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“The important thing is not to stop questioning. Curiosity has its own reason
for existing. One cannot help but be in awe when he contemplates the mysteries of eternity,
of life, of the marvellous structure of reality. It is enough if one tries merely to comprehend

a little of this mystery every day. Never lose a holy curiosity.”

Albert Einstein
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Abstract

Abstract

Nowadays, advanced high-strength steels (AHSS) are used in stamping
processes particularly due to their good strength-to-weight ratio. However, the high strength
also leads to the necessity of improved knowledge concerning the heat generated by plastic
deformation and contact with friction, since this can be a determining factor for the correct
description of a given forming process. In this context, the numerical simulations of
stamping processes involve solving not only the mechanical problem, but also the thermal
problem.

The main objective of this work is the numerical study of the contact with
friction conditions involved in the draw bead test, with particular focus on the thermal
problem. To achieve this goal, a thermomechanical test model was built, considering both
the heat transfer to the tools (IHTC) and for the environment. The effects of the main
parameters of process are analysed, in particular the penetration of the punch, the side
clearance between the tools, the coefficient of friction, the mechanical properties of the
material of the blank and the pulling speed of the grip. In addition to the temperature
evolution, also the forces, stresses, strains, contact angles and springback were studied.

For the geometrical conditions under analysis, the deformation in the width
direction is residual, which allows the use of a model that assumes plane strain conditions,
significantly reducing the computational costs. For the studied configurations, the parameter
that had the greater influence on the blank temperature is the pulling speed of the grip,
followed by the penetration of the punch and the side clearance. On the other hand, the
parameter that presented the lower influence on the temperature of the blank was the friction
coefficient, being almost negligible to this analysis. The forces are especially influenced by
the coefficient of friction, while the contact angles depend mainly on the penetration of the

punch.

Keywords Numerical Simulation, Draw Bead Test, Thermomechanical
problem, IHTC, Heat generated by plastic deformation and
friction.
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Resumo

Resumo

Hoje em dia os agos de alta resisténcia sdo muito utilizados em processos de
estampagem gracas a boa relagdo resisténcia-peso. No entanto, devido a sua elevada
resisténcia mecanica, € necessario melhorar o conhecimento acerca do calor gerado por
deformacédo plastica e por atrito, uma vez que este pode ser um fator determinante para a
correta descri¢do do processo em causa. Neste contexto, a simulagdo numérica de processos
de estampagem envolve a resolucdo ndo s6 do problema mecénico, mas também do
problema térmico.

O principal objetivo deste trabalho é o estudo numérico das condicbes de
contacto com atrito presentes no ensaio de freio (draw bead test), em particular da
componente térmica do problema. Para tal, foi construido um modelo termomecénico do
ensaio, considerando tanto a transmissao de calor para as ferramentas (IHTC) como para o
meio ambiente. Neste trabalho, € analisado o efeito dos principais parametros do processo,
nomeadamente a penetracdo do puncdo, a folga lateral entre as ferramentas, o coeficiente de
atrito, as propriedades mecanicas do material da chapa e a velocidade da amarra. Para além
da evolucdo da temperatura, sdo estudadas as forcgas, tensbes, deformac@es, angulos de
contacto e retorno elastico.

Para as condi¢cBes geométricas em analise, a deformacéo na direcdo da largura é
residual, o que permite a ado¢do de um modelo que assume condigdes de estado plano de
deformacdo, o que permite reduzir de forma significativa o custo computacional. Para as
configuracdes estudadas, o parametro que revelou maior influéncia na temperatura da chapa
foi a velocidade da amarra, seguida da penetracdo do puncéo e da folga lateral. Por outro
lado, o pardmetro que menos influenciou a temperatura da chapa foi o coeficiente de atrito,
que apresenta um efeito negligenciavel. As forgas sdo especialmente influenciadas pelo
coeficiente de atrito, enquanto que os angulos de contacto dependem principalmente da

penetracdo do puncao.

Palavras-chave: Simulacdo numérica, Ensaio de freio, Problema
termomecanico, IHTC, Calor gerado por deformacao
plastica e atrito
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Nomenclature

Nomenclature

The symbols used in this thesis are presented in this section, separated into Greek
and Roman category. Throughout this text, reference is given to the use of compact tensor

notation, where no indices are used to represent mathematical entities.

Roman symbols

C Capacity matrix

c Specific heat capacity
DP Plastic strain rate

E Young’s modulus

F,G,H L M, N Anisotropy parameters of the Hill’48 yield criterion

Vector of prescribed flows and boundary terms relative to the

f environment and the arbitrary obstacle
Gx Grip force in the x-direction
G+ Grip force in the x-direction under frictional conditions
Gy Grip force in the x-direction funder frictionless conditions
g Side clearance between the punch and the dies;
Oa Gravitational acceleration
On Nominal gap distance between the blank and the tools
8t Tangential slip velocity
h Average heat transfer coefficient (HTC) to the environment
Neonv Convection coefficient
he Interfacial heat transfer coefficient (IHTC)
Nint Evolving interfacial heat transfer coefficient
Prad Radiation coefficient
hsup Upper interfacial heat transfer coefficient threshold value
K Conductivity matrix
K Constitutive parameter of Swift’s hardening law
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Pa+
pr
Px
P
Pr

Qfrict

A o <«

RaL

ro

45

a0

=

To
Teo

Thermal conductivity vector

Thermal conductivity

Average length of the heat transfer area

Parameter controlling the increase rate of interfacial heat transfer
coefficient

Parameter of the Swift’s hardening law

Average Nusselt number

Normal vector to the boundary surface

Punch penetration

Punch force in the z-direction under frictionless conditions

Punch force in the z-direction under frictional conditions

Full punch penetration

Punch force in the x-direction

Punch force in the z-direction

Prandtl number

Vector of nodal heat flux input

Heat flux due to the frictional contact

Imposed heat flux at Neumann boundary condition

Internal heat generation per unit volume

Radius of the tools

Rayleigh number

Anisotropy coefficient from the uniaxial tensile test at the rolling
direction

Anisotropy coefficient from the uniaxial tensile test at 45° with the
rolling direction

Anisotropy coefficient from the uniaxial tensile test at the
transverse direction

Anisotropy coefficient from the uniaxial tensile test at the
direction ¢

Imposed temperature on the surface of Q

Initial temperature for the open set Q

Environment temperature
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Nomenclature

Tt Average temperature

Tobs Isothermal obstacle temperature
Tr Radiation surface temperature
Ts Blank surface temperature

T, T Absolute temperatures of the surface yr,

t Time instant
to Blank initial thickness
te Friction force
U Global heat transfer coefficient
R, Thermal contact resistance
Yo Yield stress

Greek symbols

a Thermal diffusivity
Volumetric thermal expansion coefficient

y Boundary surface

Y Thermal contact boundary condition

%) Dirichlet boundary condition

W Neumann boundary condition

Wy MRy Robin boundary conditions

At Time increment

& Parameter of the Swift’s hardening law

g’ Equivalent plastic strain (EPS)

n Total amount of heat dissipated to the solid body
6 Contact angle between the Blank and the Left Die
& Contact angle between the Blank and the Punch
& Contact angle between the Punch and Right Die
6o Springback angle of the 2D model
(7<) Springback angle of the 3D model

K Radiation parameter
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A Time integration method
U Friction coefficient
o Predicted friction coefficient
v Kinematic viscosity
'3 Fraction of generated energy converted into heat
Yo, Mass density
o Cauchy stress tensor
o11 Normal stress in relation to the rolling direction
@ Angle with respect to the rolling direction
X Taylor-Quinney factor
Q Isothermal obstacle with arbitrary shape
Acronyms
2D Two Dimensional
3D Three Dimensional
AHSS Advanced High Strength Steel
DD3IMP Deep Drawing 3D IMPlicit finite element code
EPS Equivalent Plastic Strain
FE Finite Element
GP Gauss Point
HTC Heat Transfer Coefficient
IHTC Interfacial Heat Transfer Coefficient
LD Left Die (cylinder)
P Punch (cylinder)
RD Right Die (cylinder)
S Support cylinder
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Introduction

1. Introduction

Sheet metal forming is a manufacturing method, which makes use of the metallic
material to undergo plastic deformation when subjected to an external force, to obtain
components with a certain shape, size, and performance. In stamping processes, the sheet
metal, the tools and the stamping equipment are three major factors of the process (Hu et al.,
2013). The main advantages of this process consist in the high production rate, low labour
costs and large volume production capacities. Although the tooling and equipment can be
very expensive, the cost can be easily amortized for high production volumes.

The contact conditions in the sheet-tool interface play a critical role, since
friction and deformation-induced heating increase the forming temperature. Due to the
higher strength of the AHSS steels, the energy converted into heat resulting from the plastic
deformation and frictional contact is also higher. In fact, studies show that 90°C-120°C
temperatures are common in AHSS production conditions (Wagoner et al., 2009). Higher
contact pressures and temperatures in the tool-sheet interface increase the risk of failures,
while contributing to the inconsistent forming of AHSS.

Sheet metal forming is used in almost every sector of industrial production, such
as automotive (Kang et al., 2004), aircraft (Walczyk et al., 1998) and food industries (Ceretti
et al., 2010). Due to the high competitiveness of these industries, methods based on trial-
and-error procedures have been gradually replaced by the virtual product conception using
numerical simulation (Altan and Tekkaya, 2012a). In fact, the finite element method has
emerged as the first numerical tool available for troubleshooting problems involving contact
with friction and complex geometries (Francavilla and Zienkiewicz, 1975). The practical
objectives of numerical simulation can be compiled into three main groups: time reduction,
cost reduction and increase of product quality (Altan and Tekkaya, 2012a). The main
modelling requirements for cold stamping are the description of the material behaviour and
contact conditions and friction, as well as a failure criterion. Nevertheless, the friction is
influenced by the properties of both contacting materials (Nasser et al., 2010), their surface
roughness (Lee et al., 2002), temperature, relative velocity and contact pressure (Rhee,
1974).

Miguel Pais Costa 1
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1.1. Tribological tests

There are several tribological tests developed over the years to assess the
frictional contact conditions in sheet metal forming. These tests are mainly used for
evaluating lubrication conditions and estimating the friction coefficient. Depending on the
type of contact, there are different tribological tests to consider, such as the strip drawing,

limiting dome height, twist compression or draw bead tests (see Figure 1.1).

Strip drawing test Strip reduction test

Blank holder

%

Drawing die

Deep drawing Stretching

0. ==

Draw bead test Limiting dome height test

Figure 1.1. Tribological tests used for evaluating lubricants and friction in stamping processes (Altan and
Tekkaya, 2012b).

