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Thermomechanical analysis of the draw bead test
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ABSTRACT
Advanced high strength steels (AHSS) are currently used in stamp-
ing processes due to their good strength-to-weight ratio. However,
their high strength requires improved knowledge concerning the
heat generated by plastic deformation and contact with friction,
since this can be an important factor for the accurate simulation of
the forming process. The main objective of this study is the thermo-
mechanical simulation of the draw bead test, with particular focus
on the temperature rise. In addition to the heat generated by plastic
deformation and friction, the finite element model takes into
account both the heat losses to the tools and for the environment.
The effects of the main process parameters are analysed, in parti-
cular, the draw bead penetration, side clearance, the pulling speed
of the grip and the coefficient of friction. The results show that the
parameter with the largest influence on the blank temperature is
the pulling speed of the grip, which dictates the process time and
consequently the heat losses by convection and contact. Although
the coefficient of friction presents a strong impact on the contact
forces, its influence on the temperature is negligible.
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1. Introduction

Sheet metal forming processes are widely used in the automotive industry due to the
high production rates, in addition to the high quality of the produced components.
Although the tools manufacturing cost can be very expensive [1], it is distributed over
millions of components, allowing to obtain cheap parts. The contact conditions at the
sheet–tool interface play a critical role in the forming processes. From the mechanical
point of view, the frictional contact between the forming tools and the blank affects
significantly both the formability and the tools wear [2]. In order to reduce the
frictional forces, different lubricants have been studied, including self-lubricant coatings
applied to the tools [3]. Nevertheless, the increased adoption of advanced high strength
steels (AHSS) in the automotive industry leads to new challenges in the sheet metal
forming operations [4]. The temperature rise at the blank and the tool surfaces can be
significant due to the high contact pressures (and consequently the frictional forces)
required to form these materials. In addition, the heat generated by plastic deformation
is substantial due to the high strength of the AHSS materials. In fact, recent studies
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show that temperature rises about 90–120ºC are common in production conditions for
these materials [5]. Therefore, the study of the temperature rise in ‘cold’ forming is
required to improve the forming process conditions.

The draw bead test was designed to determine the friction coefficient between
a metallic sheet and the deep drawing tools [6], allowing the determination of the
ideal lubricant for each forming process [7]. Nevertheless, it can be adopted to analyse
the heat generated by plastic deformation and frictional contact. The main objective of
this study is the thermomechanical analysis of the draw bead test, using finite element
simulation. Different process conditions are assessed, where the bead penetration, the
side clearance, the pulling speed and the friction coefficient are studied by numerical
simulation. The presented model takes into account the heat generated by plastic
deformation and frictional contact, as well as the heat loss by free convection and
through contact conductance. The temperature rise is evaluated for different process
conditions, allowing to identify the more important parameters.

The organization of the paper considers the following sections. The setup of the draw
bead test is described in Section 2, including the dimensions. The proposed finite
element model is presented in Section 3, which considers the thermomechanical
coupling with a staggered algorithm. The heat generated by plastic deformation and
frictional forces is taken into account, as well as the heat loss by free convection and
contact conductance. The comparison of different process conditions is presented in
Section 4, highlighting the influence of each parameter on the temperature rise. The
main conclusions of this study are outlined in Section 5.

2. Draw bead test

The draw bead test was proposed by Nine [6] to evaluate the coefficient of friction between
the sheet and the tools in order to determine the ideal lubricant. This test requires four
cylinders (bead, shoulders and support), which are positioned to induce plastic deforma-
tion on a metallic sheet, as illustrated in Figure 1. In the present study, all the cylinders
present the same dimension (R= 10.5 mm), while the dimensions of the blank sheet are 450
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g g

R

R R
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Figure 1. Scheme of the draw bead test (initial position), including the geometrical dimensions. The
bead penetration is denoted by p while the horizontal grip displacement is denoted by Δx.
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×25 ×0.8 mm, as schematically shown in Figure 1. The test is divided into two stages: (i)
bending of the sheet by the bead and (ii) pulling of the sheet by a grip. The first stage
comprises the vertical movement of the bead in order to create a penetration p over the
shoulders (see Figure 1). After the bead penetration, a grip displacement (Δx) is imposed in
the horizontal direction (150 mm), while the bead position is kept stationary. The pulling
speed is assumed constant during this second stage.

