Process Design for the Forming of Organically
Coated Sheet Metal

Von der Fakultat Maschinenbau
der Technischen Universitat Dortmund
zur Erlangung des Grades
Doktor-Ingenieur
vorgelegte Dissertation

von
Ha-Duong Pham

aus
Hanoi, Viethnam

April 2011



Berichter: Prof. Dr.-Ing. A. Erman Tekkaya

Mitberichter: Prof. Dr.-Ing. Werner Homberg

Tag der mindlichen Prifung: 31. Mai 2011



Acknowledgements

| am indebted to many people for their long-lastsupport and encouragement which was
invaluable for the successful completion of thiseach work.

Firstly, | would like to gratefully acknowledge th@erman Academic Exchange Service
(DAAD) for their financial support. | would alsdcki to thank Mrs. Elke Burbach and other
DAAD staff members, who have been beside me duriggtay in Germany.

| wish to express my deepest appreciation to Bvoflng. Matthias Kleiner for granting me
the opportunity to work with the Institute of Fomgi Technology and Lightweight
Construction (IUL).

| also wish to express my deepest gratitude to. Proflng. A. Erman Tekkaya for giving me
the chance to work under his supervision as wefbasis kindness and patience during the
many years of my research work.

Furthermore, | would like to extend my sinceresintks to Prof. Dr.-Ing. Werner Homberg.
He was always available, whenever | needed help.

My research work was also supervised by Dr.-Ingchdel Trompeter, to whom | wish to
express my sincerest gratitude for his never-endinthusiasm and guidance. Under his
instruction, | have developed many useful reseakilis and he was always available, kind
and supportive when | needed help from him.

To Mrs. Gabriele Bach | would also like to expresg warmest appreciation for her help in
acquiring my family reunion visa. Without her hetpy wife and my daughter would not have
been allowed to join me in Germany in 2008.

My sincere thanks also go to Dr.-Ing. Marco Schiipdun. Prof. Dr.-Ing. Alexander Brosius,
Dr.-Ing. Hossein Karbasian, Mr. Jorg Witulski, Meerd Sebastiani, Mr. Tim Cwiekala for
helping me with the FEM simulation at the beginnaigny work. | also greatly thank all my
colleagues for their kind direct or indirect co-ogté@n and help which created an excellent
working atmosphere. | am also indebted to all tegans — Mr. Ulrich Wornalkiewicz, Mr.
Werner Feurer, Mr. Dirk Hoffmann, Mr. Andreas Herdnhd Mr. Frank Volk — for their
coordinative technical support in my experimentam also sincerely grateful to Ms. Andrea
Hallen for her valuable proofreading.

On the Vietnamese side, | specially thank Prof-IBg. Nguyen Tat Tien, Dr.-Ing. Nguyen
Dac Trung who enthusiastically encouraged me tdyafgp the DAAD grant. | also greatly
appreciate the assistance from my friend in Germddiy-Ing. Nguyen Nhu Huynh.

Almost last, but by no means least, | would likeetgoress my hearty gratitude towards my
parents in Vietnam for their care, love and supgaring my quite long stay in Germany.

Finally, my special hearty appreciation goes towife and my daughter for their support,
patience and loving understanding all the time.

Dortmund, April 2011 Ha-Duonbén






Kurzzusammenfassung
Titel: Prozessauslegung zur Umformung von organischeschichteten Blechen

Der Einsatz organisch beschichteter Bleche hat evi®orteile im Vergleich zu
konventionellen Blechhalbzeugen, wie z.B. die Réstung der Anzahl der notwendigen
Fertigungsschritte, die Verringerung der Produldi@msten und die Vermeidung
umweltbelastender Lackierbearbeitungsschritte. \&@thider Umformung verandern sich die
Eigenschaften der dinnen und relativ weichen Bebtlmg abhéngig von den
Umformbedingungen, wie z.B. Werkzeugradien sowigbiReggskoeffizient zwischen dem
Blech und dem Werkzeugsystem. Bei groRen Formanderudes Blechwerkstoffs kann es
beispielsweise zu einer Anderung der Oberflichegadie des Substrates filhren. Dies kann
bis zu einer Beschadigung der Beschichtung und tsemieinem Versagen des Produktes
fuhren. Daher ist es wesentlich, die Formanderurgegn der Beschichtung zu kennen, um
die urspriingliche Funktionalitéat der Beschichtumgjspielsweise die optischen Eigenschaften
und den Korrosionsschutz, nach der Umformoperatianerhalten. Das bedeutet, dass
unerwiinschte Defekte wie bzw. eine Rissbildung agiee Delamination der Schicht vom
Substrat durch die Anwendung geeigneter Umformbeeia und durch die Ermittlung
optimaler Prozessparameter vermieden werden muddemzu ist eine Methodik zur
Prognose der Anderung der funktionalen Schichteigeaften in Abhangigkeit von
Forméanderungszustanden notwendig.

In dieser Arbeit wird die Umformung von organischsbhichteten Blechen grundlegend
untersucht. Zunachst werden experimentelle Untbsugen zur Umformbarkeit organisch
beschichteter Bleche durchgefihrt und der Einfldsr Prozessparameter auf die
Produkteigenschaften (insbesondere des Glanzgrades) organisch beschichteten
Blechformteilen geklart. Darauf aufbauend werdens&izméglichkeiten der FE-Simulation
zur Vorhersage der Veranderung der Oberflaichenstditen bei der Umformung
beschichteter Bleche untersucht. Die FE-Modelligruermdglicht schlieRlich eine
halbzeuggerechte Auslegung und Optimierung des tingffozesses.

Die Untersuchungsergebnisse zeigen, dass die Unafayrnorganisch beschichteter Bleche
grundsétzlich einen Abfall des Glanzgrades der Biebtung bewirkt, wobei der Glanzverlust
sowohl von der Hohe des Umformgrades als auch voen dauftretenden
Forménderungszustanden abhéangt. Um das Versag@&esehichtung sicher prognostizieren
zu koénnen, wird ein Grenzforméanderungsdiagram fér Beschichtung aufgenommen, um
das Formanderungsvermogen des organisch besckithBlechs bei der Auslegung des
Umformprozesses zu berlcksichtigen. Ferner wirdhadie Abhangigkeit der optischen
Eigenschaften, wie die Glanzabnahme, von den Fateréngszusténden bertcksichtigt. Die
gewonnenen Erkenntnisse werden schlieRlich anhaesdhgdromechanischen Tiefziehens fir
eine praxisrelevante Bauteilgeometrie Uberpriftertli wird zundchst eine analytische
Beschreibung des Einflusses von Geometrie- und eBsparametern auf die
Forménderungszustédnde durchgefuhrt. Auf Basis diedenntnisse wird die Prozessfiihrung
des  hydromechanischen  Tiefziehens hinsichtlich  deErzielung  glinstiger
Oberflacheneigenschaften der Beschichtung der Rietiteile optimiert.



Abstract

The application of organically coated sheet me@C$M) possesses many advantages in
comparison to the conventional sheet metal suchredscing the number of necessary
manufacturing steps, reducing the production ce@std a more environmental friendly
production process. During forming processes, waigproperties of thin and relatively soft
coating layers may be altered depending on formuomglitions such as die radii and friction
coefficient between blank and die components. Aaldtlly, the forming processes induce
large strains in materials that lead to topograghstirface changes of steel substrate. As a
result, the coating layer may be easily damagedthisdis one of the major reasons which
unexpectedly lead to the loss of protective andcapfproperties of the OCSM products.
Therefore, it is essential to know the formabiltfy OCSM in order to maintain all original
functions i.e. optical and corrosion propertiestttd coating layer after forming processes.
That means the undesirable defects such as crackimtglamination must be avoided by
choosing an appropriate forming technique and hgrdening optimal process parameters.
Furthermore, if these coating failures can be ptedi the process parameters of the
processing may be adjusted in advance in orderrégept those damages. Therefore, a
methodology for prediction of the change of funeéibcoating layer properties as a function
of plastic deformation is necessary.

In this research work, the process design for fogrif organic coated sheet metal has been
investigated. The project aims firstly at the irigetion of the forming behavior of the
OCSM, focusing on changes of the optical propeit&sgloss degree depending on process
parameters. Consequently, the application of FiEianent Method (FEM) to simulate the
forming process of the OCSM and to predict the geanf the surface properties is discussed.
The FE modeling allows, finally, a material-basedgess design and optimization of forming
process.

The experimental results indicate that the glosiicton of the coated surface is basically
caused by the strain states and strain level inthboseboth steel substrate and the coating
layer. In order to predict exactly the coating deéls the forming limit diagram of coating
(FLDC) should be used instead of the forming ligiiigram (FLD) of steel substrate. By
using FLDC, the formability concerning the optipabperty of the coating layer is considered
in the process design of OCSM. Furthermore, theed@pnce of the gloss reduction on the
strain states can also be taken into account.

The obtained results are finally validated by hydrechanical deep drawing (HDD) for
forming of complex practice-oriented geometry. Tihituences of process parameters on the
surface property of OCSM products in HDD processaso investigated. For this purpose,
an analytical model is first investigated in ortierevaluate the influences of geometrical and
process parameters on the strain states and disaiitbutions over the forming part. Based on
the conclusions obtained by the analytical restiits, process design for the HDD process
using OCSM can be optimized with regard to the Isestace characteristics of organically
coated layers.
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Notations and Symbols

Symbol Unit Description
A mn? Current cross-section area
Ao mn? Initial cross-section area
Ay MPa Fracture elongation
b mm Current width of specimen
b, mm Initial width of specimen
(o Material constant of the hyperelastic material
Dp mm Punch diameter
Dp mm Die diameter
E MPa Young's modulus
F N Force
MPa Shear modulus
Go GU Initial gloss value
Gi GU Updated gloss value
ks MPa Flow stress
| mm Current length of specimen
lo mm Initial length of specimen
n Hardening exponent
p MPa Pressure
Ip mm Radius of punch edge
lp_1 mm Punch radius
o mm Die radius
R, MPa Yield strength
Roo.2 MPa Tensile yield strength
t mm Current thickness
to mm Initial thickness
tsub. mm Thickness of steel substrate
teoat. mm Thickness of coating layer
w J Energy function
W mm Width of punch
Wb mm Width of die
] Friction coefficient

r MPa Radial stress



iv Notations and symbols
q MPa Tangential stress
e MPa Equivalent stress
o MPa Initial flow stress
1 Major strain
2 Minor strain
J Effective strain
Jr Radial strain
Ja Hoop strain
/1 Strain in longitudinal direction
/b Strain in wide direction
/s Strain in thick direction
Sgrix) + or — sign of scalax
n./ MPa Lamé coefficients
r g/mm3 Mass density
n Poisson ratio
G Shear strain
/1,123 Principal stretches
dX mm Position vector in un-deformed configuration
dx mm Position vector in deformed configuration
F Deformation gradient
E Green-Lagrange strain vector
C Right Cauchy-Green strain tensor
I1, I2, 13 First, second and third invariants of the right
Cauchy-Green strain tensor
S MPa Second Piola-Kirchhoff stress tensor

MPa

Constitutive tensor
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Abbreviations

Abbreviation

BHF
BH

BT

EP
GRD
HDD
HDP
FLD
FLDC
FE

FEM

G

GR

LG
OCSM
PR

2D

3D

PUR
PUR-PA
PVC (F)
PVC (P)
PVDF
PVF (F)
PES/PS
SW

Meaning

Blank holder force
Blank holder
Bottom of the cup
Epoxide
Gloss reduction diagram
Hydro-mechanical deep drawing
High durable polymer
Forming limit diagram
Forming limit diagram of coating
Finite element
Finite element method
Gloss value
Gloss reduction
Loss of gloss
Organic coated sheet metal
Punch radius
Two-dimensional
Three-dimensional
Polyurethane
Polyamide modified polyurethane
Polyviyl chloride
Polyvinyl chloride plastisol
Polyvinylidene fluoride
Polyvinyl fluoride

Polyester
Sidewall
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1 Introduction

Nowadays, the amount of products which are mad@gsdnic coated sheet metal (OCSM) is
increased. In comparison to conventional sheet Inmetgterials, the use of the OCSM
possesses many advantages such as reducing themafmiecessary manufacturing steps,
reducing the production costs and a more envirommhefriendly production process.
Considering the design of the OCSM, the thicknégsheorganic coating layers are quite thin
compared to the steel substrate, and they oftegerfiom 1:2.5 to 1:50Thyssen(2003).
Additionally, the organic material and steel sultgtrhave substantially different properties,
especially when these materials are in large deftiom states. The thin and relatively soft
coating layer is extremely “sensitive” to the fongiconditions such as tool radii, friction
between blank and die components. Moreover, theseg plastic deformations on the steel
substrate also have a significant influence onctieding performances. The results of plastic
strains in the steel substrate lead to topograpbigdace changes of the steel substrate. As a
result, the coating layer may be easily damagedtfaisds the one of the main reasons, which
unexpectedly leads to failures of the produd¥eng& Vayeda (2007)Yan den Bosch et al.
(2007).The typical coating failures such as delaminat@aacking or roughening are depicted
in Fig. 1- 1.

Delamination

Cracking Roughening

F
—

Cracking effect

Fig. 1- 1: Typical failures of coating layersSchikorra et al. (2002), Van den Bosch et al. (2007

The coating failures lead to a loss of protectind 8 a worsening of optical properties of the
OCSM. Therefore, a crucial requirement for the fiognof OCSM is to maintain all the
original functionalities i.e. optical and corrosipnoperties of the coating layer. That means
the undesirable defects such as cracking or de&tiom must be avoided by choosing an
appropriate forming technique and by determiningnogl process parameters. Furthermore,
if these coating failures can be adequately predjahe processing parameters and conditions
of the manufacturing process may be adjusted iamck in order to prevent those damages.
Therefore, the aim of this research work is to exsd the surface quality of OCSM depending
on different deformation states and to optimizeftrening process of OCSM on the basis of
this knowledge and numerical methods.

The research work was categorized into differeaisrand it was structured in the following
dissertation chapters. An intensive literature eeviwas carried out in the second chapter
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before starting the research work. The state ofatthelearly indicates remaining problems
requiring further research. The identified challesigtogether with the research vision
confirmed the research work areas. Based on tidesifications, the aims and objectives of
the studies were specified in the third chapter.ofder to achieve the research goals,
fundamental investigations of the forming behawbthe OCSM are presented in the fourth
chapter. The fifth chapter deals with the simulatstrategy for the computation of the
industrial forming process of the OCSM. In this ptea, the prediction of changing optical
properties based on the experimental and numeesalts are also presented. In chapter six,
the influences of processing parameters of the éiydechanical Deep Drawing (HDD)
process such as the counter pressure, the BlardeHBbrce (BHF) on the surface quality i.e.
gloss reduction of OCSM products are investigatecherically and experimentally. In the
last chapter, the main results of this study arersarized. Based on these research outcomes,
the process scope is reported. Finally, in the raavehapter, overall conclusions are drawn
and recommended for further research works.
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2 State of the art
2.1 Basic characteristics and application domains of O8M
2.1.1 Basic characteristics

The organic coated sheet metal (OCSM) is generaiyposed of a steel substrate (cold
rolled or with a zinc-based metallic coating) wahsurface treatment layer, a paint prime
coating and a topcoaircelor (2004) for more details see Fig. 2- 1.

Topcoat
(decorative layer)
Primer

Surface treatment
Zinc coating

Steel substrate

Zinc coating

Surface treatment
Backcoat
(protective layer)

Fig. 2- 1: Structure of OCSM,Arcelor (2004)

The use of the primer layer results in enhancenuénthe adherence of the top coat,
improvement of flexibility and corrosion resistangiethe coating layer. The topcoat acts as
decorative layer. The use of the topcoat is to ipkthe desired surface characteristics such
as color, gloss, etc. The back coat is considesqut@ective layer. Depending on the required
performance a single (primer) or double (primempcbat) coating layer can be applied on
one or both sides of the shedéticelor (2004).Generally, a continuous coil coating line
consists of three main sections i.e. the entryiagcthe central section and the exit section. In
Fig. 2- 2 the typical system schematic of the co#ting line according toolofer (2008)is
illustrated. In the entry section, the coil or widual strip steel is placed on a pay-off reel (8)
and welded by using a laser welding machine (9riter to ensure the continuous process. A
band accumulator system (4) is utilized to mainticonstant speed. The strip cleaning and
pre-treatment system (10) is employed afterwardrder to prepare the strip or coil surface
before coating.

oy P77 TP 7 7 B
(IOl 1 Jre
10 9 8 7 6
1. Coating station (primer and topcoat) 5. Inspection system 9. Laser welding machine
2. Stoving oven 6. Inspection table 10. Strip cleaning and pretreatment
3. Cooler 7. Exit strip (chromate-free technology)
4. Band accumulator 8. Entry strip

Fig. 2- 2: Schematic illustration of the coil coatig line, colofer (2008)
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The first coating process is carried out in statibn In this station, the primer, the back coat
and the topcoat are applied on the topside andreherse side of the strip. The coated
material used is normal baking enamel. Thus, arggoeven system (3) is utilized in order to
network the coating layer at about 220 —Z5&olofer (2008) Afterward, the coated coil is
cooled using a cooler system (3). The coated sdihén passed though an inspection zone
(5), (6) and finally reaches the coiler (7).