The strip drawing test consists in pulling a blank between two opposing flat dies
(performed without deflection of the strip), which are generally wider than the strip. Its main
advantage is the simplicity of the test apparatus and the main drawback is that the friction
coefficient determined is only valid for flat contact zones, such as the one between the blank
holder and the sheet (Dilmec and Arap, 2016). The limiting dome height test comprises a
sheet that is clamped by flat die plates and an arbitrary diameter ball that penetrates the sheet
until failure occurs. The cup height at failure is taken as the measure of formability and

enables the comparison of stamping lubricants and/or coatings (Ayres et al., 1978). The twist
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Introduction

compression test is very used to estimate the friction coefficient for stamping lubricants to
apply in different kinds of tool coatings. In this test, a rotating annular tool is pressed against
a fixed sheet metal while pressure and torque are measured. The friction coefficient is
obtained by from the torque, pressure, mean radius of the tool and the contact area (Altan
and Tekkaya, 2012b). In the draw bead test, the general procedure involves pulling a sheet
specimen through the draw bead dies and measuring the forces needed to pull the sheet. The
test can be performed for frictionless or frictional conditions. Also, the forces and velocities
can be changed to emulate the real process conditions. Although these can be considered
some of the most used tribological tests to characterize the stamping processes, the contact
conditions also depend on the strain paths induced to the blank. In this context, Figure 1.2
illustrates the different tribological tests applicable, depending on the type of contact

between tools and blank in a deep drawing operation.

wedge test drawing edge test

flat tool test

draw bead test

blank holder

Figure 1.2. Tribological tests suitable for different sections of a deep drawing component (Losch, 2014).

1.2. Objectives of the study and Outline

The main objective of this work is to perform the thermomechanical analysis of
the draw bead test using finite element simulation, by studying different configurations of
the tools and process conditions. In addition to the process parameters, this study involves
the analysis of the temperature evolution considering the heat generated by plastic
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deformation and frictional contact and the heat loss by convection to the environment (air)
and the tools.

This work is divided in five main chapters. To improve its readability and
understanding, this section presents a brief summary of each chapter.

Chapter 1 introduces the subject of the study with a background on the sheet
metal forming processes and tribological tests used to evaluate the friction coefficient.

Chapter 2 presents the mechanical set-up of the test, to assess the main
geometrical parameters involved in the tools definition and blank spatial location, as well as
the main process conditions involved in the draw bead test.

Chapter 3 contains the description of the thermal problem and its finite element
formulation. The heat generated by plastic strain and friction, as well as the heat loss by
convection and contact with the tools is assessed. In this context, two numerical examples
are presented to clarify the finite element formulation of the thermal parameters, namely the
interfacial heat transfer coefficient (IHTC) and heat transfer coefficient (HTC).

Chapter 4 presents the results obtained from the numerical simulations of the
draw bead test. Firstly, the simpler plane strain conditions hypothesis is explored.
Subsequently, the analysis is divided in sub-sections, each evaluating the influence of a
specific process parameter, namely: (i) the punch penetration; (ii) the side clearance (lateral
distance between the punch and the tools); (iii) the friction coefficient; (iv) the mechanical
properties of the material and (v) the pulling speed of the grip; on the parameters that
describe the test, such as forces, strains, stresses, temperatures, contact angles and
springback.

Chapter 5 contains the main conclusions withdrawn from the study carried out

on the previous chapters.
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2. Draw bead test

This section contains the mechanical modelling of the draw bead test. The set-
up of the test is presented, comprising the dimension and location of the tools, as well as the
main variables of the test. Later, the finite element model, including the material mechanical

behaviour, blank and tools discretization and process conditions, is presented.

2.1. Set-up dimension

The draw bead test is essentially composed by three tools (cylinders), which are
placed to induce plastic deformation on a metallic sheet. The process is divided in two
phases: in the first the sheet is bended and in the second it is pulled by a grip. In the present
study, one more tool (support) is considered for stability purposes. The tools are cylindrical
with 10.5 mm of radius and the dimensions of the blank sheet are 450x25x0.8 mm, as shown

in Figure 2.1.

20 mm—»|
Support cylinder (S) ~
538 Punch (P)
4
T - * ] AX —p»
a a to Grip (G)
Left Die (LD) Right Die (RD)
- 258.3 mMMm——»

A

450 mm >

Figure 2.1. Representative scheme of the draw bead test.

In order to simplify the sensibility analysis carried out in Section 4, it is assumed
that the position of the punch along the x-direction is fixed, while the position of both left

and right dies are evaluated from the position of the punch, defining a predefined gap (g)

Miguel Pais Costa 5



Thermomechanical Modelling of the Draw Bead test

value (see Figure 2.1). In a similar way, the position of the support tool is imposed with
respect to the position of the left die. Thus, the fixed initial position of the punch is 258.3
mm in the x-direction and 11.3 mm in the z-direction, as shown in Figure 2.1. In order to
compare different process conditions, some dimensions that define the draw bead test are
considered variable in the numerical analysis. The selected variables are the gap distance
and the punch penetration, which will be defined in detail in Section 4.
Considering the scheme presented in Figure 2.1, the relationships between the
main dimensional parameters, required to calculate all tools positions, are as follows:
Xs = X p — 20

Xp =X —2R—-g¢ (2.1)

Xap = Xp +2R+0,
where Xs, XLp, Xp and Xrp are the support cylinder, left die, punch and right die x-coordinates,
respectively. R is the tools radius and g is the gap between the punch and the dies. Regarding
the horizontal displacement of the grip, it is considered that the blank is pulled at a constant
speed, for a fixed value of displacement (150 mm). The influence of the prescribed grip
velocity will be discussed further in this work.

2.2. Finite element model

The numerical simulations presented in this work were carried out with the in-
house static finite element code DD3IMP (Menezes and Teodosiu, 2000). An updated
Lagrangian scheme is used to describe the evolution of the deformation, and in each
increment an explicit approach is used to obtain a trial solution of the nodal displacements.
Then, the trial solution is corrected by the Newton-Raphson method until an equilibrium
configuration is attained. This method is used to resolve the non-linearities associated with
the large deformation, the elastoplastic behaviour of the deformable body and the frictional
contact, in a single iterative loop. All numerical simulations were performed on a computer
machine equipped with an Intel® Core™ i7-4770 K Quad-Core processor (3.5 GHz) and
Windows 10 Pro (64-bit platform) operating system.
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2.2.1. Material mechanical behaviour

In this work, two different sheet materials are used, both corresponding to dual
phase steels (DP500 and D780). The mechanical behaviour of both dual phase sheets 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, for both steels. Regarding the plastic behaviour,

the isotropic hardening is described by the Swift’s law:

Y =K (g +2°)", 2.2)

where K, &, and n are the material parameters, while £ denotes the equivalent plastic strain
(EPS). The material parameters obtained for the Swift’s isotropic hardening law are
presented in Table 2.1, for each material. The constitutive model adopted allows to describe
the mechanical behaviour accurately, as shown in Figure 2.2, which also highlights the
differences between the mechanical behaviour of both steels, showing that the DP780 has a
significantly higher yield stress than the DP500. In order to simplify the finite element
analysis and due to the lack of experimental results, the mechanical behaviour of both

materials is assumed to be temperature and strain rate independent.

Table 2.1. Parameters of the isotropic hardening law for each material (Swift law).

Material Yo [MPa] K [MPa] & n
DP500 349.8 877.45 0.0050 0.1736
DP780 500.7 1319.21 0.0015 0.1490

1000

800

600

400

True stress [MPa]

A Experimental (DP780)

200 | O Experimental (DP500)
—— Swift law (DP780)

| ISwift Iavlv (DPSOP)

0 1 1 1 1 1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Equivalentplasticstrain

Figure 2.2. Comparison between numerical and experimental stress-strain curves obtained from the
uniaxial tensile test at the rolling direction. The hardening behaviour is described by the Swift law
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Regarding the plastic anisotropic behaviour, it is described by the (Hill, 1948)
yield criterion, for both materials. 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: 0° 45° and 90°. Table 2.2 presents the

experimental r-values for each material.

Table 2.2. Anisotropy coefficients (r-values) evaluated at different angles with respect to the rolling
direction, for each material.

Material ) r45 oo
DP500 1.02 0.87 1.20
DP780 0.70 1.05 0.88

The anisotropy coefficient at the direction ¢ as predicted by the Hill’48 yield
criterion is defined by:

_H+(2N-F-G-4H)sin’pcos’ ¢ _ ,
Fsin®p+Gcos® ¢ v

r(e) (2.3)

where ¢ is the angle with respect to the rolling direction, while F, G, H and N are the
anisotropy parameters of the Hill’48 yield criterion. Considering different angles from the
rolling direction, Equation (2.3) can be used to calculate the anisotropy parameters, as

follows:
H=rG (2.4)
H
F=— (2.5)
r90
N _1(n+ 1) (205 +1) 26)

2 ry(r+1)
Considering the condition G+H=1:

G=—r, (2.7)

which corresponds to the assumption that the hardening law corresponds to the stress-strain

curves obtained for the tensile test performed with the specimen cut along the rolling
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direction. The four parameters F, G, H and N calculated from Equation (2.3), considering
the three different angles with respect to the rolling direction listed in Table 2.2, are
presented in Table 2.3 for both metal sheets. It is also assumed that both materials are
isotropic in the thickness direction, leading to L=M=1.5. The comparison between

experimental and predicted anisotropy coefficient distributions is presented in Figure 2.3.

Table 2.3. Hill’48 anisotropy parameters calculated for each material.

Material F G H L M N
DP500 0.421 0.495 0.505 1.500 1.500 1.255
DP780 0.468 0.588 0.412 1.500 1.500 1.637
1.4
1.2 D
3
g 1.0 ¢
% 08 | [
8 4
306 |
o A  Experimental (DP780)
.g 04 O Experimental (DP500)
< —— Hill '48 (DP780)
0.2
——— Hill '48 (DP500)
0.0 1 1 1 1 1
0 15 30 45 60 75 90

Angle inrelationto the rolling direction [°]

Figure 2.3. Evolution of the coefficient of anisotropy, re, in the plane of the metal sheet, for each material.
Comparison between experimental values and Hill’48 yield criterion.

