in the press hardening for
oxidation prevention of workpieces. This coating is of interest as it does not
severely impair the weldability and paintability, as reported by Suehiro et al
(2003).

Production of Al-Si coated press hardened components often results in
occurrence of severe adhesive wear during the tool–workpiece interaction due
to the harsh contact conditions, such as high temperatures, cyclic loadings
and complex interaction between oxides and coatings. Galling, i.e., build–up
of transferred material on the tool surface causes damage to the surface of the
produced components in the form of scratches and it can even lead to changes
in their shape, thus affecting the trimming quality.

In order to understand the galling mechanism, researches first put attention
on the galling initiation. Pelcastre et al (2011) reported observation on a hot
forming tool against Al-Si boron steels that galling mainly occurs in curved
surfaces. Through higher magnification images of the transferred material, the
built-up material is observed as the structure consisting of compacted adherent
coating and tool material fragments. Tian et al (2012) identified that the
adhesive wear as a predominant wear mechanism occurred in a laboratory test
above 600 ◦C. The analysis of the galling evolution was reported by Pelcastre
et al (2013), it was suggested that there are two main mechanisms that lead
to the development of galling; direct adhesion and accumulation of compacted
wear particles. Besides the threshold temperature, a minor stain of the Al-
Si coated blank is correlated to the galling initiation because it indicates the
breakout of the coating during the deformation, Wieland and Merklein (2015).

Looking at the reported results in the open literature, it is clear that the
accumulation of the wear particles on to the tool surface is a predominant
source for the development of galling. However, the galling behaviour is a
tribo–system response involving lots of factors such as material combinations,
test conditions and set–ups of the tests result in different observations. Further-
more, the galling evolution in extended sliding has not been studied. Whether
the galling evolution experiences a running-in, stable stage and eventually
catastrophic failure is not studied yet.

High cost and difficulties in in–situ measurement restrict the study of
galling in press hardening processes. A laboratory test simulating the press
hardening processes is an alternative method to simulate and to study tri-
bological behaviour of the materials of interest. Some simplified laboratory
tests at different levels have been employed by researchers. A pin–on–disk test
configuration has been widely used to study friction behaviour for different
material combinations (such as in the works by Ghiotti et al (2011)and Moz-



Experimental evaluation of galling under press hardening conditions 3

govoy et al (2014)). The disk is heated to high temperatures and the pin slides
against it with a specific load. In this type of configuration, the pin surface is
always in contact repeatedly on the same track of the counter disk specimen;
this is different from the press hardening process as in the real application
a fresh workpiece surface is in contact with the non-changing die surface for
each formed component. In order to better simulate sliding during the form-
ing operation, a strip–drawing type test has been developed by researchers, cf.
Yanagida and Azushima (2009), Yanagida et al (2010), Tian et al (2012), Deng
et al (2017). Typically, a steel sheet strip is heated to the test temperature
and drawn across the loaded tool specimen surfaces with a certain velocity.
The tool steel specimen is loaded against the strip during the sliding process.
Based on this type of experimental equipment, Tian et al (2012) pointed out
that 600 ◦C is the critical temperature for initiating severe adhesion, where
grooving (abrasive wear) is the main observation at temperature from room
temperature to 500 ◦C. At higher temperature above 600 ◦C, friction coeffi-
cients increase due to the combined effect of the severe adhesion. Yanagida and
Azushima (2009) observed a similar temperature effect on the friction coeffi-
cient. In their study, a longer sliding distance was used for the same steel strip,
in this case, the friction coefficient increased with the increasing sliding dis-
tance due to an increase in the tool steel temperature (Yanagida et al, 2010).
However, the strips are typically heated in a furnace prior to the tests, which
means that the actual temperature of the strip decreases during the sliding
process. Thus, the different changes in the sample temperature increase the
uncertainty in the evaluation of the tribological behaviour. Compared to the
aforementioned test, a complex test corresponding to a deep-drawing test has
been employed by Groche and Nitzsche (2007), which is used to determine the
friction coefficient and to evaluate the effect of process parameters, coatings
and tool surface engineering on material transfer. However, the result from
this dedicated test is valid in narrow ranges of test conditions.

In the present study, a tribological test reproducing the sliding conditions
during press hardening is used to study the galling evolution during extended
sliding. The test conditions are based on the finite element (FE) simulation of
a press hardening experiment and have been used during the tests to mimic
the press hardening conditions. In order to understand the galling evolution,
frictional behaviour is studied. The galling measurement is performed by a
3D optical surface profilometer through estimating the volumetric change of
material build-up on tool specimen surface. The galling volume leading to
the shape change of tool provides a base to study how the galling negatively
affects the contact conditions in the press hardening. A numerical model of
the tribological test is used to analyse localized contact conditions at the tool–
workpiece interface. A simple galling model is applied in the FE–simulation
to demonstrate the possibility of the galling prediction. The predicted galling
height is used to update the geometry of the specimen, which results in the
pressure fluctuation.
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2 Methodology

2.1 Tribological test

The picture and schematics of the tribological test are presented in Figure
1 and this test has been used to study the tribological behaviours subjected
to contact conditions prevalent in press hardening. The boron steel strip was

(a)

1.5

10

10

15

100020

FL

FD

(b)

Fig. 1 (a)Main features of the tribological test machine; (b) simplified illustration of the
sliding process in the tribological test without tool steel pin holders, all dimensions in mil-
limetres

clamped by hydraulically actuated clamping jaws in the main frame. The
sheet strip was heated by the Joule effect, passing a current through the strip.
Since the heating method in the tribological test was quicker compared to
the heating obtained with the industrial furnaces used in a production line,
a stepwise heating process was employed for the strip. This was done with
the purpose of obtaining similar microstructures of the Al-Si coated boron
steel as that of the industrial application. The microstructures of the coating
in real productions was described by Pelcastre et al (2016). In the present
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heating process, the heated strip was maintained at 600 ◦C, 700 ◦C and 900
◦C for 4 minutes, 2 minutes and 30 seconds, respectively. After that, the steel
strip was cooled in air down to the test temperature for 30 seconds before the
onset of sliding. The strip temperature in the heating process was calibrated
using a pyrometer. Since the pin was affected by the heat radiation during the
strip heating process, a type–K thermocouple was welded at the pin lateral
surface edge to monitor the tool temperature during the tests. A pretension
was applied to the strip using a pneumatic cylinder to prevent deformation of
the strip during heating and sliding. In order to minimise the accumulation of
loose wear debris, the steel strip was mounted vertically in this set up. Two
tool pin specimens were loaded against the strip (one from each side) using
a pneumatic bellow. Once the load was applied, sliding was carried out along
the length of the strip by means of a ball screw driven by an electric motor. In
the tool assembly, a holder accommodated a tool steel pin as shown in Figure
2. The test pin was designed with a flat surface and the leading and trailing
edges of the pin surface had a radius of 1.5 mm. The flat surface provided a
stable accommodation for the development of galling. The normal force and
tangential force during the sliding process were measured by strain gauge force
transducers and the friction coefficient was calculated according to following
equation:

µ =
FD − FP

2FL
(1)

where FD represents the drawing force, FP denotes the pretension force, and
FL denotes the load applied on the pin, as shown in Figure 1 (b). In the present

R20

40

3

10

R1.5

Fig. 2 Illustration of the pin in the holder, all dimensions in millimetres

test, the pin was made of hardened tool steel (QRO 90) and the boron steel
strips were cut from the as–received hot-dip aluminised sheets (Usibor 1500).
Table 1 presents the chemical composition. Both of the specimen materials are
typically used in the press hardening processes. The tool steel pin surface was
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Table 1 Chemical composition of the specimens in the trbological test in wt% (Fe makes
up the balance) and initial hardness

Material C Si Mn P Cr Mo V B Hv0.5
USIBOR 1500 0.23 0.29 1.25 0.013 0.211 - - 0.003 -

QRO 90 0.38 0.30 0.75 - 2.6 2.25 0.9 - 540±40

ground to a roughness in the range of 0.35–0.40 µm (Sa), which is a typical
value encountered in forming dies for press hardening. The roughness the Al-
Si coated boron steel strip was approximately 3.6 µm (Ra) after the heating
process. Table 2 shows the test conditions used for the tribological test, which
were based on simulation results of the contact conditions in a press hardening
experiment, as reported in the previous work done by Deng et al (2017). The
press hardening experiment is a prototype of typical crash forming processes
performed in a real production line and corresponding FE–simulations present
the contact conditions occurring in the stamping tools. The test temperatures
from 600 ◦C to 750 ◦C applied in the tribological test covered the range of
the temperature occurring in the workpiece during the drawing process, where
galling is expected as mentioned by Tian et al (2012). The test pressures were
lower than the mean pressure in the press hardening experiment (as seen in
Deng et al (2017)) to prevent fracture of the strip due to a combined effect
of the softening at high temperature and the high adhesive forces experienced
during the experiment. Furthermore, a relatively small pressure employed in
a stable tribo–test is reasonable because high contact pressure exists in the
press hardening experiment but oscillates in time and space. One constant
sliding velocity was employed in the tribological test because Mozgovoy et al
(2017) pointed that the influence of velocity on the wear behaviour is small. In
the FE–simulation of the press hardening experiment, the maximum sliding
distance per stroke is about 60 mm, cf. Deng et al (2017). The sliding distance
per strip in the tribological test was 50 mm and new strips were tested until
severe galling occurred. When mild galling was observed in the tests, a longer
stroke length (200 mm) was used in order to accelerate the development of
galling. In some cases, even under these conditions, severe galling was not
observed and a steady state was developed (stable coefficient of friction and
steady growth of galling). In these cases, a maximum total sliding distance of
2200 mm was used. The total sliding distance on the same pin specimen was
fulfilled by an automated pick and place mechanism feeding in new strips and
removing the worn strips, where the same heating process was applied on the
new strip.

Table 2 Experimental parameters in the tribological test

Test Parameters Value
Temperature in strip (◦C) 600, 700, 750

Pressure (MPa) 5, 10, 15
Velocity (m/s) 0.1

Sliding distance per strip (mm) 50, 200, 400
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2.2 FE–simulation of the tribological test

Since the real contact conditions at the interface were unknown, a numeri-
cal model of the tribological test was developed with LS-Dyna to analyse the
localized contact conditions as shown in Figure 3. The element size in the in-
terface was 0.2 mm but it increased towards the bulk to save computational
time. The material model used for the boron steel strip was a thermo–elastic–
plastic constitutive model developed by Åkerström et al (2007) and Åkerström
and Oldenburg (2008). The chemical constituents used in the material model
of the boron steel strip were identical to Table 1. The pins were considered
as elastic bodies while the holders were rigid bodies in the present numerical
model. The friction coefficient used in the FE–simulation was the averaged
value extracted from the tribological tests. The heat transfer coefficient used
for the interface was calculated by a pressure dependent function as depicted
in Equation 2 (Geiger et al, 2008). This equation was a fitting function based
on experiments. In the present work, the nominal contact pressure was used to
estimate the heat transfer coefficient. The heat capacity and thermal conduc-
tivity of the pin were assumed to be 460J/kg ◦C and 33W/m ◦C, respectively.

HTC = 53.94 × P + 1271.3 (2)

where HTC is the heat transfer coefficient in [W/m2K] and P is the pressure
in [MPa].

Fig. 3 Set–up of the FE-simulation of the tribological test, only the partial strip is shown

3 Results and discussion

3.1 Frictional behaviour

The increase of temperature at the pin surface was obtained by the FE–
simulation, where the calculated temperature was validated by a thermocouple
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attached to Position 1, as seen in Figure 4. The temperature in the pin rose
to 107 ◦C before the onset of sliding, which was attributed to radiation dur-
ing the heating process and to heat transfer during the loading process. The
central temperature in the pin top surface (Position 2) increased to 198 ◦C
after a sliding distance of 50 mm due to the combination of heat transfer
and friction energy accumulation. An uneven of pressure profile towards the
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Fig. 4 (a) Temperature measurement of the pin during the sliding process of 50 mm; test
conditions: 750 ◦C, 10 MPa; (b) illustration of the temperature measurements in the pin

leading edge resulted in accumulation of wear particles at the center of the
leading edge of the pin after a certain distance of sliding, as seen in Figure
5. The tribo–system became highly unstable when the transferred material
accumulated at the leading edge at a certain level. Table 3 shows the total
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Fig. 5 Illustration of the results of the test at 750 ◦C with 10 MPa: (a) Uneven pressure
distribution in the leading edge of the pin; (b) Severe galling occurring in the pin leading
edge; an arrow indicates the sliding direction of the steel strip
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sliding distances for each of the tested conditions. The severe galling occur-
rence at the leading edge was identified by the sudden increase in the friction
coefficient, as shown in Figure 6 for the experiment done at 700 ◦C . The

Table 3 Total sliding distance (mm) in the tribological test

Test conditions 5MPa 10MPa 15MPa
750◦C 600 400 50
700◦C 1800 2200 200
600◦C 2200 2200 200
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Fig. 6 Frictional coefficients during the sliding process

short sliding distance performed in the test at 600 ◦C with 15 MPa was due
to the occurrence of severe abrasive wear, which caused a burnishing effect
on the edge of the tool pins. Under these conditions, the coefficient of friction
was relatively stable (shown in Figure 6) and the transferred material was
negligible, as seen in Figure 7. This was attributed to the higher hardness of
the Al-Si coating at a lower test temperature coupled with the concentrated
pressure at the leading edge. The employed stepwise heating history resulted
in 4 layers of the coating microstructure which is similar to that described by
Pelcastre et al (2016). Hardell et al (2010) pointed out that the outer layer
of the heat treated Al-Si coating has a high hardness (about 870 HV), which
led to the significant abrasion of the tool pin surface which has a hardness of
about 550 HV. The measured hardness in the current samples can be found
in Figure 8, which presents the microstructure of the Al-Si coating after the
stepwise heating process.

