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Abstract The main goal of this study is to present an analysis
of different heating methods frequently used in laboratory
scale and in the industrial practice to heat blanks at warm
temperatures. In this context, the blank can be heated inside
the forming tools (internal method) or using a heating system
(external method). In order to perform this analysis, a finite
element model is firstly validated with the simulation of the
direct resistance system used in a Gleeble testing machine.
The predicted temperature was compared with the tempera-
ture distribution recorded experimentally and a good agree-
ment was found. Afterwards, a finite element model is used to
predict the temperature distribution in the blank during the
heating process, when using different heating methods. The
analysis also includes the evaluation of a cooling phase asso-
ciated to the transport phase for the external heating methods.
The results of this analysis show that neglecting the heating
phase and a transport phase could lead to inaccuracies in the
simulation of the forming phase.

Keywords Heatingmethods . Light-weight alloys .Warm
forming conditions . Finite element method

1 Introduction

The automotive industry has made significant efforts in recent
years to reduce the fuel consumption in passenger cars and
consequently reduce the carbon dioxide (CO2) emissions rates
to fulfill the new environmental demands [1]. The adoption of
light-weight materials, such as aluminium [2] and magnesium
alloys [3], allows the weight reduction in body-in-white.
Therefore, the actual trend in this industry consists in replac-
ing traditional mild steels by light-weight materials. Although
these alloys present high-strength-to-weight ratio and excel-
lent corrosion resistance, the formability of these alloys at
room temperature is considerably low when compared with
low carbon steels, which limits its widespread application [4].
However, the formability can be significantly improved by
warm forming, since the increase of temperature leads to a
decrease in the material flow stress and improves the ductility
[5].

Typically, the warm sheet metal forming process of light-
weight alloys is performed in the temperature range of 200 to
350 °C, below the recrystallization temperature to avoid mi-
crostructural changes. The behaviour of two Al–Mg–Si alloys
during drawing was investigated by Ghosh et al. [6] at room
and warm temperatures, concluding that the force–displace-
ment evolution is strongly influenced by the blank tempera-
ture. Moreover, the formability (limiting drawing ratio) and
ductility of these alloys is enhanced by the warm tempera-
tures, as illustrated byAbedrabbo et al. [7]. Another advantage
of warm forming processes is the decrease of the springback
effects, resulting from the change of the stress state in the
formed sheet [8]. The experimental and numerical study
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performed byGrèze et al. [9] shows that the stress gradient in a
cylindrical cup wall decreases with the temperature, reducing
the springback observed in the split-ring test. They conclude
that the distribution of the hoop stress in the cup wall is the
main factor influencing the springback mechanism in warm
forming condition. In addition to the above-mentioned bene-
fits, the stretcher lines arising in the AA5xxx series (Al–Mg
alloys) due to the Portevin–Le Chatelier (PLC) effect vanish at
warm temperatures, as highlighted in the experimental study
performed by Coër et al. [10].

In comparison with the conventional sheet metal forming
processes, the warm forming requires an additional stage to
increase the temperature of the blank before the forming op-
eration. Two distinct strategies can be adopted for the heating
process: (1) generate a uniform (warm) temperature in the
whole blank or (2) apply a gradient of temperatures in the
blank, i.e., increase the temperature in some regions and
cooling others [11]. An example of the former strategy has
been recently proposed by Hung and Merklein [12] using a
laser system for local heat treatment of the blank in order to
enhance its formability. However, since this heating procedure
requires a deep knowledge of the interaction between mechan-
ical and thermal effects on formability, the concept commonly
used in industry is still the uniform heating of the blank [13].
Concerning this simple strategy, the heating of the blank can
be carried out using two different heating methods: (1) exter-
nal heating in furnaces, induction systems or direct resistance
systems and (2) internal heating by conduction through heated
tools on the press. The systems used in the external heating
can be classified by direct and indirect according to the heat
transfer mechanism [14]. The conventional furnaces are the
heating systems commonly employed by the industry due to
its high production flexibility and availability. On the other
hand, on a laboratory or R&D scale the temperature of the
blank is usually raised by internal heating by means of con-
duction with heated tools [15]. Nevertheless, this last proce-
dure involves complex tool systems with high costs (electrical
resistance heaters inserted at different locations in the tool),
and can increase substantially the process lead time, eliminat-
ing the high productivity rates characteristic of the metal
forming processes.

The temperature distribution in the blank immediately be-
fore the forming operation is a key point for the success of the
warm sheet metal forming processes [6]. However, this
heating stage is typically overlooked in the numerical model-
ling of the process, as well as the cooling of the blank that
occurs during its transport to the press, in case of external
heating [16]. In fact, the temperature of the blank is commonly
assumed uniform at the beginning of the forming stage in the
finite element analysis. Therefore, this study intends to im-
prove the finite element modelling of the warm sheet metal
forming processes by taking into account both the initial
heating stage and the subsequent transfer period (air cooling),

when considering external heating systems. In this context,
the algorithm for the thermal analysis was implemented in
the finite element code DD3IMP [17], which has been specif-
ically developed to simulate sheet metal forming processes. Its
key feature is the use of a fully implicit algorithm of Newton–
Raphson type to solve, within a single iterative loop, the non-
linearities related with both the mechanical behaviour and the
frictional contact [18].