2.2.2. Blank and tools discretization

The numerical model developed in this work considers a deformable body
(sheet) in contact with four rigid surfaces (cylinders). Due to material and geometrical
symmetry, only half-width of the blank is considered, i.e. a symmetry condition is assumed
in the width direction. Two models were studied: a full three dimensional one (3D) and
another assuming plane strain conditions in the width direction (2D). The deformable body
is discretized with tri-linear isoparametric hexahedral finite elements (FE), associated with

a selective reduced integration (SRI) technique.
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Due to the draw bead test process conditions, the blank is divided in three zones
along the x-direction, each having different FE sizes. Figure 2.4 shows the FE zone division
in the blank, for both models. This division in zones was considered in order to minimize
the computational time without influencing the accuracy of the results. The first zone of the
blank, which will be in contact with the tools during the test, is the one with the smaller FE
size (0.26 mm) to obtain accurate results. The second zone corresponds to the part of the
blank that does not enter in contact with the tools during the test. Thus, the FE size is about
1.5 mm. Finally, the third zone of the blank represents the contact with the grip, which is
discretized with only one FE for the whole contact in the length direction. Three FE are
considered in the thickness direction in all zones.

When using the two different models it is very important to differentiate the
general boundary conditions (symmetry) that are applied in each case. In the 3D model, it is
considered that exists symmetry in the plane y=0 mm, allowing the simulation of half the
blank. In the 2D model, there is one more symmetry condition applied to the plane y=12.5
mm, ensuring that the width of the blank does not interfere with the obtained results. The 2D
model allows to consider a fewer number of FE in the width direction. In the 3D model a
total of 10 FE were considered, while in the 2D model only 2 FE were used’.The
effectiveness of this simpler model will be further discussed in Section 4.1. The entire blank
contains 7584 finite elements for the 2D model and 37920 finite elements for the 3D model.

The tools are considered perfectly rigid in the FE model and are modelled by
Nagata patches, allowing to describe the 360° angle of their cylindrical shape (Neto et al.,
2014). All tools surfaces are composed by 30 Nagata patches, as shown in Figure 2.5.
Although the contact between the sheet and the tools occurs only in a part of the cylindrical
shape, it is important to model the complete surface (at least of the punch and the dies), to

properly take into account the thermal conditions.

"It could be only 1 FE in the width direction. However, in order to impose the proper thermal conditions in
DD3IMP, the minimum number of elements must be at least 2 FE.
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Figure 2.4. Division of the blank in three zones and FE discretization: (a) 3D model; (b) 2D model.
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Right Die
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Figure 2.5. Discretization of the tools using Nagata patches.
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2.2.3. Process conditions

Considering the sheet flow that occurs in the draw bead test, it is important to
discuss both the vertical displacement of the punch (penetration) and the horizontal
displacement of the grip. The first stage consists in the vertical movement of the punch in
order to create a penetration, p, over the dies (see Figure 2.1). The full punch penetration ps
occurs when p=2R+to, where R is the radius of the tools and to is the blank initial thickness.
When the punch penetration is achieved, the grip displacement is imposed in the horizontal
direction, until a fixed value of 150 mm. In this study, the grip conditions are numerically
defined using three boundary conditions applied to the third zone of the blank (see Figure
2.4). Two of them constraint the nodes displacements in the thickness direction in two
parallel planes, namely x=411 mm and x=450 mm, which represent the beginning and end
of the grip, respectively. The last boundary condition imposes the horizontal displacement
of the grip by assigning the nodal displacement in the length direction (150 mm) and it is
applied to all nodes in the plane x=450 mm. The final stage of the process consists in the
removal of the tools, allowing the springback of the blank. Figure 2.6 presents a
representative scheme of the draw bead test apparatus as well as the experimental setup.

Regarding the side clearance (or gap), g, between the punch and the dies, it is
considered that its value is a multiple of the blank initial thickness. The reference value
corresponds to 1.5 times the initial thickness, g=1.5 to. The influence of this process

parameter will be discussed in detail in Section 4.3.
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(@ (b)

Figure 2.6. Setup of the draw bead test: (a) Representative scheme; (b) Experimental configuration.
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3. Thermal problem analysis

This section contains a brief presentation of the transient thermal problem
definition and the finite element formulation. The draw bead test analysis takes into account
the heat generated by plastic deformation and friction, as well as the cooling of the blank
induced by convection and contact conductance with the tools. Therefore, the heat transfer
problem between a heat conductor (blank) and isothermal tools is considered. The analysis
present in this section is predominantly focused on the interfacial heat transfer coefficient,
which presents a strong impact on the heat transfer between the blank and the tools. Two
simple examples are presented in order to study the influence of thermal parameters, namely

the ones dictating the heat losses.

3.1. Heat transfer
The differential equation that drives the thermal conduction within a solid body
derives from the first principle of thermodynamics coupled with Fourier’s heat conduction

law, and assumes the following form:

pc%—div[k-grad(T)]—Wp—q:0, (3.1)

where p is the mass density, ¢ is the specific heat capacity, K is the thermal conductivity
vector, %P is the thermal power associated with the plastic deformation and q is the internal
heat generation per unit volume. Regarding the problem under analysis, the factors that
enforce the internal heat generation are the occurrence of plastic deformation of the blank
and the frictional contact with the tools. The »? term corresponds to the fraction of the plastic

power that is converted into heat, and is expressed as:

WP = y6:D", (3.2)

where y is the Taylor-Quinney factor (Taylor and Quinney, 1934), o is the Cauchy stress
tensor and DP is the plastic strain rate. The heat flux due to the frictional heat generation at

the interface is a component of g and can be expressed as:
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Qsricc = n(étt gt) , at e, (33)

where &represents the fraction of generated energy converted into heat, which is partitioned
between the solid body and the isothermal obstacle, the parameter 7 defines the total amount

of heat dissipated to the solid body, t: is the friction force and g: is the tangential slip velocity.

q rad

Obstacle

Figure 3.1. Heat conductor solid body in contact with an isothermal obstacle with arbitrary shape and
respective boundary conditions.

The transient heat conduction phenomenon is expressed by Equation (3.1),
which involves a temperature field dependent on the time. Consequently, it is necessary to
know an initial condition for the temperature field, defined as To for the open set  in the
initial configuration. The remaining boundary conditions are defined on the boundary
surface y, which denotes the limits of the open set Q (see Figure 3.1). The boundary surface

is composed by five sets: y =y, Uy, Uyy Uyg Uyg, , that correspond to thermal contact,

Dirichlet, Neumann and Robin boundary conditions, respectively. Dirichlet conditions
denote an imposed temperature on the surface, while Neumann, Robin and thermal contact
conditions impose heat fluxes. These conditions are described by (Teixeira-Dias et al.,
2010):

T=T,at (3.4)
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—0 =[-k-grad(T)]-n, at m, (3.5)

Oeony =[—K-grad(T)]-n=h,,, (T -T,) , at yr,, (3.6)
Og =[—K-grad(T)]-n=h (T -T,), at yx,, 3.7)
g, =[-k-grad(T)]-n=h.(T -Ty,) , at yz, (3.8)

where n is the outward normal vector to the boundary surface, T, Tr and Tops are the
environment, radiation surface and isothermal obstacle temperatures, heonv, hrad and hc are
the convection coefficient, radiation coefficient and interfacial heat transfer coefficient

(IHTC), respectively. Regarding the radiation coefficient, hrag, it can be defined as:
hrad = Kr(r ? +Tr'2)(|- ' +Tr') ’ (39)
where T’ and T, are the absolute temperatures of the surface yr, and the radiation surface,

respectively. The parameter x. is defined considering the Stefan-Boltzman constant,
emissivity of the body and the view factors. The definition of the IHTC will be further
discussed in Section 3.1.2.

Applying the principle of virtual temperatures, Equation (3.1) can be discretized as (Martins
etal., 2017):

jﬂgrch' dQ+_[Qgrad(5T) [k -grad(T)]dQ = _[Q5Tv'v"dQ+LN sTady,  (3.10)

which, in matrix form, is given by:

CT+KT=Q+f, (3.11)

where C is the capacity matrix and K is the conductivity matrix. Q is the vector of nodal
heat flux input. Finally, the vector f represents the prescribed flows and the boundary terms
resulting from the environment and the contact with the arbitrary obstacle.

The integration of Equation (3.11) over time can be performed using the
generalized trapezoidal method, which is a one-time step method given by:

Tt+At = Tt +[A-i_t+At + (1_A)-i_t]At . (312)

This expression represents the temporal discretization of the transient heat
conduction equation, where t is the time instant under analysis and At the time increment.
The parameter A varies between 0 and 1, and depending on its value, Equation (3.12) takes

the form of different integration methods, as shown in Table 3.3 (Andrade-Campos, 2005).

Miguel Pais Costa 17



Thermomechanical Modelling of the Draw Bead test

The algorithm currently implemented in the finite element code DD3IMP considers the fully
implicit time integration method (A=1) for the correction step, which is also known as Euler
backward method (P. Martins et al., 2016).

Table 3.1. Integration methods and corresponding A values.

Time integration method A
Fully explicit 0
Semi-implicit (Crank-Nicolson) 1/2
Semi-implicit (Galerkin) 2/3
Fully implicit 1

3.1.1. Convective cooling

Since the draw bead test is carried out in an uncontrolled environment (blank
and tools in air at ambient temperature), the convective cooling of the blank is an important
factor for the thermal analysis. Typically, the heat transfer between the blank and the
environment is calculated using Equation (3.6), where the heat transfer coefficient (HTC)
presents a vital role, affecting the accuracy of the predicted thermal behaviour due to the
heat exchange. Table 3.2 presents the air properties and parameters that will be considered
in this section (Bergman et al., 2011)2.

Table 3.2. Air properties and parameters of the problem.