As illustrated by a typical friction curve in the test at 700 ◦C with 5 MPa
in Figure 6, an increase in friction coefficient at the beginning was observed
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Fig. 7 Worn pin surface at 600 ◦C with 15 MPa obtained by a 3D surface profilometer,
an arrow indicates the sliding direction of the boron steel strip

Di�usion layer 325HV

Fe  Al  /FeAl   830HV

Fe  Al  /FeAl   837HV

Al  Fe  Si   601HV2 2

2 5 2

2 5 2

Substrate

Fig. 8 Structure of the Al-Si coating after the stepwise heating process

in all of tests. This increase was attributed to a combined effect of the accel-
eration of the tool assembly and the static friction between the pin specimens
and the strip after applying the load. This was followed by a decrease of the
coefficient of friction due to a running-in effect caused by the occurrence of
abrasive wear and/or the development of a transfer layer. As the sliding pro-
gressed, the transferred layer becomes a load bearing surface which initially
results in a moderated friction coefficient. Figure 9 presents the average friction
coefficients during the extended sliding, where the mean values were collected
from the stable frictional stages of each stroke. It is important to note that
initial two strokes at 600 ◦C with 5 MPa were not taken into account because
the friction coefficient highly fluctuated due to instabilities in the contact. This
unstable contact may attribute to the running–in effect. A clear trend towards
a decreasing friction coefficient was only observed in the test at 600 ◦C with 5
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MPa, which was attributed to the running–in phase and a polishing effect on
the tool surface by the harder Al-Si coated boron steel. The polishing effect
led to a decrease in pin surface roughness near the leading edge as presented
in Figure 10. It is important to note that the coefficient of friction was higher
at 600 ◦C but no significant material transfer or embedded wear debris was
observed after the tribological tests, which suggests that the coefficient of fric-
tion is mostly controlled by the abrasive behaviour. On the other hand, the
adhesive wear became significant at higher temperatures and controlled the
friction response at 750 ◦C and 700 ◦C.
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Fig. 9 Progressive friction coefficients at different test conditions
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Fig. 10 Roughness measurement in the pin used in the test at 600 ◦C with 5 MPa; an
arrow indicates the sliding direction of the steel strip

Figure 11 shows mean friction coefficients after the total sliding in different
test conditions. At 600 ◦C, the friction coefficient decreased when the contact
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pressure was increased from 5 MPa to 10 MPa. This can be explained by
the development of a rapid running-in caused by a combined effect of plastic
deformation in the contact due to a higher load and the occurrence of abrasive
wear, which resulted in a conformal contact early in the sliding process.

At 700 ◦C, the friction coefficient initially decreased going from 5 MPa to
10MPa. Transfer layers were observed at this temperature (see Figure 12), this
is likely an indication that at 10MPa, the developed transfer layers were stable
and bore by the load, thus the ploughing component of friction was reduced
and mainly the adhesive forces contributed to the coefficient of friction. The
reduced friction coefficients with the increased loads were also reported by
Yanagida et al (2010). In their study, they attributed this reduction to the
small ratio between the contact pressure to the yield stress of the specimen.
When the contact pressure was increased to 15 MPa, the coefficient of friction
was higher as a result of the rapid development of galling at the leading edge.

At 750 ◦C, friction coefficient increased significantly when the contact pres-
sure was increased from 5 MPa to 10 MPa, but only a slight increase was ob-
served when the contact pressure was 15 MPa. At 10 MPa, a stable behaviour
of the coefficient of friction was observed, which again, was an indicative of a
relative stability of the transfer layer (galled material). However, the transfer
layer continued to grow at the leading edge at a rapid rate, thus resulting
in early failure due to severe galling (about 250 mm total sliding). This has
also been discussed by Schwingenschlögl et al (2017); more adhesion occurred
at a higher load in conjunction with the enhanced sintering effect at higher
temperatures. It is important to note that the coefficient of friction reported
in this figure corresponds to the most stable part of the friction curves and
the curve for 15 MPa contact pressure was relatively stable only for about 2
mm of sliding distance.
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Fig. 11 Mean friction coefficients measured by overall strips in each test condition combi-
nation
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3.2 Galling behaviour

In order to quantitatively measure the galling, the material built up on the pin
surface was measured. After each stroke of sliding, the worn pin was measured
by a 3D optical surface profilometer, ZYGO NewView 7300, using 2×2.75
optical magnification. The galling volume was estimated by the commercial
software, Mountains Map. A reference plane for the volume estimation was
defined by the least square hight of a chosen unworn area. Since the surface
of the pin at a microscopic level was filled with asperities, grooves and steps
due to grinding, uncertainties such as the choice of the unworn area, slant and
waviness of the pin surface exist in the galling measurement, nevertheless, it
is a good indication of the existing trends observed in this work. Figure 13
(a) presents growth rate of galling derived from volume gains, normal force
and the total sliding distance in the different test conditions, Equation 3. The
measurement of volume gains excluded the severe galling accumulating in the
leading edge of the pin.

g =
V

Fs
(3)

where g is the growth rate of galling in [
m3

Nm
], V is the gained material volume

in [m3], F is the normal load in [N ] and s is the sliding distance in [m].
In generally, the variational trends of the growth rate in all test temper-

atures were due to the stability of the transferred material. At 10 MPa, the
load was sufficient to sinter/compact a stable layer and the growth of the layer
was relatively slow. However, the growth rate increased with temperature as
the sintering effect as well as the adhesion increased. At 15 MPa, the sig-
nificant sintering effect resulted in a gradual increase of galling growth rate
with temperature. At 5 MPa, the transferred material was not compacted as
much as it was at higher loads. Figure 12 presents the compacted profile of the
galling at 10 MPa compared to that at 5 MPa, where the roughness values
(Ra) at the measured positions were 1.48 µm in the test with 10 MPa, 2.18
µm in the test with 5 MPa.

