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a b s t r a c t

The production of high strength steel components with desired properties by hot stamping (also called
press hardening) requires a profound knowledge and control of the forming procedures. In this way, the
final part properties become predictable and adjustable on the basis of the different process parameters
and their interaction. In addition to parameters of conventional cold forming, thermal and microstruc-
tural parameters complicate the description of mechanical phenomena during hot stamping, which are
essential for the explanation of all physical phenomena of this forming method.

In this article, the state of the art in the thermal, mechanical, microstructural, and technological fields
igh strength steel
2MnB5

of hot stamping are reviewed. The investigations of all process sequences, from heating of the blank to
hot stamping and subsequent further processes, are described. The survey of existing works has revealed
several gaps in the fields of forming-dependent phase transformation, continuous flow behavior during
the whole process, correlation between mechanical and geometrical part properties, and industrial appli-
cation of some advanced processes. The review aims at providing an insight into the forming procedure
backgrounds and shows the great potential for further investigations and innovation in the field of hot

sheet metal forming.

. Introduction

Due to the demand for reduced vehicle weight, improved safety,
nd crashworthiness qualities, the need to manufacture auto-
obile structural components from ultra high strength steels is

pparent (Åkerström, 2006). Hot stamping was developed and
atented (GB1490535, 1977) by a Swedish company (Plannja),
hat used the process for saw blades and lawn mower blades. In
984 Saab Automobile AB was the first vehicle manufacturer who
dopted a hardened boron steel component for the Saab 9000
Berglund, 2008). The number of produced parts increased from
million parts/year in 1987 to 8 million parts/year in 1997. Since

he year 2000 more hot stamped parts have been used in the cars
nd the number of produced parts/year has gone up to approxi-
ately 107 million parts/year in 2007 (Aspacher, 2008). The applied

ot stamped parts in the automotive industry are chassis compo-
ents, like A-pillar, B-pillar, bumper, roof rail, rocker rail and tunnel
Fig. 1).

The hot stamping process currently exists in two different main

ariants: the direct and the indirect hot stamping method. In the
irect hot stamping process, a blank is heated up in a furnace, trans-
erred to the press and subsequently formed and quenched in the
losed tool (Fig. 2a). The indirect hot stamping process is character-
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ized by the use of a nearly complete cold pre-formed part which is
subjected only to a quenching and calibration operation in the press
after austenitization (Fig. 2b) (Merklein et al., 2008). Full marten-
site transformation in the material causes an increase of the tensile
strength of up to 1500 MPa.

This paper includes the review over the research on hot stamp-
ing. This starts with the description of the workpiece material used
in hot stamping. Then, the special characteristics of the process
steps in the process chain of hot stamping are described. Finally, the
subsequent processing of the hot stamped parts and the manufac-
ture of the parts with tailored properties are presented. The paper
includes both the experimental and numerical investigations in the
field of hot stamping.

2. Material and coating

The investigations on ultra high strength steels by Naderi have
shown that boron alloys of 22MnB5, 27MnCrB5, and 37MnB4
steel grades (Table 1) are the only steel grades which produce a
fully martensitic microstructure after hot stamping when a water-
cooled tool is used (Naderi, 2007). Here, 22MnB5 steel grade is the
most commonly used steel grade in hot stamping processes. Ini-

tially, the material exhibits a ferritic–pearlitic microstructure with
a tensile strength of about 600 MPa. After the hot stamping pro-
cess, the component finally has a martensitic microstructure with
a total strength of about 1500 MPa (Fig. 3a). In order to achieve
such a microstructure and hardness transformation, the blank has

dx.doi.org/10.1016/j.jmatprotec.2010.07.019
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:Hossein.Karbasian@iul.tu-dortmund.de
dx.doi.org/10.1016/j.jmatprotec.2010.07.019
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Table 1
Chemical components and mechanical properties of boron steels (Naderi, 2007).

Steel Al B C Cr Mn N Ni Si Ti

20MnB5 0.04 0.001 0.16 0.23 1.05 – 0.01 0.40 0.034
22MnB5 0.03 0.002 0.23 0.16 1.18 0.005 0.12 0.22 0.040
8MnCrB3 0.05 0.002 0.07 0.37 0.75 0.006 0.01 0.21 0.048
27MnCrB5 0.03 0.002 0.25 0.34 1.24 0.004 0.01 0.21 0.042
37MnB4 0.03 0.001 0.33 0.19 0.81 0.006 0.02 0.31 0.046

Steel Martensite start temperature in ◦C Critical cooling rate in K/s Yield stress in MPa Tensile strength in MPa

As delivered Hot stamped As delivered Hot stamped

20MnB5 450 30 505 967 637 1354
22MnB5 410 27 457 1010 608 1478
8MnCrB3 –* –* 447 751 520 882
27MnCrB5 400 20
37MnB4 350 14

* There is no possibility to have fully martensitic microstructure.
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a higher melting point grows from the interface with the base metal
Fig. 1. Hot stamped parts in a typical middle class car (N. N., 2009).

o be austenitized in a furnace for at least 5 min at 950 ◦C. After-
ards, the blank is formed and quenched simultaneously by the
ater-cooled die for 5–10 s. Due to the contact between the hot

lank and the cold tool, the blank is quenched in the closed tool. If
he cooling rate exceeds a minimum cooling rate of approximately
7 K/s, at a temperature of around 400 ◦C, a diffusionless marten-
itic transformation will be induced, which finally is responsible
or the resulting high strength of the part (Fig. 3b) (Merklein et
l., 2008). The martensite transformation begins at 425 ◦C (marten-

ite start point Ms) and ends at 280 ◦C (martensite finish point Mf)
Somani et al., 2001).

The mechanical properties of steel after quenching change in
ependence on its carbon content and consequently, the strength

Fig. 2. Basic hot stamping process chains: (a) dire
478 1097 638 1611
580 1378 810 2040

after quenching can be controlled by a proper adjustment of the car-
bon content. The alloying elements, such as Mn and Cr, are known
to have only a small influence on the strength after quenching.
However, since these elements have an influence on hardenability,
they are essential for shifting of existence fields. Thus, the desired
phase transformation and hardenability is achieved by technically
feasible cooling rates (Garcia Aranda et al., 2002). Boron is the ele-
ment which influences the hardenability the most, whereas boron
slows down the conversion into softer microstructures and leads
to a martensitic microstructure over the cross-section of the part.

Under austenitization conditions, oxide scale formation occurs
immediately when the steel is in contact with air. In order to avoid
surface oxidation and decarburization, most sheet metal blanks
are pre-coated with a protective layer. The widespread protection
is an Al–Si layer preventing scale formation on the steel during
the direct hot stamping operation. Borsetto et al. (2009) investi-
gated the influence of thermal process parameters on the chemical
behavior of the coating of the Al–Si layer. This metallic coating is
generated in a continuous hot-dip galvanizing process and consists
of 10% silicon, 3% iron, and 87% aluminum. During the heating of the
coated blank, the steel diffusion process from the coating–substrate
interface area to the coating surface is thermally activated. The
Al–Si coating has a melting point of approximately 600 ◦C. How-
ever, due to the presence of Fe in the substrate, an Al–Fe alloy with
and quickly reaches the surface. The Al–Fe alloy, which migrates to
the surface, has a higher melting point and this prevents the coat-
ing layer from melting. For a heating temperature of 950 ◦C typical
of hot stamping processes, a sub-layer structure characterized by

ct hot stamping, (b) indirect hot stamping.



