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ABSTRACT

ANALYSIS OF EFFECTS OF TEMPERATURE VARIATION ON DEEP
DRAWING PROCESS USING DIFFERENT CONSTITUTIVE LAWS

Demirkol, Rasih Hakan
M.S., Department of Mechanical Engineering
Supervisor: Prof. Dr. Haluk Darendeliler

December 2019, I22 pages

In this study, the influences of temperature variation in deep drawing process are
investigated by changing the temperatures of the whole blank, a part of the blank, the
punch and die. Different yield criteria and hardening rules are considered to form
the constitutive relations. The numerical results are obtained by using a commercial
finite element software. Whereas Von-Mises and Hill48 yield criteria are available in
the finite element code, a subroutine is developed for embedding the Y1d2003 yield
criteria. Simulation results for isotropic, kinematic and combined hardening rules
formulated with Von-Mises yield criterion are also acquired. Circular and square and
complex shaped parts made of AA5754 and SS304 materials are used in the numerical
analyses. The local heating simulations are conducted for a circular part through
the heating of punch, die and, flange and inner regions of the blank for different
combinations. For each case, the drawability of the part is obtained by using the
Johnson-Cook failure criteria. Hot Forming and in-die Quenching (HFQ) analyses
are carried out and the results are evaluated by using the mentioned constitutive

equations for a complex shaped part made of AAS5754. The complex shaped part also



utilized in conducting local heating simulations. The results obtained for different
constitutive equations by the finite element analyses are compared with each other and
experimental results according to thickness strain distribution, punch force variation

and rim shape of the deformed blank.

Keywords: Deep Drawing Process, Hot Forming and in-die Quenching, Sheet Metal,
Local Heating, Yield Criteria
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0z

SICAKLIK DEGISIMININ DERIN CEKME ISLEMI UZERINDEKI
ETKILERININ FARKLI BUNYE DENKLEMLERI KULLANILARAK
ANALIZ EDILMESI

Demirkol, Rasih Hakan
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Haluk Darendeliler

Aralik 2019 , 27 sayfa

Bu calismada, sicaklik degisiminin derin ¢ekme islemi iizerindeki etkileri sac
taslagin tamaminin, sac taslagin bazi bolgelerinin, zzimbanin ve kalibin sicakliklar
degistirilerek incelenmistir. Biinye denklemleri farkli akma kriterleri ve peklesme
kurallart kullanilarak olusturulmustur. Sayisal sonuglar, ticari bir sonlu elemanlar
programi kullanilarak elde edilmistir. Sonlu elemanlar programinda Von-Mises ve
Hill48 akma kriterleri hazir olarak bulunurken, YLD2003 akma kriteri i¢in bir
alt program hazirlanmistir. Ayrca von-Mises akma kriteri, izotropik, kinematik
and kombine peklesme kurallariyla beraber kullanilarak simiilasyon sonuglari
da elde edilmistir. Yuvarlak, kare ve kompleks sekilli AA5754 ve SS304 sac
metaller sayisal analizler i¢in kullanilmistir. Zimbaya, kaliba ve sac metalin kenar
ve i¢ bolgelerine farkli sicaklik degerleri tanimlanarak, yuvarlak sac metalin
bolgesel 1sitma benzetimleri farkli kombinasyonlarda yapilmistir. Her farkli durum
icin, Johnson-Cook kirtlma kriteri kullanilarak sac metalin ¢ekilebilme miktarlar

karsilastinlmistir. AAS5754 kompleks sekilli sac metal icin sicak sekillendirme ve

vii



sogutma islemi (HFQ) bahsedilen biinye denklemleriyle analiz edilip, sonuglar
degerlendirilmistir. Kompleks sekil i¢in bolgesel 1sitma benzetimi de yapilmistir.
Farkli biinye denklemleri kullanilarak sonlu elemanlar analizlerinden elde edilen
kalinlik gerinim dagilimlari, zimba kuvvet deg8isimleri ve kenar profil sonuglari

birbirleri ile ve deneysel bulgularla kargilagtirilmigtir.