The highest growth rate of galling occurred at 750 ◦C with 10MPa because
galling continuously increased during sliding as seen in Figure 13 (b). The
volume gain presented a decreasing tendency in the test at 750 ◦C with 5 MPa,
indicating that the built–up material may break off during the early stages of
sliding before the transferred layer has fully sintered. Based on Figure 13 (b),
(c) and (d), sharp increase in volume gains generally occurred in the beginning,
thus indicating a running–in stage, followed by a mild galling development
stage and then the volume gains ended up with a dramatic increase when
severe galling occurred at the leading edge of the contact. Figure 13 (c) shows
the volume change at 700 ◦C, where the lower pressure led to slightly more
material gain. Figure 13 (d) illustrates an decrease in the volume gain in the
test at 600 ◦C with 10 MPa while the volume change in the test at 600 ◦C with
5 MPa from the sliding 600 mm to 2200 mm was small. The small variation
of the volume with sliding for the tests at 600 ◦C was caused by the dominance
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0.7mm

(a)

0.7mm

(b)

Fig. 12 Optical observation in worn pin surface after 1400 mm: (a) at 700 with 5 MPa,
(b) at 700 with 10 MPa, upper arrows indicate the sliding direction of the strip and dash
lines indicate the position of roughness measurement

of the abrasive wear behaviour, even if some material transfer was observed,
this was minimal. However, at 10 MPa, galling was more significant at the
leading edge, particularly towards the end of the test, which is reflected in the
volume gain observed in Figure 13 (d). The growth rate illustrated the galling
severities for the different conditions. However, it has to be noted that severe
galling occurred very early in the tests done at 15 MPa, and thus the galling
evolution was not studied by replaced strips.

3.3 Galling simulation

Based on the galling growth rate obtained from the tribological tests, a simple
galling model was applied in the numerical model of the tribological test, as
seen in Equation 4. This galling equation was derived from Archard model in
which A is the area subjected to galling. There were two assumptions relied
on. Firstly, the build–up material formed a cubic shape. Secondly,the final
galling height was linearly extrapolated by total sliding distance. The galling
simulation was used to demonstrate the feasibility of the galling predictive
model.

h =
V

A
= g × F

A
× s = g × P × s (4)

where h is the galling height in [m], A is the nominal contact area in [m2],

P is the pressure in [Pa], g is the galling growth rate in [
m3

Nm
] and s is the

sliding distance in [m].
According to the galling result of the tribological test, the galling developed

abruptly at 750 ◦C, which was caused by the high growth rate of galling and
the consequently severe wear particles accumulating in the leading edge after
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Fig. 13 Quantitative wear measurement in different test conditions
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short distances. However, the severe wear particle accumulation was not con-
sidered in the present galling simulation. On the other hand, 600 ◦C resulted
in reduced galling due to abrasive wear and ploughing effect, which was not a
typical galling process predicted by the current galling simulation. Currently,
the galling simulation was demonstrated by use of a intermediate growth rate
approaching for the sliding process at 700 ◦C with 10 MPa. The predicted
galling distribution after 1800 mm of sliding is presented in Figure 14 (a).
The predicted galling distribution showed a good accordance with the surface
observations of the pin at the test after 1800 mm, see Figure 14. Since the
real galling significantly concentrated in the high pressure area (surrounding
edge of the pin), the predicted galling height was underestimated because the
implementation of Equation 4 in the numerical model led to a linear evolution
of galling according to the pressure as well as the sliding distance. A factor
α was used to match the maximum measured height of galling, as seen in
Equation 5.

(a) (b)

Fig. 14 Comparison of the galling in the pin surface at 700 ◦C with 10 MPa: (a) galling
simulation, (b) surface observation after 1800 mm, arrows indicate the sliding direction of
the steel strip

h = g × F

αA
× s =

1

α
× g × P × s (5)

Table 4 presents the results of the galling simulation with the α. The iden-
tically maximum height of the galling was obtained by the simulation with
α as 0.1. However, the calculated galling volume was overestimated since the
calculated galling volume was linearly enlarged up by the α. The scaled up
galling height can be used to study the galling effect on the contact condi-
tions; however, the overestimated galling volume as calculated confirmed that
the galling evolution had a strong non-linear relation with the pressure as well
as the sliding distance. The severe galling drastically developed in the leading
edge after the sliding distance of 1800 mm as indicated by a sudden increase
in friction coefficients, as seen in Figure 15. This may attribute to the effect
of the worn surface of the pin. The early built up material may change the
surface shape of the pin surface, which made wear debris drastically piled up
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Table 4 Galling results after the sliding of 1800mm at 700◦C with 10MPa

Parameter Max. height (um) Volume (mm3)
Measurements 21.5 0.11

Prediction with α=1 2.15 0.085
Prediction with α=0.1 21.5 1.04

in the leading during the continuous sliding. When the material accumulating
in the leading edge until a certain amount, the tribo-system became unstable
and the consequent increase in friction coefficient was obtained. The geometry
updated pin surface based on predicted galling height after 1800 mm sliding
was applied in the simulations so as to study the influence of galling on the
contact conditions. The pressure in the central leading edge of the updated
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Fig. 15 Friction coefficient after 1800 mm in the test at 700 ◦C with 10 MPa

pin is presented in Figure 16 (a). An abrupt increase in the pressure in the
beginning of the sliding was obtained in the pin leading edge with α=0.1. As
seen in Figure 16 (a), small oscillations in the pin displacement in the loading
direction during the sliding was obtained in numerical models. The pressure
fluctuation in the worn pin was caused by the vibration of the pin due to the
uneven pin surface, see Figure 16 (b). The fluctuations in the pressure and
displacement in the numerical model using the worn pin were relevant to the
severe galling accumulation after the sliding of 2200 mm.

4 Conclusions

The present work outlined a tribological test for galling evaluation in press
hardening conditions. A numerical model of the test has been developed in
order to understand galling behaviour in terms of the contact conditions at
the tool–workpiece interface. The concentrated pressure in the leading edge
of specimens led to severe galling in the test, which restricted the extended
sliding. In the friction results, the effect of the pressure was small and the most



18 Liang Deng et al.

0.00 0.01 0.02 0.03

0.0

4.0x10-6

8.0x10-6

1.2x10-5

1.6x10-5

Di
sp

la
ce

m
en

t (
m

)

Sliding distance (m)

 Unworn pin
 Worn pin

Loading Sliding

(a)

0.00 0.01 0.02 0.03

0

1x107

2x107

3x107

4x107

Pr
es

su
re

 (P
a)

Sliding distance (m)

 Unworn pin
 Worn pin

Loading

Sliding

(b)

Fig. 16 Comparison of the worn and unworn pin in the simulation of the tribological test:
(a) displacement of the pin in the loading direction; (b) nodal pressure in the center of the
pin leading edge

significant changes in friction coefficients were related to the test temperatures.
In the galling evaluation, the test temperature was an important factor in
terms of the galling severity. At 750 ◦C, the active surface of the Al-Si coated
boron steel led to the severe galling, whilst a mild specific galling coefficient
and polishing of the pin surface were observed at 600 ◦C. The galling growth
on the specimen surface during the extended sliding distance was not linear
and this may be correlated with the stability and growth rate of the transfer
layers. The quantitative measurement of galling is a promising tool for the
prediction of galling in press hardening. Based on a simple galling model, the
galling distribution was precisely predicted by a FE–simulation. The galling
maximum height in the pin surface can be predicted in the simulation using a
scale factor on the nominal contact area. The implementation of the geometry
updated pin in the numerical model provided the possibility to study the
influence of galling on the contact conditions so as to estimate the negative
galling effect on the manufacturing process.
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Schwingenschlögl P, Weldi M, Merklein M (2017) Investigation of the influ-
ence of process parameters on adhesive wear under hot stamping conditions.
Journal of Physics: Conference Series 896(1):1–8