For the OCSM, the steel substrate has a direaténfle on the processing performance and
corrosion resistance of the product. It is suggkthat a relatively thick zinc-based metallic
coating should be chosen for good corrosion resistaOn the other hand, thin and flexible
crack resistant zinc coatings are utilized to snstaiginal functionalities during the forming
process i.e. without cracking or any other failufBise surface treatment is carried out at the
beginning of the process prior to coating in orgeeensure bonding between layetscelor
(2004) The thickness of the surface treatment layeeitecally smaller than dm. The type

of steel substrate used depends on the requiremathtsespect to durability and forming
demands. An overview of the common steel substratiedbulated in Table 2- 1.

Table 2- 1: Overview of the most common substratassed in coil coating,Thyssen (2003)

Steel grades Name Thickness
in mm
Cold rolled sheet DCO01 - DCO06 0.4-3.0

- Mild unalloyed steels to En 10130
- Structural steels to DIN 1623 part 2

Electro-galvanized sheet DCO01 - DCO06 + ZE 0.4-3.0

- Mild unalloyed steels to En 10152
- Structural steels to DIN 1623 part 2

Hot dip galvanized sheet DX51D+Z — DX57D+Z 0.4-3.0
- Mild unalloyed steels to En 10327
- Structural steels to EN 10326
Hot dip zinc aluminium (ZA) coated sheedX51D+ZA — DX57D+ZA 0.4-3.0
(GALFAN®)
- Mild unalloyed steel to EN 10327
- Structural steels to EN 10326
Hot dip aluminium zinc (AZ) coated sheeDX51D+AZ — DX54D+AZ 0.4-20
(GALVALUME °)
- Mild unalloyed steel to EN 10327
- Structural steels to EN 10326
Hot dip aluminized sheet

- Mild unalloyed steels to EN 10327
- Structural steels to EN 10326
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The classification of the OCSM depends on the nurobéhe coating layers on the top side.
Accordingly, the OCSM product is classified intmgle-coat, two-coats or multiple-coat
system. The top side of the strip is subjectedamtinuous check during manufacture or in
further processing such as forming or rolling. Thide has normally to meet the highest
demand in terms of appearance and corrosion resestdhe reverse side is usually given a
backing coat or protective layer. The back coatasmally a zinc coating with a single layer
protective coated;olofer (2008). The possible coating system is schematicallgtitated in
Table 2-2.

Table 2- 2: Possible coating systensplofer (2008)

Type

! Construction
of coating system

Nr.

Single coat
Surface treatment (< 1um)

Top side
Zinc coating
1 |single coat
— Steel substrate

Reverse Zinc coating
side protective film
opptional: protective film
Top coat
Top side Primer

Surface treatment (< 1um)

Two coat system Zinc coating

— Steel substrate

Reverse Zinc coating
side
protective film
Top coat 2
Top coat 1
_ Interlayer
Top side Primer

Multiple coat system Syﬁace tl.'eatment (= pm)
3 Zinc coating

— Steel substrate
Reverse

side Zinc coating

protective film

For the single coat system, only one topcoat ortdpside is used as decorative layer. There
is normally no primer in this case. The two-coagteyn consists of an additional primer and
optionally protective film beside zinc coating aswfface treatment. The multi-coat system
includes primer, interlayer and one or two topcamtshe top side. Similar to the case of the
two-coat system, the multi-coat system is suitdiole further forming processing. Both
systems satisfy the formability, performance arst @brrosion requirements.

For the OCSM, the choice of coating system depeodsdecorative and functional
requirements. Functional properties take into antdarmability, corrosion behavior and
thermal resistance. Decorative properties consisblor, gloss degree and surface structure,
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Arcelor (2004).In addition, the selection of the coating systdso @epends on the intended
purpose i.e. indoor or outdoor application. In [€a® 3 the most common coating materials
used and the main properties are shown.

Table 2- 3: Properties of coil coated sheeThyssen (2003)

Properties Coating material

EP | PES| PUR| PUR_PAHDP | PVDF| PVC(P)| PVC(F)| PVF(F)
Common 10 25 25 25 25 25 100, 100 38
coating - -
thickness 200 200
nm
Surface A B C A B C E D D
hardness
Heat 80 80 80 80 80 110 60 60 110
resistance tc
max.°C
Formability/| E C B C B A A A A
bending
Formability/| D B B B B A A A A
roll forming
Formability/| F C A B B A B B B
deep drawn,
Abrasion D D E B D C A A B
resistance
Remarks:

- Heat resistance = not constant exposure

- A=excellent, B = very good, C = good, D = satisfely, E = adequate, F = not usable or not sm’tTl

2.1.2 Application domains

The main idea behind the use of OCSM in all sectufrandustry from beverage can
manufacturing to the automotive field is “Finishsfi fabricate later”.

Architecture, outdoor Architecture, indoar Steel furnature
+ Roof + Partition panel + Level-crossing
+ Cladding + Cover element # Rack

Automobile
+ Auto body

+ Mounting parts
+ Structure parts
+ Auto. caravan

Building acsessories
+ Door

+ Window frame
+ Eaves frough
+ Jalousie

Coil Coating

rHc;using Household appliance Lamp
+ Machine housing + Refrigerator & Carrier parts
+ Air conditioning + Washing machine + Reflector

+ Dryer
+ Cooker

+ Boilers cladding

Fig. 2- 3: Application fields of OCSM,Meuthen & Jandel (2005)

The application domains of OCSM are depicted in Big3. In civil engineering, for example,
these products are used for wall cladding, roofind also for applications such as suspended
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ceiling, lighting, etc. In the domestic appliancarket, the advantages of organic coated steel
are used for white goods such as refrigeratorshiwgsmachines and also for small kitchen
appliances like microwave oven and anti-sticky pete,, Thyssen (2003%ee Fig. 2- 4In
automotive industry, the organically coated sheetsused for the production of body parts,
inner parts, etcArcelor (2004).

"-M®b tv
= > | 1w

(Source: Acelor) (Source: Acelor)

(Source: Acelor)

(Source: CocaCola) (Source: DOC)
Fig. 2- 4: Organically coated products

By utilizing this kind of material, the numbers wécessary manufacturing steps as well as
production costs have been significantly reduced dnme product quality has been
significantly improved. In comparison to the tréafital sheet metal materials, this material
possesses many advantages in terms of economamdggeal and technological aspects.
From the economical point of view, coil coatingeinprovide high productivity and reduce
the cost of applying an additional coating systéuor. the users, there is no need to invest in
an additional system such as decreasing instalatio other surface treatment equipment in
their paint-shopMeuthen & Jandel (2005)rom the ecological point of view, the working
conditions are significantly improved by eliminagithe use of solvents and the handling as
well as storage of chemical productyssen (2003).

From the technical point of view, the main advaeta organic coated steel is consistent
quality. The flexibility of the coil coating procesallows producing a range of different
surfaces such as smooth, orange peel, grainedyeexbr embossed, which can be obtained
in a wide range of color and the required degreglo$s, from matt to high glossplofer
(2008). The advantage of using OCSM compared to traditisheet metal in the automobile
industry is shown in Fig. 2-5.
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Fig. 2-5: Advantage of organic coated steel compatédo traditional steel sheetWolfhard (2003)
2.2 Forming of organic coated sheet metals

2.2.1 General requirements
The most important requirement on OCSM and theicgssing technologies is maintaining
all the original properties i.e. corrosion resis@mnd optical appearance of the coating layer
during processing, without any failures. That measscessive deformation and the
occurrence of surface damage must be avoided. Tieegerements can be achieved by
observing a few basic rule&rcelor (2004):

- Use of dedicated processing lines and storageifiasil

- Using an appropriate working temperature
In Fig. 2-6 the effect of working temperature on thggcal properties of the coating layer is
shown.

p
-
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Physical properties
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-

Tg Temperature'

Variation of coating feasibility
and hardness with temperature

Fig. 2-6: Working temperature of OCSM, Arcelor (2004)

It is suggested that the OCSM must be deformed denaperature above the glass
transformation pointTg, Arcelor (2004).This is the reversible transition of amorphous
materials from a hard state into a molten or rubiiber state, Schulze (1994)The ideal
temperature is suggested to be abol€C2(f it is colder in the warehouse, the OCSM skoul
be transferred to a warmer location with a tempeeabf around 2T, 24 hours before
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processing. This procedure ensures that the coaingxcellent formabilityircelor (2004).
Furthermore, the OCSM need to be handled careflipipment for handling coils should
have a protective layer. These tools must be ustdgreat care to avoid any hard impact
which could leave a mark on the contact surfaddé®fproductThyssen (2003).

During the forming process, the sensitive coatanget is in direct contact with the forming
tools i.e. punch, die and blank holder. For thissom, it is recommended to use extremely
clean forming tools. In order to avoid scratchesearing of a coating layer, the contact area
of the forming tools should be polished. This pthae can consequently reduce the friction
coefficient. The OCSM have a very low friction cli@ént with steel tools, often less than
0.05,Meuthen & Jandel (2005)n some cases, a temporary protective film mapdied to
protect the coating layer.

In the deep-drawing process, the steel substrat¢hencoating layer are subjected to different
deformation modesMarciniak & Duncan (1991) The different deformation modes i.e.
compression, stretching, plane strain, uniaxiadittmand shearing each have specific effects.
The compressive mode must be controlled sinceusesan increase in thickness which can
cancel out the permitted tooling clearances. leé@mmended that the die entry radius should
be increased as far as possible. The clearancesdrethe punch and the die must be equal to
the total thickness of the OCSM plus 5 to 1@celor (2004).

In the roll forming process, similar requirementg &onsidered. It is suggested that the
diameter of rolls should be as large as possibdilittonally, all sharp angles on the roll must
be replaced by fillets. The roughness and hardofethe rolls require particular attention. The
best materials for the roll are low or high alldgeds quenched ground. The application of a
layer of chrome is the ideal solution in this ca&eéemporary protective film is an additional
solution for roll forming to ensure the originaloperties of organic coatingdeuthen &
Jandel (2005).

For the bending process, the control process igasito the one of the roll forming process.
For V-bending, for instance, it should be noted tha die opening used is normally 6 to 12
times of the total thickness of the coated she&e Tigher value of this parameter is
preferable for the bending of OCSM. Force or imgzending in a V-die is not suitable for
organic coated steeThyssen (2003)It is recommended that folding is the best slgtab
method.

In the spinning process, the roller must have gelaliameter and a perfectly polished surface
in order to avoid damage of the coating layer. $hdace of the mandrel must also be well
polished to ensure easy sliding of the OCSM. Inescases, the feed rates must be reduced to
prevent overheating that may lead to coating fagdigolofer (2008).

For joining of the OCSM, one solution is adhesionding. However, it is recommended that
clinching is an extremely suitable method. Thishteque allows to join very different
materials without using additional materials. Id@rto guarantee the attractive appearance of
the clinching points, local lubrication with volgtioil should be usedMende (2006).
Consequently, this will reduce friction between thench, the surface of the OCSM and the
die.
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2.2.2 Coating performance and formability of OCSM
2.2.2.1 Coating performance

Coating performance and formability are the crltaréteria when forming organically coated

sheet metal. The forming of OCSM can be conside®é forming process of a complex
metal-polymer composite material on account of dtierent mechanical properties of the

steel substrate and the coated mateBaaull (2008)Typically, the steel sheet metal has a
much higher elasticity modulus and a lower yielaistthan the polymer. In addition to that,

the mechanisms for plastic deformation in both mialeare also entirely different.

The material behavior of the steel substrate carsumeessfully described by means of
established methods like tensile test, hydrauligduest etc. Among these, the tensile test
can be used to provide the flow curve. The wellitndlakajima testontributes the forming
limit diagram (FLD) that is useful to predict therfability of the steel substratelarciniak

& Duncan (1991).In contrast to the metal substrate, the coatintgriz shows viscoelastic
properties. The inherent network structure of thated material itself determines the material
properties. The low network density coating matemisults in relatively low mechanical
strength but very good flexibility and high formbityi The higher network density provides a
good chemical and corrosion resistance and a higleehanical strength, Fig. 2- 7.

Network structure before formin
9 Network structure after forming

low ~— :;: \:—»

density

high - —
density

Fig. 2- 7: Network structure of organically coatedmaterial, Strauf3 (2008)

During plastic deformation this mismatch in mecleahproperties may lead to compatibility
problems for the microscopic deformation at theerfaice, Van Tijum (2006).The plastic
deformation involves, thus, a complicated structavelution in both metal substrate and
coating layer. Basically, the imposed plastic stram the metal substrate induces dislocation
movement on favorably oriented slip-systems wittpiains,Kopp (1999) This can result in
topography changes i.e. roughening at the interfaea as the dislocation escapes the grains,
Van Tijum (2006)The resulting roughness may lead to a loss ofsidheand consequently,
coating failures in further processing.

As a result of the existence of adherence betweertdating layer and the steel substrate, it
can be concluded that the roughening at the irderfdetermines the deformation of the
polymer near the interfac#/ard (1983)andVan Tijum (2006)The coating layer has to adapt
to the imposed displacement by the metal at therfadte as shown in Fig. 2- 8an Tijum
(2006).
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Fig. 2- 8: Deformation behavior of polymer and stdesubstrate, Van Tijum (2006)

Additionally, the steel substrate is subjected dmplex axial and shear deformation during
the forming processes. The occurring strain distiims cause the externally applied stresses
on the coating layer. The differences in mechanimtiavior of both steel substrate and
coating layer when these materials are in largerdwition, on the one hand and the non-
uniformity imposed strains, on the other hand, als the cause of additional residual
stresses in the coatinBplyakova et al. (2000Among these, the compressive stresses may
cause the coating layer to buckle up off the stabbktrate while the tensile stresses may force
the coating layer to peel off as indicated in FA¢). These processes occur when the elastic
strain energy exceeds the required energy to ren@veoating layer from the substrate. The
strain energy increases with increasing coatingktteéss. Therefore, these failure modes are
more often encountered in thick coating layers \with residual stressjohlfelder (1999).

m—

Buckling Peeling
under compressive residual stress under tensile residual stress

Surface cracking Chanelling crack

Fig. 2- 9: Possible coating failures according tblohlfelder (1999)

Under tensile stress, the coating layer may expeeiecracking in the surface. Then, it

propagates through the coating thickness. Therdyiforce for surface crack propagation is
relaxation of elastic strain energy. If the strsssufficiently high, these cracks may propagate
laterally through the coating thickness in a chéingeprocess as shown in Fig. 2- 9,

Hohlfelder (1999).



12 State of the art

Basically, the coating failures can be divided itltoee types. The first one relates to the
optical properties such as inadmissible gloss réolucr several color deviations that are
affected by the change of the molecular structdréthe coating material itself and surface
roughness of the steel substrate. The second ateasudelamination and buckling are the
results of a defect of coherence at the interfabe. third one, i.e. cracking and roughness,
concerns the fracture toughness and relates tm#ohanical strength of the coated material.
The coating failures lead to a loss of protectiné attractive properties. If the coating failures
can be predicted, the process parameters and woreddf the manufacturing process can be
adjusted in advance to prevent the unexpectedé€sil8chreurs et al. (2009)Therefore, the
fundamental understanding of the relations betwtbendeformation behaviors and coating
appearance of the OCSM products is crucial.

With regard to the coating performance after themfog process,Lawrenz (1978)
investigated the deep-drawing behavior of organ@ted sheet metals and tested the surface
quality of the products. By using analytical metraot experimentations, the influences of
the main technological parameters such as formatey tool geometries on the deep drawing
and hydro-mechanical forming process were invet@jalhe relation between quality such
as gloss reduction and roughness depending orffiiee strain in case of the tensile test
and the deep drawing process were experimentaljjuated. These investigations have
shown first results regarding the influence of ¢tbating layer on the friction coefficient, and
the increase of gloss reduction with higher effextstrains on flat part surfaces were
investigated.

The relation between the coating failures and theosed plastic deformations on the steel
substrate is the key challenge when forming OCSMariother contributiorRolyakova et al.
(2000)investigated two failure modes that occur on dér@wving cups. Mode | related to the
coating delamination at the top of the cup duehtohiuckling instability. Mode 1l concerned
loss of adhesion along the cup wall due to elagtiaction of the unconstrained cup at the
end of the deep drawing process. The deformatibiiseosteel substrate were characterized
by the macroscopic appearance and strain distoibsithnd were correlated with the mode of
coating failures afterwards. The failure mode | dwated in the buckled valley regions of the
cup, while the failure mode Il occurred at the vengl of the forming process, when the entire
cup lost the constraint of the blank holder angpsd into the gap between die ring and
punch. Clearly, the buckling instability is deepdjated to the earing phenomenon of the deep
drawing cup. It is obvious that the coating faikicecur at the uncritical area of the cup.

The mechanism of defect growth of polymer coatedkia is studied byBoelen et al.
(2004) andBjerke'n et al(2006).In these investigations, the main factors thdterice the
initiation and propagation of defects are experitalyn determined. It was shown that a
number of effects are responsible for either thtation of a defect and the propagation of
the initial small defect into large blisters. Impott aspects here are the chromium metal and
chromium oxide levels, the presence of oxygen d&eddeformation process. Furthermore,
crystallization effects during sterilization andetrelated oversaturation of the coating with
water are important factors. In another resedBdeglen et al(2004a)explained the changes
in the coating of polymer coated steel during Braion by using electrochemical
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measurements. According to this, the polymer cgakayer is locally thinned during deep
drawing due to roughening of both surfaces (thessate and the coating surface), that leads
to a reduction of the coating thickness. The thédanreduction is due to the fact that the
coating is stretched during deformation and theeefwiented in one direction.