Anahtar Kelimeler: Derin Cekme Islemi, Sicak Sekillendirme ve Sogutma Islemi, Sac

Metal, Bolgesel Isitma, Akma Kriteri
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The manufacturing of a lot of parts, which can be from sheet metal, can be seen in
many areas of industries. Different types of sheet metal forming processes are used to
manufacture any designed parts from simple inexpensive tools to large parts such as
aerospace structures. In most cases, some industries like automobile industry has an
important role in the development and nding availability of new materials and proper
processes because of a lot of metal parts used. Using aluminum alloys and steels with
higher strengths allowing compact design because of a thickness reduction and lower

weight begins to nd its way into the automobile industry.

By means of industrial revolutions, engineers and scientists start to search to enhance
the forming processes and increase quality of the production. By doing this, they have

tried to nd easy ways of forming of materials.

Subjects of formability and the ductility, which determine when material fails, are two
important points for forming processes. Both formability and ductility of materials
depend on many material parameters explained by mechanical and material engineers.
To overcome the formability issue of mostly used metals warm sheet metal forming,

in which process is applied at proper elevated temperatures to get production of good
quality can be used. By using sheet metals at elevated temperature, it can be observed
how the structural and molecular forms of the sheet metals change. At very high

temperature, metals seem like uid materials and they can be easily formed.
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1.2 Background

Sheet metal forming process is the important manufacturing process to give a material
having simple geometry to desired shape with de ned dimensions. Although sheet
metal forming processes are used widely in different manufacturing industries,
development of the sheet metal forming suffers from expensive tools and work
pieces and, because this process mostly depends on experiments. Since this process
is affected by different parameters such as design-dimension of the die and tools,
material properties, complexity of blank and interactions between blank and sheet
metal forming tools, more iteration of experiments of this process can be needed.
Moreover, there are different types of sheet metal forming processes such as deep
drawing, blanking, piercing, notching, ironing, bending and hydroforming. In deep
drawing process, a sheet metal called blank is installed on a die. The blank is held in
position by the blank holder and it exerts a force on blank. Moreover, blank is pressed

against the die cavity using punch. In this thesis, deep drawing process is focused.

During the deep drawing process, some undesired defects can be observed if proper
parameters are not used. These defects can occur because of several factors such as
blank holder force, geometry of the part, dimensions of the punch and die, die punch
clearance, lubrication, the friction between blank and the other elements, material
characteristics and contact conditions. When heating is concerned, temperature
values of the blank and heating techniques are other parameters that affect the

deformation during forming process.

To give nearly accurate desired shape to the material having simple geometry, proper
forming parameters should be used. Temperature of the sheet metal is an important
parameter because temperature affects directly ductility of the material as well
molecular-atomic structure. Up to recrystallization temperature of the material, there

cannot be any change in the atomic-molecular structure.

From other aspect of using deep drawing process, FE simulation takes important role
because if FEA ( nite element analysis) is used effectively, there will be little need to

use experiments and scrap will be reduced signi cantly.
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1.2.1 Hot Forming and in-die Quenching Process

In heat forming and in-die quenching (HFQ) process is such a technology, the sheet
metal heated up to solution heat treatment (SHT) temperature. The solubility of the
used solid increases at SHT temperature, moreover; the alloying elements dissolve
into the aluminum matrix. The yield stress of the used sheet material decreases
because dislocation movement takes place more easily. Hence, used material becomes
more ductile and any complex shape can be easily formed. Then, the sheet metal is
formed at a high speed. After that quenching process takes place for that reason
formed part is cooled to room temperature. The quenching process enable to increase
the yield stress and strength of the formed part and obtain supersaturated solid

solution.

1.3 Objective and Scope of the Thesis

The objective of the thesis is to investigate the effects of the temperature variation
on deformed sheet material in deep drawing process by using different yield criteria
and hardening models. By comparing simulation results at different temperatures
with experimental results, it is be decided which yield criterion gives closer results

to experimental ones. Von-Mises, Hill48 and Y1d2003 yield criteria are used in this
study. Simulation of cylindrical, hemispherical and square cup drawing processes
are modeled for homogeneous heating of sheet metal. Both AA5754-O and SS304
materials properties are used for these three types of deep drawing processes. Sheet
material with 1.2 mm thickness is modelled for cylindrical cup drawing and sheet

material with 1 mm thickness is modelled for hemispherical and square cup drawing.