Property Value

Blank surface temperature, T, 308 K
Environment temperature, T 298 K

Average temperature, T, 303K
Volumetric thermal expansion coefficient, 5 3.3x10° K!
Prandtl number, Pr 0.707

Thermal diffusivity, « 2.29x10° m?/s
Kinematic viscosity, v 1.62x10° m?/s
Thermal conductivity, k 2.65x102 W/m-K
Average length of the heat transfer area, L 259.5x10° m

2 Air properties were calculated at an average temperature between the blank and the environment. Since the
surface temperature is non-uniform and unknown a priori, the temperature of the blank surface is assumed 10
K higher than the environment temperature.
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Due to the experimental set-up of the draw bead test (see Figure 2.6), it is
assumed that the heat transfer occurs by free convection on a vertical plate. Considering a
maximum velocity allowed for the grip of 20 mm/s, laminar flow conditions can be
assumed. Thus, the average HTC is given by (Bergman et al., 2011):
Nu. -k
L

h = (3.13)
where Nuy is the average Nusselt number, Kk is the thermal conductivity and L represents
the average length of heat transfer area, i.e. the average length of the blank in contact with
the air, which changes over the time. For the set-up conditions assumed for the draw bead
test, the initial value is 169.5 mm while the final one is 319.5 mm, leading to an average
value of 259.5 mm. The Nusselt number is a dimensionless parameter that provides a
measure of the convection heat transfer occurring on the surface. For laminar free convection
on vertical surfaces is given by:

0.670Ra”*

L [1+(0.492/ Pr)®6]*°

(3.14)

where Ray is the Rayleigh number and Pr is the Prandtl number. The Rayleigh number is
the product of the Grashof and Prandtl numbers, which for laminar vertical plates is given
by:

_8A0 1)L (T;;Tw) L (3.15)

Ra

L

where ga is the gravitational acceleration, £ is the volumetric thermal expansion coefficient,
Ts is the blank surface temperature, T is the environment temperature, « is the thermal
diffusivity, L is the average length of heat transfer area and v is the kinematic viscosity.
Substituting the values presented in Table 3.2 in Equation (3.15), the value of
the Rayleigh number obtained is 1.5x107, which is inferior to the transition to turbulent
regime value of 10°, confirming laminar flow conditions. Then, substituting the Rayleigh
and Prandtl numbers in Equation (3.14) the average Nusselt number obtained is 32.7. Finally
resolving Equation (3.13), the obtained value for the HTC is 3.4 W/m? K. The small value

can be explained by the reduced temperature gradient and lack of forced flow on the surface.
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3.1.2. Thermal contact conductance

Despite the loss of heat to the environment through natural convection, the contact
between the blank and the tools leads to an important heat loss, which must be considered.
The main parameter that controls the thermal contact conductance is called interfacial heat
transfer coefficient (IHTC). Considering the contact between the blank and the tools, the
IHTC acts as a global heat transfer coefficient. Its value can be obtained through an
equivalent thermal circuit where the only thermal resistance is the contact resistance.
Although theories have been developed for predicting the contact resistance, the most
reliable results are those that have been obtained experimentally (Bergman etal., 2011). The

thermal contact resistance relates to the IHTC through:

U = (316)

where U is the global heat transfer coefficient and R, is the contact resistance. The thermal

contact resistance depends greatly on the contact pressure. Accordingly, taking into account
the values of contact pressure arising in the draw bead test, as well as the typical values
present in sheet metal forming (Chang et al., 2016; Pereira et al., 2008), the value of 10 MPa
contact pressure was selected (higher value in (Bergman et al., 2011)). For this value of
contact pressure, the contact resistance ranges from 0.7x10* m2-K /W to 4.0x10™* m2-K /W.

Thus, three values of R, for metallic interfaces were selected to evaluate the influence of the

IHTC on the predicted temperature (Bergman et al., 2011), which are listed in Table 3.3.

Table 3.3. Relationship between the thermal contact resistance and the corresponding IHTC value for 10
MPa of contact pressure between metallic interfaces (Bergman et al., 2011).

R, [Mm2-K/W] IHTC [W/m?K]
2.7x10* 3700
3.2x10* 3100
4.0x10* 2500

Regarding the behaviour of the IHTC in the area near the contact with the tools, some
adjustments must be made in order to properly describe the variation from the IHTC value
to the HTC value that describes the heat transfer with the environment. In this work the
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IHTC is considered as only being dependent on the gap distance, gn, between the blank and

the tools, and its numerical variation is described as follows (P. Martins et al., 2016):

hin(9,) =N, exp(Mg,), (3.17)

where hint is the evolving IHTC, being hsyp the upper IHTC threshold value and m a parameter
that controls the rate of increase/decrease of the IHTC, which is adjusted so that hin: matches
the HTC value when g, reaches 1 mm. This law for the IHTC permits a smooth transition
from the heat transfer coefficient value verified in the contact area to the one observed for
the environment. Figure 3.2 shows the variation of the IHTC in the proximities of the contact
zone, as a function of gn. It is assumed that for distances higher than 1 mm of gap, the value
of hint tends to the HTC calculated in Section 3.1.1. The m values determined for each IHTC
presented in Table 3.3 are 7.01, 6.83 and 6.61, for decreasing IHTC values.

4000

hsup=2500 W/m?K; m= 6.61
hsup=3100 W/m*K; m= 6.83
hsup=3700 W/m*K; m= 7.01

3500
3000
2500
2000
2
1500
1000

500

Interfacial heattransfer coefficient
/m*K]

0 0.2 0.4 0.6 0.8 1
gap distance, g, [mm]

Figure 3.2. Distribution of the hint value in the transition zone between contact and non-contact (convective
cooling) for the three different values of assumed for the IHTC.

3.2. Strip drawing test (flat tools)

The first example consists of a blank clamped between two parallel flat tools.
The blank is subsequently pulled in order to produce relative movement between the bodies
and, consequently, friction forces. The heat transfer coefficient hint is assumed constant in
all exterior surface of the blank, i.e. identical for both contact tool-metal (IHTC) and
environment-metal (HTC). The purpose of this example is to evaluate the influence of the

hint in the predicted temperature under frictional conditions (©#=0.15), excluding heat
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generation by plastic deformation. For this example, three values for the hin: were chosen to
evaluate the predicted temperature. The lower value corresponds to 1 W/m?2-K, which tries
to replicate thermal isolation conditions, meaning that the heat exchanges with the exterior
are negligible. The second value is 100 W/m?-K and the third is 1000 W/m?-K. It is assumed

a constant pulling velocity of 1 mm/s.

3.2.1. Finite element model

The presented example considers a deformable body (sheet) in contact with two
rigid surfaces (flat tools). Due to material and geometrical symmetry conditions, only half
sheet width is considered. The blank discretization is divided in two zones along the x-
direction. The first zone of the blank will be in contact with the tools (finite element size of
0.26 mm) and the second zone represents the contact with the grip, having only one FE for
the whole contact in the length direction. In the width direction 10 finite elements are
considered, while 3 finite elements are considered in the thickness direction. The entire blank
comprises 4,530 finite elements. Figure 3.3 shows the geometrical conditions adopted, as
well as the blank zones described above.

This example is divided in two phases, the first consists in the movement of the
upper and lower tools to compress the blank (without inducing plastic strain). The second
phase consists in pulling the blank in the x-direction for 80 mm, to generate heat through
frictional contact with the tools. The two flat tools are both modelled with Nagata patches.
In this case, as they are flat, only one patch was considered for each tool. The elastic
properties considered are the ones presented in Section 2.2.1.

100 mm 25 mm
(150 FE) (1 FE)

A
. A

Az=0.0002 mm
Node 1

Upper tool #=0.15 .
Ly P P P Grip
0.8 mm (3 FE) | —»
-t . . . Ax=80 mm
Lower tool

T Az=0.0002 mm

Figure 3.3. Representative scheme of the example with flat tools.
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3.2.2. Results and discussion

As expected, in the case of hin equal to 1 W/m?-K (very low value), the blank
temperature increases gradually during the entire pulling displacement. This shows that the
heat lost to the tools and the environment is very low (see Figure 3.4). For the intermedium
value of hint, the predicted temperature reaches a steady state regime near 40 mm of pull
displacement (temperature variation of about 32 K). This denotes a slower temperature
variation than in the first case, explained by the higher heat exchanges at the boundaries of
the blank (see Figure 3.4). Finally, for the higher value of the HTC, the predicted temperature
remains almost unchanged throughout the whole pulling displacement, meaning that all the
generated heat is lost to the tools and the environment. Figure 3.4 shows the temperature
variation for the three tested hint values.

140 ' ——h=1W/m2K
120 | ——h=100 w/m2K
———h=1000 W/m2.K

100

80

60 |

40 t

Temperature variation, AT [K]

20

0 20 40 60 80
X coordinateof node 1 [mm]

Figure 3.4. Temperature variation evaluated for node 1, for different hin: values.

The main conclusions achieved with this first example are that for higher hint
values, the predicted temperature reaches a steady state regime sooner. Moreover, the
increase of the heat transfer coefficient promotes more heat exchanges with the exterior,
causing the predicted temperature to decrease, as more energy is released. Notice that in the
three cases the energy generated by friction is the same.

However, the assumption of equal heat transfer coefficients in the contact

between tool-sheet and environment-sheet is not valid, because contact conditions are
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different in both cases. Therefore, in the second example different values will be taken into

account, to correctly predict the temperature in both contact conditions.

3.3. Strip drawing test (rounded tools)

The second example considers the deformable body used in the first example,
but now in contact with two rigid rounded surfaces (rounded tools). The boundary conditions
are the same as in the first example. In this case, it is considered that the heat transfer occurs
differently in the contact area with the tools and the environment. Thus, two values of heat
transfer coefficient will be used, one for the contact environment-sheet (HTC) and one for
the contact tool-sheet (IHTC). The adopted value for the HTC is 3.4 W/m?-K (see Section
3.1.1) and for the IHTC three values were chosen (see Section 3.1.2).

The same process conditions of the first example were adopted, to generate heat
through frictional contact with the tools, but in this case with different heat transfer
coefficients. The main difference from the first example is in the geometry of the tools,
which in this case promotes heat transfer not only in the contact area, but also in the
proximities of the contact, where the heat transfer coefficient is evaluated based on Equation
(3.17). Furthermore, in this example the influence of the pulling speed in the predicted
temperature will be studied.

The blank is the same deformable body of the first example, including the
discretization. The two rounded surfaces (rounded tools) with plane contact area are
modelled with 34 Nagata patches. The boundary conditions used are the same of the first
example.

This example is also divided in two phases, where the first consists in the
movement of the upper and lower tools to compress the blank (without inducing plastic
strain) and the second phase consists in pulling the blank in x-direction for 80 mm, to
generate heat through frictional contact with the tools (#=0.15). The initial value of the

puling speed is 1 mm/s.
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Figure 3.5. Representative scheme of the example with rounded tools.

3.3.1. Results and discussion

The distribution of the hint as a function of the gap distance to the tools is
presented in Figure 3.2, considering three distinct maximum values. Its influence on the
temperature distribution is presented in Figure 3.6. Since the temperature on the sheet is non-
uniform, two nodes of the finite element mesh were selected to evaluate the temperature
evolution.