Suehiro M, Kusumi K, Maki J, Ohgami M, Miyakoshi T (2003) Properties of
aluminium coated steels for hot forming. Tech. rep., Nippon Steel Technical
Report



20 Liang Deng et al.

Tian X, Zhang Y, Li J (2012) Investigation on tribological behavior of ad-
vanced high strength steels: Influence of hot stamping process parameters.
Tribology Letters 45(3):489–495

Wieland M, Merklein M (2015) Parameters influencing adhesive wear behavior
within hot stamping operations. In: Oldenburg M, Prakash B, Steinhoff K
(eds) Proceedings: 5th International Conference Hot Sheet Metal Forming
of High Performance Steel , May 31 - June 3 2015, Verlag Wissenschaftliche
Scripten

Yanagida A, Azushima A (2009) Evaluation of coefficients of friction in hot
stamping by hot flat drawing test. CIRP Annals - Manufacturing Technology
58(1):247 – 250

Yanagida Y, Kurihara T, Azushima A (2010) Development of tribo-simulator
for hot stamping. Journal of Material Processing Technology 210:456–460



Paper F

Numerical investigation on the
galling in a press hardening

experiment with Al-Si coated
workpieces

Authors:
Liang Deng, Leonardo Pelcastre, Jens Hardell, Braham Prakash and Mats Oldenburg

To be submitted.

115



116



Numerical investigation on the galling in a press
hardening experiment with Al-Si coated workpieces

Liang Denga, Leonardo Pelcastreb, Jens Hardellb, Braham Prakashb, Mats
Oldenburga

aDivision of Mechanics of Solid Materials, Lule̊a University of Technology, 971 87 Lule̊a,
Sweden

bDivision of Machine Elements, Lule̊a University of Technology, 971 87 Lule̊a, Sweden

Abstract

The press hardened steels as a lightweight choice are prevalently used for

car components because the high ratio of strength to weight. The use of

ultra–high strength steels for design of lightweight vehicle contributes to

the reduction of emission of carbon dioxide while maintains the passenger

safety. Stamping tools in the press hardening suffers harsh contact condi-

tions in terms of dramatic temperature changes, cyclic loadings and complex

interaction between coatings and oxidation. In the mass production, tool

wear is an inevitable problem and it increases the maintenance cost. Se-

vere adhesive wear, also called galling, substantially occurs in the stamping

tool against Al-Si coated workpieces. The galling in the press hardening

not only degrades the production quality but also shortens the service life

of the tool. In order to properly arrange the tool maintenance and to min-

imize the galling through adjusting process parameters, engineers need to

know when and where the galling occurs based on modelling of the galling

in press hardening simulations. In order to implement the galling simula-

tion for press hardening, a modified Archard wear model is employed in the

present study, which is a contact–mechanics based model. The specific wear

Preprint submitted to Elsarticle November 27, 2017



rate in the model is calibrated by the quantitative galling measurements of a

high–temperature tribometer test. The tribological test is designed to mimic

the press hardening conditions, where the correlations between galling and

process parameters such as temperature, pressure and sliding distance are

outlined. The galling simulation is validated by a press hardening exper-

iment performed in a production line in terms of severe galling positions

and quality. The galling profile evolution is correlated to the variational

contact conditions occurred there. Uncertainties in numerical model, such

as the choice of penalty scaling factor and friction coefficient, are analysed

with parameter study and discussed. This study demonstrates finite element

(FE) simulations involving the galling prediction of the press hardening so

as to improve product development and production efficiency.

Keywords: Contact conditions, High temperature, FE–simulation, galling

prediction

1. Introduction

In order to decrease vehicle weight so as to reduce the emission of carbon

dioxide, press hardening has become prevalent in automotive manufactures

because the press hardened component has a high ratio of strength to weight.

The press hardening typically involves three consecutive processes: heating,

forming and quenching. Firstly, the boron steel sheet (workpiece) is heated

in a furnace until full austenite phase obtained, followed by a transfer process

as the workpiece is transferred from the furnace to the die. Subsequently, the

stamping tools form the hot workpiece into a target shape. After the closure

of the tools, the formed workpiece is quenched in the stamping tool until it

transforms to martensite phase. The press hardening takes the advantage

of excellent formability of boron steels at high temperatures and a very high
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tensile strength up to 1500 MPa (Åkerström, 2006) is obtained after the

quenching process. Al-Si coating is commonly applied for the workpieces of

press hardening for oxidation prevention because it does not severely impair

paintability and weldability (Suehiro et al., 2003). However, the aluminium–

based coating under press hardening conditions such as high temperatures,

cyclic loadings, results in substantial transferred material adhering on the

tool surface. The severe adhesion, also called galling, on the tool surface not

only decreases the surface qualities of the tool and the production but also

influences the shape change of the final formed part. According to Pelcastre

et al. (2013), the galling occurrence in the press hardening tool is mainly

caused by direct adhering and accumulation of compacted wear debris. By

mean of analysis of a real worn stamping tool, the authors further point out

that the accumulation of compacted wear debris significantly contributes to

the galling growth.

The Archard wear model is widely used to predict material loss between

rubbing metals based on the correlation between contact conditions and

wear. The worn volume refers to the material removal per unit sliding

distance with a normal load. The generation of wear particles between

the contacting asperities during the sliding process is based a possibility

( specific wear rate), which is relevant to the used material combinations,

the experiment condition ranges where the wear remains stably, Archard

(1953). The general expression of Archard wear model deduced directly

from experimental evidence can be written as Equation 1 (Archard and

Hirst, 1956):

V = k × F × s (1)

where V is the worn volume in [m3], k is the specific wear rate in [
m2

N
],
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F is the normal force in [N ] and s is the sliding distance in [m]. It is

noted that k is typically a function of F and s instead of a constant value.

Moreover, k could be a dependent value of different material combinations,

surface roughness, contact temperature and many other parameters of the

tribo–system, van Beek (2006).

For different applications, k in the Archard wear model has been cal-

ibrated by tests. Lee and Jou (2003) modified Archard wear model for a

warm forging process by means of a pin–on–disk test, where a temperature

dependent specific wear rate was applied for the prediction of material loss

in the tool. In the work done by Enblom and Berg (2008), the Archard wear

model was used to calculate the wear depth in rail, where the wear rate

was a function of contact pressure and relative sliding velocity. A similar

modification of the wear rate can be found in the work done by Deng et al.