H. Karbasian, A.E. Tekkaya / Journal of Materials Processing Technology 210 (2010) 2103–2118 2105

and C

a
(
t
f
i
s
s
p
f
c
m
h
w
o
l
b
l
e
(
i
a
t
p
b
t
c
a

i
a
n
s
a
m
o

3

u
p
b
m
L
a
a

Fig. 3. Mechanical properties of 22MnB5

n alternating variation of the chemical Al–Fe percentages appears
Borsetto et al., 2009). In the direct hot stamping process, this pro-
ective layer prevents the formation of scales. Due to the lower
orming limits of the Al–Si layer compared to the base material
n the initial state at room temperature, the hot-dip aluminized
heets cannot be used for the indirect process and they are not
uitable for cold forming. This coating does not provide cathodic
rotection, like zinc, but a high barrier protection. Similar to cold
ormed parts, a cathodic protection is desirable for hot stamped
omponents. These demands of the automotive industry could be
et by metallic coatings with cathodic protection, e.g. zinc. During

eating and hot stamping, the hot-dip galvanized zinc layer reacts
ith the base material to form intermetallic zinc–iron-phases. In

rder to minimize the propagation of microcracks in the coating
ayer into the base material, hot-dip galvanized 22MnB5 can only
e used for indirect hot stamping. After hot stamping, the oxide

ayer must be removed by shot peening to avoid a bad paint adher-
nce. Another established protective coating for 22MnB5 is x-tec®

Goedicke et al., 2008) which is applied as a varnish in a coil coat-
ng process for the direct and indirect hot stamping process with
dditional active corrosion protection. This coating is based on
he combination of �m-scaled materials according to the sol–gel
rocess. Inorganic and organic materials are linked together and
lended with aluminum particles to form a protective coating. The
ribological behavior of this 7 �m thick protective coating in the
old forming operation allows a controllable material flow without
dditional lubrication (Paar et al., 2008).

The latest method for the prevention of oxidation involves coat-
ng the sheets with preventive oil, as described in the work of Mori
nd Ito (2009). The oxidation of heated sheets in an electrical fur-
ace could be prevented and the effect of two different oils was
tudied. The effect of the oxidation preventive oil was evaluated in
cooling experiment without forming and in a hot bending experi-
ent. The analysis of the sheet surface has shown that the number

f lubrications (up to 4 times) reduces the surface oxidation.

. Heating

The hot stamping process begins with the heating of the blank
p to the austenitization temperature. For the determination of the
rocess window regarding a homogeneous austenitization of the

lanks during hot stamping as a pre-condition for the desired fully
artensitic transformation, annealing tests were performed by

echler and Merklein (2008) considering austenitization temper-
ture and time. In these tests, the samples were quenched through
full metallic contact pressure of 40 MPa on both sides. To evaluate
CT diagram (Garcia Aranda et al., 2002).

the occurring phase transformations, the hardness of the quenched
blanks were measured according to Vickers HV10. The minimum
austenitization time at different austenitization temperatures and
different sheet thicknesses to achieve the maximum hardness of
470 HV are shown in Fig. 4.

The results of this study show the significant dependency of
the austenitization temperature (Fig. 4a) and the sheet thickness
(Fig. 4b) on the minimum heat treatment time with respect to a
homogenous austenitization of the quenchable steel 22MnB5. At a
furnace temperature of 950 ◦C, a dwell time of 3 min was found to
be sufficient to obtain the maximum martensitic content in the
quenched samples with a maximum hardness of approximately
470 HV. With decreasing furnace temperature, the austenitization
duration time increases. The upper time limit of Al–Si pre-coated
blanks is determined by means of the thickness of the alloying
ternary Al–Si–Fe layer (Austerhoff and Rostek, 2002) during heat
treatment with the objective to ensure a sufficiently accurate weld-
ability (Stopp et al., 2007) of the hot stamped parts during post
processing. According to the experiences from industry (Stopp et
al., 2007), a layer thickness of approximately 40 �m should not be
exceeded during austenitization in the furnace.

The investigations of Lechler (2009) have shown that the heating
procedure of the blank has a great influence on the part properties,
the process time, and the cost-efficiency of hot stamping. Therefore,
a homogenous blank temperature and a short heating time are the
main demand on the heating system. The blank can be heated using
different thermal phenomena: radiation in a furnace, induction, and
conduction (Fig. 5).

3.1. Roller hearth furnace

On the existing lines, the blank is usually heated in roller heath
furnaces or walking beam furnaces. The size and connected load of
these furnaces depend on the through-put and the material to be
heated. Al–Si coated materials used for preventing scale formation
require a special heating curve due to a necessary diffusion process
between base material and the coating (Suehiro et al., 2003).

The furnaces of the existing hot stamping lines already reach
lengths of 30–40 m. The high space requirement and the rising
investment costs show the need for alternative approaches to heat
the blanks.

The cycle time for press-hardened parts is mainly dependent

on the die closing time and the furnace residence time required to
austenitize the material and, in the case of coating, to achieve the
required through-alloying. With regard to die closing time, opti-
mization of die cooling or the tool steels used could provide a
reduction in cycle time. A reduction in furnace residence time can
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ig. 4. Influence of austenitization temperature, time (a), and sheet thickness (b) on
nd Merklein, 2008).

nly be achieved by the following faster heating concepts (Lenze
t al., 2008a,b). These methods are in the development phase, and
aboratory investigations must verify them for industrial applica-
ion.

.2. Conduction heating

An alternative heating system is conduction heating. For the
eating process, a blank is clamped between the two pairs of elec-
rodes (Mori et al., 2009). The current flows through the sheet

etal part. The resistance of the material causes the heating of the
art. The conduction heating of the metallic substances is based on

oule’s Law, according to which the heat generated in an electric
ircuit is proportional to the power of the electric circuit. The loss
f power due to the electrical resistance of the conductors results in
he conductors themselves being heated. A low surface quality and
nsulating pollution layers on the component increase the resis-
ance and thus the heat generation in the contact area. The design
f these contacts and the control of the contact pressure are crit-
cal for the homogenous heating of the component (Kolleck et al.,
008).

An important basis for the use of conduction heating is the
fficiency factor. This parameter directly depends on the part’s
esistance. Because of the higher resistance of long components

n comparison to short components, conduction heating is mainly
sed for components with a favorable length/diameter ratio, such
s pipes, rods, wires, and bands (Kolleck et al., 2008). Disadvantage
f this heating system is the inhomogeneous temperature along the
ength of the component. Another problem for the industrial appli-

Fig. 5. Heating systems: (a) roller hearth furnace, (
inimum austenitization time to achieve the maximum hardness of 470 HV (Lechler

cation of this heating method is the difficulty of heating blanks with
complex geometries homogeneously (Behrens et al., 2008).

3.3. Induction heating

The last heating system is the inductive heating of the blank. In
principle, all electrically conducting or semiconducting substances
can be heated by induction, and the resulting area of application is
correspondingly large for this technology: melting of metals, bulk
forming and tempering, and assembly and packaging industry. The
geometry of the inductor determines the position of the magnetic
field relative to the workpiece, which causes different degrees of
efficiency. The distance between inductor and sheet also has an
influence on the efficiency of the heating system. On the one hand,
the electrical insulation between inductor and sheet must be guar-
anteed; on the other hand, shaped blanks tend to go out of shape
while being heated. A small distance to the inductor can cause the
jamming of the heated blank with the risk of damaging the heating
system (Kolleck et al., 2009a,b). Compared to roller heath furnaces,
the energy efficiency of induction heating is up to two times higher,
because of the higher losses of the roller heath furnace by exhaust
gases and the rollers.