The comparison between the different heating methods fre-
quently used in warm forming processes is presented in this
work. The transient thermal problem (blank heating) is
analysed with the finite element method considering both con-
duction and convection mechanisms. The developed finite
element code and the numerical model are validated with ex-
perimental results from a tensile specimen heated by Joule’s
effect (Gleeble system). Moreover, the heating stage for the
warm sheet metal forming of an automotive B-pillar is pre-
sented in detail, comparing different heating methods through
finite element simulation.

2 Heating methods

This section presents a review of different heating methods
typically adopted in warm sheet metal-forming processes,
both in laboratory scale as well as in industrial practice.

2.1 Furnaces

The heating process through furnace is the conventional meth-
od used in industry, where the heat can be generated either by
fossil fuels or electricity [19]. The procedure consists in load-
ing the blank into the furnace in order to raise its temperature
up to the warm forming temperature. Since the blank is heated
mainly by convective flow from the heat source, the furnaces
are slow heating systems. Indeed, the final temperature of the
blank is dictated by the exposure time and the temperature of
the furnace. Since the ratio between exposed surface and vol-
ume is very high in metallic sheets, the temperature gradients
between the core and the sheet surface are negligible.

The heating system adopted by Takuda et al. [20] in the
warm deep drawing of an aluminium alloy 5182-O is the
furnace. The forming tools (die and blank-holder) are heated
together with the blank sheet until 250 °C and then assembled
into the press. This experimental procedure allows to avoid
heat losses to the tools during the forming stage. The metal-
lography of the austenitic stainless steel 304 after warm deep
drawing was studied by Lade et al. [21]. They also heated the
blank and the die using a furnace to carry out warm forming
tests at temperatures on the range between 150 and 300 °C.
The mechanical characterisation for warm forming tempera-
ture of the magnesiumAZ31 alloy sheet for was performed by
Koh et al. [22] using a numerical inverse approach. The deep
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drawing of a cylindrical cup was the example selected, where
both the blank and the forming tools, except the punch, were
heated in an external furnace until reaching 280 °C. Due to the
heat loss to the environment during the moving and setting,
the blank temperature decreases about 15 °C in 5 s. The me-
chanical behaviour of three commercial magnesium
sheet alloys was studied by Krajewski [23] at warm tempera-
tures. The blanks were heated in a furnace on the range of
temperatures between 200 and 400 °C. Its temperature was
measured immediately before the forming process and was
about 50 °C cooler than the temperature at the furnace exit,
highlighting the heat losses to the environment during the
movement of the blank to the press. In order to optimize the
warm forming process in terms of production robustness and
costs, Harrison et al. [16] present a non-isothermal method.
Only the blank (5182-O aluminium alloy) was heated inside a
furnace using an exposure time of 180 s to reach the warm
forming temperature. After the heating process, the blank was
moved to the press using a robot, consuming about 15 s in this
operation. The heat losses for the tools were not avoided, in
fact, they were intentional in order to obtain a non-isothermal
condition after the forming stage.

2.2 Induction heating

The application of an alternating current in an induction coil
generates a magnetic field, which induces eddy currents in
electrically conductive objects located in the vicinity of the
coil (Faraday’s law). Consequently, this produces heat as a
result of the Joule’s effect [13]. The frequency and the inten-
sity of the induced current, as well as the material properties
(specific heat, magnetic permeability and electrical resistivity)
define the heating rate of the body. Since the aluminium alloys
present low electrical resistivity when compared with steel
alloys, they require a longer heating stage to attain the same
temperature [24]. Since the current density decreases expo-
nentially towards the body centre, leading to a non-uniform
current distribution within the body, the so called skin-effect is
directly related with this heating system. This effect can be
relieved by decreasing the current frequency. The thermo-
mechanical properties of the aluminium alloy 7000-T4 were
evaluated by Codrington et al. [25] at 260 and 480 °C using a
new induction heating apparatus developed by the authors.
Takuda et al. [26] studied the flow stress evolution of a com-
mercial magnesium alloy AZ31 at warm temperatures
adopting an induction system to achieve the required temper-
atures. The mechanical properties of the magnesium alloy
AZ31B at different temperatures and strain rates were inves-
tigated by Pellegrini et al. [27] using an induction heating
system. The temperature range between 200 and 300 °C was
selected and a constant heating rate of 3 °C/s was applied. In
order to assure a uniform temperature field, the specimen was
maintained at this temperature during 120 s.