In this study, the position of the bead along the x-direction is assumed fixed
(258.3 mm), while the position of both shoulders (left and right) is adjusted from the
location of the bead, defining the side clearance g. Besides, the horizontal distance
between the support cylinder and the left shoulder is assumed constant (see Figure 1).
Previous studies indicate that this distance is rather irrelevant in the draw bead test. In
order to compare different process conditions for this test, some parameters are
changed in the numerical analysis, such as the bead penetration, the side clearance,
the pulling speed and the lubrication conditions (different coefficients of friction).

3. Finite element model

The numerical simulations were carried out with the in-house static finite element code
DD3IMP [8], which has been continuously developed for sheet metal forming simula-
tion. Since the aim of the study is assessing the temperature rise due to plastic
deformation and frictional contact, the thermomechanical analysis of the process is
mandatory. However, the effect of the temperature on the material mechanical beha-
viour is not taken into account, i.e. the thermomechanical coupling is assumed uni-
directional, which is performed through a staggered algorithm proposed in [9]. The
evolution of the blank deformation is described by an updated Lagrangian scheme. In
order to take into account the heat generated by plastic deformation and friction [10],
as well as the cooling of the blank induced by free convection and contact with the
cylinders, the transient thermal problem is adopted in the draw bead test analysis.

3.1. Heat transfer

The differential equation that defines the thermal conduction within a solid body
derives from the first law of thermodynamics coupled with Fourier’s heat conduction
law, which assumes the following form:

ρc
@T
@t

� k
@2T
@x2

þ @2T
@y2

þ @2T
@z2

� �
� _qp � _Qf ¼ 0; (1)

where ρ is the mass density, c is the specific heat capacity and k is the thermal
conductivity. The thermal properties of the dual phase steel DP780 are presented in
Table 1. The term _qp denotes the thermal power generated by plastic deformation,
which is usually defined as the fraction of plastic power _wp converted into heat:

_qp ¼ β _wp ¼ βðσ : _εpÞ; (2)

where β is called the Taylor–Quinney factor [11], which is generally assumed constant
and close to 0.9, σ is the Cauchy stress tensor and _εp is the plastic strain rate tensor.
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Regarding the thermal power generated by the frictional contact between the blank and
the cylinders, it can be expressed as:

_Qf ¼ ηð� tt � _gtÞ; (3)

where ξ represents the fraction of frictional power converted into heat (100% in the
present study), tt is the frictional force and _gt denotes the relative tangential slip velocity
at the contact interface. The heat generated is partitioned between the two contacting
bodies, where the parameter η defines the amount of heat dissipated to the blank.
Although only the temperature of the blank is affected by frictional heat generation
(isothermal cylinders), in this study η= 0.5.

The transient heat conduction phenomenon is expressed by Eq. (1), which involves
a temperature field dependent on the time. The boundary conditions are defined on the
body surface, which comprises both the free convection and the contact conductance.
These conditions are defined by:

_qconv ¼ hconvðT � T1Þ; (4)

_qc ¼ hcðT � TobsÞ; (5)

where T∞ and Tobs are the environment and isothermal obstacle temperatures. The heat
transfer coefficient in free convection is denoted by hconv, while the interfacial heat
transfer coefficient is hc.

Applying the principle of virtual temperatures to Eq. (1) and performing spatial
discretization of the solid body, the matrix form of the transient heat conduction
problem is given by:

C _Tþ KT ¼ Qþ f; (6)

where C is the capacity matrix and K is the conductivity matrix. Q denotes the vector of
nodal heat flux, while the vector f represents the prescribed heat flows and the boundary
terms resulting from the environment and the contact with the isothermal obstacle. The
integration of Eq. (6) over time is performed by the generalized trapezoidal method,
currently implemented in the DD3IMP finite element code [9].