4. Forming
In order to avoid cooling of the part before forming, the blank
must be transferred as quickly as possible from the furnace to the
press. Furthermore, forming must be completed before the begin-
ning of the martensite transformation. Therefore, a fast tool closing

b) induction heating, (c) conduction heating.
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Fig. 6. Tool design for the hot stamping process.

nd forming process are the precondition for a successful process
ontrol. After forming, the part is quenched in the closed tool, which
s cooled by water ducts to transfer the heat out of the tool system.
n order to avoid the quenching of the blank between the blank
older and the die during the forming process, most of the hot
tamping tool systems work with a distance blank holder (Fig. 6).

Another process variant is hot stamping by means of working
edia. The use of temperature as a process parameter in hot gas

orming and a simultaneous quenching of the formed parts offer the
pportunity to increase the application field of this innovative tech-
ology (Neugebauer et al., 2009). The forming procedure starts with
he positioning of the profile or the blank. After the tool is closed,
he forming step is performed using the working media (Fig. 7). In
he work of Neugebauer et al. (2009), nitrogen, and in the work of
indkvist et al. (2009), air is used as the working medium with a
ressure of up to 600 bar. The advantage of hot gas forming in com-
arison to conventional hot stamping is the free forming of the part
t the beginning of the forming process. In addition, because of the
ower contact time between the part and the tool during forming,
homogenous blank temperature distribution leads to a uniform

orming of the blank. Another interesting field in gas forming may
e the application of thermally insulating and/or incompressible
orking media.

The current strong demand for a higher efficiency of hot sheet
etal forming processes inevitably leads to the question of how

o shorten the process cycle. Cooling can be accelerated by the
pplication of tool steels with improved heat conductivity (Casas
t al., 2008) and/or more efficient cooling systems (Hoffmann et al.,
007). By the application of the tool steels developed by Casas et al.
2008) with a thermal conductivity of up to 66 W/mK, the holding
ime could be reduced from 10 to 2 s.

.1. Cooling ducts

The quenching operation during the hot stamping process does
ot only influence the economy of the process but also the final
roperties of the component. The objective of the cooling ducts
esign is to quench the hot part effectively and to achieve a cooling
ate of at least 27 K/s while martensite forms. The die cooling sys-
em is economical if a fluid coolant, such as water, is used, which
ows through cooling ducts around the contours of the compo-

ent. The heat flow in the formed component is dependent on the
eat transfer from the component to the tool, the heat conductivity
ithin the tool, and the heat transfer from the tool to the coolant.

or an optimum heat transfer between component and tool, the
ontact surface should not exhibit a scale or a gap. The heat conduc-
ocessing Technology 210 (2010) 2103–2118 2107

tivity within the tool can be considerably influenced by the choice
of the tool material. Another important factor with respect to heat
drain is the design of the cooling ducts, which is defined by the size,
location, and distribution of the cooling ducts. The heat drain can be
accelerated by using a coolant with a low temperature in order to
increase the temperature difference between the coolant and the
tool and therefore the resulting heat flux (Steinbeiss et al., 2007).

The cooling holes can be drilled in the forming tool. For this
method, the machining restrictions should be considered in the
design of the hole position (Steinbeiss et al., 2007). Therefore, an
optimal design of the cooling system as to heat transfer is not
possible. Another alternative is to provide the cooling holes as
pipes in the casting mold of the tool (Kuhn and Kolleck, 2006).
The unrestricted design of the cooling system is the advantage of
this method. Alternatively, the tools can be manufactured using
the lasered blank segments, which are screwed and form the tool
surface with integrated cooling holes (Freieck, 2007). This method
is very cost-effective, but the lamellar design can have negative
effects on the part surface and the heat transfer within the tool.

4.2. Wear of the tool surface

The wear resistance of the tool has been measured by Dessain et
al. (2008) using a strip drawing equipment which is adapted to high
temperature tests. The resistance heating device allows heating up
the Al–Si coated 22MnB5 strip. The heated strip slides over the die
radius. For this test, the contact surface was made of abrasion and
adhesion areas. The die abrasion was predominant and adhesion of
Al–Si was observed at the end of the contact area with the blank.
These built layers, formed very early at the beginning of the test, are
known to form compacted layers on the tool surface during sliding
of the strip (Hardell and Prakash, 2008) and exhibited low wear.

The exposure of the tool steel to high temperatures in a hot form-
ing operation can result in large variations in friction due to changes
in the surface topography, removal of oxide layers and excessive
wear of the tool. One approach to overcome friction problems is to
apply suitable surface treatments and/or coatings to the tool steel
with. Tribological studies by Hardell and Prakash (2008) at room
temperature and 400 ◦C on one plasma nitrided tool steel and two
PVD coatings (CrN and TiAlN) sliding against UHSS were carried out
using a pin-on-disc machine. The best results as to wear resistance
were achieved by the TiAlN coating.

Comparable studies for another sheet coating do not exist. Fur-
thermore, the austenitization time and its influence on the surface
texture must be considered in design of experiments for further
investigations.

5. Quenching

After the forming of the heated blank in the austenitic temper-
ature range, the part is quenched in the closed tool until the entire
martensite transformation of the part structure is completely. A
cooling rate of more than 27 K/s is necessary for a full marten-
site microstructure of 22MnB5. Martensite evolution leads to an
increase of the flow stress (Fig. 8). The transformation from austen-
ite (fcc) into martensite (bct) causes an increase in volume, which
influences the stress distribution during quenching. Only the com-
plete description of the transformation behavior allows a prediction
of the resulting material properties, the volume fraction of different
phases, the residual stresses, and the distortion of the workpiece

after cooling (Neubauer et al., 2008).

For the modeling of the thermoplastic transformation behavior,
the strain increment can be described by the sum of elastic, plastic,
thermal, and isotropic transformation and transformation-induced
plasticity strains (Table 2). Due to the different lattice structures of
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Fig. 7. Gas forming o

ustenite and the resulting microstructures ferrite, pearlite, bai-
ite and martensite, a volume change occurs during the phase
ransformation that can be described by means of the isotropic
ransformation strains. This effect causes only a change in volume,
ike the thermal strain increment. Additionally, the morphologies
f these microstructural components are very different, and con-
equently their mechanical properties differ. Therefore, the study
f material macroscopic behavior becomes a difficult homogeniza-
ion problem due to the fact that new phases continuously evolve
nd the deformation history must be accounted for (Åkerström et
l., 2007).

If the phase transformation occurs without applied stress, the
aterial response is purely volumetric and an increase in vol-

me is observed due to the compactness difference between
he parent and product phase. When the transformations occur
nder an external stress, transformation-induced plasticity causes

rreversible deformation. The Greenwood–Johnson mechanism
Greenwood and Johnson, 1965) describes the transformation plas-
icity which depends on the austenite and the resulting phase
raction. Therefore, micro-stresses are introduced that generate
lastic strains in the austenite when deviatoric stress is applied.
he commonly used model considering the transformation plastic-
ty is the model by Leblond et al. (1989), which was further applied

o numerical modeling by Åkerström (2006).