Although the selected nodes have different positions, both reach the peak of
temperature in the same position, which corresponds to the contact area with the tools (see
Figure 3.5). Considering different IHTC values, the evolution of the temperature is similar,
ranging in a small interval (1 K of temperature variation for the three different IHTC values).
Nevertheless, it should be noted that the maximum temperature variation is about 3 K, which
occurs when the minimum value of IHTC is adopted. In fact, the temperature variation
increases approximately 50% when the IHTC decreases from 3700 to 2500, as highlighted
in Figure 3.6. Nevertheless, it should be mentioned that this temperature variation is much
smaller than the observed in Figure 3.4.

Since the initial position of node 2 is closer to the tools (contact region), the
temperature increase rate is higher in this node, due to the proximity with the heat source
and the thermal conduction (see Figure 3.6). Once node 1 becomes closer to the contact area,

is has almost the same behaviour as node 2, reaching the same temperature gradient in the
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same spatial position (under the tools). After losing contact with the tools, the temperature
of the sheet decreases and then stabilizes (low gradient) when the IHTC assumes the HTC
value (3.4 W/m?-K).

4

— — —IHTC=2500 W/m>K (Node 1)
IHTC= 2500 W/m?K (Node 2)
— — —IHTC=3100 W/m?*K (Node 1)
IHTC= 3100 W/m?K (Node 2)
| — — —IHTC=3700 W/m*K (Node 1)
IHTC= 3700 W/m?K (Node 2)
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Figure 3.6. Temperature distribution for different IHTC values of node 1 and node 2.

In order to study the impact of the sliding velocity on the predicted temperature,
three velocity values were chosen. Nevertheless, the thermal conditions that establish the
heat transfer between the sheet and the tools and environment are assumed constant, i.e. the
HTC and IHTC values are 3.4 W/m?-K and 3100 W/m?-K, respectively. The selected values

for the grip velocity are 1 mm/s, which was already studied, 5 mm/s and 10 mm/s.

20

18 L v=1 mm/s (Node 2)
— = —v=1 mm/s(Node 1)

16 r v=5 mm/s (Node 2)

14 r = — —v=5mm/s(Node 1)
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Figure 3.7. Temperature distribution in nodes 1 and 2 for different pulling speeds.
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Figure 3.7 shows the temperature variation for the different conditions. The
increase of the pulling velocity results in a higher temperature, due to the higher slip rate
(see Equation (3.3)). The maximum temperature variation attained is approximately 18 K,
occurring for the 10 mm/s of pulling speed (see Figure 3.7). The different behaviour of node
1 and node 2 verified in Figure 3.6 tends to disappear for higher velocities, i.e. the
temperature evolution of the node 1 is identical to the one of node 2. This results from the
speed up of the heating process which reduces the contribution of the conduction within the
blank, resulting in the slow increase of the blank temperature. The peak of the temperature
continues to be in the same x-coordinate, corresponding to the contact between the blank and
the tools.

The main conclusions from the variation of the pulling velocity are that the
predicted temperature increases with the increase of the velocity and that the heat conduction

process becomes negligible for higher velocities.
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4. Thermomechanical results and discussion

This section presents the numerical simulations results of the draw bead test,
comparing several sets of process conditions. All simulations are performed considering the
DP780 blank material, except where indicated. The variables under analysis are the contact
forces, the strain, the temperature, the contact angles and the springback. These variables are
evaluated for different process conditions, such as punch penetration, side clearance and
friction coefficient. This analysis is performed considering always as reference the model
with: (i) 21.8 mm of punch displacement (ps); (ii) 150 mm of grip displacement; (iii) 1 mm/s
of pulling speed; (iv) side clearance of 1.2 mm (1.5 to) and (v) friction coefficient of 0.15.
First, in order to reduce the computational cost, the adoption of plane strain conditions is
explored (2D model) to describe the draw bead test. Then, the influence of the process
parameters and the selected material (DP500 and DP780) with regards to the variables

mentioned previously is analysed.

4.1. Plane strain conditions

In order to assess the influence of the assumption of plane strain conditions, both
2D and 3D models, described in Section 2.2.2, were analysed. The comparison between the
finite element models considers the main process parameters, which are the contact forces
and angles and temperature evolution that occurs in the draw bead test.

Regarding the contact forces arising in the draw bead test, the most influent ones
are the punch force and the grip force. The comparison between the 2D and 3D models
regarding the forces is presented in Figure 4.1 and Figure 4.2. The behaviour of the forces —
punch force in the z-direction, P, during punch displacement and grip force in the x-
direction, Gy, during grip displacement — is identical for the 2D and 3D models. Thus, the
adoption of plane strain conditions does not affect the predicted forces in the test. Further

attention will be given to these forces in Sections 4.2 to 4.5.
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Figure 4.1. Punch force in the z-direction, P;, during the punch displacement. Comparison between 2D and
3D models.
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Figure 4.2. Grip force in the x-direction, Gy, during the grip displacement. Comparison between 2D and the
3D models.

The contact angle between the blank and the tools (cylinders), excluding the
support cylinder, is evaluated for both models. Hence, three contact angles are considered,
61, & and &, which describe the contact with the left die, punch and right die, respectively.
These angles were obtained by considering the first and last node of the blank in contact with
each tool. Figure 4.3 shows the adopted angle definition, as well as the location of the contact
forces (explanatory case). These three angles were evaluated for eight instants of the test,

four during the displacement of the punch and the remaining four during the grip
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displacement. The selected instants correspond to equidistant values of displacement, i.e.

5.45 mm of punch displacement and 37.5 of grip displacement.

Point 3 Point 4
110

(a) (b)

Figure 4.3. Contact angles definition: (a) schematic approach; (b) location of the contact forces in the draw
bead (end of phase 1).
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Figure 4.4. Evolution of the contact angles 61, 6 and &: (a) during the punch displacement; (b) during the
grip displacement.

Figure 4.4 presents the contact angles for the 2D and 3D models. The behaviour
of the angle differs from the punch displacement to the grip displacement, due to the nature
of the movement. The vertical movement of the punch leads to an increase of the angle &
since the beginning, while the angles & and & start to increase only when the punch
displacement reaches 10.9 mm. For 21.8 mm of vertical displacement (full punch
penetration), &, & and & reach the maximum values, which are about 34°, 150° and 60°,
respectively. During the displacement of the grip the contact angles tend to stabilize at
around 37.5 mm, after a slight decrease in relation to its initial values (final values achieved

at the end of the vertical displacement of the punch). The values of &, & and & remain
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stable after 37.5 mm of grip displacement and are approximately 33°, 140° and 50°,
respectively.

Comparing the angles predicted by the 2D and the 3D models, the global
difference (considering the eight values of the angles for each model) never exceeds 4.6°.
This maximum difference occurs for & when the grip displacement reaches 37.5 mm. The
overall average difference between the two models is 2.3°, being the lower angle predicted
by the 2D model.

Regarding the springback effect, the comparison is performed considering the
angle between the two non-deformed zones of the blank (located before the support cylinder
and after the right die). Figure 4.5 shows the springback differences between the 2D and 3D

model, as well as a scheme of the springback angle considered.
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Figure 4.5. Springback of the blank considering the 2D and the 3D models. Detail of the springback angle
definition.

The springback angle predicted by the 3D model, 6sp, is 87.2° while for the 2D
model is 87.8°. The difference between the springback angles is lower than 1°, which shows
a good agreement of both models. Although the springback angle is identical, the final
geometry of the 2D model presents some differences, as shown in Figure 4.5.

Since the heat generated by plastic strain and frictional contact is taken into

account in the finite element analysis, the temperature of the blank is not uniform. Hence, it
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Is important to analyse the blank temperature (evolution and distribution at the end), as
predicted by the numerical models. Figure 4.6 presents the temperature distribution of the
whole blank at the end of the second phase (grip displacement), as well as the equivalent
plastic strain. Figure 4.7 shows the evolution of the temperature for a reference node (node
1), which is initially before the tools and throughout the test performs the whole contact with
tools and reaches a steady state.

Considering the temperature distribution (Figure 4.6), two planes parallel to the
length direction: y=0 mm and y=12.5 mm are used to assess the temperature. The main heat
generator factor is the plastic strain rate. Considering the 2D model, the equivalent plastic
strain (EPS) is the same in both planes due to the boundary conditions. On the other hand,
some deviations in the equivalent plastic strain are predicted by the 3D model (see Figure
4.6) case, when comparing both planes, causing different temperatures. The temperature
distribution correlates with the equivalent plastic strain distribution (see Figure 4.6). In the
plane y=12.5 mm, the EPS behaviour of the 3D model shows an increase of its maximum

value, resulting in the maximum temperature predicted (see Figure 4.6).
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Figure 4.6. Temperature and equivalent plastic strain distributions obtained at the end of the second phase
(grip displacement). Comparison between 2D and 3D models.
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Figure 4.7. Comparison of the temperature evolution in node 1 achieved for the 2D and 3D models.

Since the draw bead test reaches a steady state, the temperature evolution in a
node that travels all path defined by the tools is identical to the temperature distribution along
the strip (compare Figure 4.6 and Figure 4.7). The behaviour of the temperature evolution is
very similar for both models (Figure 4.7). Indeed, the maximum temperature achieved for
the reference node in the 2D model is about 302.3 K, while for the 3D model is
approximately 302.4 K. It is worth mentioning that there are slight differences in the
temperatures between Figure 4.6 and Figure 4.7, since one represents the global temperature
and the other represents the temperature verified in a single node.

The model considering plane strain conditions comprises fewer finite elements
(FE), i.e. only two in the width direction. This is advantageous for the computational cost,
which is greatly reduced in comparison with the 3D model. Table 4.1 presents the number
of FE and the computational time required by each model. The 2D model comprises
approximately 7.5 times less finite elements than the 3D model. This decrease in the number
of FE improves the computational time about 5 times with respect to the 3D model, which

constitutes a considerable improvement in the overall simulations times.

Table 4.1. Comparison between 2D and 3D models with respect to computational time and number of FE.

Model Finite elements  Computational time [hh:mm:ss]
2D 7584 06:19:57
3D 37920 47:19:29
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The overall results are qualitatively similar between models, i.e. the 2D model
provides accurate enough results in comparison with the 3D model, while the computational
cost is strongly reduced (see Table 4.1). Based on the main process variables analysed
(forces, temperatures, angles) and the computational performance of each numerical model

(2D and 3D), plane strain conditions will be considered in the following sections.