Considering the experimental set-up of the draw bead test, the heat loss to the
environment occurs by free convection (vertical plate, since the equipment is adapted to
a tensile test machine, i.e. the blank is positioned vertically). Since the pulling speed is
relatively low (maximum of 20 mm/s), laminar flow conditions are assumed, where the
average heat transfer coefficient, which is involved in Eq. (4), is given by [13]:

Table 1. Thermal properties of the dual
phase steel DP780 [12].
Property Value

Mass density, ρ 7858 kg/m3

Specific heat capacity, c 442 J/(kg·K)
Thermal conductivity, k 42.3 W/(m·K)
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�h ¼ NuL � k
L

; (7)

where NuL is the average Nusselt number, k is the thermal conductivity of the fluid (air)
and L represents the average length of heat transfer area, which is assumed 259.5 mm
based on the set-up conditions. For laminar free convection on vertical surfaces, the
Nusselt number is given by:

NuL ¼ 0:68þ 0:670Ra1=4L

ð1þ ð0:492=PrÞ9=16Þ4=9
; (8)

where Pr denotes the Prandtl number and RaL is the Rayleigh number, which for
a laminar flow within a vertical plate is given by:

RaL ¼ gaδðTs � T1ÞL3
αν

; (9)

where ga is the gravitational acceleration, δ is the volumetric thermal expansion
coefficient, Ts is the blank surface temperature, T∞ is the environment temperature, α
is the thermal diffusivity, L is the average length of the heat transfer area and ν is the
kinematic viscosity.

Considering the values listed in Table 2 and assuming a temperature difference
between the blank and the air of 10 K (unknown a priori), the Rayleigh number defined
in Eq. (9) is 1.5 × 107. This value is inferior to the one defining the transition to the
turbulent regime (109), confirming the laminar flow conditions. Accordingly, the
average Nusselt number calculated for these conditions is 32.7. Finally, the obtained
value for the heat transfer coefficient in free convection is hconv ¼ 3.4 W/m2·K.

Despite the heat loss to the environment through free convection, the mechanical
contact between the blank and the cylinders leads to an important heat loss by contact
conductance. From the numerical point of view, this heat loss is usually modelled as
convection (see Eq. (5)), taking place on the contact interface, where the interfacial heat
transfer coefficient is the main parameter. This parameter depends significantly on
several factors, such as temperature, contact pressure, surface roughness, material
properties[14,15]. Nevertheless, the experimental evaluation of this parameter requires
a dedicated device. Thus, based on the tabulated values for two identical metal surfaces
(steel) with air at the interface and contact pressures ranging between 0.2 and 7 MPa
[13], the interfacial heat transfer coefficient is 3100 W/m2·K.

In order to take into account the dependence of the interfacial heat transfer coeffi-
cient on several factors, the model proposed by Martins [10] is adopted in the present

Table 2. Properties of the air (at 303 K) used to evaluate the heat
transfer coefficient in free convection [12].
Property Value

Volumetric thermal expansion coefficient, δ 3.3 × 10−3 K−1

Prandtl number, Pr 0.727
Thermal diffusivity, α 2.29 × 10−5 m2/s
Kinematic viscosity, ν 1.62 × 10−5 m2/s
Thermal conductivity, k 2.65 × 10−2 W/(m·K)
Average length of the heat transfer area, L 259.5 mm
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study. This model allows for obtaining a smooth variation of the heat transfer coeffi-
cient between contact and non-contact (free convection) areas. Accordingly, the inter-
facial heat transfer coefficient is dependent on the gap distance between contacting
bodies, which is given by:

hc ¼ h sup exp ð�mgnÞ; (10)

where hsup the upper threshold value (in contact) and m is a free parameter used to
control the rate of decrease with the gap distance gn. In the present study, this
parameter is adjusted to fit the heat transfer coefficient in free convection, when the
gap distance reaches 1 mm. Figure 2 presents the variation of the interfacial heat
transfer coefficient with the gap distance, highlighting the value of 3.4 W/m2·K when
the gap distance reaches 1 mm.