Aiming at the analysis of forming and friction cheteristics of pre-coated sheet metal on die
materials, rectangular deep drawing processes &gyerimentally conducted bgim et al.
(2002). According toKim, the coating’s defects, i.e. scratching, crackstguld be used as
forming limit of the pre-coated sheet metal. Durithg forming process, the coating layer
acted as lubricant under non-lubricated conditidrtee correspondent friction coefficient in
this case was relatively low. Furthermore, it waarfd that the surface roughness of the
coating layer strongly depends on its thickness #in coating layer results in the better
surface roughness.

The physical relationships between the moleculanctires of the polymer coating, the
deformation behavior and appearance of the coitecbaheets were presented Byder-
Stroisznigg et al(2004). The tensile test using single- and two-coat systems conducted.
The coated surface before and after forming wadyaed by means of a confocal
microscope. It was found that the increase of #ferthation level causes the topographical
change of the coating performance. The wavinesthefsurface increased with increasing
deformation level.

The basic prerequisite for the organic coated ergainted sheet metal to be deployed in the
automobile industry is crack-freeness and, furtleeemremaining excellent adhesion. The
term adhesion is a property of material interfaces,refers to an interface capacity to resist
mechanical separation. In the context of the cgatayer, it describes a film’'s ability to
remain attached to the surface on which it is diégpabsThe quality of adhesion is related to
the strength of chemical bonding across the interffhe adhesion is strongly affected by
interfacial cleanliness and surface roughn¥ss, Tijum (2006).

The characterization of the adhesion is a compleblpm, Hohlfelder (1999).A useful
objective for an adhesion characterization is t@soee the amount of required energy per
unit area to debond a coating layer from its salstrThe employed techniques to measure
the adhesion are tape test, peel test, pull-off gesatch test, blister test and beam bending
test as shown irlohlfelder (1999) and Hult et al. (1999).

For the forming of OCSM, the adhesion of the caatmthe sheet metal is the key factor that
influences directly the coating failures such asdelamination phenomenon. If the adhesion
force is not sufficiently high, delamination maycac and that leads to a loss of protective
and optical propertiesSchreurs et al. (20054nd Schreurs et al. (2009)The delamination
modes of the coated sheet metal can be eitherramifmixed-mode uniform, non-uniform or
mixed-mode non-uniform as shown in Fig. 2- 10.
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Fig. 2- 10: Delamination modes of OCSMSchreurs et al. (2009)

In order to take into account the delamination &fféhe interface area between the coating
layer and the steel substrate must be investigddgdusing experimentation, it can be
observed how the delamination occurs. It is fourat fibrillation is the main mechanism that
leads to the delamination of the coating layer fribra steel substrate under the imposed
loading conditions as shown in Fig. 2- Bthreurs et al. (2009).

Fig. 2- 11: Experimental observation of fibrillation, Schreurs et al. (2009)

For this reason, a numerical tool that can sucabgsiescribe the interface area is required.
With regard to the interface area between the steb$trate and organic coating, a large
variety of cohesive zones have been proposed entgear Williams & Hadavinia (2002)
Van den Bosch et al. (200Hundamentally, the cohesive zone describes thear between
the normal opening displacement, the normal tractiod a separate relation for the coupling
between the tangential opening displacement anthtigential traction, sééan den Bosch et
al. (2008) for an overview. In Fig. 2-12 a cohesive zonenglet is schematically presented.
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Fig. 2- 12: Cohesive zone element with initial zerthickness,Van den Bosch et al. (2007)

By developing a cohesive zone model with large ldsgment formulation accounting for
interfacial fibrillation, the delamination phenonoenof the polymer coating is taken into
accountVan den Bosch et al. (2007).

Example of products that show delamination

delamination

500 [um]

Delamination predicted bv FEM simulation

Fig. 2- 13: Experimentally determined and numericdly predicted delamination, Schreurs et al.
(2009)

For this purpose, a mixed numerical-experimentgbragch in order to quantitatively

investigate and characterize delamination in polyo@ated metal sheet was presented by

Van den Bosch et a(2008) In this investigation, the integral bi-materialseem was

analyzed. It was shown that the peel test is alslgittechnique to study the debonding of the
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polymer coating from its substrate. The coatingkhess varies considerably across the
polymer coated sheet. Furthermore, it is importargstablish an accurate constitutive model
of the coating layer on account of large ineladéformation of the coating during the peel
test.

Consequently, another contribution that developsimerical model allowing to predict the
delamination of the polymer coating from the swdistrate during deep drawing process was
done bySchreurs et al(2009). The experimentally characterized cohesive zones wsed to
describe the interface between the polymer andsteel and were capable of modeling
delamination of a prior partial loss of adhesiorrily an axis symmetric deep drawing
simulation. According to this investigation, thelateination was observed on account of
squeezing of the coating layer between the sulestmadl the punch as shown in Fig. 2- 13.
The experiment has shown that the delamination roeduat the top of the cup while the
numerically predicted one occurred at another wsitn account of an external condition i.e.
squeezing. The developed tool has provided a gaioel delamination prediction in this case.
However, it is necessary to improve the accuracthefpredicted model that can take into
account a combination of all key factors leadinghiloss of adhesion.

Further key technical requirement of the formingQESM is that the coating layer should
not be damaged during various operations in shetalnforming such as cutting, bending,
embossing, roll forming or deep drawing. In additto delamination, the organic coating has
to be free from defect such as cracking, chippind scratch. Therefore, the durability of
coating during plastic deformation has become aiaticoncern. The strain states in sheet
metal forming can be either biaxigl,(> 0,/, > 0), plane strainj@ > 0,7, = 0) or deep
drawing {; > 0, /, < 0). These strain states can result in the chafdbe interface area
between the coating and steel substrate in cas@G8M. According toWang & Vayeda
(2007) the coating adhesion can be affected by plasfioroation. However, there was no
significant debonding when the material was subpkdb biaxial stretching, whereas the
adhesive bond deteriorated and coating pickup vbsereed in the tape test for the deep
drawing deformation mode.

With respect to the coating durabilifWang & Vayedd2007)developed a new technique to
evaluate adhesion of coating to sheet metal undstip deformation. The PVDF coated sheet
metal with two types of primer i.e. PES and PURm@n was investigated. Based on the
concept of the Forming Limit Diagram (FLD), the ting performance was evaluated by
using the standard test according to ASTM D335% siscthe notch-coating adhesion test, the
cross-hatch tape test, accelerated conditioning,utiiaxial tensile test and the rectangular
stretch bend test. The effect of external conditigrsuch as time, humidity and corrosion
environment on the coating performance was prederitiee durability diagram has shown
that the higher substrate strain caused the adhésind to deteriorate and further led the
coating failure. The durability limit diagram wasnstructed and could be used in conjunction
with the FLD to determine the feasibility of a cdewpforming operation.

In another researchatanaka et al.(1989) investigated the coating adhesion after deep
drawing in relation to the pre-treatment of alunmmut was concluded that the deterioration
of adhesion by drawing was due to the cohesiveriibf films resulting from pre-treatment
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and the change in the underlying surface topographg performance of polyurethane- and
polyester-coated stainless steel after Erichsendcawing was evaluated lyeflorian et al.
(2000) The adhesion was evaluated by means of electmicheimpedance spectroscopy.
Other contributions concerning the coating adheaiwh coating durability were presented by
other researchers. For exampBay (2000) investigated the adhesion between a solid and a
stretched elastic material. For this kind of maierit was found that the adhesion is not
affected by stretching at a molecular scale. Thhesidn, however, is changed on a
macroscopic scale on account of the elastic regpofighe materialChang et al.(1997)
developed the notched coating adhesion test touatelthe adhesive performance and
durability. The accelerated humidity condition @sidered in this test. The coated specimens
were subjected to uniaxial tensile strain and trersat which the delamination occurred was
used to calculate the critical strain energy redeage. This test can successfully be used to
evaluate the interfacial fracture toughness ofcthetting layer.

2.2.2.2 Formability of OCSM

In sheet metal forming, failures normally occur daehe development of localized necking
in the materialMarciniak & Duncan (1991)The strain states and strain values at which
localized necking are first observed can be expamially measured. By conducting the
Nakajima tests and plotting the maximally allowatddue of the principal strains, the FLD of
the material can be established as shown in Fifj4 Hasek & Lange (1980)
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Fig. 2- 14: Forming limit diagram

The FLD is a strain-based analysis technique. @igram offers the chance to determine
process limitations in sheet metal forming and ividely used to evaluate the formability of
sheet materials. Concerning the FLD predictionhef sheet metal, numerous attempts have
been contributediora (2006) For exampleKeeler (1965)has presented the determination
of forming limits in automotive stampings as a @eninvestigation. In another researxh,

et al (1998) evaluated the effect of various material paranseber the positive minor strain
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side of the FLD. It was found that the limit straiwvere strongly dependent on the yield locus
shape. An advanced method to describe the formfirstheet metal was presented Kipcke

et al (2003).By taking the whole stress and strain behaviomduthe forming process into
account, ductile fracture could be predicted.

For organically coated sheet metal, the plastiomhedition imposed on the steel substrate may
result in an increase or decrease of surface dréheacoating-primer-substrate interface,
Honhlfelder (1999)andHult et al. (1999). The changing of interface effects may also lead to
the change of coating performance i.e. coatingufed, and it requires a thorough
understanding. Thus, the formability of OCSM mumtsist of not only the formability of the
steel substrate but also the coating failures asatracking, scratching.

A pioneer investigation concerning the formabilitfy OCSM was done bifischer & Klein
(1971). By conducting cupping, cylindrical and square t¢egts, the influence of the main
parameters such as metal surface, sheet thickoeasng thickness and strain rate on the
forming behavior of OCSM was experimentally evaddhtFurthermore, the effect of the
coating layer on the deep drawing properties wagestigated. It was shown that the
microstructure of the substrate surface has afgignt influence on the adhesive property.
The thicker coating layer results in a better fargnbehavior than the thinner one. In the
cylindrical deep drawing process, the thinning eallu case of the forming with coated sheet
was larger compared to the one of the uncoateddnial cup. The reason for this is that the
organically coated layer acted as lubricant and ttould reduce the friction coefficient
between the punch and the sheet metal.

Braunlich et al. (1998) evaluated the forming behavior of OCSM under potida
conditions. In this contribution, the formabilityf organic coated sheet is experimentally
investigated. Bending, folding, embossing, deepwirg and some other tests were
conducted. The coating performances after formirdhsas gloss loss, coating tear-off were
inspected. The minimum bending radii, the maximueepidrawing depth, the allowable
folding radii were determined. Additionally, thealease of the gloss property depending on
the roughness value after forming was evaluateds Tivestigation provided a means to
evaluate the forming behavior and the coating perémce after forming.

By using an electrochemical approaélastos et al(2004) presented a correlation between
the coating resistance and the equivalent plagtinsin case of uniaxial, biaxial and plane
strain of the PES and PUR coatings. Accordinglg thechanical deformation of organic
coated steel causes a reduction of anti-corrosiggegtion properties, which is due to a loss
of adhesion at the polymer/substrate interfaceials shown that the protective properties of
the coated system decrease with increasing s#ilow plastic strain, the coating resistance
decreased logarithmically with the equivalent ptastrain. Meanwhile the changes in the
coating resistance were much smaller, ultimatebdileg to the loss of adhesion to the
pigment particles at higher strains.

Schikorra et al.(2002) submitted the contribution related to the predittof the surface

quality based on the strain state of the steeltsaties A system consultation was developed in
order to obtain a prognosis of the formed produstisface qualities. Three organic coated
sheet metals namely PUR, PES and EP were invesdidmt using the notch tensile test and
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Erichsen cupping test. Coating performances suchoss of gloss, brightness increase,
cracking, adhesion failure and corrosion resistammze evaluated. The FLD of the

correspondent steel substrate was established.cddting performances depending on the
plastic deformation were determined by correlatadnthe coating failures and the steel
substrate’s strain. However, this investigation tialy focused on uniaxial tension and a pure
deep drawing strain state.

2.2.2.3 Application of FEM for forming of OCSM

Since the beginning of the 1970s, the finite elentER) simulation has been applied in sheet
metal forming in order to optimize and design tberfing process in the forefront of tool
construction.
A first investigation concerning the application BEM in sheet metal forming in two
dimensional cases has been contributetMify (1976) Since the beginning of the 1980s, the
first three-dimensional models have been succegsibtained, Tang et al(1982)andToh &
Kobayashi(1983). Until now, the application of FEM in sheet metakrhing has been
characterized by a rapid development. Dependinthertime integration, the FE algorithms
can be divided into the following approaches:

- one-step

- explicit and

- implicit method.
The quality of an FE simulation depends on the ritlyms and modeling of the FE mesh. A
sustainable improvement of the whole model requaresmprovement of all sub-aspects. The
simulation results allow the designer to predia firoduct properties such as strain and
thickness distributions; failure indicators for mkiing, fracture; spring-back phenomenon
etc. Hence, the time and cost of the manufactudopg “Trial — and — Error” are considerably
reducedlange (1990).

Before 1995, the use of the FEM to determine tteting failure of pre-painted steel sheets
during forming, especially in deep drawing processas not referred to in the literature. The
reason is the high computational cost to be exgdctea complete modeling of the substrate
and the coating systerdeller (1996).

As a pioneer contributiorKeRler (1996) investigated the working area and predicted the
coating failures of OCSM by using a numerical mdthbhe cylindrical and square cup deep
drawing process using PUR coated sheet metal wasriexentally conducted in order to
determine the coating failures such as cracking ddrrespondent deep drawing processes
were also simulated by using the FE code INDEEDe Thulti-layer shell element was
proposed for the modeling of both steel substrate @ating layer. These simulations were
performed by using a simplified model that only sists of a steel substrate. The reason is the
limitation of the simulation software and the madgl of the organic coated material on
account of the relatively large thickness rationmsn the steel substrate and the coating layer
at that time. As a result, the large thicknessratill lead to a large aspect ratio in the FE
mesh. That is the cause of inaccurate computatidrtine consuming. Thus, the prediction
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of the coating failures after forming was basedttmn strain states and the FLD of the steel
substrate.

Van der Aa et al. (2000) and Van der Aa et al. @00vestigated the wall ironing process of
polymer coated aluminum and polymer coated she&In&imulations of the ironing process
were performed by using a two-dimensional planaistmodel in the FE code MARC. The
constitutive behavior of the metal substrate polym&s modeled with a generalized
compressiblé.eonovmodel. In the case of PET coated material, theahisdepresented by a
Maxwell element with arEyring viscosity describing a small strain elastic resgmoriollowed

by yield and intrinsic softening. Subsequent haimigmehavior due to molecular orientation
is modeled as a neo-Hookean spring. A simNaxwell model with a modifiedBodner-
Partomviscosity function was used to describe the elaitooplastic behavior of metal. For
the coated specimens, perfect adhesion is assumettheo interface between metal and
coating. Three elements were used through thernbgk of both substrate and coating. The
thickness of the steel substrate and the coatiyey is 0.26 mm and 0.03 mm, respectively.
The influence of the die angle, the ironing velpanhd the ironing reduction on the process
forces and friction were evaluated. This invest@ahas proved the fact that it is possible to
consist of both the steel substrate and the codtiyey in only one FE model, despite of large
differences in their thicknesses. Additionally, provided a good means for future
investigations, particularly with regard to the slation of the forming process with OCSM.

The computation strategies for the simulation ef deep drawing process using PET coated
steel sheet on both sides were develope@wgn et al(2007).Similar to the investigation of
Van der Aa et al. (2001xhe single-mode compressibleeonovmodel was used for the
description of the constitutive behavior of polyméfor the steel substrate, the Hill's
orthotropic criterion was employed for the desdoiptof the metal substrate, which is coupled
with a ductile damage evolution law. Low order edenis were used for the modeling of both
the substrate and coating layer. This investigati@s shown a good suitability of the
developed strategies. However, no consideratiogivien to the interface area between the
steel substrate and coating layer i.e. adhesiopepties. Furthermore, there is no comparison
between the numerical and experimental resultalidate the developed strategy.

Clearly, all the observations have shown that neoeemattempts with regard to the coating
performances depending on the deformation were umiad. Nevertheless, most research
activities focused on corrosion protection or thelachination phenomenon. Some
investigations have dealt with loss of adhesionpvery of coated steel, coating durability
under external conditions or forming behavior. Ledtention is given to the industrial

forming process of coated sheet metal, especiallghe field of the change of optical

properties after forming processes.

2.2.3 Hydroforming technique and OCSM

The working-media based forming technique or thecaited hydroforming technique is a
well-known process which was employed first to faheets by the use of a liquid as a soft
punch before World War Il. Nowadays, the hydrofargitechnology is widely used for
forming lightweight or complicated components ie ttutomotive and aerospace industry etc.
Due to many advantages compared to the conventioe#tiod, this forming technique has
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gained increased interest in the industry. Furtloeemthe fields of application have beco
broaderLang (2004c).