The described analytical model for the flow behavior can be ver-
fied using the continuous cooling transformation diagrams (CCT)
nder different forming modes. To determine the forming CCT dia-
ram (FCCT), the heated specimen is formed until it reaches the test

Fig. 8. Flow curves and microstructure
le (a) and sheet (b).

forming condition and is subsequently cooled at a predetermined
rate. The degree of transformation is measured.

6. FE simulation

Hot stamping is a thermo-mechanical forming process with
intended phase transformation. Depending on the temperature
history and mechanical deformation, different phases and phase
mixtures evolve. During the solid-state phase transformations,
heat is released, which influences the thermal field. Further-
more, depending on the mixture of micro constituents, both the
mechanical and thermal properties vary with temperature and
deformation. Consequently, a realistic FE model for process simu-
lation must consider interaction between the mechanical, thermal,
and microstructural fields (Fig. 9). This requires process character-
istics like the heat transfer coefficient, the material flow behavior,
and the phase transformation under process-relevant conditions
(Oldenburg, 2008). Due to the transfer of microstructural evolu-
tion data within the process simulation, final properties, such as
hardness and tensile strength, can be properly modeled (Jeswiet et
al., 2008).

For a consistent analysis of coupled thermo-mechanical defor-

mations of metals, Ghosh and Kikuchi (1988) developed a finite
element method, which models the flow behavior of metals at
elevated temperatures. The proposed model considers the initial
anisotropy and temperature dependence of metals for large-
deformation forming processes.

of 22MnB5 during hot stamping.
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Table 2
Strain rate components in hot stamping.

Total strain rate ε̇ij = ε̇el
ij

+ ε̇pl
ij

+ ε̇th
ij

+ ε̇tr
ij

+ ε̇tp
ij (1)

εel
ij

: elastic component, εpl
ij

: plastic

component, εtp
ij

: trans. plasticity, εth
ij

, εtr
ij

:
thermal and isotropic transformation
component

Thermal and isotropic
transformation component
(Olle et al., 2008)

dεth+tr
ij

= dεth
ij

+ dεtr
ij

=(
at+�t

n

(
Tt+�t

)
at

n (Tt )
− 1

)
ıij (2)

an: lattice constant, �t: time step, ıij:
Kronecker delta, T: temperature

Transformation plasticity rate
(Åkerström, 2006)

ε̇tp
ij

= −
3�εth

1−2h
(

�̄
�y

)
ż ln (z)

�y
1

(
ε̄p

1, T
) sij (3)

h

(
�̄

�y

)
=⎧⎪⎨

⎪⎩
1

�̄

�y
≤ 1

2

x + 3.5

(
�̄

�y
− 1

2

)
�̄

�y
>

1
2

�εth
1−2: difference in compactness between

austenite and the resulting phase, �y
1:

current yield stress of austenite, z: volume
fraction of resulting phase, sij: deviatoric
stress, h: correction function according to
the nonlinearity in the applied stress, �̄:
current effective stress, �y: current global
yield stress

Volume fraction of martensite
(Koistinen and Marburger,

zM (t) = 1 − e

(
−a(TMS−T)�

)
(4)

s
h
a
t
c
c
w
i
t
a
i
F

F
(

1959)
TMS: martensite start temperature, a, �:
coefficients

In recent years, several concepts of coupling two FE programs
pecializing in their own respective domains for the performance of
ot stamping have been developed. The coupled systems consider
thermal and a mechanical model, which are linked to achieve the

ransfer of geometrical and physical data. Because of the separate
alculation of thermal and mechanical phenomena, the coupling
oncepts are very flexible and efficient for parameter adjustments
ithin the FE models. The disadvantage of this method is the lim-

ted data transfer between the two FE models, which can influence

he accuracy of the results of the simulation (Hein, 2005; Tekkaya et
l., 2007). Another alternative for the FE simulation of hot stamping
s the application of special purpose programs: LS-DYNA, Auto-
orm, and PamStamp. The FE models vary in the existing options for

ig. 9. Interaction between thermal, mechanical, and microstructural fields
Bergman, 1999).
ocessing Technology 210 (2010) 2103–2118 2109

the definition and description of the physical processes. For exam-
ple, the analysis with the FE software LS-DYNA can be performed
using thermal shell elements coupled with mechanical shell ele-
ments for the metal sheet (Bergman and Oldenburg, 2004). The
thermal problem is solved by the implicit time integration while
the mechanical problem is processed by the explicit time integra-
tion method. This feature within LS-DYNA allows to combine the
advantages of each integration rule and, at the same time, over-
come contact solution stability and thermal convergence. The tools
can be modeled as rigid bodies with thermal behavior (Karbasian
et al., 2008a,b).

The prediction of the temperature distribution in the blank and
the tools plays a very important role in this process. A temperature-
dependent hardening function is also required to characterize the
plastic deformation and to take into account the heat between the
blank and the tools as well as heat loss due to convection and
radiation from the blank. The phase transformation from austen-
ite to martensite must also be considered in order to simulate the
hot forming process (Åkerström et al., 2007). In the following, the
thermo-mechanical properties and their determination for the FE
simulation of hot stamping are described.

6.1. Thermal characteristics

The prediction of the mechanical properties of hot stamped
parts by means of FE simulation requires an accurate modeling of
the thermal phenomena during forming and quenching. The heat
transfer coefficient h is responsible for the thermal behavior and
the respective cooling of the blanks throughout the whole form-
ing operation and can be influenced by the contact pressure and
the temperature of the steel sheet as well as the surface condition
(scale thickness, roughness, coating thickness, etc.) (Forstner et al.,
2007). As the mechanical properties of the base material 22MnB5
are strongly dependent on the temperature, this is one of the most
important parameters to be taken into account regarding FE mod-
eling of thermally assisted forming.

For the determination of the heat transfer coefficient, a quench-
ing tool has been developed by Hoff (2007). The heated blank was
quenched between two water-cooled plates at a defined contact
pressure. During the test, the temperatures of the blank and of both
contact plates were recorded. On the basis of the measured param-
eters, the heat transfer coefficient was calculated in dependence
on the contact conditions using an analytical method according to
Newton’s cooling law.

T(t) = (T0 − T∞)e(−h(A/cp�V)t) + T∞ (5)

A: contact surface, cp: heat capacity, h: heat transfer coefficient, V:
volume, t: time, T0: initial temperature, T∞: environmental tem-
perature, �: density

The evaluation of the heat transfer coefficient h as a function of
the increasing contact pressure shows the significant influence of
the applied load on the heat exchange between workpiece and die
(Fig. 10). Increasing the contact pressure leads to an increase of the
heat transfer. This effect is related to the rise in the effective con-
tact surface between the two contact partners through smoothing,
in particular of the case in the Al–Si coated sheets. Consequently,
more and more real metallic–metallic contact areas occur enforc-
ing direct heat conductance effects, through which more thermal
energy between the two contact bodies is transferred (Karbasian et
al., 2008a,b).

6.2. Flow behavior
The flow behavior of steel 22MnB5 was characterized using
a conductive hot tensile test by Merklein and Lechler (2006)
to determine the material thermo-mechanical properties under
process-relevant conditions (Fig. 11). This investigation showed
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Fig. 10. Heat transfer coe

hat not only strain but also strain rate temperature and temper-
ture rate have the greatest influence on the flow properties of
2MnB5 at elevated temperatures in the austenitic state.