3.2. Material mechanical behaviour

The dual phase steel DP780 is the material adopted in this study for the blank. The
mechanical behaviour is assumed elastoplastic, considering isotropic elastic behaviour
and anisotropic plastic behaviour. The elastic behaviour is described by the Hooke’s law
with a Young’s modulus of 210 GPa and a Poisson’s ratio of 0.30. Regarding the plastic
behaviour, the hardening is described by the Swift’s law:

Y ¼ K ðε0 þ �εpÞn; (11)

where K, ε0, and n are the material parameters, while �εp denotes the equivalent plastic
strain. The material parameters are identified by the least squares fitting using the experi-
mental stress–strain curve from the uniaxial tensile test carried out in the rolling direction.
The obtained material parameters for the Swift’s hardening law are listed in Table 3. The
comparison between experimental and numerical work hardening is presented in Figure 3
(a), highlighting the accuracy of the adopted constitutive model to describe the mechanical
behaviour of this steel. Due to the lack of experimental results, the mechanical behaviour of
this steel is assumed temperature and strain rate independent.
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Figure 2. Variation of the interfacial heat transfer coefficient as a function of the normal distance to
the isothermal surface.
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Regarding the plastic anisotropic behaviour of the DP780 steel, it is described by the
Hill’48 yield criterion. The anisotropy parameters are determined from experimental
r-values, evaluated through uniaxial tensile tests performed at three different angles with
respect to the rolling direction: 0º, 45º and 90º (see Table 4). Since the identification of the
hardening law parameters was carried out using specimens oriented along the rolling
direction, the relation G+ H= 1 is added. The obtained anisotropy parameters of the
Hill’48 yield criterion are presented in Table 5. The comparison between experimental
and predicted anisotropy coefficient in-plane distributions is presented in Figure 3(b).

Table 3. Material parameters used to define the isotropic hardening
(Swift law) of the DP780 steel. Y0 denotes the yield stress according to
the Swift law.
Material Y0 [MPa] K [MPa] ε0 n

DP780 500.7 1319.21 0.0015 0.1490

(a) (b)
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Figure 3. Comparison between experimental and numerical predictions for the anisotropic plastic
behaviour of the DP780 steel: (a) True stress–strain curve obtained from the uniaxial tensile test
(specimen aligned with the rolling direction); (b) evolution of the coefficient of anisotropy (r-value)
in the plane of the sheet.

Table 4. Anisotropy coefficients (r-values)
experimentally evaluated at different angles
with respect to the rolling direction.
Material r0 r45 r90
DP780 0.70 1.05 0.88

Table 5. Hill’48 anisotropy parameters calculated for the DP780 steel.
Material F G H L M N

DP780 0.468 0.588 0.412 1.500 1.500 1.637
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3.3. Blank and tools discretization

The blank is discretized with linear hexahedral finite elements, adopting the same finite
element mesh (structured) in the mechanical and thermal problem [16], avoiding the
application of remapping methods. Nevertheless, full integration is adopted in the
thermal problem, while the mechanical problem resorts to the selective reduced inte-
gration technique [17] to avoid volumetric locking. For a blank width of 25 mm, the
deformation is negligible along this direction, allowing to assume plane strain condi-
tions. On the other hand, three layers of finite elements are adopted in the thickness
direction in order to capture accurately the through-thickness gradients. The zone of
the blank that will be in contact with the cylinders during the test is discretized with
small finite elements (0.26 mm in the length direction to approximate a unitary ratio
between both finite element dimensions [18]).

The cylinders are considered perfectly rigid in the finite element model, which are
modelled by Nagata patches [19]. Each cylindrical surface is described by 60 Nagata
patches, as shown in Figure 4. The friction between the blank and the cylinders is
defined by the classical Coulomb friction law. Although the mechanical contact between
the blank and the cylinders occurs only in specific regions, the entire geometry of the
tools is modelled, since it can be important for the thermal conditions. The cylinders
are assumed isothermal bodies, presenting the room temperature during the test.