Depending on the process features and the usagégofaimlank:, the hydroforming process
is basicallyclassified into two groups, namely tube and shgetdforming. Depending on
whether a punch or a die will be used to form thees, he sheet hydroforming is further
divided into two sub-groups, namehydroforming with a punch (Sk-P) and with a die
(SHF-D). Depending on the number of blanks being ushe SHF-D is further divided into
hydroforming of single blanks and double bla Nakagawa et al. (1997), Homberg (2000).

| Hydroforming |

Sheet .
Hydroforming (SHF) Tube Hydroforming (THF)]

Sheet Hydroforming| | Sheet Hydroforming
With Punch (SHF-P) With Die (SHF-D)

[Single Blank J———Double Blank}

Fig. 2- 15: Classification of the hydroforming technique, Yadav (2006)

The hydromechanical forming technique, also known as shgdtchforming with punc
(SHF-P), is nowadaygaining more and more interest in indu, Lang (2004c) The working
principle of this method is shown in Fig. 25. Due to its characterization, this forming
technique is extremely suitable for forming of OC.

In HDD, the female die which is used in conventional gt is replaced by a pressure ta
The sheet metal is formed over the punch surfadertine acting of the hydraulic coun
pressire in the pressure chamber, generated by a piasgufluid. During the forming
process, the fluid pressure is gradually increasetlit depends on the puntravel and the
control valve settings. To avoid the leakagehef fiuid, a sealing ring is t up near the radius
on the draw die. Based on the working of the fimdhe pressure tank, this process cai
divided into two groups: active and passive h-mechanical formingtiomberg (2000).

l,cp

Pressure tank Control valve

Fig. 2- 16:Schematic present action of hydranechanical forming proces, Homberg (2000)

For the active forming, the fluid pressurecieated by an external pu in order to form
sheet metal and thus increase strain hard. In hydro-mechanical forming, the fluid
pressure is generated during the forward traxfebunch and controlled by a relief valve.
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During the forming process, the value of the flpigssure is in a range of 5 to 100 MPa,
depending on the geometry and material used. feonialim, this value is controlled from 5

MPa to 20 MPa; from 20 MPa to 60 MPa for steel tnch 30 MPa to 100 MPa for stainless
steel,Lange et al. (1990).

The range of components, which can be manufactwittdthis forming technique, is very
wide, e.g. from structure parts made of high-sttiersgeel up to large-scale outer surface parts
made of aluminum and its alloys. In comparison with conventional forming techniques,
the hydro-mechanical forming method possesses naaiwvgntages, as followsjomberg
(2000)andKhandeparkar (2007)

Higher achievable drawing ratiot, max) compared to conventional deep drawing
process (can be reached at the value ofb@cause the friction between blank and
outer surface of punch is gradually increased am¢pends on the punch travel and
the punch speed. The greater the counter predbergreater the friction between the
deep drawing part wall and the punch, which isrtfaén reason for the increase of the
drawing ratio as per Coulomb’s friction law. An feasing counter pressure results in
a corresponding increase of the maximum draw ratio.

Better surface qualitybecause the outer surface of the blank is inambranly with
the hydrostatic medium. Hence, no friction occuetween the sheet metal and a
lower die.

Moreover, it is possible to manufacture sheet megats with tapered-shaped walls
without wall wrinkles. This can be done by optimgi the counter pressure in
dependence on the punch travel. Products with erédpshape can only be produced
by conventional deep drawing if a multi-stage psscés used. Using the HDD
process, complicated shapes such as conical, peragfmmmetries can be produced
with a minimum number of forming stages and lobaliting is minimizedFig. 2- 17
and Fig. 2- 18.

Decreasing of the spring-back phenomenioe to higher strains and a nearly even
strain distribution over the part surface.

Friction Increasing Effect

Prevention from fracture on
the punch shoulder

! Reverse Bending Effect
/ Prevention from contact on
the die shoulder

-7 -
7 AN \I
(" 4 %ﬂ Friction Reducing Effect

Water < p — -
Chambef + ™ Increasing amount of the

Die draw-in

Fig. 2- 17: Characterization of HDD procesd-iama et al. (2007)
Dimensional accuracyis higher than if using the conventional deep-dingw
technique.

Tooling cost reductiorsince pressure chamber does not need to satisfgréitision
and tolerance requirements of deep drawing tools.
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Better flow of sheedue to the action of the fluid pressure reducesftiction at the
interface between the work piece and drawing die.

More uniform thicknessf the forming part at the end of the forming pixelue to

the increased friction between the punch and teetsh
On the other hand, disadvantages of this technalegyire some additional investment such
as the high ram force press with an external hyliiraystem in order to generate and regulate
the counter pressure. Hence, the cycle time for gheduction is higher than with
conventional forming. The reason is the limit o thaximum valve flow rate and the time
for filling up the pressure tank. Furthermore, fireduct surface must be cleaned after the
forming process.

Hydromechanical Conventional
deep drawing deep drawing

v

4qune

100mm
—_—

Fig. 2- 18 Advantage of HDD compared to conventional deep draing, Biirk (1963)

In the HDD process, the final quality of the prodeen be influenced by many different
parameters such as counter pressure, BHF, predgufgienomenon, friction and material
properties,Ceretti et al. (2005) During the forming process, these parametersilghioe
controlled together and can be varied together tithpunch travel to produce defect free
parts. Furthermore, the relations between the BHE the counter pressure in the water
chamber with respect to the punch travel are dsdey parameter in order to optimize the
process. In other words, the BHF can be definedisigg the pressure path and that is a
simple way for understanding the correct forkbandeparkar (2007)The limits of both
parameters in which the HDD process operates ssittiysand without failure are known as
“Process Limit” and the region within the limit cslled the “Forming Window”, see Fig. 2-
19.
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Fracture due to Fracture due [<

A Fracture due to high BHF to high fluid
low fluid pressure pressure and

and high BHF high BHF
! 3

Bulge against
drawing direction

Blnak holder force

Leaking and
creation of wrinkles

Counter pressure
Fig. 2- 19: Forming window of HDD processPalaniswamy (2006)
The counter pressure and the BHF play an importdetand significantly influence the strain
distribution of the part. These are the key paramsdor a successful HDD process. The sheet
metal is in direct contact with the oil or watertive pressure chamber instead of the female
die so that the counter pressure acts as an edsktior to adjust the deformation of the
deformed parts, Fig. 2- 20.

Blankholdel

.

Fluid pressure is too high

3

hydraulic
control valve Restrain of material
draw-in
counter due to pre-bulging
pressure = — F - —
recipient FBHl ‘ { P lﬁBH ) )
Fluid pressure is too low

ad

Sheet metal cannot be
pressed on the punch profile

Creation of 2nd wrinkles

iFBH
Fluid pressure is optimal

optimal material draw-in
j ’ in horizontal direction
A &
% fluid pressure § sheet metal is pressed

on the punch profile

too high bulging
obtained by ABQUS simulation

Fig. 2- 20 Influence of counter pressure on the quality of poduct, Doege & Behreng2007)
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As can be seen, if the counter pressure is toqg ktighll restrain the material flow during the
forming process and lead to either pre-bulging regahe drawing direction or fracture of the
sheet metal. If the counter pressure is not sefiicithe sheet metal will not fit tightly on the
punch profile and it will lead to sidewall wrinktjnof the final product.

The form of the pressure curve and the BHF, whiepethd on the punch travel, are the key
factors in the HDD process. A high counter presssimot advisable at the beginning of the
punch travel on account of the small available arfeforce transfer. Higher pressure at the
beginning of the process, however, leads to exeessaterial thinning. It is indicated that an
increase of the counter pressure at higher dradépghs results in a higher part accuracy and
lower spring-backiKhandeparkar (2007).

In Fig. 2- 21, three exemplary pressure curvesmtdipg on the punch travel used in the HDD
process are recommended.

a)

c)

Counter pressure
O

Punch travel
Fig. 2- 21: Exemplary pressure curves in HDD procasLange (1990)

Among these, the curve (a) shows a rapid increagheabeginning of the process and a
gradual decreasing. This curve results in a higisike stress at the beginning, low process
stability, possibility of blank rupture, lower paatcuracy and lower limited drawing ratio
(LDR). The advantage of the curve (a) is to optanize formability of the sheet metal and
minimize blank thinning. The pressure curve (b)vehthe low value of the counter pressure
at the beginning of the process and the graduakasing afterward. This results in an
increase of the tensile stress with increasing mrgwdepth. Using this curve will provide
higher strain in the sidewall area of the formiragtplower thinning of the sheet and higher
LDR and optimal formability. The pressure curve gbpws a relatively low pressure rise at
the beginning and a sharp rise at the end of thmifigg process. As a result, the tensile stress
is relatively low at the beginning of the process éncreased at the end. The pressure curve
(c) is utilized in order to get lower blank thinginhigh process stability, higher shape
accuracy and higher strain in the side wall areh@forming part.

It is recognized that sheet metal bulges in thesppsrted region between the punch and the
blank holder in the direction opposite to the drayvdirection. The sheet metal is thus lifted
from the drawing die radius and flows over a fl@dshion. The bulge is an important
advantage since it can result in a reduction ofiibBon and bending force at the drawing die
radius. On the other hand, the bulge can also teadbuble bending of the sheet. Under
extreme conditions i.e. at high counter pressutes,bulge is clamped between the punch,
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blank holder, which results in ruptur&handeparkar (2007)Some researchers have also
investigated several methods of controlling thegbuheight by employing modifications in
the die systemBiirk (1963)and fluid pressure instead of a rigid mechanieaick,Siegert &
Ziegler (1998) By using this system, the bugle height can béelgt controlled along the
punch travel.

Numerous research works related to HDD processee lmeen experimentally and
numerically investigated so fafleiner (2006) Lang et al. (2004c)Most research activities
have focused on the increase of shape and dimeas@macy of the partslerold (1984) the
increase of the formability of high strength matkrisuch as magnesium and magnesium
alloys, Bach et al. (2006pr very thin sheet metalgyellendorf (2003)the simulation of the
HDD process,Zhang et al. (200Q)Jensen et al. (2001)the modeling of oil pressure
distribution, Jensen et al. (2000)sealing technique in order to prevent the ligéidm
escaping during the HDD proces3eleghini (2001L)or counter pressure control technique,
Aust (2003)Many investigations have dealt with the modifioatiof the HDD process such
as the application of the elastic blank holder esysin order to form the very complicated
parts in the automobile industrBiegert & Aust (2001)combination of the HDD and
conventional forming techniqu&yVagner (200%)using a heated die and cooled punch in
combination to form aluminum alloy§roche et al. (2002)Groche et al. (2005)using the
HDD process for forming magnesium alloys at eledaemperature to increase the deep
drawing ratiosJager (2005) using tailor welded blanks in the HDD proceldg, tu (2006)
using multi-layer sheet hydroformingang et al. (2005)Some contributions have focused on
the influence of process parameters such as tleetesf anisotropy and pre-bulging during
the HDD processZhang (2003).

Further contributions have focused on the developinoé analytical models for the HDD
process in order to determine the rupture and wmnigknstability and also the working zone
based on plane strain criteria and the energy rdeMassifon et al. (1985)0 et al. (1993)
Dariani et al.(2006)andAzodi et al(2008)investigated theoretically and experimentally the
influence of geometrical and material parametersttom critical fluid pressure. In this
contribution, the lower bound of the fluid presswas also presente®eddy et al(2006)
developed a mathematical model for the predictibrthe bounds of the BHF and fluid
pressure to avoid tensile and compressive instigilin the HDD proces&akhshi-Jouybari
et al. (2009) investigated the tearing phenomenon in the cyibadlirHDD process by
developing an axisymmetric analysis combined wile FE method. The critical fluid
pressure which results in tearing was investigabedanother researctGhoi et al.(2007)
developed analytical models for warm HDD of lighigle materials. The effect of
temperature, fluid pressure, BHF and forming speeck investigated.

2.3 Conclusion

The processing of OCSM by forming processes indlangge deformations in both the steel
substrate and the coating layer. This consequeatlylts in topographical changes on the
surface of both materials. As a result, this magdl¢éo coating failures such as cracking,
scratch, gloss decrease and delamination of théngotyer off the steel substrate. The
occurrence of the coating failures leads to a ddssptical and protective properties.
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The literature survey concerning the forming of @C®dicates that the prediction of the

coating performances i.e. optical properties aratiog failure such as cracking depending on
the deformation level and strain state is a soufeolved problem. In addition to this, the
knowledge of the relationship between the surfaoaghening, gloss reduction and

deformation afterwards is a crucial need in industr

Processing of OCSM requires forming processes wimammtain the functional properties of
the organic coating. HDD is a hydro-forming proctes allows higher drawing ratios, lower
springback, a better geometrical accuracy, homageneeformation and excellent surface
properties due to the presence of working mediaspide of the fact that HDD offers
promising properties for forming OCSM and numerausgestigations concerning the HDD
process have been contributed. However, less mtteig paid to the use of the counter
pressure and the BHF for the adjustment of thanstlatributions in order to obtain the
desired optical property of the OCSM products. lreminore, fundamental knowledge about a
material-specific process design for OCSM is natilable. As a result, it remains and opens
further research subjects.
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3 Research aims and objectives

The goal of this thesis is fundamental researchafanaterial-specific process design for
processing organically coated sheet metal (OCSMheréfore, the determination of the
influences of strain states and strain levels an ftinctional properties of OCSM parts is
essential. This knowledge can be used in the frair@numerical process design in order to
optimize the forming process for OCSM. For this,agproved FE-based modeling strategy
for the simulation of the forming process of the S\ is required which allows the
prediction of surface properties of OCSM. The aehibknowledge will be applied for the
process design of Hydro-mechanical deep drawingOyiBupplying fundamentals about the
influence of process parameters of the HDD proaesshe product properties as well as
process control strategies.

In order to achieve these research goals, thewoitp objectives are identified. Fundamental
investigations of the forming behavior of the OC8Ming the forming process are presented
in chapter four. The forming limit diagram (FLD) 6fCSM is established by combining the
FLD of the steel substrate and the forming limagtam of coating (FLDC) of the coating
layer. The changes of the surface properties as@ibn of plastic strain i.e. strain states and
deformation levels are also reported. The relabetween the optical properties and the
plastic deformation is established by using thedjiata test. The surface roughness of both
the steel substrate and coating layer dependintherstrain state as well as strain level is
determined for the interpretation of the changepifcal properties. These relations act as the
reference data and will be used to evaluate thegshaf surface properties after forming
processes. The influence of the thermal treatmerthe coating performances such as gloss
property and cracking effect is also evaluated.

The simulation strategy for the computation of ithdustrial forming process of the OCSM is
considered in chapter five. Here particularly, thismatch of the deformation states between
the coating layer and the steel substrate is efést. The material modeling of the coating
layer as an elastomeric material and the procetturgéhe determination of the material
parameters are briefly presented. The developedilsiion strategy is first applied to
axisymmetrical cases such as hydraulic bulge tedtdeep-drawing test. The potential and
the feasibility of the proposed strategy are latmified by three-dimensional (3D) analyses.
In this section, the prediction of changing optigmbperties and the coating defect i.e.
cracking based on the experimentally and numeyicaBults are presented.

In chapter six, the influences of the processinqpa&ters of the HDD forming technique
such as the counter pressure, the BHF on the surfaality i.e. gloss reduction of OCSM
products are investigated. The obtained resultseNakajima test are utilized as evaluation
criteria. An analytical model of the HDD formingqmess established ty et al. (1993)is
adapted to parabolic geometries and utilized inftame of a developeBIATLABtool which
allows the computation of the strain distributicgpending on process parameters. Using this
tool, a fundamental understanding of the influeggimocess parameter setting on the strain
distribution could be provided. This knowledge &idated by the HDD forming process of
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the OCSM parabolic reflector part. The influencepadcess parameters on the surface quality
is investigated numerically and experimentally.

In the last chapter, the principal results of 8tisdy are summarized. Based on these research

outcomes, the process scope is reported. Finalgratl conclusions are drawn and
recommendations for further researches are given.
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4 Influence of strain states and strain level on sudce properties of
OCsM

In this chapter, the influence of occurring stratates and strain levels on the functional
surface properties of OCSM are investigated. Firstle experimental set-up and the feasible
studies for the determination of the FLD of OCSM described. Furthermore, the changes of
optical surface properties depending on the ssites and strain level are discussed. Then,
the corresponding relationship between gloss réolucind plastic strain is established.
Additionally, the influences of the process pararetsuch as thermal treatment on the
change of the surface properties are also discussed

4.1 Materials used

The materials used in this research are mild stieeét with black polyurethane (PUR) and
white polyester (PES). The PUR coated sheets doofsa two-side coating layer i.e. a PUR
coating on the decorative side and a protectiverlap the other side. The PES coated sheets
consist of only one decorative coating layer. Tteelssubstrate for the PUR and the PES
coated sheet are DC04 and DX51, respectively.