2.3 Direct resistance heating

In case of the direct resistance heating, the blank is connected in
series with a power source. The material resistance to the pas-
sage of current produces heat by Joule’s effect. The heating
rates are directly related with the current intensity and the ma-
terial properties. In fact, materials with higher electric resistivity
present larger resistance to the current flow, leading to a more
efficient heating procedure. The main limitation of this heating
system is related with its range of application, which is restrict-
ed to sheets with constant cross-section. The variation of the
cross-sectional area in the current direction yields a non-
uniform temperature along the blank, i.e., the temperature be-
comes higher for small cross-sectional areas and lower for large
cross-sectional areas, respectively [28]. Mori et al. [29] present-
ed a study concerning warm and hot stamping process using
resistance heating. The experimental work was developed in a
new apparatus which was developed by the authors, consisting
in a press coupled with a direct resistance heating system. They
achieved a temperature of 850 °C in 1.5 s. Furthermore, they
synchronised the press with the heating system to minimizing
the heat loses, allowing to accomplish the forming operation
0.2 s after the end of the heating phase. Since the mechanical
contact between the sheet and the electrode is not perfect and
homogeneous, the generated temperature field is non-uniform
in the contact area. This heating system provides high heating
rates using a simple apparatus, being adequate for characterisa-
tion of materials at elevated temperatures. Das et al. [30] inves-
tigated the mechanical properties of a magnesium alloy
AZ31 at warm temperature, using a Gleeble 3800 thermo-
mechanical simulator. The tensile specimens were heated by
direct resistance to 200 °C and were held at this temperature
during 1 min. The same thermo-mechanical simulator was used
by Coër et al. [31] to study the influence of temperature on the
mechanical behaviour of an aluminium alloy AA5754-O dur-
ing plastic deformation. Ghosh et al. [6] presented a description
of the behaviour of two Al–Mg-Si alloys during drawing and
post drawing. The equipment used to perform the tensile tests
was also a Gleeble testing machine.

2.4 Heating by conduction with heated forming tools

The heating of a blank with pre-heated tools is typically used
in the warm deep drawing at laboratory scale. In this case,
both the die and the blank-holder are pre-heated to the warm
forming temperature [4], while the blank is heated by contact
conduction with the tools when it is clamped between the
blank-holder and die. The tools are commonly heated by elec-
tric heating elements and the location of these elements de-
pends on the set-up used. The main advantage of this process
is to avoid the loss of heat during the transport stage, since the
blank is already in the position to be formed [32]. However, a
large amount of material volume (tools) has to be heated and
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the time required to achieve a uniform temperature of the
blank might be high. This heating method is commonly used
for attaining non-isothermal distributions on the blank [33].
Lee et al. [34] have studied the formability of an AZ31 mag-
nesium sheet by experimental and numerical analysis. The
square cup drawing is performed at various temperatures
using a tooling system heated by cartridge heaters. Laurent
et al. [8] focused on the warm deep drawing of an AA5754-
O aluminium alloy, presenting a new experimental set-up de-
signed to perform cylindrical cup forming tests. In this case,
the blank was heated by thermal contact with the die and the
blank-holder during 500 s to guarantee a uniform temperature
in the blank.

3 Finite element method

3.1 Heat transfer analysis

The differential equation of heat conduction, often called heat
equation, can be derived from the law of conservation of en-
ergy (first law of thermodynamic) applied to a continuous
medium with arbitrary volume (V∈ℝ3) bounded by a closed
surface S. The solution of the heat equation gives the temper-
ature distribution of the arbitrary volume with respect to time
and can be expressed as follows:

ρc
∂T
∂t

þ div qkð Þ ¼q
�
; ð1Þ

where ρ and c represent the specific mass and the specific heat
of the continuous medium, respectively. The vector qk repre-
sents the conduction heat flux and q

�
is the energy rate gener-

ation per unit of volume. The heat conduction flux is defined
by the Fourier law of conduction, as follows:

qk ¼ −kgrad Tð Þ; ð2Þ
where k is the conductivity tensor. Combining Eq. (1) and (2),
the relation governing the heat conduction can be written as:

ρc
∂T
∂t

¼ div kgrad Tð Þ½ �þ q
�
: ð3Þ

The classical boundary heat exchanges conditions com-
prise the heat transfer modes of convection and radiation. To
model the convection boundary condition it is necessary to
know the convection coefficient hc and the exterior tempera-
ture T∞ in order to define the convection heat flux as follows:

qconv ¼ hc T−T∞ð Þ: ð4Þ

The radiation boundary condition term is defined also
based on a heat flux:

qrad ¼ hr T−T surð Þ; ð5Þ

in which the hr is defined by:

hr ¼ εσ T2 þ T2
sur

� �
T þ T surð Þ; ð6Þ

where Tsur is the surrounding temperature, ε is the emissivity
of the surface and σ is the Stefan–Boltzmann constant.