(2017), where the modified Archard wear model predicted the wear depth

in a stamping tool based on a high–temperature pin–on–disc test. With

the help of numerical models, a correlation between the galling position in

the workpieces and the high temperature due to the deformation has been

reported by Wang et al. (2014) in a cup drawing test. The authors pointed

out that the sliding distance after the galling initiation spot accompanied

with high temperatures has a great effect on the galling generation. How-

ever, the galling study corresponding to the quantitative prediction is rarely

found in open literature. A galling prediction answering when and where

the galling occurs in the stamping tool is of great importance to optimize

process parameters so as to avoid fluctuations in production quality.

In the present study, the galling prediction is developed for a press hard-

ening experiment based on a modified Archard wear model. This wear

model is calibrated by quantitative galling result in a tribological test. The
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Table 1: Chemical constituents of the materials used in the press hardening experiment

in wt% (Fe makes up the balance) and initial hardness

Material C Si Mn P S Cr Mo V B Hv0.5

Usibor 1500 0.23 0.29 1.25 0.013 - 0.211 - - 0.003 -

QRO 90 0.38 0.30 0.75 - - 2.6 2.25 0.9 - 540±40

pressure response to thickness changing of the workpiece during forming pro-

cess is discussed by numerical study of a dedicatedly hemispherical contact

model. A press hardening experiment is performed under industrial condi-

tions, which enhances the understanding of actual galling of press hardening

and serves as a validation of the galling simulation. The implementation of

the galling simulation for the press hardening experiment is discussed by the

variation in numerical parameter, i.e., penalty scaling factor and friction co-

efficient.

2. Methodology

2.1. Full–scale press hardening experiment

A full–scale press hardening experiment was conducted as close to real

production as possible. The basic configuration of the stamping tools is

presented in Figure 1. The detailed information corresponding to geometric

dimensions can be fond in Deng et al. (2017). In the present study, the

stamping tools were made of pre–hardened tool steel (QRO 90) and work-

pieces were Al-Si coated boron steel sheets (Usibor 1500) with the thickness

of 1.6 mm. The chemical constituents of the materials are presented in Ta-

ble 1. The workpiece was heated in a furnace at 930◦C for 240 s until fully

austensite phase obtained, followed by a transfer process of 8.6 s. When

the workpiece was transferred onto the die and holders, the punch started
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moving down with the holders. The punch velocity was a common choice

of industrial production as 100 mm/s. The gap between the punch and

the holder was 2.6 mm. The formed workpiece was quenched in the closed

tools for 11 s by means of water cooling channels integrated with the tools.

These consecutive processes were repeated for 200 time so as to facilitate

the material transfer measurements. In the present experiment, the built–

up material mainly occurred on the upper tool (punch) radius and it was

measured by a 3D optical scan machine, GOM Atos Triple scan system. The

actual scanning accuracy was about 4 µm.

Holder

Punch

Die

(a)

388

264304

150

(b)

Figure 1: (a) Configuration of the press hardening experiment, punch is shown in a half

for good visual illustration; (b) initial workpiece, dimensions are in millimetres

2.2. Simulation of the press hardening experiment

FE–simulation of the press hardening experiment was conducted by LS-

Dyna with an explicit solution. Due to the symmetry of the geometry, the

numerical model involved one–quarter of the real stamping tool. The stamp-

ing tools consists of 125160 solid elements, where the element size was 2 mm

in the tool surface but increased to 6 mm in the bulk. In order to sufficiently

represent the tool radius, seven elements were used to construct the radius
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of 90 degrees. The workpiece was established by 6850 shell element with a

element size of 2 mm. The basic set–up of the press hardening simulation

was identical to the early work done by Deng et al. (2017). The tempera-

ture in the workpiece was about 763 ◦C as the workpiece was cooled down

in air for 8.6 s when it was transferred from the furnace to the tool. The

initial tool temperature was set at 17 ◦C as measured by thermal couples

put inside the tool. In the present work, the input material compositions

are shown in Table 1. The heat capacity and thermal conductivity of the

tool steel are presented in Table 2. The coefficient of friction (COF) was

chosen as one constant value of 0.42, which was obtained in a tribolgical test

at 750 ◦C. Furthermore, COF of 0.2 was an alternative used in the numeri-

cal model. The heat transfer coefficient was obtained by an experimentally

fitting function of pressure according to Geiger et al. (2008), see Equation

2.

HTC = 53.94 × P + 1271.3 (2)

where HTC is the heat transfer coefficient in [W/m2K] and P is the pressure

in [MPa]. In the present model, P is the mean pressure of the whole punch

during the forming process as shown in Figure 7.

2.3. Penalty factor in a hemispherical contact model

Penalty method was applied in the FE–simulations, which scaled a con-

tact force by a penetration distance between the contacting bodies. A sim-

plified contact constitutive relation is depicted by Equation 3 deduced from

Hallquist (2006).

fn = αKnd (3)

where α is the penalty scaling factor, Kn is the stiffness modulus of the

contacting segment, Kn = EA
max(shell diagonal) , E is Young’s modulus, A is
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Table 2: Thermal parameters for QRO90 tool steel

T (◦C) Cp (J/kg K) k (W/m K)

20 450 30

100 474 –

200 521 34

300 552 –

400 552 34

500 552 –

550 527 –

600 – 33

1000 561 33

the element area, and d is the penetration depth. A parabolic function of

the penetration can be used in the contact constitutive equation to replace

the direct use of d, which can improve the robustness of the contact sim-

ulation. Since the importance of the pressure distribution in the galling

simulation, the influence of the penalty scaling factor in the FE–simulation

need to be analysed. In this section, a hemispherical contact model was

established to study the choice of the penalty scaling factor so as to obtain

accurate pressure distributions, as seen in Figure 2. The simulation was

conducted by LS-Dyna with an implicit solution. As a consistent model to

the press hardening simulations, the hemispherical part was modelled with

shell elements of 2 mm in which varying shell thickness was used to construct

the hemispherical shape. The radius in the hemispherical part mimicked the

thickness variations in the formed workpiece of the press hardening reported

in Deng et al. (2017). The current radius of 9.5 m was estimated over the

thin area to the thick area. The hemispherical part was defined as an elastic
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body, whilst the block part corresponding to the stamping tool was made of

solid elements as a rigid body. The thickness change of shell element in the

present FE–simulations was estimated by Poisson’s ratio according to the

plane strain. The applied load in the contact model was 2 kN , 10 kN and

50 kN , which Hertian pressures were consistent to the mean and extreme

contact pressures in press hardening as reported in Deng et al. (2017).