The PUR coated materials feature high gloss prigserThe PES coated feature medium
gloss. These coated materials offer the elastafitubber combined with the toughness and
durability of metal. Furthermore, there are manyaadages to use PUR and PES. Both of
them offer a wide range of hardness values, anllerteesistance to oils, excellent electrical
insulating properties etc. In addition, they havéedter abrasion and tear resistance than
rubbers and especially offer a high load bearinmmpciy. Most PUR and PES products offer
an extremely high flex-life and can be expectedutiast other elastomer materials where this
feature is an important requireme8thulze (1994)Both PUR and PES coatings offer a good
formability in bending and deep drawing. The chtedstics of the investigated coated
materials are briefly summarized in Table 4- 1

Table 4- 1: Properties of the PUR and PES coatingyer

Properties Unit PUR PES
Tensile strength DIN, N/mm? | <40 18.2 - 60
Elongation at break DIN/ % <500 <300
Tensile Young‘s modulus| DIN, N/mm?2 | < 650
Rockwell-Hardness Shore-Hard. 68-99A
Surface hardness good very good
Formability/bending good good
Formability/drawing excellent good
Colour black white

4.2 Forming limit diagram (FLD) and forming limit diagr am of coating (FLDC)

As a failure criterion for sheet metal forming, FiBre often used. The FLD is a strain-based
criterion which is performed on the material undéferent straining conditions until the
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specimens develop necking, which finally leads racture or defects on the specimens.
Hence, the FLD delineates the boundary of strath@rset of local necking/an Tyne et al.
(2005).

In this section, the FLD and the forming limit diag of coating (FLDC) are first established
in order to evaluate the formability of both theedtsubstrate and the coating layer.

Sheet metal

plate
Die ring

Blank holder

a) Experimental set-up and specimens of Nakajista te

Necking on steel substrate

sseee .
(AL A RN 1
VILEETII
Edonnett
(TEE XL
000000000
000000000
XXX R XX AL

}

Cracking on coating layer
b) Necking on substrate and cracking effect onicgdayer

Fig. 4- 1: Experimental set-up and specimens for Najima test

According to theNakajima testa hemispherical punch with a diameter of 50 m#hdeform
circle OCSM specimens with a diameter of 100 mmeskhspecimens are grooved at different
radii (R = 0, 20, 25, 30, 35, 40, 45 mm, see Fig. 4- 1a&)rder to create different states of
stress and strain. Five series of takajima teswere performed on aBrichsenuniversal
testing machine to provide data for both FLD andELdiagrams. Each series includes 7
specimens with different grooved radii as mentioalkdve. Speed of the punch is 5 mm/s.

Naturally, the differences in the mechanical bebabietween the coating and the substrate
material will lead to the differences in their frae mechanisms. During the forming process,
the organic coating exhibits a large elastic defdiom while the steel substrate shows an
elasto-plastic deformation. Therefore, the fractmechanisms of the steel substrate and the
coating layer have to be investigated separatebnc, the procedure for establishing the
FLD and the FLDC is not the same. For the detertiuinaof the FLD, specimens were
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stretched until breaking occurred on the steel tsates Meanwhile, for the FLDC, all the
specimens were only stretched until cracking oeclion the coating layer, Fig. 4- 1b.

The specimens which were deformed by the Nakajeststare shown in Fig. 4-2. The strain
distribution over the specimens is analyzed withdptical measuring systefrgusby GOM
that allows a strain measurement on deformed parts.

Deformed specimens

PUR coated sheet

Major strain Measurement of strains Major strain
0.607 0.506
0.525 0.450
0.450 0.400
0.375 0.350
0.300 0.300
0.225 0.250
0.150 0.200
0.075 0.150
-0.006 0.100
0.000 0.050
-0.094 -0.006

Fig. 4-2: Strain measurement on Nakajima specimens

By using the maximum of the measured first and seégwincipal logarithmic straip, and;
around fractured areas, the limiting curves, nanidllp and FLDC, are plotted for each
specimen. The final result is the average of thie d@m specimens of five series of the
Nakajima tests. The limiting curves represent tbeder between safe and failure region of
forming process. The strain states and strain $dvelow the determined curves acpescess
window for the whole forming process.

The determined FLD and FLDC for the investigatedemals are presented in Fig. 4-3. In the
case of PUR coating, the maximal strain value ef BbDC in the case of PUR coating is
significantly lower than the one of the FLD. In thase of PES coating, the correspondent
strain value of the FLDC is partially coincidenttivthe FLD. The rest part of the FLDC is
lower than the strain magnitude of the FLD. It d#nobserved on the specimens that the
cracking effect occurs on the coating layer betbeefracture appears on the steel substrate.
Therefore, the FLDC should be employed insteadhef FLD in order to evaluate the
formability of OCSM concerning the surface quabfythe coating layer.
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By using these diagrams above, the limitation of Borming state, such as the equibiaxial
stretch-forming (1 = / ;), plane strain/(; = 0), uniaxial tension/{ = -2/,) and deep-drawing

zone {;= +,), is determined.

In order to prove the finding that the coating ddilefore the substrate, a deep-drawing test
was performed. Before testing, the protective ooplayer on the PUR coated specimen was
removed, but the decorative layer was kept intéfgince, it is possible to evaluate the
behavior of the deformed steel substrate after iftgmThe obtained results clearly show that
the decorative coating layer is fractured while steel substrate is still intact, without failure,

Fig. 4-4
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Fig. 4-4: Cracking effect on PUR coating layer

In detail, the coating layer exhibits roughenindiest, then cracking. Cracking is caused by
rupture of molecular chains of the organic mateAdler cracking, delamination may happen

if the deformation continues. This phenomenon aaexplained by the failure mechanism of
the organic coating layer on the steel substratecoiling to this, mechanical stresses
imposed on the coating material and the metal sties{being in large plastic strains) will
lead to coating failures. Among these induced faguin-plane stresses are the cause of the
defect of the coated material, i.e. cracking ogh@ning. Out-plane stresses are the reason for
the loss of adhesion and they may lead to a debhgreffect between two layers. On the other
hand, large plastic strains in the steel substratise the loss of adhesion at the interface and
may also lead to delamination in further processiigng & Vayeda (2007Boelen et al.
(2004) In addition, residual stresses in the coatingltiesy from plastic strains in the metal
substrate may lead to an additional shear streffseainterface and this is the cause of the
aggravated defect of the coating lay@olyakovaet al. (2000)Applying this failure
mechanism to the deep-drawing test carried out, dbfects of the coating layer were
obviously caused by the mechanical in-plane sta@skthe large plastic strains in the steel
substrate.

4.3 Gloss reduction depending on plastic deformation
4.3.1 Principle of gloss measurement

Gloss is one of the most important criteria to eatd the surface qualities of OCSM parts.
The term “gloss” is based on the interaction dfigrith physical characteristics of a surface.
It is actually the reflection of the light into thepecular direction when a certain light is
radiated on the surface. The standard gloss uf@W. The gloss reductiocan be analyzed
by the method which is described BN 1ISO 2813 (1999)The gloss reduction is measured
by means of a gloss meter, nameéflector meter The general principle of the gloss
measurement is illustrated in Fig. 4-5
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Fig. 4-5: Principle of gloss measurement

The common irradiation angles of incidence fordless measurement are®Zor high gloss
surfaces), 60 (for medium gloss surfaces) and®°§%or low gloss surfaces). Two types of
gloss measurement apparatuses were used, onedsurmg the gloss of flat surfaces and the
other one for measuring the gloss of curved susface

To characterize the change of the gloss propérgy/gtoss values of the OCSM before being
formed are measured and denoted3yThe updated gloss values after forming are medsur
afterwards and denoted B (i = 1, 2, 3,...). The deviation of these valuesésoted byDG
and computed as follows:

LG =Go—G; (4.1)
The relative loss of gloss, which is denoted_By is defined by the following equation:
LG, =1oo§ = 100% (in %) 4.2)

According to equation (4.2), the maximum and minimloss of gloss can be determined as
follows:

G,- G

LG, mn :100"67'—max (in o (4.3)
GO- GI min H
LG, pax =100———=""(iin %
- G, (4.4)

4.3.2 Relationship of gloss reduction to strain magnitudeand strain states

To evaluate the gloss reduction of the coatingrlaggending on the deformation process, the
Nakajima tests are performed at predefined depéhdifferent strain levels. Subsequently,
the respective strain states over specimens arsuregshand denoted By (i = 1 : n). The
corresponding gloss reductions are recorded bNtB®O-Curve equipment and denoted by
LG (i = 1 : n) afterward. This equipment allows thessl measurement on concave or convex
surfaces at an irradiation angle of°6Mepending on the grooved radius, specimens are
numbered from one to seven, see Fig. 4-6.

In order to assess the change of the gloss prop€®CSM specimens, the two following
cases of the Nakajima test were performed.
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specimens without printed grid on the surface @lyae the gloss reduction;
specimens with printed grid to analyze the stréates and strain level.

Strain Specimens
measurement " without printed grid
Specimens
with printed grid Gloss
measurement

Fig. 4-6: Nakajima specimens for the determinatiorof the strain states and the gloss reduction

The measurement of strain values by the Nakajiisia te the cases of PUR and PES coatings
in conjunction with the obtained FLDC are preseritefig. 4-7.
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Fig. 4-7: Strain values of PUR and PES coated shemetal obtained by Nakajima test

In order to ease comparisons, it is conventionafisumed that the strain value at the limited
fracture of the coating layers corresponds to 10@e¥6rmation. In other words, all values on
the FLDC have the deformation of 100 %, dependingtie strain states. Basically, it is
necessary to carry out the Nakajima test at thelpfimed strain levels, i.e. 5 %, 10 %, 20 %
and so on. For a better illustration, only theistraalues corresponding to 30 %, 60 % and
90% are presented. These strain values are debptéd H,, andH;respectively.

The dependency of the gloss reduction on the staires, i.e. major and minor logarithmical
strains of the deformed parts, is shown in Fig. 4a8he case of the PUR coating, it can be
observed that the loss of gloss of the first ddgsés not large. The highest gloss value is
obtained with the circular specimen (grooved radtuiss 0). The deformation of those
specimens exhibits the balanced stretching statg i.@/ ,. The measured gloss value is
G1_max= 83 GU (GU means gloss unit). The maximal glodsevaesults in a minimal gloss
reduction. According to equation (4.3), the minimgloss reduction i8Gy_min= 7.7 %, only.
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a) Gloss reduction depending on major and minairsgrof the PUR coated sheet

b) Gloss reduction depending on major and minairssrof the PES coated sheet

Fig. 4-8: Gloss reduction vs. strain states and stin levels

For the first casél;, the lowest gloss valué; min = 70.8 GU is obtained with the seventh
specimen (grooved radil& 45), which represents the deep drawing strate s/ 1 = -/ ».
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As a result, the lowest gloss reduction leads ¢ontfaximal gloss reduction. According to the
equation (4.4), this value can be computet@sm.= 21.3 %.

Considering the second and the third case whicrespond to the higher straibls andHs,

the gloss reduction trends are seen to be sinaltiret one of the first cas#y. In the balanced
stretch-forming zone, where the major strajrequals the minor strajn, the gloss reduction
reaches the minimum value. The losses of glossase fH, and Hs are respectively
computed as:

LG2 min=13.1 % LGz min= 35.1 %

Similarly, the maximum gloss reduction of the sat@,) and the thirdl3) case is obtained
with the specimens under the uniaxial strain sfEte. maximum losses of gloss value are:
LG2 max= 16.7 %,LG3_max= 43.0 %

In the case of the PES coating, a similar deperelefthe gloss reduction on the different
strain levels was obtained. Accordingly, the lowglsss reduction occurs at the lowest strain
level Hi. The gloss reduction is then increased with irgirgp deformation. For ease of
reference, the extreme gloss reductions in the cBB&S and PUR coatings are summarized
in Table 4-2.

Table 4-2 Summarization of measured gloss reduction in case of PUR and PES tiog

According to Table 4-2, the data of both coatingeve that the lowest gloss reduction is
obtained at the lowest strain leud]. When the deformation is continuously increaske, t
gloss reduction is increased too and the highdaeva obtained at the highest strain ledel
Obviously, it can be concluded that the loss ofsgldepends on the occurring strain level
over the formed parts.

In order to separate the influence of strain leral strain state, Fig. 4&hd Fig. 4-10 show
the dependencies of the gloss changes on the stetgs and the equivalent plastic stfain
For reference reasons, the different strain stategaken into consideration by using strain
ratio, which can be calculated by=/, J ;.

By comparing the gloss reduction at a similar egl@nt strain, it is seen that the equibiaxial
strain state always provides the lowest gloss ramlucin contrary, the uniaxial and deep

drawing strains result in a higher loss of gloske Hloss reduction is seen to be gradually
increasing from the equibixial state to the otheais states, i.e. plane strain, simple tension
and deep drawing. Obviously, compressive straiad te a significant decrease of the gloss
values. This effect can be seen on both investigai@terials.
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Fig. 4-9 Gloss reduction versus strain ratios and equivaldrstrain of the PUR coating

Fig. 4-10: Gloss reduction versus strain ratios andquivalent strain of the PES coating

A comparison between the results in Fig. 4-9 amgl Bi10 also indicates that the gloss
reduction of the PES coating is higher than thahefPUR coating on account of the thinner
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steel substrate and coating layer. This is bectiieseoughness of the thinner steel substrate is
larger than that of the thicker substrate. Theiletaexplanation of the presented results will
be given in the following subchapter.

4.4 Deformation induced changes in substrate and coatin

The formability of OCSM depends on a number ofatight parameters such as steel substrate
surface, thickness of the coating layer and thestsate, strength and texture of the metallic
substrate, strain rate, cohesion between steelkratdbsand coating layeFischer & Klein
(1971) Among these, the steel substrate surface anddthesion are the critical factors that
reveal significantly the influences on the glosgrée and the delamination. In this section,
the fundamental understanding of the relation betwtae deformation, the appearance of the
steel substrate and the coating layer are investiga

The investigated Nakajima specimens are continyautlized to tackle this task. In order to
evaluate the topography changes in the steel sibsthe PUR and PES coating layers are
removed by using a special paint removing compmsithamely Dichlormethal — GEl,.
The PUR coating layer is much more difficult to t@moved than the PES coating layer.
Therefore, this work was carried out by the projpetrtner Voestalpine GmbH After
removing the coating layer of all specimens, theelssubstrate surfaces are analyzed by
means of a confocal 3D microscope, hanigynoFocusandZeissmicroscope.

Fig. 4-11: Topographic change of the steel substmiDX51) in case of PES coating

In Fig. 4-11and Fig. 4-12the topography changes of the DX51 and the DCO04I ste
substrates, that correspond to the PES and PURdaaterials, are displayed, respectively.
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For ease of reference, the microstructures befodeadter forming are depicted with 2D and
3D pictures.

Fig. 4-12: Topographic change of the steel subst@{DCO04) in case of PUR coating

During forming operations, the sheet metal undesgdéferent deformation modes. The
resulting surface topography of the steel subststependent on the type of deformation
imparted,Van Tyne et al. (2005Here, it is seen in Fig. 4-11 that the surfacecstire of the
steel substrate is affected by plastic deformafidre initial micro structure of the DX51 steel
substrate significantly shows a texture structuhéctv is inserted during skin pass rolling. At
a low strain level i.eH; = 30 % of the maximum pole height in tiNakajimatest, no
considerable changes occurred. That means thergestaicture is still observed on the
surface of all specimens. With increasing strairele the micro texture structure is visibly
affected. When the strain level reaches a valu0o% of the maximum pole height in the
Nakajimatest, the texture nearly disappears and the suidéthe steel substrate is slightly
flattened. At a higher strain level i.e. 90 % of tmaximum pole height in tHéakajimatest,
the micro texture structure of the DX51 substrate tiefinitely disappeared.

The similar tendency of the topography changes otmserved on the DC04 substrate of the
PUR coated sheet. Compared to the hot dip galvdriizé 51, where skin pass rolling was
done in a final production step at the end of tbedip galvanized line, the micro structure of
the electro galvanized DCO04 is different. Here thebon steel was skin passed prior to the
coating process and fine microstructure of the B@ting makes it difficult to detect the
subjacent skin pass structure. The topography @sang the steel substrate surface result in
surface roughness that leads to a change of a@ghesiength at the interface between the
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substrate and the coating layer. In order to evaltlae roughness of the steel surface in
dependence on the strain levels and the strain, ghth roughening on the Nakajima
specimen’s surfaces without coating layer was nmeaslbby means of the roughness
measurement apparatus using MerSurf XR20 V1.40-3software packet.

Fig. 4- 13: Measurement of the roughness on steeistrate surface

The measurements were carried out in both longialdind transverse direction as shown in
Fig. 4- 13 The experimentally measured results of both stglestsates DX51 and DC04 are
displayed in Fig. 4-14 and Fig. 4- 15, respectively

Fig. 4- 14: Roughness of DX51 steel substrate insgof PES Coating
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Like for the loss of gloss, the obtained resultwvehahown that the surface roughening
depends not only on the strain level but also @ndfnain state imposed on the specimens.
Concretely, the increased strain caused an inciedhe surface roughness. Both investigated
materials indicated that the equibiaxial and platrains result in a lower surface roughness
compared to the one in case of simple tension aeg drawing mode.

Fig. 4- 15: Roughness of DC04 steel substrate inseaof PUR Coating

A comparison of the obtained roughnesses depicteflig. 4- 14 and Fig. 4- 1Blearly
indicated that the substrate thickness certainfgcés the roughness behaviors. As can be
seen, the initial roughness of DX51 and DCO04 iguim, 0.39mm and 0.55mm. At 30 % of
the maximum pole height in tiiéakajimatest, the correspondent values in case of equédiax
deformation, for instance, are 0.4f and 0.7hm, respectively. The resulting deviations are
0.06 mm and 0.25vm. At a higher strain level i.e. 90 % of the maximpole height in the
Nakajimatest, the obtained deviations are 0@ and 0.69nm. Similar tendencies are
observed in other deformation modes.