Apart from the significant impact of the temperature and strain
ate on the thermo-mechanical properties in the conductive tensile
ests, the dependency of the temperature on the plastic anisotropy
ould be detected (Merklein and Lechler, 2008). At a temperature
f about 800–850 ◦C, the sheet metal exhibits an almost isotropic
lastic behavior. Because of austenitization, the influence of the
nisotropy can be neglected (Merklein and Lechler, 2008).

.3. Material models

For the thermo-mechanical forming processes, a large variety
f semi-empirical as well as physically based models for the flow
tress have been proposed. The existing models in Table 3, that
ave shown a good capability of representing the flow behavior
f 22MnB5 in recent publications, are fitted to the experimental
ata by Hochholdinger et al. (2009) and Durrenberger et al. (2009).
he experimental data for the determination of the flow stress are
btained by an upsetting test, which was conducted in a high-speed
eformation dilatometer (Hochholdinger et al., 2009). The param-
ter estimation of some of the material models in Table 3 are not
ublished in the cited references. But the other material data like
hose of Johnson–Cook and Norton–Hoff can be found in Åkerström
2006) and Lechler (2009).
Hochholdinger et al. (2009) have shown that the best fit of
he experimental data can be achieved with the Tong–Wahlen

odel. Fig. 12a shows the failure in the saturation of the flow
tress increases at higher values of the effective plastic strain in
orton–Hoff and the Nemat–Nasser model.

Fig. 11. (a) Experimental setup and (b) flow
nts in hot sheet forming.

The values of the flow stress at relatively large strains represent
the main disadvantage of the Johnson–Cook model in the work of
Durrenberger et al. (2008, 2009) (Fig. 12b). The predictions of the
Voce–Kocks relation are in good agreement with the experimental
data, the model predicts an early saturation of the flow stress at a
strain of about 0.06, while a slight strain-hardening is still observed
in experiments. The Molinari–Ravichandran model has the capac-
ity to reproduce history effects, such as rapid changes in strain rate
or temperature history, by means of the evolution law of the inter-
nal parameter. However, for the material 22MnB5 analyzed in this
study, the Molinari–Ravichandran model predicts an early satu-
ration of the flow stress after a plastic strain of about 0.10. The
predictions of the Ghost model are in good agreement with the
experimental data of 22MnB5 up to a plastic strain of about 0.05.

A continuous model of the flow behavior, which includes and
describes the phase transformation up to the end of the martensite
evolution, is developed and implemented in a finite element simu-
lation by Åkerström et al. (2007). The created model describes the
thermo-mechanical material properties on the basis of the actual
phase structure considering latent heat, volume change and trans-
formation plasticity during phase transformation (Åkerström et al.,
2005). The comparison of the material models with the experimen-
tal data has shown that the realistic modeling of the flow behavior
of 22MnB5 in the austenite condition is possible.

6.4. Forming limit curve
The description of the material formability by sheet metal form-
ing is traditionally achieved through the approach of forming limit
curves FLC. This curve shows necking and fracture in the deformed
sheet at different stress states on sheet samples from balanced

curves (Merklein and Lechler, 2006).



H. Karbasian, A.E. Tekkaya / Journal of Materials Processing Technology 210 (2010) 2103–2118 2111

Table 3
Material models for 22MnB5.

Åkerström (2006) Nemat-Nasser (1999) �f = �0

{
1 −
[

− kT

G0

(
ln

ε

ε̇0
+ ln f (εp, T)

)]1/q
}1/p

f (εp, T) + �0
a εn

p (6)

f (εp, T) = 1 + a0

[
1 −
(

T
Tm

)2
]

ε1/2
p

�0: effective stress, k: Boltzmann constant p, q: shape of energy barrier, ε0: reference
strain, G0: magnitude of activation energy, T: temperature

Johnson and Cook (1983) �f = (A + Bεn)

[
1 + C ln

(
ε̇

ε̇0

)][
1 −
(

T − T0

Tf − T0

)m]
with T ≥ T0 (7)

A, B, C, n, m: coefficients of the model, ε̇0: reference strain rate, T: temperature, T0:
reference temperature, T: melting temperature

Hochholdinger et al. (2009) Norton (1929) and Hoff (1954) �f = K(b + ε)n0 exp[−cn(T−T0)]ε̇m0 exp[cm(T−T0)] exp

(
ˇ

T

)
(8)

K, ˇ, b, n0, m0, cn , cm: coefficients of the model, T: temperature, T0: reference temperature

Tong et al. (2005) �f = A

[
ε̇m1(T−T0) exp

(
m2Q

RT

)][
1 − ˇ exp

(
−Nεn

p

)]
(9)

A, m1, m2, N, ˇ: constants of the model, R: gas constant, Q: activation energy, T:
temperature, ε̇p: strain rate

Durrenberger et al. (2009) Ghost (Bouaziz et al., 2004) � =
(

�0 + Ma�b
√

�
)(

1 + kT

b3	va
arsh

[
ε̇

ε̇0
exp

(
Q

RT

)])
(10)

M: Taylor factor, ˛: dislocation parameter, �: shear modulus, b: Bürgers vector, �0:
dislocation density, k: Boltzmann constant, R: gas constant, �0: friction resistance, 	va:
shear stress, ε̇0: reference strain rate

Molinari and Ravichandran (2005) �f = �̂0

(
ε̇

ε̇0

)1/m

with �̂0 = �̂ (d)

(
ı0

ı

)
(11)

ε̇: strain rate, ε̇0: reference strain rate, �̂0: intrinsic resistance, m: instantaneous material
sensit
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Voce–Kocks (1976) �f =
�s: s

iaxial to pure shear. However, when forming take places at ele-
ated temperatures, the material formability is greatly influenced
ot only by the strain but also by temperature, strain rate, and
icrostructural evolution during deformation (Pellegrini et al.,

009).
Several tests have been developed and applied for this pur-

ose, with the Marciniak and the Nakajima tests being the most
ommonly applied ones. In both tests, the sheet metal – in the
etastable austenitic phase – undergoes thermo-mechanical treat-
ents, that are carried out at different temperatures and follow

ifferent paths of strain and strain rate until the onset of neck-
ng and fracture occurs (Bariani et al., 2008). The main difference

etween these tests is the shape of the punch, which is either hemi-
pherical or flat (Dahan et al., 2007).

Forming limit curves of the material 22MnB5 were measured
n the Nakajima tests at elevated temperatures in different studies.
ere, for the determination of the temperature-dependent form-

Fig. 12. Flow curves of different models
ivity, d: grain size, T: temperature[
(�0 − �S) exp

(
− ε

εr

)]
(12)

tion stress, �0: initial yield stress, εr: relaxation strain

ing limit curves, the traditional test equipment has to be modified.
Therefore, special heating cartridges have to be introduced in the
punch, the die, and the blank holder to control the temperature of
the setup.

Pellegrini et al. (2009) have shown that the thermally induced
improvement of the material and higher values of the slip systems
of austenite in comparison to the initial ferrite-pearlite microstruc-
ture are the cause of the evolution of the mechanical properties
during hot stamping (Fig. 13). The main reasons for the scattering
of the analyzed results are the different procedure and the evalua-
tion tests at elevated temperatures. The heating method by Lechler
(2009) ensures a uniform distribution of the blank temperature

during the heating phase in the furnace, but implies a more dif-
ficult control of the temperature during cooling due to the manual
transfer to the press. The induction heating of Pellegrini et al. (2009)
leads to a less uniform distribution of the temperature but also to
a good cooling control.

for 22MnB5 and the experiments.
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testing machine consists of a furnace and a drawing device with an
Fig. 13. Forming limit curves of 22MnB5.