Numerical analyses of AA5754-O and SS304 sheet materials for cylindrical cup
drawing are carried out at room temperature, &%and 250C and analyses of
SS304 sheet material are carried out for cylindrical, hemispherical and square parts at
room temperature, 30C and 600C. Moreover, analyses of AA5754 sheet material
are carried out for hemispherical and square parts at room temperatur€, 800

520 C. Temperature value of 600 cannot be used for AA5754-O sheet materials

because melting point of the AA5754 materials is 8D@nd ductility of aluminum is
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higher than stainless steel. Thickness strain and punch force variations with punch
displacements are compared for all analyses cases. Rim shapes of the deformed

blanks are also shown.

In this thesis, local heating process of the sheet material is also investigated. Circular
and complex shaped parts are used for local heating process. Mechanical and thermal
properties of AA5754-O sheet material and tools of drawing process are used for
all cases. By allowing the heat transfer between blank and tools in analyses, the
temperature and thickness strain variations with local heating of sheet metal are
observed. Local region of sheet metal aims to get more uniform thickness strain

variations.

The Johnson-Cook failure criterion is used to investigate the drawability of the locally
heated circular blanks in cylindrical deep drawing process. For these cases, the blank

holder forces are increased to cause failure of the sheet materials.

For the complex shaped part made of AA5754-O, HFQ process is investigated.
Homogeneous heating of the blank used in the complex shaped part analyses is
carried out at 200C, 350 C and 480C and effects of temperature on thickness strain
distribution are investigated. Quenching process is not analyzed since quenching

process only changes the strength of the materials, without any forming simulations.

1.4 Outline of the Thesis

This study includes six chapters. In chapter 1, a brief introduction is given about
the subject of the thesis. Information about deep drawing, heat forming and in-die
guenching (HFQ) processes are presented and, objective and scope of the thesis
are mentioned. In Chapter 2, information about the literature survey related to
effects of elevated temperatures on deep drawing processes in which local and
homogeneous heating of blank is taken into consideration, HFQ process, different
heating techniques and implementation of yield criteria and hardening rules to FE

( nite element) software for cup deep drawing processes and the comparison of the
simulation results with the experiment results, will be given. After that constitutive

models and formulas of yield criteria and hardening rules will be given in chapter
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3. After that, detailed information about nite element method will be given.
Finite element models of three different types of deep drawing processes, which are
cylindrical, hemispherical and square deep drawings, will be presented. Modelling
and tooling of local heating of circular and complex shaped blanks will be shown
in Chapter 4. HFQ process on the same complex shape will be also expressed in
Chapter 4. Material properties of AA5754, SS304 and tool materials are presented in
Chapter 5. Obtained results from numerical nite element analyses and experimental
results taking from before studies will be shown in graphics; moreover, rim shapes of
deformed sheet materials also will be available in chapter 6. In chapter 7, conclusions
of the results are presented. Finally, the Appendix contains the thickness strain

distributions at different directions of circular blank for Hill48 yield criterion.






CHAPTER 2

LITERATURE SURVEY

This section of the thesis is reserved on the research works related to the effects of
elevated temperature on deep drawing process, heating techniques of sheet materials,
HFQ process, hardening rules, yield criteria, nite element analysis, constitutive
models used in deep drawing and comparison of the results of simulation and

experiments.

Abedrabbo et al. ] have developed a temperature dependent, anisotropic yield
criterion to show formability of two different aluminum alloys (5182 and 5754) used

in automobile industry by the nite element analysis. The anisotropy coef cients
of the YLD2000-2d model §] for different temperatures from 26 to 260C

have been determined experimentally. At this temperature range, the FEA of
the sheet metal forming process was carried out by a coupled thermo mechanical
model; moreover, this temperature dependent and anisotropic model is implemented
LS-DYNA as UMAT. Authors have used two different failure criteria which are strain
and stress-based FLD. After optimization procedure, the best evaluation is obtained
for the temperature values of the punch, blank, upper and lower dies as @5.85
53.85C and 63.85C respectively. Moreover, simulation results have con rmed the

experimental results.