4.2. Punch penetration

In this section, the influence of the punch penetration is studied, i.e. its impact
on the predicted forces, temperatures and contact angles that occur in the test is evaluated. It
is assumed that the other process conditions, such as side clearance, material properties and
pulling velocity are constant. Three numerical simulations were performed, considering 21.8
mm, 16.35 mm and 10.9 mm of punch displacement, representing 1 (p=1 ps), 0.75 (p=0.75
pr) and 0.5 (p=0.5 pr) times the full penetration, ps, respectively.
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Figure 4.8. Grip force evolution for the three different values of punch penetration.

The evolution of the grip force, Gx as a function of the grip displacement is
presented in Figure 4.8, comparing three values of punch penetration. The higher value of
grip force occurs for the full penetration, as expected, reaching 2980 N. The difference
between the higher and intermediate values of penetration is about 500 N, while for the
intermediate and lower cases the difference is about 900 N, as shown in Figure 4.8. The

value of grip displacement for which the force attains its steady state decreases when the
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punch penetration increases. Nevertheless, for all penetration values, the grip force is

approximately constant for a grip displacement higher than 50 mm.
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Figure 4.9. Evolution of the punch force in the z-direction, P, for the three values of punch penetration: (a)
during the punch displacement; (b) during the grip displacement.

The evolution of the punch force in the z-direction, P, is presented in Figure 4.9
(a) for all penetration cases. Since the difference is only in the displacement for which the
penetration ends, the force evolution is the same for all conditions, as expected. The main
difference occurs in the maximum values due to the imposed displacements, meaning that
the higher forces occur for the higher displacements. The maximum values of P, are
approximately 1043 N for the p=0.5 pr, 1750 N for the p=0.75 pr and 2347 N for the p=1
pf cases.

The evolution of P; as a function of the grip displacement is presented in Figure
4.9 (b). The higher values of force occur for the higher punch penetrations, reaching the
maximum value of approximately 2530 N, for the p=1 pr case. The punch force reaches a
steady state value for a grip displacement higher than 50 mm. This is in accordance with the
grip force evolution (see Figure 4.8). In fact, the effect of the punch penetration on the punch
force is identical to the one observed in the grip force. Nevertheless, the value of the punch
force in the steady state regime is higher than the one observed at the end of punch
displacement (Figure 4.9 (a)). Indeed, the punch force increases about 15 % until achieving

its constant value.
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Figure 4.10. Evolution of the punch force in the x-direction, Py, during the grip displacement for the three
values of punch penetration.

The evolution of the punch force in the x-direction, Px, with respect to the grip
displacement is presented in Figure 4.10, comparing the three values of penetration. In
contrast with P, which increases with the punch penetration (see Figure 4.9 (b)), Px
decreases as the punch penetration increases. In fact, this switch in the force is due to the
blank increasing the contact area with the punch. As shown in Figure 4.3 (), the angle & is
the sum of &1, which is the angle of contact of the left side of the punch, and &2 which is
the contact angle on the right side of the punch. For the lower penetration case, it is
noticeable that there is no contact on the right side of the punch (see Figure 4.11), while for
the intermediate and full penetration cases there is contact on the right side of the punch
(622), creating a force in the opposite direction, decreasing Px. Thus, the higher Px value
arises for the lower penetration value, reaching approximately 858 N (see Figure 4.10).
However, the vertical component of the punch force is always higher than the horizontal
component (compare Figure 4.9 (b) with Figure 4.10). The shape of the blank for each

penetration value is in agreement with the geometry predicted by (Nine, 1982).
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(b)

(©)

Figure 4.11. Contact forces for three values of punch penetration: (a) p=0.5 ps; (b) p=0.75 ps; (c) p=1 ps.
Pulling from left to right.

Regarding the influence of the punch penetration on the contact angles, &, &
and @, the comparison is performed by comparing the angle values observed at a moment
where a steady regime is already achieved, i.e. when the grip displacement is comprised
between 37.5 mm and 150 mm. Thus, the displacement chosen to evaluate the angles is
approximately 112.5 mm. Figure 4.12 presents the contact angles for the three different
punch penetrations studied. The higher values of the contact angles arise for full penetration
conditions, reaching 31.4°, 137.4° and 48.4° for 6, & and &, respectively. Besides, the

angles behave differently depending on the penetration. While & and & increase with the
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penetration, & remains almost unchanged (except for full penetration). For the lower punch
penetration, the overall contact angles are very reduced, resulting in a contact angle of 32.8°
for the whole contact area.

Taking into the contact angles shown in Figure 4.12 for full penetration, the
maximum pressure calculated for the steady state regime is about 16.7 MPa, located in the
right die (RD). However, as highlighted in Figure 4.11, the contact forces are not
continuously distributed in the surfaces, which leads to approximations for the maximum

contact pressure of about 150 MPa (also for the RD).
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Figure 4.12. Contact angles &, & and & achieved for a grip displacement of 112.5 mm. Comparison
between p=1 pr, p=0.75 prand p=0.5 ps.

The temperature and EPS distributions, at the end of pulling stage, are shown in
Figure 4.13. The location of the peaks of temperature do not match for the three studied
values of punch penetration due to the different contact angles. The maximum temperature
occurs for the lower punch penetration value. Although the EPS presents lower values, the
temperature reaches the value of 304.6 K due to the reduced contact angle. Although the
tools are responsible for generating heat induced by plastic strain, they are also responsible
for the main heat loss due to the high thermal contact conductance. Thus, inferior contact

angles (Figure 4.12) results in lower heat generation but also inferior heat losses.
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The contact angle presents a strong influence on the maximum temperature, as

shown in the temperature evolution of node 1, presented in Figure 4.14. Indeed, for full

penetration, the maximum temperature is the lowest of the three cases, as it registers the

biggest contact angle, despite having the highest EPS value, reaching 302.6 K. Considering

the lower penetration value, the reason why the temperature of the node 1 does not present

a similar decrease as the others, in the contact zone with the punch (between the first two

peaks), is due to the small contact angle & (30.1°). The same reason applies to the maximum

temperature observed (node 1) of 304.3 K.
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Figure 4.13. Temperature and equivalent plastic strain distributions obtained at the end of the second
phase. Comparison between the considered punch displacements: p=1 pr, p=0.75 pr and p=0.5 ps.
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The influence of the punch penetration value on the springback is shown in
Figure 4.15. Both the intermediate and full penetrations have similar springback angles,
differing only in the punch contact area. On the other hand, the springback predicted for the
lower penetration value is considerably different from those two. The springback angle is
80.9° for the lower penetration case, while for the two remaining cases is 87.8°, representing

an increase of about 9%.
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Figure 4.15. Springback of the blank. Comparison between the three different punch penetrations: p=1 ps,
p=0.75 prand p=0.5 px.

Since the springback is caused by the stress state in the blank before the load
removal, the stress gradient in the thickness direction is directly related with the increase of
the springback (Rodrigues and Martins, 2010). The difference between the springback of the
lower penetration and the others is a consequence of the different stress gradients in the
thickness direction, along the strip. In this case, the through-thickness stress gradient was
evaluated in a section of the blank representative of the steady regime. Figure 4.16 presents
the normal stress component, with respect to the rolling direction, oi1, as well as the EPS,
both calculated at the six Gauss points (GP) present in the thickness direction. The reference
through-thickness position is calculated based on the average distance between the higher
GP and lower GP. The upper surface is subjected to compression stress, while the lower

surface is under tension stress (see Figure 4.16 (a)). The neutral line is slightly deviated from
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the middle line, due to the normal stress imposed by the grip displacement, which is added
to the bending stress, resulting in o11. The stress gradient is slightly bigger (6%) for the
intermedium and higher punch penetrations, in comparison with the lower penetration. This
is the cause for the differences in the springback, despite both cases showing higher EPS
values. In fact, the main differences in the EPS between all cases are near the blank surface,
because in the centre of the blank thickness it is quite small for all cases (between 0.01 and
0.02), as shown in Figure 4.16 (b).
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Figure 4.16. Distribution of stress and strain in the Gauss points located in the thickness direction located at
a section representative of the steady state regime (grip displacement of 112.5 mm): (a) normal stress i1 in
the rolling direction; (b) equivalent plastic strain. Influence of punch penetration.

The influence of the punch penetration is more evident in the forces and contact
angles. Regarding the forces, the punch displacement dictates the magnitude of the forces,
not only in the z-direction but also in the x-direction. The contact angles are significantly
reduced when the penetration is inferior, being the contact angle value directly related to the
displacement of the punch. Comparing the contact angle and the EPS, which is bigger for
the higher values of punch penetration, the temperature of the blank rises with the decrease
of the penetration, leading to the conclusion that the temperature is more influenced by the
contact angle (area) than by the equivalent plastic strain generated during the punch

displacement, i.e. the heat lost by conduction is quite relevant in this test.
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4.3. Side clearance

In this section, the influence of the side clearance (gap) on the evaluated process
conditions (forces, temperatures and contact angles) is studied. Thus, four numerical
simulations were performed, assuming 0.8 mm, 1 mm, 1.2 mm and 1.6 mm of side clearance,
corresponding to 1 (g=1 to), 1.25 (g=1.25 to), 1.5 (g=1.5 tp) and 2 (g=2 to) times the blank
initial thickness, to, respectively.
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Figure 4.17. Grip force evolution for the four different values of side clearance.

Figure 4.17 presents the grip force, Gy, during the second phase (grip
displacement), comparing the four values of side clearance. The force increases with the
decrease of the side clearance, since the blank becomes increasingly more constrained. There
is a clear difference between the lower gap and the remaining cases. In fact, the value of Gx
obtained for 0.8 mm gap (g=1 to) is more than the double of the force obtained for 1 mm gap
(9=1.25 to), reaching the value of approximately 7130 N. Indeed, comparing to the value of
3290 N obtained for the 1.25 to gap it represents an increase of about 117%. The achieved
grip forces for the 1.5 to and 2 to gap values are 2950 N and 2700 N, respectively. The
fluctuations verified in the grip force for g=1 to case (Figure 4.17) are due to the numerical
treatment of the contact between the blank and the tools, which is performed with a node-
to-segment approach.

The evolution of the punch force in the z-direction, P, during the first phase is

presented in Figure 4.18 (a). The force evolution is similar in all cases until the displacement
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of approximately 16mm. After that, the punch force for the lower gap increases significantly,
reaching the maximum value of 6440 N. For the remaining gap values, the forces are quite
similar, showing a difference of less than 300 N between the maximum values. The
maximum force value for the g=1.25 to, g=1.5 to and g=2 to cases are 2620 N, 2350 N and
2120 N, respectively.