Similar to cited works of Pellegrini et al. (2009) and Lechler
2009), Chastel et al. (2008) have shown that the higher the initial
lank temperature or the sheet thickness, the higher the critical
train in plane strain.

In the existing works, heating and cooling of the blank are
ccomplished by different methods. On the one hand, in the work by
echler (2009), the heating method ensures a uniform temperature
istribution on the blank during the heating phase in the furnace.
owever, this implies a more difficult control of the temperature
uring cooling due to the manual transfer to the press. On the other
and, the induction heating used in the work by Bariani et al. (2008)

eads to a less uniform distribution of temperature but allows a
ood cooling control, ensuring very high cooling rates. Therefore,
he difficulty in carrying out tests under real isothermal condi-
ions at high enough cooling rates to ensure the avoidance of any
hase transformation is evident. The issue of evaluating sheet metal
ormability at elevated temperatures can be accomplished through
n alternative approach, based on the application of a proper fail-
re criterion that can be developed as a function of strain, strain
ate, temperature, and microstructural evolution (Pellegrini et al.,
009).

.5. Friction coefficient

The friction characteristics of the coated material used in hot

tamping can be evaluated by different test methods (Fig. 14). The
esting methods vary in the contact condition between the sheet
nd the tool, which is important for the determination of the friction
oefficient and must be similar to hot stamping conditions.

Fig. 14. Principle of the test methods for the
ocessing Technology 210 (2010) 2103–2118

An experimental–analytical–numerical evaluation method was
used by Stöhr et al. (2008) to determine the friction coefficient
under process-relevant conditions. Here, the cup deep drawing
test (Fig. 14a), following the time–temperature profile of the hot
stamping process, acted as experimental basis. To reveal differ-
ent thermal conduction rates during the experiments with the
objective to investigate the impact of the temperature on the
tribological conduction rates, the temperature of the tool was
varied. In this work, the friction values determined for Al–Si
coated 22MnB5 specimens were calculated by Siebel’s approach
(Siebel and Beisswänger, 1955). The results (Fig. 15) show a
significant decrease of the friction coefficient with rising tem-
perature, with the values ranging from 0.6 to 0.3 (Stöhr et al.,
2008).

The pin-on-disc test (Fig. 14b) was performed by Ghiotti et al.
(2009a,b) and by Hardell and Prakash (2008) to investigate the
influence of the process parameters (i.e. temperature, pressure,
sliding velocity and roughness) on the friction at the interface
between the sheet metal blank and the dies. The analysis has
shown that the interaction between the temperature and the
pressure is the most relevant one for the friction coefficient in
hot stamping. Both studies have shown that the friction value
of the interface decreases with increasing temperature and nor-
mal pressure. This fact may be explained by the formation of the
intermetallic Fe–Al, which is responsible for the friction reduc-
tion when increasing normal pressure is applied (Ghiotti et al.,
2009a,b). The contact condition between the blank and the tool
in the pin-on-disc method is different from the contact condition
in sheet metal forming. Therefore, the determined values of up to
0.8 (Fig. 15) using this method are not suitable for the application
in sheet metal forming under the corresponding surface contact
condition.

Another method for the determination of the friction is the
drawing test (Fig. 14c), which was carried out by Dessain et al.
(2008). The heated sheet is drawn through the convex contact
area of the tool with a simultaneous measurement of the forces in
different directions. The friction coefficient is calculated from the
measured forces according to Pawelski (1964). A comparison of the
results for the friction coefficient at a constant pressure of 10 MPa
and a constant austenitization time in the furnace of 390 s reveals
that different temperature values have only a small influence on the
frictional behavior of the tribological system (Fig. 15). The same is
true for a higher surface pressure value of 25 MPa (Dessain et al.,
2008).

The last method used to evaluate the friction coefficient is strip
drawing (Fig. 14d), applied by Yanagida and Azushima (2009). The
integrated blank holder. The friction coefficient is calculated from
the blank holder force and the tension force. In contrast to other
cited investigations, the calculated friction coefficient of 0.5 up to
0.6 increases with increasing temperature at a constant pressure of

evaluation of friction characteristics.
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suitable for the direct process. One of the goals is to combine the
Fig. 15. Friction coefficient against temperature.

0 MPa (Fig. 15). The variation of the contact pressure between 7
nd 14 MPa has shown that the friction coefficient is independent
f the contact pressure within this range (Yanagida and Azushima,
009).

The results of the different investigations on the friction coef-
cient of Al–Si coated 22MnB5 (Fig. 15) show that the contact
ondition during the test has a great influence on the calculated
alues. In comparison to the real hot stamping process, the contact
onditions are similar to those in deep drawing (Fig. 14a) and strip
rawing under bending (Fig. 14e). The strip drawing under bending
as not been used for the determination of the friction coefficient.

. Final properties

The martensite evolution during quenching causes an increased
ensile strength of up to 1500 MPa, which is verified in dif-
erent works using tensile tests (Naderi, 2007) and hardness

easurements (Åkerström, 2006). The subsequent microstructure
nvestigations have shown that the full martensite transformation
s the precondition for the increased mechanical strength of the

aterial. Due to the effect of the cooling rate and the phase trans-
ormation, the final mechanical properties are dependent on the
rocess control.

In a continuous cooling process, cooling rate and hardness are
he relevant parameters. In a practical approach, Erhardt and Böke
2008) used the cooling gradients, calculated in the hot forming
imulation, to determine a value of hardness and other mechanical
haracteristics of the part. The mechanical properties depend on
he thermal and forming history of the part.

The flow curves of 22MnB5 at different temperatures and strain

ates show the strong influence of these process parameters on the
ow behavior of the material. Although temperature and strain rate
re varied along the part surface and process in the course of the
ime, the studies of Yanagimoto and Oyamada (2007) and Kusumi

Fig. 16. B-pillar with tailored proper
ocessing Technology 210 (2010) 2103–2118 2113

et al. (2009) have shown the high shape accuracy of the hot stamped
parts with minimal springback.

For the description of the thermo-mechanical phenomena dur-
ing hot stamping and their background, the analysis of residual
stress is required. In further investigations, the analysis of the
stress fractions due to thermo mechanical and microstructural
procedures can be the dominant process parameters with regard
to the part properties. This knowledge is also essential for the
distortion-free manufacturing of hot stamped parts with tailored
properties.

7.1. Corrosion

The same cathodic protection of cold formed parts is desirable
for hot stamped parts. The surface of the Fe–Al alloy phase of hot-
dip aluminized sheets after the heat treatment is rough, and thanks
to an anchoring effect of the surface, its paintability is good without
chemical treatment. The Fe–Al alloy phase exhibits a better corro-
sion resistance than a steel sheet without surface treatment and
an almost equivalent corrosion resistance to that of a galvannealed
steel sheet (Suehiro et al., 2003). It must be pointed out that the
Al–Si coating does not provide cathodic protection like zinc but a
high barrier protection.

For the corrosion tests with x-tec coated blanks, it has been clar-
ified that the corrosion does not come from the steel basic material
and is not produced by iron diffused into the coating during the
annealing process (Goedicke et al., 2008). To ensure weldability
and paint adherence, the x-tec® coating has to be removed after
press hardening by shot blasing (Paar et al., 2008).