4. Results and discussion

This section contains the numerical results of the draw bead test, comparing different
process conditions, such as bead penetration, side clearance, pulling speed and friction
coefficient. This sensitivity analysis is performed considering the reference the model
with: (i) 21.8 mm of bead penetration (full penetration); (ii) 1.2 mm of side clearance;
(iii) 1 mm/s of pulling speed and (iv) friction coefficient of 0.15.

z

xy

Support
(60 patches)

Bead
(60 patches)

Left shoulder
(60 patches)

Right shoulder
(60 patches)

Blank

Figure 4. Discretization of the cylinders using Nagata patches. Location of the blank at the
beginning of the draw bead test.

408 D. M. NETO ET AL.



4.1. Bead penetration

This section contains the influence of the bead penetration on the predicted forces,
temperature distribution and contact angles. Three different values of bead penetration
are adopted in the numerical model, namely 21.8 mm, 16.35 mm and 10.9 mm, which
correspond to full penetration, 75% of the penetration and 50% of the penetration,
respectively. All other process conditions (side clearance, pulling velocity and friction
coefficient) are assumed with the reference value.

The evolution of the bead force in the z-direction is presented in Figure 5 (a) for
three different values of bead penetration. The force evolution is the same for all
conditions, changing only the maximum value attained, which is dictated by the
penetration value. Thus, large values of bead force occur for the higher values of
penetration. The evolution of the bead force during the grip displacement is presented
in Figure 5 (b). The force increases quickly (about 15%) at the beginning of the grip
displacement and then reaches a steady state regime for grip displacement higher than
50 mm, as shown in Figure 5(b). The maximum bead force value occur for full
penetration, which is about 2.5 kN.

In order to quantify the contact between the blank and the cylinders, three contact
angles are defined, θ1, θ2 and θ3, which describe the contact with the left shoulder, bead
and right shoulder, respectively. These angles are obtained by considering the first and
last node of the blank in contact with each cylinder, as shown in Figure 6.

The contact angles defined in Figure 6 are evaluated both during the displacement of
the bead (Figure 7(a)) and during the grip displacement (Figure 7(b)). The vertical
movement of the bead leads to an increase of the angle θ2 from the beginning, while the
angles θ1 and θ3 start to increase only when the bead displacement reaches at least
10.9 mm. The maximum values are obtained considering full bead penetration condi-
tions, which are about 34°, 150° and 60°, for θ1, θ2 and θ3, respectively. After a slight
decrease, these contact angles tend to stabilize during the displacement of the grip,
a consequence of the steady state regime achieved.
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Figure 5. Evolution of the bead force in the z-direction for the three different values of bed
penetration: (a) during bead displacement; (b) during grip displacement.
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The influence of bead penetration on the contact angles, θ1, θ2 and θ3, is presented in
Figure 8, which contains the angle values observed in the steady-state regime
(112.5 mm of grip displacement). The large values of contact angles arise for full
penetration conditions. Besides, the contact angle θ1 is always the lower one, while

Figure 6. Definition of the angles, θ1, θ2 and θ3: (a) schematic approach; (b) nodal contact forces for
full bead penetration conditions.
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Figure 8. Influence of the bead penetration on the contact angles θ1, θ2 and θ3, measured at a grip
displacement of 112.5 mm (steady state regime).
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the angle θ2 is the largest one. The difference between θ1 and θ3 results from the applied
boundary conditions, i.e. the pulling is applied on the right side of the sheet. Moreover,
the contact angles θ1 and θ3 are very small for the lower value of bead penetration (see
Figure 8), indicating a local contact situation.

The flow of the sheet between the cylinders induces plastic deformation, which leads to
a temperature rise on the sheet. The equivalent plastic strain and the temperature distribu-
tion are shown in Figure 9, evaluated at the end of the pulling stage for three different values
of bead penetration. Themaximum temperature rise occurs for the lower penetration value,
which induces lower plastic strain values. Although the heat energy generated by plastic
deformation is lower, the heat loss to the cylinders by contact conductance is considerably
lower, because it is proportional to the contact areas (see Figure 8). Therefore, the contact
angles present a strong influence on the temperature rise. Indeed, for the full penetration
case, the temperature rise is the lowest of the three cases.