3.2 Numerical implementation

3.2.1 Finite element discretization

Applying the principle of virtual temperatures to the strong
form [35], the general heat equation can be written in the weak
form as follows:

∫V δTρcT˙dV þ ∫VgradðδTÞ ⋅ k⋅grad Tð Þ½ �dV þ ∫SδThconvTdS þ ∫SδThrTdS ¼

∫V δT q
�
dVþ∫SδThconvT∞dS þ ∫SδThrT surdS: ð7Þ

The weak form is obtained by multiplying the governing
Eq. (3) and the convection and radiation boundary conditions
(Eqs. (4) and (5)) by an arbitrary virtual temperature distribu-
tion δT and integrating over the domains on which they hold.
According with this principle, T is the solution of the temper-
ature distribution in the body if and only if Eq. (7) holds for
any arbitrary virtual temperature distribution δT that is contin-
uous and satisfies the boundary conditions.

The finite element method involves the division of the vol-
umeVunder consideration into finite elements. The temperature
inside a finite element is interpolated using the shape functions
and the temperatures at nodes, which can be approximated by:

T x; tð Þ¼N xð ÞΤ tð Þ for V ∀t∈�0; t f �;

T x; tð Þ¼Ns xð ÞΤ tð Þ for S ∀t∈� 0; t fð �;

ð8Þ

where tf denotes the final instant of the process. Ν(x) and Νs(x)
are matrices containing the shape functions associated with the
volume and the surface of the body, respectively. Thus, the
discretized finite element equations for heat transfer problems
can be written as follows:

C T
� þ Kcond þKconv=rad

� �
T¼Qþ f ð9Þ

where C is the thermal capacity matrix and Kcond and Kconv/rad

are the conductivity and the convection/radiation stiffness ma-
trices, respectively. Q and f are the vectors of heat generation
and heat fluxes on the surface, respectively. These matrices and
vectors can be expressed as:

C ¼ ∫VNTρcNdV ð10Þ
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Kcond ¼ ∫VMTkMdV ð11Þ

Kconv=rad ¼ ∫SNT
s hconvNsdS þ ∫SNT

s hrNsdS ð12Þ
Q ¼ ∫VNT q

�
dV ð13Þ

f ¼ ∫SNT
s hconvT∞dS þ ∫SNT

s hrTrdS ð14Þ

where Μ=grad(N). The vector of internal heat generation
(Eq. (13)) comprises the heat generated in the volume V by
different sources such as electrical resistance heating or induc-
tion [36].

3.2.2 Time integration method

In transient heat conduction analysis, Eq. (9) must be integrated
over the time. Different time integration methods based on one
or more time steps are available [37]. In this work, the method
adopted is a one-time step method, often named the generalized
trapezoidal method [38]. This time integration method can be
deduced from the Taylor’s expansion series, by neglecting the
second and higher-orders terms and introducing a timeweighting
factor α varying between 0 and 1. Thus, the temperature field at
instant t+Δt is obtained using the following equation:

TtþΔt ¼ Tt þ αT
�

tþΔt þ 1−αð ÞT� t
h i

Δt: ð15Þ

Applying the definition of the trapezoidal method into
Eq. (9), the following expression is obtained:

1

Δt
Cþα Kcond þKconv=rad

� �� �
TtþΔt−

1

Δt
C− 1−αð Þ Kcond þ Kconv=rad

� �� �
Tt¼

1−αð ÞQt þ αQtþΔtþ 1−αð Þf t þ α f tþΔt:

ð16Þ

Depending on the value selected for α, the generalized
trapezoidal method takes the form of well-known time inte-
gration methods such as, Euler forward method (α=0), Crank
Nickolson method α ¼ 1

2

� �
, Galerkin method α ¼ 2

3

� �
and

Euler backward method (α=1) [39].
Only the Euler backward is known to be unconditionally

stable for non-linear thermal problems [40], i.e. starting from a
thermal equilibrium state at time t, it reaches a thermal equi-
librium state at time t+Δt. Therefore, assuming (α=1),
Eq. (16) takes the following form:

1

Δt
Cþ Kcond þKconv=rad

� �� �
TtþΔt−

1

Δt
C

� �
Tt¼QtþΔt þ f tþΔt;

ð17Þ

which is typically solved with the Newton–Raphson iter-
ative method, guaranteeing the equilibrium in all

increments. The non-linear system presented in Eq. (17)
can be rewritten in a simplified way, as follows:

KGTtþΔt−PtþΔt¼RtþΔt; ð18Þ

where KG and Pt+Δt assume the following form:

KG ¼ 1

Δt
Cþ Kcond þKconv=rad

� �
; ð19Þ

PtþΔt ¼ 1

Δt
C

� �
Tt þQtþΔt þ f tþΔt; ð20Þ

and Rt+Δt is the residue originated by the updating ofKG and
Pt+Δt with the temperature distribution for the instant t+Δt.