Hemispherical part

Block part

40

200

Z

X

Y

(a)

80

5.167

5

Shell elements

(b)

Figure 2: (a) Set–up of the hemispherical contact model; (b) cross section view of the

hemispherical part with shell elements, all dimensions in millimetres

The penalty scaling factor in the contact calculation was calibrated by

the maximum analytical pressure based on Hertz theory. The calibrated

scaling factors are presented in Table 3. It was noted that the calibrated

scaling factors decreased with the increasing loads. The contact areas in the

simulations were bigger than in the analytical solutions, as seen in Figure 3

(a). However, the integral areas under the pressure profiles over the areas

were equivalent to the applied loads, which validated the accuracy of the

simulations. A lower penalty factor (scaled value = 1) used in the contact

model with 2 kN and 10 kN resulted in a lower pressure but a larger contact

area compared to the analytical solution, as seen in 3 (b). Based on the
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Table 3: Calibrated penalty factors in hemispherical contact models

Load (kN) 2 10 50

Hertzian pressure (MPa) 38.5 65.9 112.7

Penalty scaling factor (scaled value) 42 6.4 1

thickness changed workpiece, this result implied that the use of a constant

scaling factor for penetration in the press hardening simulations may result

in a lower pressure occurring on the stamping tool.
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Figure 3: Comparison of the pressure distributions in the hemispherical contact model with

different loads (a) pressure profiles with calibrated scaling factors, (b) pressure profiles of

the test with 2 kN and 10 kN using the scaling factor of 1

2.4. Tribological test for the galling under press hardening conditions

A high–temperature tribometer test, also called tribological test, was de-

signed to reproduce the sliding process under the press hardening conditions

in terms of varying contact pressures and temperatures as well as one con-

stant sliding velocity, see Table 4. The steel strip made of Usibor 1500 with

Al-Si coating was heated to specific test temperatures through a current.

After the heating of the strip, the tool steel pin slid on the strip with a load.

The material constituents of the specimens were identical to Table 1. Inter-
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rupted sliding distances were employed according to the early occurrence of

severe galling, which caused drastically unstable in the testing. The config-

Table 4: Experimental parameters in the tribological test

Test Parameters Value

Temperature in strip (◦C) 600, 700, 750

Pressure (MPa) 5, 10, 15

Velocity (m/s) 0.1

Sliding distance per strip (mm) 50, 200, 400

uration of the apparatus can be found in Figure 4. In order to accommodate

1.5

10

10

15

100020

FL

FD

Figure 4: Illustration of the tribological test, all dimensions are given in millimetres

the galling, a flat surface pin with a rounded edge with a radius of 1.5 mm

was used in the test. The volume of the build–up material on pin surface

was measured after the testing by a commercial software, Mountains Map.

The present study focuses on the quantitative galling result. The detailed

test procedures and the analysis of tribological behaviour are presented in

Deng (2017). Figure 5 presents the growth rate of galling according to the
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gained volume of the transferred material after the test. The growth rate g

for galling was derived from volume gains V , normal force F and the total

sliding distance s in the different test conditions, Equation 4.

g =
V

Fs
(4)

The variational trend of the growth rate were mainly due to the temperature

effect. Generally, high temperature resulted in more material adhering on

the pin specimen. The compaction effect on the sintering transferred mate-

rial under different test loads attributed to the pressure dependent galling

growth rate.
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Figure 5: Growth rate of the galling in the tribological test

2.5. Modified Archard wear model

The galling height derived from build–up material volume in the tribo-

logical test was deduced, see Equation 5. The estimation of galling height

was based on a nominal contact area of the pin specimen. The present

specific rate for galling growth represents a possibility that wear particles

generate in the interface and subsequently build–up in the tool surface. The
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predicted galling height was linearly correlated to the sliding distance in

both the tribological test and the strokes of press hardening. In order to im-

plement the galling prediction in FE–simulations, the growth rate of galling

was calibrated as a function of the pressure and the blank temperature based

on the growth rate of galling obtained in the tribologicla tests as shown in

Figure 5.

h =
V

A
= g × F

A
× s = g × P × s (5)

where h is the galling height in [m], F is the load in [N ], A is the contact

area in [m2], P is the pressure in [Pa], s is the sliding distance in [m], g is the

galling growth rate in [ m3

Nm ] fitted by a polynomial function of the pressure

and the temperature based on the quantitative galling result obtained in the

tribological test, see Equation 6

g = 1.43 × 10−11 − 2.82 × 10−20 × P

− 4.4 × 10−14 × T − 3.3 × 10−27 × P 2

+ 1.2 × 10−22 × P × T + 3.4 × 10−17 × T 2

(6)

where T is the temperature in [◦C]. When the contact conditions of the press

hardening exceeded the range of the test conditions in the tribological test,

the galling rate of the boundary value was applied in the galling simulation.

3. Results and discussion

3.1. Validation of the press hardening simulation

Punch force driving the forming process is an important parameter to

evaluate the quality of production. The punch force during the press hard-
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ening was measured by hydraulic force gauge integrated in the stamping

tool. Measured and calculated forming forces are present in Figure 6. In

the present press hardening simulation, two constant coefficients of friction

(COF) were employed in the press hardening simulation. Typically, COF of

press hardening was obtained from laboratory tests. In generally, pin–on–

disk test results in a high COF due to the sliding occurring in the same wear

track, i.e., above 0.8 (Hardell and Prakash, 2008). A strip–sliding test as con-

ducted by Azushima et al. (2012) resulted in a reduced friction coefficient of

0.55 because the sliding actually occurs at the interface between the adhered

aluminium layer and the coated aluminium layer. Stoehr et al. (2008) deter-

mined the friction coefficient through a cup deep drawing test. The friction

value was calculated by a Siebel’s maximum drawing force equation, where

the maximum drawing force and corresponding parameters were obtained

by measurements and FE–simulations. The friction coefficient shows a sig-

nificant decrease with increasing temperature, varying from 0.6-0.3. The

current tribological test obtained a friction coefficient of 0.42 at 750◦C. In

the present simulation, the sliding mostly concentrated in the tool radius.

When the workpiece was bending over the tool radius, a very high friction

force in the radius was caused by the overestimated contact force due to the

different element sizes at the interface. A small COF of 0.2 in the present

simulation produced a good fit for the forming force, whilst COF of 0.42

resulted in the higher forming force by about 30-40 %. The measured form-

ing force started with 14 kN was due to the acceleration of the upper tool.

Based on the measured forming force in the upper tool accompanying with

the contact area obtained from the numerical model, an average pressure

over the upper tool is presented in Figure 7. It was noted that the average

pressure increased drastically in the beginning of the forming process, fol-
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Figure 6: Measured and calculated forming forces as a function of punch displacement

lowed by an oscillated pressure stage. In the end of the forming process, the

pressure decreased due to the increasing contact area as the tools closed.