The measured protection against perforation corrosion of a
phs-ultraform® (Zn–Fe coated) blank shows that the Zn–Fe coat-
ing performs significantly better than conventional zinc coatings.
This is due to a slightly higher electrochemical potential in this
coating and more stable corrosion products (Faderl et al., 2008).
Also in terms of paint delamination, the discussed Zn–Fe coat-
ing is superior to conventional galvanized coatings as long as
the surface is properly conditioned. Red-colored corrosion prod-
ucts (yellow rust) may occur as a result of the iron content in
the protective coating, analogously to galvannealed coatings. The
cross-section of the corroded sample clearly demonstrates that the
base steel has not been attacked for a very long time (Faderl et al.,
2009).

The subject of the current investigations is the continuous
improvement of established coatings and the development of new
or modified metallic coatings with an active corrosion protection
high thermal stability of Al–Si coatings with the cathodic protec-
tion of Zn coatings for the direct and indirect process. Another goal
is to avoid intercrystalline cracks during hot stamping by using
prealloyed zinc coatings (Paar et al., 2008).

ties (Erhardt and Böke, 2008).
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et al., 2008).
The most cost-effective cutting method is pre-developed blank-

ing. This method requires a certain blank design to achieve the
desired part outline after forming (Kolleck et al., 2009a,b). The tol-
Fig. 17. Different methods for hot sta

. Subsequent processing

Because of the special mechanical properties, the subsequent
rocessing of the hot stamped parts requires a process analysis and
n adapted process window in regard to the relevant parameters.
n the following, cutting and joining as the most important subse-
uent processing of hot stamped parts will be described and their
pplicability in series production will be evaluated.

.1. Cutting

Similar to conventional sheet metal forming, cutting or piercing
re the next stage in the hot stamping process chain after form-
ng and, if necessary, shot blasting. The different methods used for
utting hot stamped parts are reviewed.

.1.1. Laser cutting
Because of the high strength of the material after hot stamping,

aser cutting is the most commonly used method for cutting hot
tamped parts. Due to the contactless trimming laser, cutting does
ot cause any tool wear or any failure on the cutting edge in contrast
o other cutting methods. Another advantage of using laser cutting
s the fact that there are nearly no limits with regard to the shape of
he parts to be trimmed. The achievable tolerances are influenced
y the stiffness of the laser machine and the holding fixture of the
art. The laser cutting time depends on the part geometry and the
ovement of the laser machine (Kolleck et al., 2009a,b).

.1.2. Hard cutting
The achieved high strength of press-hardened parts causes

evere blanking tool wear and sometimes early tool failure with
onventional mechanical blanking methods. So et al. (2009) have
hown that in the blanking process, the quality of the sheared
urface and the dimension precision are influenced by certain pro-
ess parameters, such as punch speeds, blanking angles, punch-die
learances, tool cutting edge geometries, and the mechanical prop-
rties of the material. In this study, no influence of the punch speed
n the sheared geometries and the blanking forces are observed. For
ll tested blanking angles, the rollover increases with increasing
unch-die clearance. Furthermore, a noticeable result is found in

he fact that the ratio of the burnish depth increases as the clearance
ncreases until the burr forms, but decreases again with increasing
learance after burr formation (So et al., 2009).

Another investigation on hard cutting by Picas et al. (2008)
hows that the high hardness of the punch induces low wear
of the parts with tailored properties.

of the cutting edge, but it becomes strongly sensitive to high
loads during its application since considerable microfractures
occur along the cutting edge. In the high-toughness punch, a
slight reduction of wear resistance is produced in the cutting
edge, but this is compensated by a high toughness and fatigue
resistance. Therefore, an optimal toughness-hardness compro-
mise must be found to improve the mechanical behavior of
tools, especially in cutting of press-hardened parts (Picas et
al., 2008).

8.1.3. Warm cutting
Another alternative for cutting hot stamped parts is cutting of

parts during quenching at elevated temperatures. The advantages
of warm cutting are a reduced cutting force and an optimized cut-
ting edge through a short process chain.

The latest innovative procedure is the selective heat treatment
of the parts during quenching. In order to avoid martensite trans-
formation, the cooling rate in the cutting areas must be reduced.
Locally differentiated heat treatments in the hot stamped compo-
nents can be performed by means of differentiated heat transfer
rates designed for improvement of posterior cutting, and one of
the preferred ways to achieve this is trough the employment of tool
materials with different thermal conductivities (Maikranz-Valentin
Fig. 18. Cooling curves for different tool temperatures (Ghiotti et al., 2009a,b).
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Fig. 19. Mechanical properties at different

rances that can be achieved are smaller than with cutting after hot
orming.

.2. Joining

Because of the low formability, the joining by forming meth-
ds cannot be applied for joining hot stamped parts. Therefore,
eldability of the hot stamped parts is the precondition for the

pplication of the parts in practice. The coating layer and its chem-
cal composition can cause failures during welding. In the following,
he investigations on resistance spot welding, laser and gas metal
rc welding of the material 22MnB5 with different coatings are
eviewed.

The aluminum plating layer of the product is transformed during
eating before being press-formed into a Fe–Al alloy phase having
high melting point, and, thanks to this, the spot-weldability of the
roduct is not affected by the presence of coating layers (Suehiro
t al., 2003).

The first generation scale protection, e.g. x-tec®, is not spot-
eldable and must therefore be removed by sandblasting from the
ress-hardened parts before further processing. The reason for this
ehavior is that the electric resistance of the anti-scaling coating

fter the hot stamping process is too high to permit a sufficient flow
f welding current. The test of second and third generation x-tec®

nti scaling coatings by the integration of magnesium particles has
hown the suitability of the coatings for resistance spot welding
Goedicke et al., 2008). Resistance spot welding (RSW) of x-tec®

Fig. 20. Hot stamped parts in autom
itization temperatures (Stöhr et al., 2009).

coated blanks has shown that the applied atmosphere inside the
furnace while heating the blanks has a great influence on the spot-
weldability. The O2 content was found to be the main driver here.
Heating in air causes the formation of oxide layers so that spot
welding cannot be applied. Applying a nitrogen atmosphere leads
to very low oxide percentages inside the coated layer after heating
and forming, and thus supports spot welding (Braun and Fritzsche,
2009).

For Zn–Fe coatings, the best resistance spot welding results are
produced with the double-pulse technology in combination with
a DC source (Faderl et al., 2009). The other methods of joining are
also possible, such as SG welding, SG brazing, laser and stud welding
(Faderl et al., 2009).

For laser and gas metal arc welding, the cross-sections of the
joints of the tested combinations show that the x-tec® coating had
no influence on the welding behavior. No pores or other defects
were detected inside the joints with and without overlap. This coat-
ing will flexibly work also with different substrates, e.g. H430LA for
manufacturing tailor welded blanks (Braun and Fritzsche, 2009). In
order to avoid the diffusion of Al and Si into the weld seam, when
the hot-dip aluminized sheets are used, the coated layer must be
removed about 2 mm along the weld seam.
9. Hot stamped parts with tailored properties

The fully martensitic transformation during hot stamping of the
parts leads to a tensile strength of up to 1500 MPa and a low elon-

otive industry (N. N., 2008).
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ation of about 5%. But an improved crash performance of a vehicle
tructural component (such as a B-pillar) can be achieved by intro-
ucing regions which have an increased elongation for improved
nergy absorption. The B-pillars shown in Fig. 16 have an excellent
ntrusion control in the upper section and a high energy absorption
n the lower section.