4.2. Side clearance

The influence of the side clearance (see Figure 1) on the process results is evaluated in this
section. Four values of side clearance are adopted in the finite element model, namely
0.8 mm, 1.0 mm, 1.2 mm and 1.6 mm, which means a range between the initial thickness of
the blank and 200% of its value. The evolution of the bead force in the z-direction is
presented in Figure 10(a) for four different values of side clearance. The force evolution is
similar in all cases until approximately 15 mm of bead penetration. Then, the force
increases significantly for the lower value of clearance. The evolution of the bead force in
the z-direction during the grip displacement is presented in Figure 10(b). The higher force
value occurs for the lower side clearance, as expected. Nevertheless, the influence of the side
clearance on the bead force is relatively small, except when the side clearance is exactly the
initial thickness of the blank, as shown in Figure 10.

Concerning the influence of the side clearance on the contact angles, Figure 11 presents the
contact angles values for the four-side clearances adopted in this study. The angles θ1, θ2 and θ3
increasewith the decrease of the side clearance, since the bead becomes increasingly embraced
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by the blank when the left and right shoulders reduce their distance to the bead. In fact, for g=
0.8 mm, the overall contact angle (θ1+ θ2+ θ3) is close to the wrap angle (360º) considered by
Nine [6] to evaluate the friction coefficient. The angle most affected by this clearance is θ1, as
shown in Figure 11. The study carried out by Oliveira et al. [20] highlights the discrepancy in
the friction coefficient evaluated using Nine’s model, which results from this difference in the
contact angle and the non-uniform contact pressure.

Figure 12 presents the distribution of the temperature rise at the end of the grip
displacement, comparing four values of side clearance. The maximum temperature rise
occurs for the lowest side clearance values due to the larger value of plastic strain
attained. Regarding the localization, it arises between the left shoulder and the bead, as
well as between the right shoulder and the bead. Nevertheless, the temperature gradient
in these locations is very high, as highlighted in Figure 12. On the other hand, the
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Figure 10. Evolution of the bead force in the z-direction for four different values of side clearance:
(a) during bead displacement; (b) during grip displacement.
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temperature distribution at the exit of the right shoulder presents a reduced gradient
during a length longer than 50 mm. Since the plastic strain is identical for all values of
side clearance, except for the smaller one, the temperature rise is lower for large values
of contact area with the cylinders (Figure 11), which imposes more heat losses (see
Figure 12).

4.3. Pulling speed

In order to assess the effect of the pulling velocity on the predicted temperature, three
values are considered in the numerical model, namely 1 mm/s, 10 mm/s and 20 mm/s.
Since the thermomechanical coupling is unidirectional, i.e. the mechanical behaviour is
independent of the temperature; the change of the pulling speed only affects the
temperature evolution. The thermal power generated by plastic deformation, defined
in Equation (2), which is mainly responsible by the temperature rise, increases with the
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Figure 12. Influence of the side clearance on both the temperature and the equivalent plastic strain
distributions obtained at the end of the pulling.

0

5

10

15

20

25

30

0 50 100 150 200 250 300 350 400 450

]
K[

noitairav
erutarep

me
T

Curvilinear distance from the beginning of the blank [mm]

v=1 mm/s

v=10 mm/s

v=20 mm/s

Figure 13. Influence of the pulling speed on the temperature distribution obtained at the end of the
pulling.

ADVANCES IN MATERIALS AND PROCESSING TECHNOLOGIES 413



pulling velocity due to the strain rate increase. Nevertheless, the total time of the test
reduces with the increase of the pulling velocity.