This mean pressure in the whole punch was higher than the test pressure in

the tribological test. The reason may be explained that the press hardening

experiment needed a sufficient force to deform the workpieces. However, the

deformation in the specimens of the tribological test due to the combina-

tion of high loads and high temperatures led to a unstable tribo–system and

failure occurred. Furthermore, the relative small punch radius (5 mm) in

the present press hardening experiment increased the contact pressure. The
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Figure 7: Average pressure in the whole upper tool of the press hardening simulation
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calculated thickness change of the formed product has been validated in two

chosen sections in which the wrokpiece experienced drastic and mild thick-

ness change. This work has been presented in the early work (Deng et al.,

2017) that used the same set–up, process parameters and initial thickness

of the workpiece.

3.2. Measured and predicted galling in the press hardening experiment

According to van Beek (2006), a reproducibility in measuring wear with

standardised testing devices and measuring protocols may be obtained in the

order of ± 50%. The randomicity in the galling measurement was observed

in the tool radii of four symmetrically curved parts. In the present press

hardening experiment, severe galling mainly occurred in the tool radius of

the symmetrically curved parts but it did not symmetrically occurred in

the curved parts. Figure 8 presents the main positions of the severe galling

occurred in the stamping tool as indicated by Area 1–3. The severe galling

positions as measured were consistent to the predicted result by means of the

galling simulation of the press hardening experiment. The galling profiles

on the radius was obtained by 3D scanning. Figure 9 presents simplified

galling profiles obtained by the scanning measuring. Galling type a–d are

presented in Figure 9 (a)–(d), respectively. Generally, the build–up material

accumulated in the front part of the radius as indicated by galling type

a. In the continuous strokes of press hardening, loose wear particles were

repeatedly compressed as a load bearing area when the blank was bent

around the tool radius. Thus the galling profiles formed galling type b and

c. Figure 9 (d) presents two galling profiles with apparent wear grooves.

The grooves may be caused by the break–off wear debris during the cyclic

strokes of the press hardening. Table 5 presents frequency of different galling
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profiles (Type a–d) measured in four symmetrically curved parts. Figure 10

Table 5: Frequency of occurrence of simplified galling profiles in tool radii of symmetrically

curved parts````````````````````̀Galling type

Measuring position
Area 1 Area 2 Area 3

Type a 1 0 1

Type b, c 2 3 0

Type d 1 0 2

presents the calculated contact conditions on the tool radius during the

forming process. Area 1 experienced the longest sliding distance, where the

contact pressure was relatively stable and high, see Figure 10 (a) and (c).

The long sliding distance and the stable pressure facilitated the possible

compaction on the loose wear particles on the radius, which attributed to

the observation that all galling types were observed in Area 1. Area 2

experienced a continuously increased pressure, as seen in Figure 10 (a).

Compared to the pressure profile in Area 1, a very high pressure occurred

in the front part the radius at Area 2, which significantly compressed the

transferred material. The most of loose wear particles at the interface can

be accumulated in the back part of the radius, which may grow up during

the cyclic strokes. In Area 3, the contact pressure occurred in the end of

the forming process when the tools nearly closed (at the drawing distance

of 80 mm). In this moment, the build–up material on the tool experienced

drastic impact. The break–off of wear debris and the consequent three–body

abrasion was possible, as indicated by Type d of galling profile occurred twice

in Area 3.

In the galling simulation, uncertainties have to be considered, i.e., penalty
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Figure 10: Contact conditions in Area 1–3 of the press hardening simulation, (a) maximum

contact pressures as functions of drawing distance, (b) representative contact pressure

profiles on tool radius and (c) maximum sliding distances on the tool radius
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scaling factor and friction coefficient. As aforementioned, the penalty scal-

ing factor was used to scale the contact pressure according to penetration.

Particularly, a high value of penalty scaling factor using in forming process

resulted in stiff behaviour of the workpieces and vice versa. In Figure 11, the

mean values of galling height in the simulation decreased with the increasing

penalty scaling factor because the stiffer workpiece resulted in less sliding

distance on the stamping tool. The present galling model was proportional

to the sliding distance. The alternative friction coefficient (COF=0.2) was

taken into account because the actual friction force during the forming pro-

cess was varying due to pressure, temperature and surface roughness. In

the present result, the higher friction coefficient caused higher mean value

of galling height, as seen in Figure 11. The implementation of varying COF

in the press hardening simulation based on different pressures, temperatures

and surface conditions could be promising. The calculated galling profiles

0 2 4 6 8 10
0.0

1.0x10-8

2.0x10-8

3.0x10-8

4.0x10-8

5.0x10-8

M
ea

n 
ga

llin
g 

he
ig

ht
 (m

)

Scaled penalty factor

 COF=0.2
 COF=0.4

Figure 11: Influence of penalty factor and COF on mean galling height as calculated

on the radius in the chosen areas are presented in Figure 12. It was noted

that the galling hight decreased from Area 1 to 3 and the galling mainly

occurred in the front half of the radius. This decreased trend was attributed

to the reduced sliding distance from Area 1–3, as shown in Figure 10 (c).
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The distribution of galling on the radius was correlated to the contact profile

as shown in Figure 10 (b). However, the evolution of the loose wear particles

due to variational contact conditions or three–body abrasion was not taken

into account in the present galling simulation. The highest galling heigh

in the simulation was in the magnitude of 8.5 × 10−7m after one stroke of

the press hardening experiment. By linear extrapolating to 200 strokes, the

highest galling height as calculated was about 0.17 mm, which result was

larger than the measured galling height about 0.03–0.04 mm. This was at-

tributed to the effect of the loose wear particles during the continued strokes.

-20 0 20 40 60 80 100

0,0

2.0x10-7

4.0x10-7

6.0x10
-7

8.0x10
-7

G
al

lin
g 

he
ig

ht
 (m

)

Radius ( o)

 Area 1
 Area 2
 Area 3

Figure 12: Galling profiles on the radius obtained in Area 1–3 in the numerical model

4. Conclusions

The numerical investigation on the galling occurring in the press hard-

ening has been conducted by a press hardening experiment, which was per-

formed as close to real production as possible. The choice of penalty scaling

factor and friction coefficient has been studied by FE–simulations. A hemi-

spherical contact model considering the thickness changing of the workpiece

during the forming process indicated that the calculated pressure could be
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underestimated due the changed workpiece thickness. The galling simulation

for a press hardening experiment was based on the modified Archard wear

model. The galling simulation precisely predicted the severe galling position

in the tool radius. The discrepancy between the calculated and measured

galling profiles indicated that the galling evolution on the tool radius was

relevant to the varying pressure and sliding distance of the forming process

during the continued strokes. The present study has been demonstrated the

feasibility of galling simulation for a full-scale press hardening simulation.

The galling model based on the contact conditions provides a method to re-

duce galling through adjusting process parameters. On the other hand, the

quantitative galling prediction with a proper extrapolation could be used to

investigate the galling effect on the product quality, which contributes to

the arrangement of maintenance interval.
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