The application of the Newton–Raphson iterative scheme
involves the evaluation of the linearized system of Eq. (18),
which is expressed by:

1

Δt
Ci

tþΔtþKi
tþΔt

� �
ΔTiþ1

tþΔt

¼ 1

Δt
Ci

tþΔt

� �
Tt þQi

tþΔt

þ f itþΔt−
1

Δt
Ci

tþΔtþKi
tþΔt

� �
Ti
tþΔt; ð21Þ

where the superscript i and the subscript t, which follow the
vectors and matrices, represent the iteration number and the
configuration where the vectors and matrices are calculated,
respectively. The matrix K is given by:

K ¼ Kcond þKconv=rad: ð22Þ

The adoption of a fully implicit method (Newton–
Raphson) presents the drawback of excessive computa-
tional cost, contrasting with explicit and semi-implicit
methods such as Euler’s method, Crank Nickolson’s
method and Galerkin’s method. However, implicit algo-
rithms guarantee the equilibrium in all increments, lead-
ing to stable results. It is recognized that most of the
time spent by fully implicit methods is related with the
iterative cycle [41]. Nevertheless, the computation time
of the implicit method can be reduced using an initial
guess close to the solution. Therefore a prediction/
correction algorithm type is proposed in this work to
solve the non-linear heat problem. In the prediction
phase, an explicit/semi-implicit algorithm (α<1) is used
to solve the thermal problem combined with an rmin-
strategy to control the size of the time increment [42,
43]. The obtained solution is used to define the initial
guess for the correction phase (α=1). The predictor/
corrector algorithm is presented in Table 1.
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3.3 Numerical modelling of the heating systems

The conventional furnaces use a fluid medium (usually air) to
heat the blank. The principal mechanism of heat transfer to the
body in this case is the convection, while the radiation assumes
a negligible role in the process. However, the accurate simula-
tion of this heating process needs to take into account radiation
through a combined radiation-convection heat transfer coeffi-
cient hconv/rad [43]. Therefore, in this study, the combined coef-
ficient is adopted, where the fluxes can be determined using:

qconv=rad ¼ hconv þ hrð Þ T−T∞ð Þ ¼ hconv=rad T−T∞ð Þ: ð23Þ

The heating mechanism in the direct resistance process is
the Joule’s effect. Its numerical modelling is performed using
an internal heat generation per unit volume, which is accom-
plished in the vector of heat sources Q (Eq. (13)). This heat
source can be defined through the Joule’s first Law, given by:

q
� ¼ I2R

V
; ð24Þ

where V is the volume of the body, I is the current intensity and
R is the electric resistance of the body’s material.

The simulation of an induction heating system has to take
into account the inherent shortcoming of non-uniform heating
due to the so-called skin-effect. In this system the current flow
is concentrated in the vicinity of the surface. The thickness of
this region, called skin depth, is dependent of the electric
current frequency and can be calculated from the relation [44]:

δ fð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρr
π f μrμ0

r
ð25Þ

where f is the frequency, ρr is the resistivity of the body’s
material, μr is the magnetic permeability of the material and
μ0=4π×10

−7H/m is the constant called permeability of the
free space. The modelling of this heating system requires the

definition of the skin depth region, in order to introduce the
internal heat generation in that region. The heat generation
rate can be evaluated from Eq. (24) since the heat is generated
by Joule’s effect. Nevertheless, this equation needs to be af-
fected by a factor of 0.87, since it is estimated that only 87 %
of the induced current is located in this region [45].

The heat exchange between the forming tools and the blank
involves complex thermal interactions. Since the contact be-
tween bodies is not perfect, a difficult aspect to model this
process is to define the fraction of the surface effectively in
contact. Typically the heat transfer by contact is modelled
assuming a boundary condition analogous to convection, de-
fining a conductance heat transfer coefficient hcond. Thus the
heat fluxes in the contact area can be determined with the
following equation:

qcond ¼ hcond T−T∞ð Þ; ð26Þ
where T∞ represents the temperature of the tool. The process
of heating by conduction with heated forming tools is
modelled in this study by considering a heat flux between
the heated tools and the blank.

4 Numerical examples

This section presents two examples of metallic sheets heated
by different heating systems. The first example involves the
direct resistance heating of an aluminium alloy sheet, proce-
dure typically used in thermo-mechanical testing systems. The
numerical results obtained with the developed finite element
code are compared with available experimental data. The sec-
ond example comprises the numerical simulation of the
heating phase required for the warm sheet metal forming pro-
cesses. The different heating methods presented in Section 2
are numerically compared considering an automotive B-pillar
as example.

4.1 Direct resistance heating using a Gleeble system

The Gleeble heating system was selected for the first example
due to its simplicity and widespread application in studies
devoted to warm forming. The numerical simulation of the
temperature evolution and distribution on the specimen heated
with a Gleeble 3500 system is presented. The obtained numer-
ical results are compared with the experimental ones presented
by Coër et al. [31]. They have used this heating system to
perform tensile tests of an aluminium alloy 5754-O sheet at
warm temperatures (see Fig. 1a). The geometry of the speci-
men (1 mm of thickness) used in the experimental set-up is
presented in Fig. 1b. The specimen was heated in the experi-
mental procedure until attaining 200 °C (central point—TC1),
which corresponded to a heating time of about 13.4 s.