Figure 13 presents the temperature distribution predicted at the end of the pulling,
considering three pulling velocities. The temperature of the blank increases with the pulling
speed because the time available for the heat loss to the cylinders and the environment is
lower. Increasing the pulling speed from 1 mm/s to 10 mm/s, the maximum temperature
achieved increases approximately 15 K, highlighting the large influence of the pulling speed
on the temperature rise. Since the heat losses to the environment and to cylinders are time-
dependent, the overall blank temperature increases due to the less time for heat transfer
from the blank.

4.4. Friction coefficient

The influence of the friction coefficient μ on the predicted results is studied, considering five
values of friction coefficient, specifically 0.00, 0.05, 0.10, 0.15 and 0.20. The evolution of the
bead force in the z-direction is presented in Figure 14, both during the bead penetration and
during the grip displacement. The increase in the friction coefficient leads to a consequent
increase in the contact forces. Indeed, considering the steady-state regime, the bead force
increases from about 1.6 kN under frictionless conditions up to 2.9 kN for μ= 0.2.

The influence of the friction coefficient on the pulling force during the grip dis-
placement is presented in Figure 15. This force increases suddenly at the beginning and
then achieves the steady-state regime, where the force is approximately constant. The
magnitude of this force is slightly higher than the one observed for the bead (z-direc-
tion). The force magnitude increases about 20% for each increment of μ, from 1.69 kN
(frictionless case) to 3.65 kN obtained for the friction coefficient of 0.2.

Figure 16 presents both the equivalent plastic strain and the temperature distribu-
tion, evaluated at the end of the pulling stage for different values of friction coefficient.
Since the effect of the friction coefficient on the plastic strain is negligible, the tem-
perature increase is similar in all conditions. The largest difference in the predicted
temperature occurs between the frictionless and μ= 0.2 cases, which is lower than 0.4°.
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Thus, the heat generated by frictional sliding can be considered negligible in compar-
ison with the one generated by plastic deformation.

5. Conclusions

The adoption of advanced high strength steels in sheet metal forming processes is
increasing due to their good strength-to-weight ratio. However, large contact pressures
and forming forces arise due to the high strength of these materials. Thus, improved
knowledge concerning the heat generated by friction and plastic deformation is required,
which is important for the accurate process simulation. This study presents the thermo-
mechanical analysis of the draw bead test, considering the dual phase steel DP780.

0

0.5

1

1.5

2

2.5

3

3.5

4

0 25 50 75 100 125 150

]
Nk[

ecrof
gnillu

P

Grip displacement [mm]

μ=0 μ=0.05 μ=0.1 μ=0.15 μ=0.2

Figure 15. Influence of the friction coefficient on the pulling force evolution.

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

-4

-3

-2

-1

0

1

2

3

4

5

6

7

0 50 100 150 200 250 300 350 400 450
E

qu
iv

al
en

t p
la

st
ic

 s
tr

ai
n]

K[
noitairav

erutarep
me

T

Curvilinear distance from the beginning of the blank [mm]

μ=0
μ=0.05
μ=0.1
μ=0.15
μ=0.2

Temperature
variation

Equivalent plastic
strain

Figure 16. Influence of the friction coefficient on both the temperature and the equivalent plastic
strain distributions obtained at the end of the pulling.

ADVANCES IN MATERIALS AND PROCESSING TECHNOLOGIES 415



The proposed finite element model takes into account both the heat generated by
plastic deformation and friction, as well as the heat losses to the environment by free
convention and the contact conductance with the forming tools. The cylinders of the
draw bead test are assumed rigid and isothermal, while the blank presents an elasto-
plastic behaviour. Different process conditions are analysed, namely the bead penetra-
tion, side clearance, pulling speed and friction coefficient. The effect of these parameters
on the temperature rise is evaluated.

Although the contact forces are strongly influenced by the coefficient of friction, its
influence on the temperature rise is negligible. Therefore, the heat generated by the
friction forces during the sliding is significantly lower than the one resulting from the
plastic deformation. In fact, the temperature rise is predominantly influenced by the
pulling speed, due to the change of the process time available for the occurrence of heat
losses (environment and cylinders). Regarding the bead penetration, the temperature
rises when the penetration is lower due to the reduced contact area, which reduce the
heat loss through contact conductance.
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