In the study of Basril et al. g], the effect of heating temperature and heating
methods towards the formability of square metal cup deep drawing process has
been investigated experimentally. In deep drawing process, room temperature may
cause poor formability and failure because of high strength of materials at room
temperature. Different sizes of square blanks, which are aluminum, mild steel and

stainless steel (SS), were deep drawn at four different temperatures. Three different



heating techniques were used; heating die only, heating punch only and heating
both die and punch. In this study, by comparing thickness distribution and using
an optimization technique, combination of using SS with size 45 mm and die heating

at 150 C gave the optimal result to get uniform thickness distribution of square blank.

Warm deep drawing of magnesium alloy sheet has attracted in recent years. Chang
et al. [L0] have investigated limiting drawing ratio (LDR) of AZ31 magnesium alloy
sheet by performing experiment and simulations by the nite element method. Since
the magnesium alloy is very sensitive to forming temperature, forming processes were
performed at different temperatures. The AZ31 magnesium alloy sheet fractures at
earlier temperatures values lower than X5@nd cracks occurred at the round corner

of die during the experiments. Authors have seen that this sheet has shown good
formability at temperatures in the range of 2G0and 300C and LDR can reach

3.0 and cracks occurred at the round corner of the punch. However, at forming
temperature of 15@, LDR can reach 2.0. the authors obtained a good agreement
between the results of simulation and experiments in this study. The other study
using same material about effects of temperature and punch and die corner radii on
the formability of square cup deep drawing has been investigated by Chen¥ifal. [

In this study, tensile tests at various temperatures in the range room temperature to
400 C were performed. Forming limit tests were performed at 100, 200 and_300

and by looking FLD, when the forming limit curve is higher, the formability of
specimen becomes better. For warm square deep drawing process, FE simulations
and experiment results were compared and a good agreement between them was
obtained. Both experimental and nite element simulation results indicated that the
optimum forming temperature is about 2@for the square cup deep drawing in
which maximum depth drawn was obtained. Similar research has been done by Zhang
et al. [L2] for warm deep drawing magnesium alloy at elevated temperatures. They
have declared that magnesium alloy sheet is used in different industrial area such
as automobile and electric industry, and these sheet metals are generally formed at
temperatures between 2@ to 400 C since this material has low formability at
room temperature. In the study, effects of blank holder force and temperature has
been investigated and internal heating method has been used. Blank is heated by using

electric heater inside the die. It has been concluded that proper forming temperature



range is between 106 and 170 C. Limit drawing ratio has exceeded 2.0 at 14D
and the limit drawing ratio has reached 2.6 at 120

Ethiraj et al. [L3] developed a new technique to calculate thickness variation in warm
deep drawn circular cup. Used blank was made of AlSI 304 stainless steel which was
drawn at different elevated temperatures below the recrystallization temperature. To
get stress-strain curve at different temperature, Hollomon equation is used. For four
different temperatures, the new technique gives good results when compared with
experimental result. In Kotkunde et&lstudy, 5 different anisotropic yield criteria are
implemented for FE simulation of warm deep drawiddg][ Deep drawing process is
carried out at 40QC for Ti6Al4V alloy sheet metal. Yield criteria and experimental
results are compared in terms of different points, one of which is thickness variation.
Results of Cazacu Barlat yield criteria gives good correlation with experimental result
with respect to thickness variation. In the other study about failure and formability of
Ti6Al4V alloy sheet that has been done by Kotkunde etH].[The experiments has