Above, the topography changes on the steel sulffi@s® been investigated. In order to
evaluate the influence of that changes on the sarfaroperty of the coating layer, the
roughness on the PES and PUR coating layers befatafter forming are also measured and
plotted as shown in Fig. 4- 16 and Fig. 4- 17.
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Fig. 4- 16: Roughness changes of PES coating afferming

Fig. 4- 17: Roughness changes of PUR coating afferming

The obtained results show that the coating thickmesises the development of the roughness
on the surface. In this investigation, the PES ingathickness is only 0.025 mm while the
correspondent one of the PUR coating is 0.05 mne fdsulting roughness of the PES
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coating is seen to be larger than the one of thR bhting. At 30% of the maximum pole
height in theNakajimatest, for instance, the roughness value of the fR&&hes the value of
0.3 mm while the roughness of the PUR coating is onB/rim. The similar tendencies are
observed at higher strain levels and also in oftheformation modes. Obviously, the
roughnesses of the coating layer also depend dntbetstrain state and the imposed strains.

4.5 Correlation between gloss reduction, plastic straimnd roughness

As investigated in the above section, the impodedtip deformations induce topography
changes in the steel substrate and the coating. [aie increase of the strain level leads to
the surface roughness of both substrate and coltyeg. The surface roughness results in a
partial loss of adhesion of the coating layer, Whinay lead to coating failures such as
delamination in further processin§chreurs et al. (2009)in addition to this, the surface
roughness also contributes to the loss of glosthercoating layer. Hence, the determination
of the relationship between the gloss reductior $hirface roughness and the imposed
deformations occurring on the deformed specimém@rtant.

In Fig. 4-18 and Fig. 4-19, the correlation betwdkese parameters of both investigated
materials is presented. The gloss reductions af fepresentative deformation modes i.e. the
equibiaxial stretch, plane strain, uniaxial tensiand deep drawing are taken into
consideration.

Fig. 4- 18: Correlation between gloss reduction, sface roughness and effective strain in case of
PUR coating
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Fig. 4- 19 Correlation between gloss reduction, surface roughess and effective strain in case of
PES coating

For both investigated coated materials, the equidiadeformation modes result in a low

value of the surface roughness and gloss reducliorontrast to that, the deep drawing

modes lead to a considerably higher roughness teffied also loss of gloss at a similar

effective strain. The obtained results have alsmashthat the roughness and the resulting

gloss reduction at a similar strain are signifibamtcreased with increasing effective strain.

4.6 Evaluation of the obtained results by means of prace-oriented test

As investigated in the previous section, it habeémoted that the coating performance of the
OCSM products does not only depend on the straie sind the strain magnitude but also on
the thickness of the steel substrate and the apddiyer. TheNakajima testused provides
results on both sides of the FLD, and further ireduall deformation modes in sheet metal
forming. Therefore, the relations between opticalperty and plastic deformation obtained
by theNakajimatest can be used as reference data in order éssafise change of the surface
quality after the forming process. In this sectithrg change of the coating performance of the
OCSM products is investigated by means of a praaiitented test in order to evaluate and to
prove the obtained relationships.

In order to tackle this idea, the deep drawing psses using PUR and PES coated materials
are experimentally conducted. The strain distrimutbver the forming part was measured by
means of the optical measurement systegusby GOM. The gloss reduction was defined by
theNOVO — CURVHloss meter. The evaluated procedure is illusdratd=ig. 4-20.



Influence of strain states and strain levels orstivéace properties of OCSM 7 4

Fig. 4-20: Procedure to evaluate the gloss reductidn deep drawing process

In Fig. 4-21, the topographic performance of theRPtbated cup depending on the strain
distribution in the deep drawing process is illagtd.

Fig. 4-21: Topographical performance of the PUR cdad cup
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It is seen that the deformation of the cup deewvih@ induces topographical changes in both
the substrate and, especially, the coating layleis fhenomenon leads to the gloss reduction
of the coating. At the bottom area of the part, sehtbe stretch forming occurred, the coating
surface becomes rougher than the initial one. Tatirtg performance change in this area is
not large on account of a small imposed strain.uAtbthe punch radius, where the higher
deformation is observed, the coating performance wensiderably changed. A small
waviness on the coating is observed. At the cup, wmddere the tensile — compressive strain
occurred, the waviness effect became larger cordparthe one at the punch radius.

Similar observations were made with the PES coatedl as shown in Fig. 4-22. The PES
coating appearance is different from the one inctiee of the PUR coating. It is observed that
the bottom of the PES cup showed the flow-lineafts account of the strain aging effect of
the DX51 substrate, which leads to this effectasecof stretch forming.

Fig. 4-22: Topographical performance of the PES caed cup

The flow-line effect does not continuously existemhthe deformation is increased. Around
the punch radius, the coating appearance is <Sigmifiy changed compared to the
correspondent area in the case of the PUR coatinghe sidewall area, where the highest
deformation occurs, the type of the wave is al$fedint compared to the PUR coating layer.
No damage such as cracking or debonding is obsesmethe PES coating. Clearly, all the
observations show that the topological performasfdbe coating is considerably affected by
the coated material and the level of deformation.

As investigated above, the topographical changdscie the change of the optical property
i.e. gloss reduction. Now, the glosses on corredponareas are measured to show the
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dependence of the gloss value on the strain statelee strain level. In Fig. 4-23, the gloss
value as well as gloss reduction as a functiorhefstrain of the PUR coated cup are shown.
Before forming, the initial gloss value of the PU4Bated sheet metal was 91.5 GU. After
forming, the bottom area of the cup exhibited thghbst gloss with 87.5 GU, as compared to
other areas. From the corner around the punchgddithe corner around the die radius, the
gloss value decreases gradually. The minimum glossrred at the sidewall of the cup and
was only 37.7 GU. At the flange area, where shdwenténsile—compressive strain state, the
gloss value was lower than the one at the bottotheotup and reached a value of 80.5 GU.

Apart from the gloss values, the gloss reductiamglthe profile of the deep drawing cup is
also presented in Fig. 4-23. It can be seen thatldivest gloss reduction occurred at the
bottom of the cup, where the stretch forming stess observed. As can be seen, this value
was only 4.8% compared to the initial gloss valiem this position, the gloss reduction
trend is continuously increased and reaches themmuax value at the sidewall area of the
cup. The highest value of the gloss reduction vigsaimately 60 %. In the flange area, the
gloss reduction was not large and reached a vdlae3&%.

Fig. 4-23: Relationship of gloss reduction to defanation of the PUR coated cup
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For the PES coated cup, a similar tendency of thesgvalue and the gloss reduction was
obtained as shown in Fig. 4-24. But the gloss rédoat the bottom and at the flange of the
PES cup is above 10 %, while this value is arouBd®2 on the PUR cup. The gloss reduction
of the PES cup is higher than that of the PUR auparount of the thinner coating layer and
steel substrate.

Fig. 4-24: Relationship of gloss reduction to defonation of the PES coated cup

Clearly, the experimentally determined results sregood agreement with the reference
results obtained by thélakajima test It is confirmed that the gloss value and the
correspondent gloss reduction are considerablyrdipg on the strain states and the strain
level. The gloss degree decreases with increasifigrdation. The gloss reduction is also
affected by the strain states. The biaxial streteformation mode provides a lower gloss
reduction compared to the deep drawing mode. The Bnd the thickness of the coated
material and steel substrate have a consideraliigente on the change of the coating
appearance.

4.7 Gloss recovery effect

As mentioned above, OCSM is an ideal material &gé-lot production in the appliance
industry, architecture, civil engineering and auttite industry due to the advantages of the
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mechanical-technological properties. For the apgin in the automobile industry, this kind
of material is suitable for the manufacturing of bady panels and headlamp systems such as
reflector parts. However, it has to be noted thatworking temperature of the reflector parts
is relatively high. This may consequently influertbe gloss property of the OCSM reflector.
Hence, the investigation of the influence of theagerature on the optical properties of the
organic coated material is necessary.

To this end,Nakajima testswith pre-defined deformation levels were conductd&tie
resulting degree of gloss before thermal treatrmea® measured. Afterward, all specimens
were placed into an oven. The setting temperatuas W26C and the working time
approximately 30 minutes. The resulting gloss leater thermal treatment were recorded.
The loss of gloss in dependence on strain levalsnsputed by the equation (4.2).

Fig. 4-25: Gloss recovery effect observed for PE®ating

In Fig. 4-25and Fig. 4-26, the resulting gloss reduction inecalSPES and PUR coatings are
displayed, respectively. It can be seen that tbesgteductions of both investigated materials
after an additional thermal treatment were sigaiitty lower than those before thermal
treatment. Considering the gloss reduction at 3®mf%he maximum pole height in the
Nakajimatest in the case of the PES coating, for exantp&eminimal and maximal value are
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10 % and 35 %, respectively. After thermal treattntie correspondent values are in turn 6%
and 32 %.

For the PUR coated sheet, the similar tendenciethefgloss reduction after low thermal
treatment were observed in the first and secoridssef the Nakajima test that corresponds to
30 % and 60 % of the maximum pole height in Nekajimatest. At a higher deformation
level i.e. 90% of the maximum pole height in tNekajima test, the additional thermal
treatment leads to the cracking phenomenon on daéng layer of the forming part. The
reason is the low thermal resistance of the PURedometal.

Fig. 4-26: Gloss recovery effect observed for PUPbating

This reversible gloss reduction is called “glossorery effect” and can be explained on the
basis of the “Teil-Reflow effect” of plastically fiemed polymer coatings. Accordingly, the
coating defect can be repaired by providing a &ghholecular network that is flexible
between the points of intersectiatywaag (2007) If the temperature exceeds the coating’s
glass transition temperature (approximatel§@G@r PUR and PES), the coating defect will
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be recovered leading to a gloss recovery as obdetmeFig. 4- 27, the mechanism of this
effect is schematically shown.

Fig. 4- 27: Reflow effect of polymer coatingT: glass transition temperature),Zwaag (2007)

Obviously, it can be concluded that the gloss rédns are affected by low additional
thermal treatment. However, the reversible levatas high. Both obtained results for PUR
and PES coatings give an indication of no conslidlerdependence of the gloss recovery on
the effective strain and the strain state contetub the specimens of the Nakajima test.

4.8 Conclusion

The above investigations indicated that the gleskiction of the coated surface depends on
the strain states and the deformation imposed @mthe steel substrate and the coating layer.
The relations between the gloss reduction and thastip deformation obtained by the
Nakajimatest can be used as the reference data to pthdichange of the optical property of
OCSM products after industrial forming processescdkding to the proposed method, it is
necessary to establish gloss reduction curves wvetiterent strain values. Then, based on
these template curves, we can evaluate the glasstien which corresponds to a specific
strain level and strain state. The following cosams are drawn:

The FLDC should be used instead of the FLD in ormdeevaluate the formability
concerning the quality of the coating layer.

An increase of the strain value leads to an inerehshe loss of gloss.

The strain state has a major influence on the gtessiction and the roughness
evolution. Among different strain states, the bédustretch deformation modes lead to
a lower gloss reduction and roughness than theiahiand deep drawing modes. The
uniaxial tension mode results in a higher glossucddn and roughness than the
tensile-compression mode.

The gloss reduction is affected by topographicalingfes of both the substrate and the
coating layer surface.

The change of the optical performance depends ethibkness of both substrate and
coating layer. A lower gloss reduction is attainkedubstrate and/or coating layer is
thicker.
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5 Simulation of the forming process with OCSM

In this chapter, the application of the simulatgirategy to compute the forming process of
OCSM is presented. The FE modeling such as materiglel, meshing of OCSM is first
considered. The effectiveness and the feasibildfethe overall strategy are then verified by
an axisymmetrical and a three-dimensional analydi& simulation results are validated by
experimental investigation afterward. The predigbedcedure of the gloss reduction and the
coating failures i.e. cracking based on FE and expatal results are also presented in this
chapter.

5.1 Modeling
5.1.1 FE model

As per reviewed literature and the experimenta¢atigation in the chapter above, the organic
coated materials and steel substrates greatlyrdiifégheir mechanical behavior, especially
when these materials are in the large deformatiate sThe organic coated materials such as
PUR or PES show a nonlinear elastic behavior wihiée steel substrate exhibits an elasto-
plastic behavior, Fig. 5- 1. Additionally, the dlagy modulus of the metal substrate is much
higher than the one of the organic material, whetka Poisson’s ratio is smaller than that of
the organic coated material. The difference ofRb&son’s ratio leads to the difference of the
thickness strain of both materials. Therefore,gregliction of the coating performances based
on the deformation of the steel substrate only jdes/in-situ accuracy.

Fig. 5- 1: Strain-stress curve of the organic coatematerial (a) and the steel substrate (b)

From a structural point of view, it has to be natledt there is a cohesive zone at the interface
between the steel substrate and the coating Iayars, the problem in consideration is
whether the FE model has to consist of the cohesdree or not. In order to answer this
critical question, the failure modes and the falorechanism of the coating layer on the steel
substrate are analyzed. During forming processhargcal stresses imposed on the coating
layer and large plastic strains in the metal salstiead to coating failures, Fig. 5-2. Among
the induced failures, in-plane stresses are theesaaf roughening or cracking. Meanwhile,
out-plane stresses and plastic strains imposeHensteel substrate are the reasons for the loss
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of adhesion between two layers. As a result, thay fead to delamination or surface

roughness of the coatingjult et al. (1999) Obviously, the delamination is the macro

fracture level of the layer material regarding itterface defect. The cohesive zone must only
be considered for the computation of the delamimgphenomenon between the layers.

Fig. 5-2: Failure mechanism of the coating layer othe steel substrate

During the deep drawing process, for example, tlaglihg condition i.e. occurring stresses
according to bypoege & Behren§2007)are shown in Fig. 5-3.

Fig. 5-3: Loading in deep drawing processDoege & Behrens (2007)
According to this, the deep drawing process isattarized by the following zones:

Flange area:metal at the flange area is bent and straightaseslell as subjected to a
tensile - compressive stress
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Cup walt metal in the cup wall is subjected t@iacumferenceor hoop and aradial
tensile strain

End of lower cup wallplane strain(restrain uniaxial tensile stress)

Bottom area/Force transmission zonmetal in this area is thinned down and is
subjected to atretch formingcharacterized bigiaxial tensile stresses

The imposed stresses on both the coating layertladsteel substrate are in-plane stress,
except the flange area. The out-plane stegss this area characterized as compressive stress
is caused by the BHF. The is equal to zero in case of an absence of the BHgarly, this
term cannot lead to the delamination effect dutirgforming process.

The obtained FLDC in chapter four and the conduetquerimentations have shown that the
roughening and cracking occurs on the coating ldgfore necking and delamination are
observed on the steel substrate. The change obgtieal property, i.e. gloss reduction is
affected by surface roughening of both the stebksate and the coating layer. This is not
related to the interface defect. Therefore, theesoke zone can be neglected in the case of the
evaluation of the optical property of the coatiagdr.

Based on above analysis, it can be concluded ligatdating layer should be considered in
the FE model in order to predict directly the oatiproperty changes of the coating layer. For
this purpose, perfect adhesion on the interfacevdsn the steel substrate and the coating
layer is assumed.

5.1.2 Elements used and meshing

It has to be noted that the element used for tlagirap layer is not similar to the element of
the steel substrate. The reason is that the orgaoated material shows a nearly
incompressible behavior (the bulk modulus is muahgér than the shear modulus or
Poisson’s ratio, approximately 0.499 or 0.5), amel $olution cannot be obtained in terms of
the displacement history only, since a purely hgtatic pressure must be added without
changing the displacements.

In this case, the low-order solid elements are psed to model both materials. These
elements are preferred in nonlinear structural meis because of their low computational
cost and simplicity in dealing with this geometBut in many cases, especially in case of
pure bending problems, the brick element exhilwtg-precision results due to the stiffening
effects known as shear locking, Poisson thicknedsiig and volumetric locking. To prevent
these locking effects and to obtain the accuracymhputations, at least two layers of
element through the thickness of each materialRihtechnique are accompanieghandra

& Prathap (1989) Hauptmann et al. (2001)Additionally, for the modeling of the coating
layer, either Herrmann formulation elementdviarc/Mentator Hybrid formulation elements
in Abaqusis used in order to prevent volumetric and sheakihg. These elements are
designed for incompressible elasticity applicatiofpart from four nodes (at corners) as a
standard element, the fifth node (at center) only & pressure degree of freedom that is not to
be shared with other elements, Fig. SAbaqus (2007)Marc (2005) More precisely, they
are “mixed formulation” elements, using a mixtufedsplacement and stress variables with
an augmented variation principle to approximateehsilibrium equation and compatibility
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conditions. These elements also remedy the proliethe volumetric locking and shear
locking by using a fully or selectively reducedegtation.

Fig. 5-4: Element with Herrmann formulation (a), Gaussian integration points (b),Marc (2005)

In a 2D model, four-node standard plane strain efégmcan be applicable because these
elements are free from the volumetric locking effébandra & Prathap (1998)But in a 3D
model, the eight-node standard elements suffer tt@m/olumetric locking effect. Therefore,
three-dimensional arbitrarily distorted brick elamgeused Herrmann formulation (in Marc)
or Hybrid-formulation (in Abaqus) is employed fdretmodeling of the coating layer, Fig. 5-
4. This formulation uses an eight-node isoparametiement with an additional ninth node
for hydrostatic pressure. This element is suitée¢he simulation including materials, which
show an incompressible behavior such as plasjiymer.