The evolution of the punch force in the z-direction, P, during the second phase
(grip displacement) is presented in Figure 4.18 (b). As expected, the higher forces occur for
the lower side clearance, reaching the maximum value of 6200 N. Similar to the first phase,
there a considerable difference in the magnitude of P, between the g=1 to and the remaining
cases. The behaviour of the vertical punch force is in agreement with the grip force (see
Figure 4.17), reaching a steady state for higher than 37.5 mm of displacement. The achieved
force values for the g=1.25 to, g=1.5 to and g=2 to cases are 2780 N, 2520 N and 2310 N,
respectively.
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Figure 4.18. Evolution of the punch force in the z-direction for the four values of side clearance: (a) during
the punch displacement; (b) during the grip displacement.

Concerning the influence of the side clearance on the contact angles 61, & and
6, the same approach considered in Section 4.3 is used, i.e. the angle values are measured
during the steady state regime (grip displacement of approximately 112.5 mm). Figure 4.19
presents the three contact angles for the four gap values adopted in this study. The angles

generally increase with the decrease of the side clearance, reaching the maximum values of
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68.9°, 174.4° and 72.7° for 61, 6 and &, respectively, in the g=1 to case. All angles vary in
the same way with the gap, as expected, since the punch becomes increasingly embraced by
the blank when the left and right dies reduce their distance to the punch. The angles most
affected by the gap distance are 61 and &, showing a bigger decrease as compared to &s,

when the gap increases (average decrease of 18°, while for & is about 10°).
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Figure 4.19. Contact angles 61, & and & for a grip displacement of 112.5 mm. Comparison between g=1 to,
g=1.25 to, g=1.5 to and g=2 to.

02
Contactangle

Figure 4.20 presents the temperature distribution at the end of the grip
displacement, comparing four values of side clearance. The maximum temperature achieved
is 303.9 K, corresponding to the g=1 to case. The maximum temperature value for the lower
gap occurs in the transition zone between the left die and the punch, while for the remaining
cases the maximum temperature occurs in the zone at the exit of the right die. Despite the
equivalent plastic strain being very similar between the 1 mm (g=1.25 to), 1.2 mm (g=1.5
to) and 1.6 mm (g=2 to) gaps, the temperature is lower for the first case, due to the bigger
contact area with the tools (Figure 4.19), which imposes more heat losses (see Figure 4.20).
Indeed, the temperature for g=1.25 to case is 302.1 K while for the two remaining gap values
is 302.6 K. The locations of the temperature peaks do not match due to the different contact

angles and to the positioning of the left and right dies with respect to the punch.
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Figure 4.20. Temperature and equivalent plastic strain distributions obtained at the end of the grip
displacement. Comparison between the considered gap distances: g=1 to, g=1.25 to, g=1.5 to and g=2 to.
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Figure 4.21. Temperature evolution in node 1 during the test. Comparison between the considered gap
distances: g=1 to, g=1.25 to, g=1.5 to and g=2 to.

Figure 4.21 shows the temperature evolution for the reference node (node 1). All
gap values show similar evolution, with peaks at approximately the same locations, i.e. in
the transition zones between the dies and the punch and at the end of the contact with the
right die. The maximum temperature achieved for node 1 is 303.8 K, which occurs for the
lowest gap distance. When considering the g=1.25 to, g=1.5 to and g=2 to cases, the larger
temperature occurs for the latter, due to the combined effect of the lower contact area with
the tools and similar EPS.
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Figure 4.22. Springback of the blank for different values of gap distance: g=1 to, g=1.25 to, g=1.5 to and g=2
to.

Figure 4.22 presents the springback for the different gaps distances. It is
noticeable that the springback angle is similar for g=1.25 to, g=1.5 to and g=2 to, while for
g=1 to there is a slight decrease in the angle, reducing from approximately 87.8° to 78.9°.
Since the stress state within the blank is the dominant factor in the springback (Li et al.,
2002), the normal stress with respect to the rolling direction is also studied for the cases
under analysis. Figure 4.23 (a) presents the normal stress in the thickness direction (for a
section located in the zone corresponding to steady state), calculated for the six Gauss Points
(GP) comprised in the three finite elements considered. The stress gradient in the g=1 to case
is about 8% inferior than the one obtained with the remaining gap values (very similar stress
gradients), resulting in a lower springback angle (10% lower than the remaining cases).
Figure 4.23 (b) shows the equivalent plastic strain calculated for the six GP. The difference
occurs for the g=1 to case, especially in the centre of the blank, as in the surface the EPS
values are very similar for all gap values. Indeed, in the centre of the blank the EPS for the
g=1 to is approximately 0.08. Comparing to the remaining cases (0.02) it represents an
increase of about 3.5 times in the EPS, which also contributes to the differences noticed in

the springback.
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Figure 4.23. Evolution of the punch force in the z-direction, P,, for the four values of side clearance: (a)
during the punch displacement; (b) during the grip displacement.

As main conclusion, the gap value presents a strong impact on the predicted
forces and contact angles. Regarding the forces, the decrease of the gap results in higher
forces, with a substantial increase for gap values close the blank thickness (increase of about
117% in Gx and 146% in P, between the 1 mm and the 0.8 mm gaps). Attention must be
given to the arising of numerical instabilities related to the contact between the blank and
the tools for the latter case. The contact angles increase for gaps closer to the sheet thickness.
In fact, for the g=1 to case, the overall contact angle (&i+6&+ &) almost matches the wrap
angle considered by (Nine, 1978) to evaluate the friction coefficient, reaching the maximum

value of 316°.

4.4. Friction coefficient

In this section, the influence of the friction coefficient x on the predicted forces,
temperatures and contact angles is studied. Thus, five numerical simulations were
performed, considering values of 0.00, 0.05, 0.10, 0.15 and 0.20 for the friction coefficient.

Figure 4.24 presents the evolution of the punch force with the increase of u
during both the first phase (punch displacement) and the second phase (grip displacement).
The effect of the friction coefficient on the behaviour of the forces is very similar for all

cases, with forces increasing for higher friction coefficient values. As mentioned in Section
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4.2, there is a slight increase in the punch force value during the second phase (before
reaching the steady state regime). The force increases from 1630 N verified in the frictionless
case to 2940 N, that occur for #=0.2. In fact, the force increases for each increment of the

friction coefficient approximately 15% (during the second phase).
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Figure 4.24. Evolution of the punch force for the studied friction coefficients: (a) during the punch
displacement; (b) during the grip displacement.

Figure 4.25 show the grip forces during the second phase for the five tested
values of x. The grip force shows a behaviour similar to the punch force with the increase of
4, i.e. is higher for superior values. The force increases about 20% for each increment of g,
from 1690 N (frictionless case) to 3650 N, which is obtained for the higher friction value of
0.2.
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Figure 4.25. Grip force evolution for the five values of friction coefficient.
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Regarding the contact angles, Figure 4.26 shows the behaviour of 8, & and &
for the different friction coefficient values. 61 and & are almost insensitive to the friction
coefficient, differing less than 3°, presenting values around 32° and 137°, respectively. The
influence of the friction coefficient is more pronounced on &, which increases about 13°
from the frictionless case to the #=0.2 case. The overall contact angle (&i+ &+ 6s) increases
approximately 19° considering the larger value of friction coefficient (1=0.2) in comparison

with the frictionless case.
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Figure 4.26. Contact angles &1, & and s for a grip displacement of 112.5 mm. Comparison between x=0,
1=0.05, 4=0.1, =0.15 and x=0.2.

Figure 4.27 presents the temperature and equivalent plastic strain (EPS)
distributions at the end of the second phase (grip pulling). The EPS is not affected by the
friction coefficient value adopted in the numerical model. Since the effect of friction on the
EPS distribution is negligible and the contact angles are almost the same (see Figure 4.26),
the predicted temperatures for the different 4 values are very similar. Indeed, the larger
difference in the predicted temperature occurs between the frictionless and ¢=0.2 cases and

it is lower than 0.4°.
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Figure 4.27. Temperature and equivalent plastic strain distributions obtained at the end of the grip
displacement. Comparison between =0, ¢=0.05, 4=0.1, 4=0.15 and x=0.2.

In order to predict the friction coefficient between the blank and the tools in the
draw bead test, (Nine, 1978) proposed two analytical methods, one considering constant
contact pressure and another considering linear increase of the pressure. In both cases it is
assumed that the overall contact angle (61+ 6+ 6) is 360°. In this study, the two methods are
adopted to predict and compare the global friction coefficient with the one used as input for
the numerical simulations. Considering constant contact pressure, the analytical prediction
of the friction coefficient is given by:

Gd+f _Gd

ﬂ =
P 7 Py

, (4.1)

where Gg+f and Pg+¢ are the grip and punch forces, respectively, considering both the load
due the deformation (bending of the blank) and frictional forces. G4 represents the grip force
for the frictionless case (x=0), i.e. considering only the bending component. The analytical
model that assumes a linear increase of the contact pressure leads to a prediction of the
friction coefficient with the form:
ba '—b2—4ac - a:7zGd+(7z—2)Pd
= oa ,With Sb =(7-2)G, —(7—-2)G,, /2+27P,,; (4.2)
Cc=7(Gy =Gy ) +(7—2)(Ppus —Py)

Hp
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where Pq is the punch force for the frictionless case. Both models assume that the test is
performed until attaining steady state conditions, to enable the proper evaluation of the
forces.

Table 4.2 presents the values of the forces (punch and grip) predicted by
numerical simulation at the steady state instant, considering various values of x These
values were applied in Equation (4.1) and Equation (4.2) to estimate the friction coefficient,

for both constant and linear increase of the contact pressures, respectively.

Table 4.2. Grip and punch forces achieved in the draw bead test for the five tested friction coefficient
values: ¢=0, =0.05, 4=0.1, 4=0.15 and £=0.2. G4 and P4 represent the forces for frictionless case. Ga-f
and Pq.f are forces related to the frictional contact with the tools.

u Gd [N] Ga+f [N] Pa [N] Pa+ [N]
0 1690 - 1630 -
0.05 - 2030 - 1880
0.1 - 2450 - 2180
0.15 - 2980 - 2530
0.2 - 3650 - 2940
0.25 —
E —&— Equation (4.2) /*’/
S 02 f , _-
& —4— Equation (4.1)
9]
§ 015
0
£ o1 |
S o005 |
a. 0 ”,' I I I I
0 0.05 0.1 0.15 0.2 0.25

Input friction coefficient

Figure 4.28. Predicted friction coefficient calculated by Equation (4.1) and Equation (4.2), considering
constant contact pressure and linear increase of the contact pressure, respectively, for the 4=0, 1=0.05,
1=0.1, 4=0.15 and x=0.2 values.