been carried out at temperature range between room temperature add Bedw

150 C it was observed that formability of this material is very poor. Failure of drawn
cup has been seen nearly at the same regions, that are neck and upper wall, for both
FE simulation and experiment. They have been observed that maximum LDR 1.8 is
obtained at 400C and more uniform thickness variation is obtained at about@00
Furthermore, in Jayahari et al. work, stainless steel 304 sheet metal is drawn using
warm deep drawing at three different temperatut€ [In this study, effects of many
parameters on this process have been investigated. Results of experiments, which
were performed at three different temperatures and strain rates, were compared with
each other by using punch load. In the study of Reddy et al. results of experimental
and numerical analyses of the square cup drawn processes have been compared with
respect to punch force, thickness distribution and dome height for three different
materials that are aluminum, AISI 304 and brakd.[In FE simulation, Hill48 yield
criterion has been used. To draw sheet metal, the needed punch force was found more
for AISI 304 when compared to other two materials. Thickness variation is nearly
same for all materials; however, only slight variation can be seen for aluminum. The

maximum stress was found higher for AISI 304 than for other two materials.

Laurent et al. have studied on effects of temperature and friction coef cients on deep



drawing process of AA5754-0O alloy shedd].] Both numerical and experimental
results are compared. All experiments and analyses have been carried out at
temperatures from room temperature to Z2D0By using coupled thermo-mechanical
FE model, FEA has been carried out and in these analyses, different yield criteria
such as von Mises and Hill48 were used, and blank was modeled with heated die and

blank holder. Punch force decreased greatly by temperature of abov€.150

Fakir et al. studied HFQ process for AA5754-O material numericd]y [Good
correlation was obtained between simulated and experimentally formed shape with
respect to thickness distribution. Moreover, effects of forming temperature and
forming speed on the thickness distribution of the HFQ part. It was observed that
higher forming speed is more bene cial for HFQ forming since it led to less thinning
and more uniform shape. For these results, analyses and experiments were carried
out at temperature of 20Q, 350C and 480C and at speeds of 250 mm/s, 500
mm/s and 750 mm/s. Temperature of 480s SHT temperature. For FE model, the
used initial blank shape was rectangular and for HFQ process, to include deformation
and heat transfer mechanisms, 8-node thermally coupled brick elements (C3D8T)
were used. Zheng et al1§] have investigated two different aluminum alloys that
are AA6082 and AA7075. HFQ process was carried out with respect to time and
temperature ranging from 250 to 400C. For AA7075 material, normalized stress
level for ageing at 40@ was found highest however, ageing at 350vas the
lowest during 10s holding time. This situation was related to coarse precipitation.
Moreover, to form the AA6082 material easily, holding time was increased above 10s.
Ying et al. have investigated Interfacial-Heat-Transfer-Coef cient (IHTC) between
aluminum alloy and cylindrical die for AA7075-T6. In this study, Bécknd heat
balance methods were compared. Surface roughness, contact pressure and surface
lubrication affect the IHTC. In order to verify the IHTC attained by heat transfer
model, the U-type model test was applied. In this U-type test, pressing pressure,
which is the normal pressure on the model, was about 10 MPa and temperature
data from the blank was collected by using K-type thermocouples. For simulation,
COMSOL Multi-physics was used. Temperature history results were compared with
the experimental results. It was observed that, when the contact pressure was in

the range between 30-80 MPa, the IHTC increases with increasing contact pressure,
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when contact pressure is high and roughness is small, IHTC decreases with increasing
surface roughness and when the heat conductivity of the lubricant is larger than
air, IHTC increases since contact area and heat transfer ef ciency increase. Fan et
al. have studied on hot forming quenching process of 6A02 aluminum alloy sheet
[19]. While used dies were at room temperature in most of the studies related to
HFQ process, temperature of the dies were ranging fron€50 350C in this

study. Up to 250C, important decrease of strength of material was not obtained.
With increasing temperature from 2%0D to 350C, tensile and yield stress of the
material decreased. The rst step of the experiment was heating the sheet metal up to
SHT. After that sheet metal was placed into warm dies quickly and formed into the
required shape. Then the formed part was held about 5-10s in warm die to reduce its
temperature to the forming-die temperature and then removed for air cooling at the
room temperature. Final step was aging of the formed part to get the full strength.
It was concluded that temperature of the forming-dies can be increased tG 250
for HFQ integrated forming process of 6A02 aluminum alloy sheet to obtain enough
strength and formability.
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