Table 1 Predictor/corrector algorithm

1. Initialize variables

2. Prediction phase (α<1)

2.1. Calculate C, Kcond, Kconv/rad, Q and f for Tt.

2.2. Solve Eq. (16) for Tt+Δt.

2.3. Correct the increment size Δt with rmin-strategy

3. Correction phase (α=1)

3.1. Initialize the iterative cycle i=i+1.

3.2. Calculate C, Kcond, Kconv/rad, Q and f for Tt+Δt
i .

3.3. Solve Eq. (21) for ΔTt+Δt
i+1 .

3.4. If the equilibrium condition is not satisfied go to 3.2. for next
iteration, otherwise proceed

3.5. Next increment t=t+Δt, go to 2.
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Due to geometric and material symmetry conditions
(Fig. 1), only one eighth of the model was simulated. The
tensile specimen and the copper grips were discretized as a
single body using isoparametric eight-node linear hexahedral
finite elements, as shown in Fig. 2. The distinction between
the specimen and the grips was performed in the numerical
model assigning different thermal properties to each region.
The temperature of the specimen was recorded in the experi-
mental set-up using four thermocouples equally spaced
(6 mm) along the specimen axis, as illustrated in Fig. 1b.
The finite element mesh was generated in order to create
nodes in the same positions (see Fig. 2). The Gleeble testing
system heats the sheet by direct resistance using an electrical
control scheme, which changes the applied current intensity to
achieve a target temperature in the centre of the specimen,
measured with a thermocouple (TC1 in Fig. 1b), for the time
designated by the user [46]. The numerical modelling of the
heat generated by electrical current was carried out in this
study through an energy rate generation in the volume of the
specimen (Eq. (13)), which was evaluated in each increment

to try to guarantee a constant heating rate. The numerical
temperature Tc, evaluated in the position of the thermocouple
TC1, was compared with a pre-defined temperature Tp, in
order to define the vector of heat generation using the
predictor/corrector algorithm (Table 2). This pre-defined tem-
perature Tp was calculated in each time instant, based on the
prescribed heating rate.

The grips of the Gleeble system were water-cooled dur-
ing the heating process. In the present study, the heat loss to
the grips was modelled applying a high convection coeffi-
cient in the top surface of the grip, which was a procedure
also adopted by Kardoulaki et al. [46]. The value of the
convection coefficient used was 1,000 W/m2/°C, with a
temperature of 22 °C for the T∞ in Eq. (4). Additionally,
the heat loss by convection to the environment was taken
into account using a convection coefficient of 40 W/m2/°C
and air temperature of 22 °C, as suggested in [26]. The
thermal properties of the aluminium alloy 5754-O and the
copper grips were assumed as temperature-independent and
isotropic and are given in Table 3.

(a) (b)

TC4
TC3
TC2
TC1

b
Lc

L0

Fig. 1 Direct resistance heating
using a Gleeble system: (a)
experimental set-up; (b) geometry
of the specimen (L0=40mm, b=
10mm and Lc=80mm)

TC4

Water cooling
h=1000 W/m2/°C
T=22°C

Symmetry plan
x=0

Symmetry plan
z=0

Specimen
AA5754-O

Grip
Copper

Heat losses to the environment
h=40 W/m2/°C
T=22°C

Symmetry plan
y=0

TC3

TC2

TC1

x

y z

Fig. 2 Finite element model of
the tensile specimen and the grip
used in the Gleeble system (one
eighth)
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The temperature distribution on the specimen, as well as on
the grips, is presented in Fig. 3. The water-cooling of the grips
leads to a thermal gradient in the specimen caused by the heat
removed from the grips. In fact, the temperature of the grips is
approximately uniform (22 °C) during the heating process of
the specimen. The comparison between the experimental tem-
peratures measured with the thermocouples and the numerical
prediction is presented in Fig. 4. The numerical results are in
good agreement with the experimental ones, particularly for
the positions related with the thermocouples TC1 and TC2.
Moreover, the numerical results can be exactly fitted by a
quadratic equation, as shown in Fig. 4, which is not observed
in the experimental data. This difference can results from the
influence of temperature in the material thermal properties,
which was not taken into account in this model.

The transient thermal evolution of the specimen, recorded
using four thermocouples and predicted with the finite ele-
ment model is presented in Fig. 5. The temperature evolution
is approximately linear for all points analysed, i.e., presents a
constant heating rate. Besides, the numerical results are in
good agreement with the experimental ones, in particular for
the thermocouples TC1 and TC4. In order to highlight the

difference between them, a detail view of the global evolution
is also presented in Fig. 5, for the last 3 s. The maximum
difference between them is about 3.5 °C, which occurs in
the thermocouple TC3 for the last instant (increment).