Figure 4.28 presents the predicted friction coefficient, calculated using both
analytical models, for the studied values of g Both analytical models lead to an
overestimation of the predicted friction coefficient, which is in agreement with the results

by (Oliveira et al., 2011) for similar gap distances. The error is higher when adopting
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Equation (4.2), particularly for higher values of friction coefficient. Indeed, Equation (4.1)
yields more accurate results for the considered gap and punch penetration (g=1.5 to and
p=ps). The discrepancy between the input friction value and the predicted is due to the
contact pressure neither being constant or increasing linearly throughout the contact.
Besides, the contact angle is not 360° (see Figure 4.26), which is the overall contact angle
considered in both analytical models. Figure 4.29 shows the nodal contact forces under
steady state conditions. The pressure is neither constant nor linearly increasing in the contact
area with the tools, while the overall contact angle is always inferior to 360°, clarifying the

discrepancies mentioned above.
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Figure 4.29. Nodal contact force distribution under steady state conditions, evaluated for the case of 1.2
mm of gap (g=1.5 to) and full penetration (p=1 ps): (a) Frictionless conditions (x=0); (b) Friction coefficient of
0.2.

The impact of the friction coefficient on the equivalent plastic strain and
consequently on the temperature is almost negligible. Thus, heat generated by frictional
sliding is very low in comparison with the one generated by plastic strain. On the other hand,

the friction coefficient has a significant impact on the predicted forces, presenting
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approximately a linear relation with the magnitude of the punch and grip forces evolutions.
The increase of the friction coefficient leads to a slight increase of the contact angles, which
is about 3° for &1 and &, and about 13° for 6.

4.5. Material

In this section, the influence of the mechanical properties of the blank material
is studied, as well as the effect of the grip speed during the pulling operation. Thus, both
dual phase steels are considered (DP780 and DP500), which are modelled according to the
mechanical behaviour presented in Section 2.2.1. The impact of the material on the predicted
forces, temperatures, contact angles and springback is assessed.

Figure 4.30 and Figure 4.31 show the force evolution of the punch and the grip,
respectively, for both materials. The forces show a similar behaviour, differing only in their
magnitude. Regarding the evolution of the punch force, the DP780 reaches a maximum value
of 2340 N when the force stabilizes at around 30 mm of grip displacement, due to the higher
strength of the DP780 (see Figure 2.2). On the other hand, the DP500 achieves 1720 N,
which represents a difference of about 32% (see Figure 4.30 (b)). Indeed, the strength of the
DP780 is approximately 36% higher than the DP500 (for an EPS of 0.15), which relates to
the predicted differences in the forces.
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Figure 4.30. Evolution of the punch force for the DP780 and DP500 steels: (a) during the punch
displacement; (b) during the grip displacement.
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The grip force stabilizes at the same grip displacement (30 mm) and, like the
punch force, achieves the maximum value for the DP 780, reaching 2980 N. On the other
hand, the grip force is 2050 N for the DP500. Comparing both values, there is a difference
of approximately 31% (see Figure 4.31).
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Figure 4.31. Evolution of the grip force during the second phase (grip pulling). Comparison between DP780
and DP500.

Fig 4.32 presents the contact angles for each material (DP500 and DP780). The
contact angles are also slightly higher for the DP780, increasing approximately 8°, 6° and
3° for 61, & and &, respectively, reaching 31.4°, 137.4° and 48.4°. On the other hand, the
angles observed for the DP500 are 23.6°, 131.7° and 45.9°, for the previously mentioned
contact angles. This slight difference can result from the slightly lower r-values for the
DP780 in comparison with the DP500 (see Table 2.2).

Figure 4.33 presents the distributions of temperature and EPS for both materials
at the end of the grip displacement, considering 1 mm/s of pulling velocity. The increase of
the global value of the temperature for the DP780 is explained by the difference in the flow
stress (Figure 2.2) of both materials. Although the EPS predicted for the DP780 is about
10% less than for the DP500 (see Figure 4.33), the flow stress attained for these values of
EPS is significantly higher for the DP780. The heat generated by plastic deformation takes
into account the plastic power (see Equation (3.4)), which can be related with the plastic
work, i.e. the product between the equivalent stress and the equivalent plastic strain. Thus,
it is expected to predict higher temperatures for materials with higher flow stress (equivalent
stress). Indeed, the DP780 presents an increase of 1 K in the temperature. The influence of
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the contact angle is almost negligible in this range, as mentioned in Section 4.4. The
maximum temperature achieved for the DP780 is 302.6 K, while for the DP500 is 301.6 K.
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Figure 4.32. Contact angles &1, 6 and s for a grip displacement of 112.5 mm. Comparison between DP780

and DP500.
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Figure 4.33. Temperature and equivalent plastic strain distributions obtained at the end of the grip
displacement (1mm/s). Comparison between DP780 and DP500.

The influence of the material properties on the springback is shown in Figure
4.34. The springback predicted for the DP500 is lower than the one predicted for the DP780.
The springback angle of the DP500 is 73.9°, while for the DP780 is 87.8°, which corresponds
to a difference of about 16%. This results from the through-thickness stress state observed,

particularly in the region of the blank corresponding to the steady state regime. Figure 4.35
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presents the normal stress with respect to the rolling direction and the EPS, calculated for
the six Gauss points in the thickness direction. Although the DP500 presents larger EPS
values (see Figure 4.35 (b)), the stress gradient in the thickness direction is significantly
lower (see Figure 4.35 (a)). In fact, the stress gradient predicted for DP500 is approximately
32% lower than the one predicted for the DP780 steel, resulting in a springback angle

approximately 16% inferior (see Figure 4.34).
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Figure 4.34. Springback of the blank. Comparison between the two different materials: DP500 and DP780.
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Figure 4.35. Gauss points located in the thickness direction located at a steady state regime (grip
displacement of 112.5 mm). Comparison between DP780 and DP500 regarding: (a) normal stress i1 in
relation to the rolling direction; (b) equivalent plastic strain.
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The influence of the material properties is particularly noted in the forces and
springback. The contact angles are residually affected by the change in the material
properties. Since the DP780 has higher strength, the predicted temperature is higher than for
the DP500 (about 1 K), although the later presents higher EPS values. The punch force and
grip force diminish almost 30%, the EPS augments 10% on the blank surface and the

springback angle reduces 16% when the DP500 steel is used.

4.6. Pulling speed

To assess the effect of the pulling velocity on the predicted temperature,
additional simulations were performed considering 10 and 20 mm/s of grip velocity for the
DP780 steel. With the increase of the velocity, the heat fluxes due to frictional forces and
plastic deformation increase as well (see Equation (3.4) and Equation (3.11)). The thermal
heat energy (work) generated by both fluxes is the same regardless of the test velocity.
Indeed, the increase of the velocity reduces the total time of the test, which means that the
same work will be performed in a smaller time period. Thus, the temperature rise is explained
by the heat losses and the conduction within the blank, which are also time-dependant. Since
there is less time, there is less heat loss to the tools and the environment, increasing the
overall blank temperature. Due to the reduction of the time period, the conduction effect
within the blank also becomes negligible, as mentioned in Section 3.3.1.

Figure 4.36 presents the temperature distribution at the end of the grip
displacement for the three velocities. As expected, the temperature is maximum for the
higher velocity (v=20mm/s), reaching 322.5 K. For this test, the temperature rises from
302.6 K to 317.3 K. Between the lower and intermedium velocities there is an increase of
14.7 K. The temperature difference between the higher and lower velocities is approximately
20 K, which denotes a large influence of the pulling velocity in the predict temperature. The
influence of the pulling velocity reveals great influence on the temperature of the blank,
increasing the temperature approximately 15 K when the pulling speed increases from 1

mm/s to 10 mm/s and approximately 20 K for a velocity of 20 mm/s.
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Figure 4.36. Temperature distributions of the DP780 steel obtained at the end of the grip displacement.
Comparison between v=1mm/s, v=10mm/s and v=20mm/s.
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5. Conclusions

With the development of the automotive industry, advanced high-strength steel
sheets are becoming very common in stamping processes (Kuziak et al., 2008). However,
their higher strength also requires improved knowledge since this can be a decisive factor
for the correct description of a given forming process. Further, the numerical modelling of
this forming process can require a coupled thermo-mechanical approach due to the thermal
softening. Thus, the main goal of this work was the numerical study of the contact with
frictional conditions involved in the draw bead test, with particular focus on the thermal
problem.

In order to study the draw bead test, a thermomechanical finite element model
was developed, which considers both the heat transfer to the tools (IHTC) and for the
environment, as well as heat generated by plastic deformation and friction. The effect of the
main process parameters was assessed, in particular the penetration of the punch, the side
clearance between the tools, the coefficient of friction, the material of the blank and pulling
speed of the grip. In addition to the temperature, the process parameters (forces, stresses,
strains, contact angles and springback) were also studied, considering a model that comprises
plane strain conditions.

The process parameters with the biggest influence on the temperature of the
blank were the pulling speed and the punch penetration, followed by the side clearance. The
influence of the pulling velocity on the predicted temperature is very high. In fact, for
velocities of 10 and 20 mm/s the temperature variation increases from 19.3 K to 24.5 K,
respectively, reaching the maximum values of 317.3 K and 322.5 K. Regarding the punch
penetration, the temperature of the blank rises when the penetration is lower. Despite the
lower EPS value generated, the reduced contact area with the tools leads to a temperature
increase due to the reduced heat loss. Indeed, the maximum temperature achieved was 304.6
K, corresponding to an increase of 6.6 K, for the lower punch displacement (p=0.5ps).
Finally, the influence of the side clearance on the temperature was particularly noted for the
lower gap (0.8 mm), with the temperature increasing 5.9 K, reaching the maximum value of
303.9 K.
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The influence of the friction coefficient on the temperature rise is negligible.
Nevertheless, the contact forces are especially influenced by the coefficient of friction, while
the contact angles depend mainly on the punch penetration. Thus, the heat generated by the
friction forces during the sliding is significantly lower than the one resulting from the plastic
strain. Hence, the speed of the grip is the main process parameter affecting the blank
temperature rise, due to the reduction of the time period for the occurrence of heat losses to
the environment and for conduction within the blank.

Globally, the results presented highlight the strong dependence of the thermal
analysis of several parameters, such as the ones characterizing the heat transfer (e.g. IHTC
and HTC). Thus, the use of the draw bead test to improve the model describing the heat
generated by plastic deformation or contact with friction, requires also an improved

understanding of the thermal parameters.
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