The manufacturing of a single part with tailored properties can
e carried out using different process control strategies or using
ailor welded blanks (Fig. 17).

Alternatively, the thermal process can be influenced by reducing
he cooling rate below the specific 27 K/s to avoid a fully marten-
itic microstructure in defined areas of the component during the
orming process, or by reducing the annealing temperature below
he material-specific Ac3 temperature, which leads to an incom-
lete austenitization. Both methods implicate a lower strength and
herefore a higher ductility. The other areas of the component
re quenched, following the commonly known press hardening
ime–temperature profile (Stöhr et al., 2009).

.1. Tool tempering

The reduction of the quench rate can be achieved by increasing
he temperature of the die, which will reduce the heat transfer by
onduction between the blank and the die surface. It is possible to
eat and cool different regions of a die, which will generate local-

zed regions of high strength (fully martensitic) and other regions
f higher ductility (mixture of daughter phases). Experimental and
umerical studies by Lenze et al. (2008a,b) indicate that it is pos-
ible to create a part with areas of very high strength for intrusion
rotection, and others regions with increased ductility and energy
bsorption. The selected tool tempering influences the cooling rate
uring quenching and the final phases of the material. Therefore,
he material properties of the parts can be selectively adjusted by

eans of the different tool temperatures (Fig. 18).

.2. Tool material

The locally differentiated heat treatment within a tool sys-
em can be achieved by the application of tool materials with
ifferent thermal conductivities. A modular tool system consists
f tool sequences made of tool steels developed by Casas et al.
2008) with thermal conductivities from 7 W/mK up to 66 W/mK.
n this way, the heat transfer can be controlled along the part sur-
aces. Because of different thermal boundary conditions within the
ystem, the tool sequences achieve the thermal steady state by dif-
erent strokes. This thermal phenomenon and its effect on the part
roperties must be investigated in further studies.

.3. Tool surface

The heat transfer during quenching is affected by the contact
ondition between the part and the tool. The numerical investiga-
ion by George et al. (2009) on the thermal behavior of tool systems
ith integrated partial contact gaps has shown that in the regions

f the air gaps, the cooling rates of the part can be reduced below
he critical rate of the martensite transformation. A disadvantage
f this method is the free forming of the part in the contact gap
rea, which can decrease the shape accuracy of the part. Another

ethod for the local reduction of heat transfer can be surface struc-

uring. The structured surface reduces the effective contact area.
he investigation of the effect of structured surfaces on the heat
ransfer coefficient can be the focus of an innovative manufacturing
f hot stamped parts with tailored properties.
ocessing Technology 210 (2010) 2103–2118

9.4. Blank tempering

Heating above Ac3 can be done locally in the zones of the blank
where a martensitic structure is to be achieved. In this way, the
complete thermal cycle above austenitization would be applied
only in these zones, whereas all the others zones would retain the
original ferritic-pearlitic structure. Ghiotti et al. (2009a,b) indicate
that the use of a furnace with areas kept at different temperatures
and the employment of resistance heating are two approaches that
appear to be the most suitable ones for this application. However,
it has to be taken into account that the different material behav-
iors in the two areas influence the forming process accordingly. The
formability may be reduced in the section with a lower temperature
and, additionally, springback may occur (Erhardt and Böke, 2008).
The investigation on the thermo-mechanical properties at differ-
ent annealing temperatures by Stöhr et al. (2009) has shown that
for the applicability of lower annealing temperatures to achieve a
lower ductility profile for components with tailored properties, a
temperature lower than 825 ◦C has to be chosen to assure a sig-
nificantly lower strength and hardness than that of commonly hot
stamped sheet metal (Fig. 19).

9.5. Tailor welded blanks

Forming of tailor welded blanks or profiles at room temperature
is already the state of the art in various applications in the auto-
motive industry. Similar to this, the application of tailor welded
blanks in hot stamping allows the manufacturing of parts with
tailored properties. Here, the blanks made of heat-treatable and
non-heat-treatable steel grades will be hot stamped. Because of
the martensite evolution in the heat-treatable steel, the final part
strength increases contrary to that of the non-heat-treatable steel.
The blanks are laser welded. Before this, the coating of the weld
zone must be removed. The position of the weld seam and its lim-
ited formability during hot stamping are further important aspects
to be considered in the process design of tailor welded blanks.

10. Applications

The combination of forming and hardening makes 22MnB5 steel
an ideal solution for the construction of structural elements and
safety-relevant components in the automotive industry, in partic-
ular in view of the implementation of penetration protection in the
areas of the passenger cabin or motor (N. N., 2008). Some automo-
tive applications of hot stamping are A-pillars, B-pillars, side impact
protections, sills, frame components, bumpers, bumper mounts,
door pillar reinforcements, roof frames, tunnels, rear and front end
cross members (Fig. 20). The sheet thickness in these parts varies
between 1.0 and 2.5 mm.

11. Conclusion

In this review, the recent investigations on hot stamping of
high strength steels are summarized with the objective to evalu-
ate the different research results. This general survey has revealed
the existing gaps in the knowledge by describing specific phenom-
ena of hot stamping. Furthermore, some innovative procedures for
further developments in the field of hot stamping are identified.

The application and subsequent processing of the hot stamped
part depend on an efficient cutting system as well as the part

weldability and surface texture. In order to avoid the oxide scale
formation during austenitization, most sheet metals used for hot
stamping are pre-coated. The objective of current developments is
to obtain a universal coating material for the direct and indirect hot
stamping process with additional cathodic protection.
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The cycle time for press-hardened parts is mainly dependent
n the die closing time and the furnace residence time required
o austenitize the material and, as to the coating, to achieve the
equired through-alloying. With regard to die closing time, opti-
izing the cooling of the die or the tool steels used could provide
reduction in cycle time. A reduction in furnace residence time

an only be achieved by faster heating concepts, like conductive
r inductive heating. Therefore, the alternative heating systems
conduction and induction heating) exhibit a great potential for the
uture.

Hot stamping is a thermo-mechanical forming process with
ntended phase transformation. Consequently, a realistic FE model
or the process simulation must consider the interaction between
he mechanical, thermal, and microstructural fields. This can only
e achieved by means of process characteristics, like e.g. the heat
ransfer coefficient, the material flow behavior and phase transfor-

ation under process-relevant conditions.
The comparison of the material models with the experimen-

al data has shown that a realistic modeling of the flow behavior
f 22MnB5 in the austenitic condition is possible. The continuous
odel of the flow behavior must consider the thermo-mechanical
aterial properties on the basis of the actual phase structure

onsidering latent heat, volume change and transformation plas-
icity up to the end of the martensite evolution. Furthermore, the
heet metal formability at elevated temperatures can be evaluated
hrough the application of an appropriate failure criterion, that can
e developed as a function of strain, strain rate, temperature, and
icrostructural evolution.
The flow curves of 22MnB5 at different temperatures and strain

ates show the strong influence of these process parameters on
he flow behavior of the material. Several studies have shown the
igh shape accuracy of the hot stamped parts with minimal spring-
ack within an optimized process window of conventional hot
tamping. However, for the distortion-free manufacturing of hot
tamped parts with tailored properties it is also essential to inves-
igate the influence of different phase transformation procedures
ithin the tailored parts on the geometrical and mechanical part
roperties.

This thorough survey of the existing works on novel process con-
gurations has shown the great potential for the application of high
trength steels using hot stamping. Furthermore, basic knowledge
f the physical phenomena during hot stamping is the precondition
or an optimal process design.
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