The number of FE elements over the thickness df bwdterials plays an important role in FE

simulation and it has a considerable influence dceuracy of the FE result. Therefore,

convergent tests need to be carried out in orddetermine the suitable number of elements
that can provide the precise result. To check thevergence of the FE computation, the
circular cup deep drawing process is simulatedhigsimulation, the FE mesh is varied from

coarse to fine until the results are convergené FB model is depicted in Fig. 5- 5.

Fig. 5-6 shows the result of the convergent telgarly, the equivalent plastic strain changes
with increasing element number. According to tlgstt at least four sub-layers of elements
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should be adopted over the substrate and the gotitiokness in order to get convergent
results.

Fig. 5- 5: FE model for convergent test

Fig. 5-6: Equivalent plastic strain depending on te number of elements

From the structural point of view, the coating Kmess is quite thin as compared to the
substrate thickness. The thickness ratio with refsfethe substrate often ranges from 1:2.5
and 1:50. Therefore, the mesh size for the codéiggr must be very fine in comparison to
that of the steel substrate. As a result, both tatenber of elements and computational time
will be significantly increased. To overcome thisattenge, it is necessary to find out a
suitable mesh strategy. In Fig. 5- 7, the mesheategly for the modeling of OCSM is
proposed.Basically, both types of the mesh can be used.iBbas to be noted that the
“simple mesh” (SM) leads to a bad aspect ratio wihencoating layer is modeled. In order to
reduce the aspect ratio, the mesh type b (RAR)osqsed.
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Fig. 5- 7: Meshing of OCSM
5.2 Material modeling for the coating layer
5.2.1 Energy function
Organic coated materials show a nonlinear elas@nsstress behavior. For the modeling of
such materials, two theoretical models, so callggehelastic and viscoelastic models are
commonly employed. The hyperelastic models werd fiocumented byreloar (1958) and
applied to polymers that are considered to haviapiz, highly elastic and incompressible
properties. The major distinctions of the hypertidasand the viscoelastic models are
summarized as followf)ong (2002)
1. Due to the non-linear elastic behaviors, hypergasiodels rely solely on the final
strain state and not on the history of strain
2. Considerations of both elastic and viscous effagssoelastic models nonetheless are
time-dependent deformation
Undergoing large deformations, most of the polymmaterials show nearly incompressible
characteristics. This indicates that the volumewofkpieces during deformation remains
constant despite thickness, length and width amedaThe incompressible condition is
described as follows:

V=\ (5.1)
or

1, =1 (5.2)
where:

V and \pare volumes in the deformed and un-deformed states;
/1,15, /3are the principal stretch ratio in 1, 2, 3 diresiand can be defined as:

/, :%o:%:lfﬁ i =1,2,3 (5.3)
whereg is the engineering strain in theirection.
The three strain invariants of the right Cauchydarstrain tenso€can be expressed as:
L=/24 24
L=1] 41714 3 f (5.4)
ls=/14 3
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If the material shows a perfectly incompressibleahéor, I3 = 1.

For the hyperelastic materials, the strain eneaggtionW was employed. The postulation is
that the corresponding stress components are abltdig taking the derivative of W with
respect to the strain components. The availabletiiom of strain energy is represented either
in term of the strain invariants that are functiafighe stretch ratios, or directly in terms of
the stretch ratios themselves. The general forth@ftrain energy function can be evidently
described by the sum of a series of terms involyiogvers of (1 -3) and [z -3) in the
equation (5.5)Marc (2005)

w=""G(-90, 3 (5.5)

i
where

W: energy function;

Cij : material parameters concerning the Shore hardness

When the body is undeformed, it can be acquiredVof 0 andC; = 0. From the general
equation (5.5), a variety of hyperelastic modelgehaeen developed.

Based on the energy function, the stresses camrewted by taking derivatives of W with
respect to strain components and it can be writefollows:

w wi/,

SET W E ©6)
whereE is the Green-Lagrange strain tens8rjs the second Piola-Kirchhoff stress tensor. It
relates to the Cauchy stress by the following esgion:

S=JF'xs 7 7
with

J =V/\,: Jacobien;
F : deformation gradient which relates to the riglu€hy-Green strain tensor by the
expressionC = F'F .
The constitutive tensor is calculated as the sedemnidative of the energy function W with
respect to the Green-Lagrange strain as:

_Iw_ 1w,

E*> E V. E
In general, the constitutive tensor of a hyper@astaterial is a function of the straih.
Hence, the strain- stress behavior is nonlinean evsmall strains.

(5.8)

5.2.2 Categories of hyperelastic model

a. Neo-Hookean model

The earliest and simplest elastomer model is treHmokean model that considered the
behavior of rubber-like materidong (2002) This model is expressed as:
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W =Cy(l;-3) (5.9)

The constitutive relation for uniaxial tension ile=/, /, =/, :% can be computed as:
- 2 1

S =200 %+ ) (5.10)

The constitutive relation for equibiaxial tensioa.i1=/,=/, /, :/—lzcan be described as:

1
Ser = 2C10(/ ?- ﬁ) (5.11)

This model exhibits a constant shear modulus angsgia good correlation with the
experimental data of up to 40% of the elongatioth@uniaxial tension test and of up to 90%
of the elongation in the simple shear téarc (2005).

b. Mooney-Rivlin model

The other forms of the energy function were proptmehbyMooney-Rivlin(1940) andRivlin

et al.(1951).They are given as follows:

- Two-term Mooney-Rivlin model:

W =Cy(l- 3)+ Cy(ls 3) (5.12)
- Three-term Mooney- Rivlin model:
W= QO( |1' 3+ C01( |2' 3y C11(|'1 3)("2 3) (5.13)
The constitutive relation for the uniaxial tensiarthis case becomes:
1w w 1 1
Sp=2/%-= —+ *— = (= - = )
o o T, RO Py - ) (5.14)
Similarly, the constitutive relation for the equibiaixtension is computed as:
1w w 1 1
Ser=2/°-5 oo = = 2040 S () (5.15)
1, 1, / /

Mooney-Rivlin’s strain energy function is widely usexsolve the large elastic deformation
of rubber-like materials. By settin@.0= 0, this function reduces to the neo-Hookean form.
The Mooney-Rivlin model can be used in the range pfta 100% technical strain of
elastomer material. Therefore, the Mooney-Rivlin miadeoften used to characterize the
material behavior of elastome®&tojek et al. (1998).

c. Yeoh model
Yeoh proposed another model that only depends orfitestrain invariant, which can be
expressed as:

W = Co(l,- 31+ Cyol 3+ Cyo(ly 3P (5.16)
This model is more versatile than the others sinbastdemonstrated to fit various modes of

deformation using the data obtained from a uniatemision test. This leads to reduced
requirements on material testidarc (2005)
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d. Ogden model
Alternatively, for the sake of mathematical simplici©Ogden(1972) proposed another form
of the energy function with respect to principaksth ratios instead of the principal strain
invariants. This form is given as:

"b e g a g oa

W= S/ 4 %, 4 % ,-3) (5.17)

i=1 &
wherea; and 4, are experimentally determined material parameters.eThasameters can be
non-integer and negative. The only restriction ig tha value of the strain energy function in
equation (5.17) must remain positive after total sutinaStojek et al. (1998)For uniaxial
tension, the constitutive relation becomes:

S, =1 = b,/ 2 (5.18)

i=1

The constitutive relation for equibiaxial tensiorgisen as follows:
Ser=l"Tyd Tp=b [ - (5.19)
i=1

For ease of reference, the strain energy functionbypkrelastic models, their form and
application range are summarized in Table 5- 1.

Table 5- 1 Strain energy function for elastomer material,Dong (2002)

Model Energy function Suitable Applied range
material

Neo-Hookean | W=Cy; (I3 - 3) Nature Small strain for uniaxia
rubber, and equibiaxial tension
elastomer of sheet

Mooney-Rivlin | W= Cig (I1 — 3) +Coa(l2 - 3) ABS, Large elastic strain for

(2 parameters) PMMA, uniaxial, biaxial tension
elastomer and simple shear

Mooney-Rivlin | W=Cyg (I1 — 3) +Co1(l2- 3) + | ABS, Large elastic strain for

(3 parameters) Cu(li—3) (2-3) PMMA, uniaxial, biaxial tension
elastomer and simple shear

Yeoh W = Cyo(l; — 3) +Co(l2 - 3F + | Carbon-black| Large elastic strain

Caoll1— 37 filled rubber
Ogden W= " p S a3 ABS, PPO Uniaxial and biaxial
S aa (7 : -9 and PC-PBT | tensions over the large

alloy, HDPE | strain range
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5.2.3 Material date for organic coated materia

In order to describe the material behawbthe PUR and PES coatis the Mooney- Rivlin
model is employed beuae this model can meet the requirer of computational accuracy
and already available in both FE coddsmaqusandMarc/Mentat commercial software which
are available at UL.

Fig. 5- 8: PUR-specimens for theletermination of material properties

The material constantS; andC,oin the model can be deduced from experiments suthe
tensile or the compression tests by using ctittieg procedurs. To perform the tests with a
PUR coating, the specimens were preparethbgompanyHawiflex GmbHaccording to the
standardDIN EN ISO 527 see Fig. 5- 8The tests were conducted a Zwick/Roeltesting
machine atKunststoff Institut Lidenscheid@he material parameters for the PES coi
material were supported Bjoestalpine Gmbhh Austrie. Fig. 5-9presents the experimental
results i.e. strain—stress curve obtained bytehsile tests cthe PUR and the PES coating.

Fig. 5-9: Strain — stress curve of the PUR and théuctile PES coated material
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The experiment results show that the form of the RIDR the PES curves are similar. The
PES coating is harder than the PUR coating. At themes strain of = 200 %, the
correspondent stress of the PUR is around 7.5 MRankthile this value is 9.5 MPa with the
PES coating. The ultimate strain of the PUR coatinglso higher than the one of the PES
coating. In detail, this value is 400 % for the PRI 250 % for the PES, respectively. By
using the curve-fitting procedure which is impleneghtn the commercial software package
Marc/Mentat the material constants of the Mooney-Rivlin model,Cy;, C;0andCy; for the
PES and the PUR coating are defined and givenlileT&2 and Table 5-3, respectively.

Table 5-2 Material constants for Mooney-Rivlin model of the RJR coating

Material constants of | Coz Cio Cu1

PUR coating in N/mnf | in N/mn? | in N/mn?
Mooney — Rivlin model | 0.022 5.033

with 2 parameters

Mooney — Rivlin model | 0.021 4.130 -0.071

with 3 parameters

Table 5-3 Material constants for Mooney-Rivlin model of the FES coating

Material constants of Co1 Cio Cu1
PES coating in N/mn? | in N/mn? | in N/mn?
Mooney — Rivlin model | 0.014 1.875

with 2 parameters

Mooney — Rivlin model | -0.003 2.112 3.773
with 3 parameters

5.3 Material model for steel substrate

The steel substrate of the PUR and the PES coaetlasse DC04 and DX51 because of their
excellent cold-formability. In order to determine tmaterial properties, uniaxial tensile tests
according tqDIN-EN-100002)were carried out as illustrated in Fig. 5-10.

Fig. 5-10: Principle of uniaxial tensile test

The material behavior of the metal substrate canibidedl into elastic and elastic-plastic
parts. The elastic region is characterized by a ydiaar relation of strain-stress which is



Simulation of forming process with OCSM 65

described by Hook’s law. The elastic-plastic regiordéscribed by the flow curvie that
expresses the relation between yield stress angagot strain e.

For strains that are outside of the identifiableadrethe uniaxial tensile testfax 0,2, the
flow curve is mathematically extrapolated. For thiggose, the following approaches e.g.
either Swift or Voce will be utilized.

ki =k(o¥ )" (5.20)
k, =S, +G(L- €7) (5.21)
wherek, o, n, o, GandC are the material constants.

In this research, the plasticity criterion with ati®pic hardening effect is invoked due to its
simplicity while satisfying the accuracy requiren®if metal forming problems. The flow
curve is extrapolated from the uniaxial tensile testthe basis of the power-law (Swift)
equation. The flow curves and the hardening rulehefdteel substrate with PES and PUR
coatings are summarized in Fig. 5-The material data of both investigated steel sulestrat
are summarized in Table 5- 4.

Fig. 5-11: Flow curve of the DC04 and the DX51
Table 5- 4 Material data of the DC04 and the DX51

5.4 Simulation set-up and results

In this section, the potentiality and the feasibilof the proposed simulation strategy are
verified by using the hydraulic bulge process, tlireuwar cup and the square cup deep
drawing process. All simulation results are validaby the correspondent experimentations.
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The prediction of gloss reduction on the deep drgwemp, by using FE results in conjunction
with experiments, is also discussed.

5.4.1 Simulation set-ups

In Fig. 5- 12, the FE models of the hydraulic bulegst, the circular cup and square cup deep
drawing test are shown.

In the hydraulic bulge test, Fig. 5- 12a, the sheetal is fixed between the die ring and the
blank holder. The chamber underneath the sheet nsefdled with special oil. During the
test, the sheet is clamped and then deformed friesrby means of a drawing piston, which
moves upward and presses the oil against the shdat. idee to symmetrical condition, a
half of the 2D model of the forming tools and blaekmodeled in order to reduce the total
degrees of freedom and, therefore to speed up tmputations. The oil pressure, which is
created by the drawing punch, is modeled as a dis&dbload on the edge of the elements.
Contact and friction is neglected because there isetative motion between the sheet metal
and the forming tools. Since the structure is axialynmetric, axisymmetric 2D standard
elements are used to discrete the steel substratride these elements are free from any
volumetric locking effect. To model the coating layaxisymmetric 2D elements using the
Herrmann formulation are employed.

The FE model of the circular cup deep drawing testeigicted in Fig. 5- 12b. Due to the
symmetrical characteristics, only a quarter of the sirecneeds to be modeled in order to
reduce the computing time. According Meuthen & Jande(2005) the friction coefficient
between the organic coating and the steel toadsnigller than 0.05 if a highly volatile oil is
used as a lubricant. The last investigations atltthe which were carried out bigleiner et al.
(2002) also proved that the friction coefficient of orgamcibated material is lower than 0.05.
Therefore, the friction coefficient between the shaed the die ring, denoted by andns3,
were assumed to be 0.05. Since the punch is natatbd in the experiment, so the friction
between the punch and the blank, denotediys much higher tham andny and assumed
to be 0.1. In this case, the three-dimensional arbitralistorted brick elements used
Herrmann formulation is employed for the modeling bé tcoating layer. For the steel
substrate, the three-dimensional brick elements sed.u

Obviously, a two-dimensional model is only usefub®applied for simple cases or primary
design processes. Considering the fact that the-iraensional complex geometry is indeed
often seen in industry, the application of the dewed simulation strategy for the three
dimensional geometry is required.

In Fig. 5- 12¢, the FE model of the square cup ddreving as a 3D demonstrated part is

shown. Similar to the circular cup deep drawing prociscircular form of the initial blank

is chosen. For this computation, all parameters efakisymmetrical case, i.e. the material,

the contact friction between the blank and the fagrtools, the element types can be re-used.
The punch in both cases, i.e. circular cup and squgyedeep drawing simulation is pressed

up against the sheet until the given displacensrgached.
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Fig. 5- 12: FE model of hydraulic bulge test (a), eep drawing process (b), (c)

For simplicity and efficiency, in all FE models,rfioing tools such as the punch, the blank
holder and the die ring have all been idealized gid bodies, while the organic coated sheet
is modeled as a deformable part. The material pagmédr the coating layer and the steel
substrate are described in Table 5-2, Table 5-3, Taddleand Fig. 5-11. The computations
were carried out by using the commercial softwar&kageAbaqus 6.7
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5.4.2 Simulation results and validations

5.4.2.1. Hydraulic-bulge test

In order to validate the sination results of the hydrau-bulge test, the correspondent
experiments using the PUR and the PES coated shetl were conducteiat room
temperature by using darichsenuniversaltesting machir. After performing the tests, the
optical measurement systelngus offered bythe compan GOM was utilized to measure the
deformation of the deformed parts.

The circular specimens withdiameter of 180 mm were cut from the PUR and PESect
sheet metal. Before testing, all specimens werdqatiwitha circle-grid pattern on both sides
in order to measure the strain distributions on thetiog layer and the steel surate. The
diameter of the circulagrid is 1 mm and the distance between them is 2 Aprofessiona
screenprinting method was used to print the grid patterntlon decorative coating layer
order to avoid mechanical failures like scraelduring the printing process. On the black
PUR coating layer, the white grid patterns were pdnte contras to that, the black circle-
grid was employean the white PES coating layer. In order to increhseréliability of the
results, five specimens were useeer each materii The procedure for the validation of the
FE results is depicted in Fig. 5-13.