4.2 Heating phase of an automotive B-pillar

The comparison between the four heating methods mentioned
in Section 2 for the warm sheet metal forming was applied to
an automotive B-pillar. This example was proposed by Audi
as benchmark in the conference Numisheet 2008 [47]. The
blank geometry was adapted for the present study to obtain a
constant cross-sectional area, allowing the use of direct resis-
tance heating method. The dimensions of the rectangular
blank are 1,090×400×1.95mm, as shown in Fig. 6. The blank
has been discretized with eight-node hexahedral finite ele-
ments, considering 100 finite elements in the length direction
and 40 elements in the width direction. Concerning the num-
ber of layers of finite elements through the thickness, it was
dictated by the induction heating system, which requires the
definition of the skin depth for the sheet. Thus, the blank
thickness was divided in 6 finite elements, leading to a struc-
tured mesh with 24,000 finite elements, where the element
size was adjusted according to the thickness of the skin depth
region. The aluminium alloy 5754-Owas the material adopted
in this study, with the thermal properties presented in Table 3.

The same potency of 32 kW was used for all heating sys-
tems. Accordingly, the convection heat transfer coefficient
was calculated for the furnace, while the internal heat genera-
tion was determined for both the direct resistance and the
induction system. In case of heating the blank with the tools,
a conductance coefficient of 1,400W/m2/°C [20] was adopted
and the tools were considered isothermal during the process.

The induction heating system was considered only in the
vicinity of the blank top surface (face inductor) and was as-
sumed that the surface was uniformly exposed to the current
induced by the coil. Therefore, the skin depth region was
located immediately below the top surface with a constant
thickness. Furthermore, in order to analyse the influence of
the skin-effect, two different frequencies for the power source
were selected, 20 and 10 kHz. These frequencies correspond
to skin depths of 0.82 and 1.16 mm, respectively. The skin-
effect has a pronounced effect for aluminium alloys due their
magnetic properties. In fact, the aluminium and its alloys are
included in the class of paramagnetic material that is known
for a relative magnetic permeability slightly greater than 1
(μr>1) [24]; for this reason, it is interesting to study this effect.

For the direct resistance system the contact between the
electrodes and the blank was assumed perfect, eliminating
any thermal gradient in this area. This assumption does not
interfere with the results due to the high conductivity and the
low heat capacity of the material, which mitigates possible

Table 3 Thermal
properties of the
specimen and grips
materials [8, 50]

Sepcimen material AA5754-O

Density (kg/m3) 2,700

Specific heat (J/kg/°C) 900

Conductivity (W/m/°C) 220

Grips material Copper

Density (kg/m3) 8,800

Specific heat (J/kg/°C) 400

Conductivity (W/m/°C) 300

Table 2 Algorithm for Gleeble heating system simulation

1. Initialize variables Tt=T
initial and t=0s.

2. Prediction phase

2.1. If ‖Tp−Tc‖>0 then

Calculate q
�

tþΔt ¼ ρc Tp−T cð Þ Δt

End if

2.2. Build and solve Eq. (16) for Tt+Δt.

3. Correction phase

3.1. If ‖Tp−Tc‖>tolerance then

CalculateΔq
� iþ1
tþΔt ¼ ρc Tp−T cð Þ Δt

Calculate q
� iþ1
tþΔt ¼ q

� i
tþΔt þΔq

� iþ1
tþΔt

End if

3.2. Build and solve Eq. (21) for ΔTt+Δt
i+1 .

3.3. If the equilibrium condition is not satisfied got to 3.1 for next
iteration, otherwise proceed

3.4. Next increment t=t+Δt, go to 2.
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thermal gradients resulting from the defective contact between
the blank and the electrodes.

Since the induction and direct resistance heating processes
are typically carried out at ambient temperature, the finite
element model considers the heat loss by convection to the
environment. A convection coefficient of 40 W/m2/°C and a
temperature of 22 °C were used. The heating of the blank
inside the forming tools requires a more complex approach
to model the convection phenomenon. Figure 7 presents a
schematically representation of the tools geometry, showing
the region delimited by the tools, which is subject to heat loses
for the environment. Although this interior area is identical for
the top and bottom surface of the blank, the heat loss rates are
different due to the favourable situation of the top surface for
buoyancy force moving the air from the surface. Thus, differ-
ent convection coefficients were determined for the top and
bottom surface of the blank, based on the empirical equations
determined by Lloyd et al. [48]:

htop ¼ 0:15RaL
1
3

	 
 k

L
; ð27Þ

hbott ¼ 0:52RaL
1
5

	 
 k

L
; ð28Þ

where RaL is the Rayleigh number calculated for the proper-
ties of the air evaluated at 22 °C (temperature assumed for the
environment). The convection coefficients determined with
Eqs. (27) and (28) were 9.06 W/m2/°C for the top surface
and 2.31 W/m2/°C for the bottom surface.

4.2.1 Results and discussion

Figure 8 presents the thermal response of the blank for each
heating process (furnace, induction and direct resistance sys-
tems). Since a uniform temperature field was observed along
the process for these three heating systems, the temperature
evolution was collected on the centre of the blank (point B in
Fig. 6). This is a consequence of the high thermal conductivity
and low heat capacity of the aluminium blank. The results
confirm that the use of a furnace in these conditions is the
most time consuming option, due to the heat transfer mecha-
nism inherent to this heating system. The other two systems
are more efficient, but it has to be highlighted that direct
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resistance presented the highest heating rate. The decline on
efficiency of the induction system was caused by the increase
of frequency. The skin-effect is an important drawback inher-
ent to the system and its control is important to minimize the
loss of efficiency. It has to be mentioned that the heat loss for
the environment in the direct resistance and induction systems
was relative less importance than the heat supplied by the
systems, causing irrelevant losses for the system efficiency.

The distribution of temperature on the blank heated by the
forming tools is presented in Fig. 9 for different time instants.
As expected, the area of the blank in contact with the forming
tools shows the higher temperatures. This is highlighted in
Figs. 10 and 11, which present the temperature distribution
for the nodes located in section AA and section BB (Fig. 6),
respectively. The area which was not in contact with the tools
shows the lowest temperatures, revealing that the heat losses
for the environment are very important for this specific
heating method. The temperature evolution for the points A,
B, C and D (see Fig. 6) is presented in Fig. 12. The tempera-
ture difference between the points C and A, evaluated in the
final instant of the process when the stationary temperature
distribution was achieved, was about 30 °C. Therefore, when

using this heating method it can be important to model the
heating phase, in order to take into account the thermal gradi-
ents observed. However, these thermal gradients can be ex-
perimentally avoided if the process elapses with the entire
blank isolated in a temperature-controlled environment.

Fig. 9 Distribution of the blank temperature predicted by the numerical
model at different instants: a 2 s; b 4 s; c 42 s; d 122 s
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Fig. 7 Scheme of the area of the forming tools (die and blank-holder) in
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4.2.2 Temperature distribution after the transport for external
heating methods

After the heating phase, the external heating methods require a
subsequent transport phase from the heating equipment to the
press. This transport operation is not standardized and has a
duration that depends of the set-up. Hence, it is interesting to
verify the response of the heated blank to boundary conditions
expected for this phase. For numerical simulation of the trans-
port phase it was only considered the heat loss for the envi-
ronment, neglecting any possible losses resulting from the
contact with the carrying tools. Thus, only a convection term
was considered for the boundary conditions. A convection
heat transfer coefficient of 40 W/m2/°C and a temperature of
22 °Cwere assumed in order to simulate the air-cooling effect.

The heating and the transport phase were performed in a
single simulation process. This allowed to consider the tem-
perature field of the heating phase as initial condition for the
transient thermal problem of the transport phase. The temper-
ature gradients within the blank may be neglected, because the
conduction resistance is small compared with the resistance to

heat transfer between the blank and the surrounding air. Based
on that, the temperature on the blank can be determined using
the lumped capacitance method [49], which allows the deter-
mination of the temperature within the blank:

T ¼ T∞ þ T i−T∞ð Þexp −
hconvAs

ρcV
t

� �
; ð29Þ

based on the initial temperature Ti and on the area of the blank
surface exposed to the air As.

The evolution of blank temperature only for the transport
phase is presented in Fig. 13, evaluated by finite element
method (numerical) and by Eq. (29) (analytical). The numer-
ical results are in very good agreement with the analytical
ones, which indicate a reduction of about 13 °C after 7 s of
exposure time to the conditions aforementioned. This reveals
that heat losses during the transport process should be consid-
ered, when a material with temperature-dependent properties
is considered in a forming process simulation. The assumption
of imposed temperature as the exact temperature before the
deformation process can be a source of inaccuracies,
compromising posterior results.
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In the warm forming process set-up, this heat loss could be
compensated with an overheating. However, it has to be men-
tioned that the increase of temperature during the heating
phase can be detrimental for the material. Therefore, it would
be necessary to determine accurately the precise time for the
transport phase, before calculating the overheating needed to
achieve the exact warm forming temperature, for the time
instant before the start of the deformation. In order to balance
the heat loss during the transport phase, the initial temperature
to assure 250 °C after the transport phase can be determined.
This can be done by solving Eq. (29) for the variable Ti. The
initial temperature to assure 250 °C after the transport phase is
also presented in Fig. 13, taking into account the transport
time.

5 Conclusions

This paper presents a summary of a finite element formula-
tion, developed to simulate the heating and transport phases
involved in warm sheet metal forming processes. An analysis
of the state-of-art heating methods was presented, including
temperature distribution and the heating time necessary to
achieve the warm forming temperature. This analysis reveals
abrupt thermal gradients for the blank heating inside the tools
in the end of the process, which are usually ignored in the
forming simulation process. For the external heating methods,
the furnace was the most time-consuming process. However,
if the objective is to achieve a uniform temperature this
heating system as well as the others external systems are the
best options. The transport phase for the external heating
methods was also studied revealing that high heat losses occur
in the initial instants of this phase, which could be balanced
with an overheating. Nevertheless, a preliminary analysis is
necessary to evaluate possible detrimental effects on the ma-
terial, resulting from the overheating.

A novel algorithm for the prediction of thermal fields ob-
served in a specimen tested on Gleeble system was presented.
The results from the finite element model were compared with
experimental results. Despite the several simplifications as-
sumed in the model, the numerical and experimental results
were found to be in agreement.
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