Fig. 5-13 Procedure for validation of FE results

As comparative parameters, the radial strain, the Istrain and the thickness reduction
the steel substrate and the coating layer are takencbnsideration. These parameters
compared to the experiment in order to evaluateabeuracy and theobustness of the
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proposed simulation strategy. The comparison of theilsitive with experimental results in
the case of the PUR coating is depicted in Fig. 5-14

Fig. 5-14: Comparison of strains on the coating laar in hydraulic bulge test - PUR coating

The measured area is located at the draw-bead wheesheet is clamped during the forming
process. Only one half of the measured strain is alyspl due to the symmetrical property.
For the strain components, i.e. the radial and thephstoains, there is no significant
difference between the two results. Concerning thipnit is observed that the predicted
thickness reduction is the same as in the experahamte. The thickness reduction varies
along the part wall. The maximal thinning occurdhe top of the part and reaches the value
of approximately 30 %. The deviation between the etical and experimental thickness is
lower than 3 %.

For the case of the PES coating, the comparisonsekeatthe numerical and experimental
results are shown in Fig. 5-15 and Fig. 51&8pectively.

Fig. 5-15: Comparison of strains on the coating laar of the hydraulic bulge test - PES coating



70 Simulation of forming pess with OCSM

Fig. 5-16: Comparison of thinning distribution - PES coating

Only a slight deviation was observed between the tasults. The numerically predicted
strains are partially higher than the experimentd#yermined strains. This deviation occurs
at the top of the deformed part, where these strasmsegular in all directions, i.¢1 =/ 2.
5.4.2.2 Circular cup deep drawing process

Similar to the hydraulic bulge test, the validatedgedure of the FE results for the circular
cup deep drawing is shown in Fig. 5-17.

Fig. 5-17: Procedure for validation of the cup deegrawing simulation

For this purpose, the circular cup deep-drawing teste wenducted on the saniichsen
universal testing machine at room temperature. Thpaved procedure such as printing of the
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grid on both sides of the specimens is similar ® lilydraulic bulge test. In this case, the
circular specimens with a diameter of 100 mm werefrom the PUR and the PES coated
sheet metal. The radial strain, the hoop strain taedthinning distribution of the cup are
chosen as comparative parameters.

In Fig. 5-18 and Fig. 5-19 the comparisons betweemtimeerical and experimental results of
the PUR coated cup are depicted. As can be seen,nttmerically predicted strain

components and the thinning distribution are in dy@greement with the experimentally
determined results. The numerical radial and the teb@ns are found to be partially lower
than the correspondent parameters for the experimesgalts. The maximum deviation of
the strain values occurs with the cup wall portiom a& smaller than 4%. The thinning
distribution shows a similar tendency. It is seer tha numerically predicted thickness value
is partially lower than the experimentally measuvatle. This effect occurs with the bottom
of the cup and a part of the cup wall. The comparislbows that the maximum deviation
between the FE and the measured thickness is srifele 3 %.

Fig. 5-18: Radial and hoop strain obtained by FE siulation and experiment — PUR coated cup

Fig. 5-19: Comparison of thinning distribution - PUR coated cup
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In Fig. 5-20 andrig. 5-21 the comparison between the numerical aaetiperimental results
in case of the PES coated cup are displayed.

Fig. 5-20: Radial and hoop strain obtained by FE siulation and experiment — PES coated cup

Fig. 5-21: Comparison of thinning distribution of the PES coated cup

Concerning the strain components, the difference éatwthe two results are smaller than
those in the case of computation with the PUR agatayer. Considering the thickness
reduction, the numerically predicted thinning valaee partially lower than the measured
results. The maximum difference occurs in the sidié peation of the deep draw cup.

5.4.2.3. Square cup deep drawing process

The validated procedure of the square cup deep dgasimulation is similar to the circular
cup deep drawing. The experimental square cup deepirty processes using PUR and PES
coated sheets were also conducted oRrghsenuniversal testing machine. The diameter of
the PUR coated specimens is 100 mm while the cavrelgmt one of the PES coated is only
95 mm due to the limited formability of the steebstrate.
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The comparison between the FE and the experimentahsured results in the case of PUR
coated sheet are shown in Fig. 5-22 and Fig. 5-2&. tDuhe geometrical characteristics, the
strain distributions are taken along two represergdines: the first one goes from the center
point of the bottom to the middle point of the pegige (section A); the other one also starts at
the central-bottom point, but goes to the corner optimé (section B).

The square cup results in different strain distrifmgiover the circumference of the part. The
radial and hoop strains along the section A are defndifferent from those along the
section B. In the bottom area of the part, thera islight stretching of sheet metal. The
essential deformation begins at the inlet of thecpuradius. Similar to the axisymmetrical
case, the larger deformation is observed in the gheatly after the punch radius, i.e. the
sidewall area. The radial strain around the die radiugightly reduced due to the bending
effect. In the flange area, both the radial and hswpin are continuously increased. The
thickness of the sheet in the flange area is, thicker than the original one.

Fig. 5-22: Comparison of strain distributions of the PUR coated square cup

The numerically predicted strains along the secticar@similar to the deformation trend of
the circle cup. However, the radial tensile strain el tangential compressive strain are
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significantly higher than those of the section AeTargest decrease of thickness is observed
at the outlet of the punch radius. As a result, @hés of the square cup preferentially tears on
account of too much stretching of the sheet métaihe sidewall area, it is observed that not

only the radial strain but also the tangential strasas and reaches the maximal value. Then,
these strains fall off to the rim of the flange ar€he sheet thickness in the sidewall area
increases due to high the tangential compressia@st.e. negative strain,.

Fig. 5-23: Comparison of thickness reduction of th® UR coated square cup

Taking into consideration the strain distributionrejdhe section A, there is a slight deviation
at the flange area of the part. Along the sectiorth® deviation is partially occurred at the
sidewall area of the radial strain. No considerabféedince is observed on the tangential
strain. Both the thickness reductions along théige@ and B show a slight deviation at the
sidewall area of the part.

In Fig. 5-24 and Fig5-25, the comparisons between the numerically anextperimentally
determined results of the PES coated square cuphavens

Concerning the radial and the hoop strain along fgeifcant section A, only a small
deviation at the lower corner around the punch radidistiae flange area is observed. Along
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the section B, the similar tendency is observed. Jltght deviation is located at the punch
radius and the flange area. These resulting dewmtare within the accuracy range of the
measured apparatus and cannot be avoided. The deompmarhave indicated that the
difference between the numerical and the experimesiriah is less than 4 %.

The comparison of the thickness reductions alongsttition A and B contribute a similar
observation as compared to the radial and the taiagjeieformation. Along the section A, the
predicted thickness reductions and the measurednaie bottom area of the square cup are
nearly identical as only a small deformation occuise maximal deviation occurs at the
corner around the punch radius, the area which insladgortion of the sidewall and the
corner around the die radius. Along the section B,pieelicted thickness reduction of the
sheet thickness takes place at the end of the prauths and reaches a value of 26 % while
the correspondent one of the experiment is appraeina3 %.

Fig. 5-24: Comparison of thickness reduction of th€ES coated square cup
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Fig. 5-25: Comparison of thickness reduction of th® UR coated square cup

In summary, it can be concluded that all simulatiesults are in good agreement with the
experimental results. The observed slight devigtibetween the two results are due to
“outdoor” factors not included in FE modeling, andomogeneous properties of the material.
In addition to that, the strain analysis ustgusoptical system is strongly dependent on the
number of the printed grid points on the radius arel lipht reflection on the measured
surface. This may lead to the deviation betweentwheresults. However, all comparisons
indicate that the maximal resulting deviations xger than 5 %. This deviation value can
thus be acceptable. As a result, the potential thedfeasibility of the proposed simulation
strategy are proven. In the next section, the beokthe proposed strategy will be discussed.

5.4.3 Benefit assessment of modeling with coating layer

Considering the coating layer in an FE model, theppsed strategy has shown two
considerable advantages as compared to the cdse widdeling without coating layer.
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5.4.3.1. Improvement of computational accuracy

A veritable advantage is the improvement of compantal accuracy by considering the
coating layer in an FE model. In order to observg éffect, the obtained strain distributions
of both the steel substrate and the coating layethi® deep drawing process of the PUR and
PES coated sheets are plotted together as showg.iB-B6 and Fig. 5-27, respectively.

As can be seen, the bottom of the cup, which isantact with the punch throughout the
process, is deformed only on a small level. As altethe thickness of the blank in this area
is nearly constant. Both computations show thatsti@in distributions on the coating layer
and the steel substrate at the bottom of the cumlangical.

Fig. 5-26: Strain distributions of the PUR coated cup

Fig. 5-27 Strain distributions of the PES coated cup

At the side wall area, the radial strain of both Issedstrate and coating are also identical. A
small difference concerning the hoop and the thiskn&rain in this area is observed. It is
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seen thathe hoop strain of the steel substrate is slightgher than the one of the coating
layer, whereas the thickness strain of gteel substrate ilower. However, a significant
difference between the substrate anddbatingis observed at the bottom corner around the
punch and the top corner around the die duthe bending effect. Clearly, these areas are
bentunder tension during the forming process. As a rethatstrain distribution is strong
dependent on the bending radius &nel distanc from the neutral line. Hence, a neglecting
the coating layer would lead to amderestimatin of the bending effect, resulting in the
calculated strain deviations in the radii areas.

A comparison between Fig. 5-26 and Fig25b give an indication that the difference
concerning the thickness, the hoop and the | strain of the steel substrate and the coating
layer in the case of the PES coated cup is Idvan in the case of the PUR coated cup. The
reason is thahe total thickness and the coating thickness ®RES coated sheet are sme
than those of the PUR coated sheet metal.

5.4.3.1. Computation of stress distributions

Beside the improvement of accuracthe modeng of the coating layer allows the
determiration of the stress distribution on the coating i, see Fig. 5-28.

Fig. 5-28: Stress distribution on steel substrate and coatinyer of the PUR coated cu

As can be seenhé numerically predicted results indicate tthe coating layer undergoes a
large elastic deformatiowhile the metal substratan exhibits elastic-plastic deformation
during the forming process. This characterization de@adthe different stress distribution
both materials. As a result, the level tife equivalent stress of the coating layer is
significantly lower than thaof the steel substratAs per reviewed literature, the imposed
stresses on the coating layer are also the additzmese of the coating failure, in furtr
processing. Thereforehé determination of the stress distribu on the coating layer plays
an important role for the furthetevelopment oan approach in order to predict the coating
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damage based on stress criteria. However, thisoappris not further considered in the frame
of this research.

5.5 Prediction of surface quality based on FEM and expément
5.5.1 Gloss reduction

In this section, the prediction of the change &f shrface property, i.e. the gloss reduction on
the basis of the numerical simulation and the expamims expressed. Accordingly, the
evaluated procedure as shown in Fig. 5-29 is coeduct

Firstly, it is necessary to establish the gloss c¢édn curves versus the different strain values
and the strain states, as shown in Fig. 4-8, Figadé@Fig. 4-10Then, the forming process
of OCSM is simulated to determine the strain level #me strain states over the forming
parts. The simulation results are validated by thmmarisons with the experimental results.
Once the numerical results are validated, the nredswgloss reduction obtained by
experiments, which corresponds to the specificrststates and strain level, can be combined
with the strain states obtained by the simulatioomBining the strain states as well as the
strain values obtained by the FE simulation, the smesdl gloss reduction and the gloss
reduction diagram (GRD), the change of the surfacpesty, which corresponds to a specific
the strain value and the strain state after the faymnocess, can be predicted.

Fig. 5-29: Procedure for the evaluation of the chage of surface property

To tackle this idea, the gloss reduction of thepdéewing cups is analyzed. The reason of
the choice of the cup is its characteristic that iam¢he different strain states and the strain
levels. According to the proposed method, the cugpddrawing process is first simulated.
The FE results given in the section 5.4.2 are usdte numerically predicted strain
distributions can be divided into different zonesshown in Fig. 5-30 and Fig. 5-31
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Fig. 5-30: Different strain states of the PUR coatkcup

Fig. 5-31: Different strain states of the PES coatkecup

The strain values at the three characteristic peifitieh represent the different strain states
are considered in detail.

a point at the bottom area (denoted&dy,

a point at the side wall area (denoted3wy,

a point at the punch radius (denotedA).
Obviously, the bottom area of the cup in both casesains the stretch forming and reaches
the lowest strain value as compared to other areatheAbottom corner around the punch
radius, the numerically predicted strain value gmgicantly higher than the one at the bottom
area. This area reveals a bending under tensiotheAend of this area (point C), the plane
strain state occurs. At the sidewall area, the steaiel reaches the highest value and shows
the deep drawing state. The considered pd@TisPR andSWare inserted into the FLDC in
order to compare the strain state and the strain &svshown in Fig. 5-32 and Fig. 5-33.
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Fig. 5-32: Measured and predicted strains of the @erimental cup - PUR coating

Fig. 5-33: Measured and predicted strains of the @erimental cup - PES coating

It can clearly be seen that the strain level at o of both the PUR and the PES coated
cup BT point) matches well the first specimen’s strain valtithe first seriedd:. The punch
radius PR point) of the PUR cup can be combined with the sdcpecimen’s strain value of
the second serigd,. For the PES coated cup, the strain level in thia aem be associated
with the strain value of the fourth specimen of NekajimaseriesH,. At the sidewall area of
the PUR cup, the strain value of the pddwcan be combined with the seventh specimen’s
strain value of the secoridikajimaseriesH,. At the sidewall area of the PES coated cup, the
obtained strain can only be associated with théa sigecimen of the third seriek.

Based on the observations above, the gloss reduatithe bottom and the sidewall area can
directly be drawn out without any interpolation doeatgood match of the strain state and the
strain level. Only the strain states at the p&Ware beyond the one which could be reached
by the Nakajimaspecimens. Concretely, the observed deviation dmtwthe strains of the
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point SWand the reference strain tfe Nakajimaspecimen is lower than 2 % in the case of
the PUR coated cup and is approximately 4 % forRES coated cup. Hence, the gloss
reduction at the poirBWof both the PUR and PES coated cup can only blea@eal by using
an appropriated interpolation.

In Fig. 5-34 and Fig. 5-3%he correlations between the strain states at theg®T, PR and
SWand the GRD of the PUR and the PES coated cuiiius&ated.

Fig. 5-34: Strain values of the PUR coated cup insaociation with GRD

Fig. 5-35: Strain values of the PES coated cup irssociation with GRD
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According to the results obtained by the refereNe&ajimaspecimens, the predicted gloss
reduction at the bottom area of the PUR cup is @yt rem pur= 7.7 %. Around the punch
radius, the gloss reduction is considerably higher tha one at the bottom area and reaches a
value ofLGpr_rem_pur= 14.2 %. At the sidewall area, the gloss reduct&aches a value of
LGsw_rem pur= 34.5 %. In the case of the PES coating, the cporegingly predicted gloss
reductions al’d’.GBT_FEM_pEs: 9.02 %yLGPR_FEM_PES: 37.22% and_Gsw_FEM_PEs: 51.3 %.

In order to validate the predicted results, the dérgving tests using the PUR and the PES
coatings are carried out. Then, the gloss reduatioithe correspondent areas of the cup is
measured using a special gloss apparatus, nad@§O-CURVEA comparison between the
experimentally measured results obtained by the degp-drawing test and the reference
gloss reduction is shown in Table 5-5.

Table 5-5: Comparison between the predicted and meared gloss reduction

It can be seen that the deviation between the glals®s of the Nakajima specimens and the
deep drawing part at assimilable states, i.e. pdiftsand PR, are between 2-3 %. The
maximal deviation is 4.45 % and occurs at the puadius due to the difficulty of the gloss
measurement on the small curvature radius. Only atpbint SW of both investigated
materials, an interpolation of the gloss values eguired. The deviation between the
interpolated reference data and the experimentadtgrchined gloss values of the PUR and
the PES deep drawing parts are 3 % and 3.50 %, resgdeciAll the observations indicate
that the deviation between the measured and thécpeddyloss reduction is smaller than 5 %.
This is the accuracy range of the measurement appaatlis therefore acceptable.

5.5.2 Cracking of the coating layer

Cracking is the failure that leads to a loss of ativea and protective properties of the coating
layer. The cracking occurs due to high sufficient lenstress on the coating layer resulting
from large deformations on the steel substrate. Inromlgredict cracking of the coating
layer, the established FLDCs are employed. In tactisn, the prediction of the cracking of
the circular and square deep drawing cup using OGSMesented.

To this end, the deep drawing processes using PURP&S coated sheets are simulated to
determine the strain distribution and to establighdtnain diagram. The strain diagram is the
result of plotting the strain value at different argashe principal strain spacMarciniak &
Duncan (1991) The strain diagrams of the PUR and the PES caatps in association with
the correspondent FLDC are depicted in Fig. 5-36Fagd5-37, respectively.
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Fig. 5-36: Strain diagram and FLDC of the PUR coate cup

Fig. 5-37: Strain diagram and FLDC of the PES coat cup

In Fig. 5-38, the predicted strain value in conjuttiwith the FLDC and the experimentally
conducted square cup in the case of the PUS colayreg are displayed. It can be seen that
the numerically predicted strain at the corner ofdpgare cup is significantly higher than the
correspondent one of the FLDC. This results in iy \igh thinning of the coating layer. In
the conducted experimentation, the cracking of th& ROating is observed at the corner of
the square cup. A comparison between the simuladih the experimentation gives an
indication that the numerical prediction is in goadreement with the experimentally
determined results.
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Fig. 5-38: Cracking on the coating layer of the PURoated square cup

The investigations above demonstrate that the aedlyesults of the deep-drawing part
consolidate the reference data obtained by the jMakaest. As a result, the reference data
can be applied to predict the optical propertieshef OCSM products after an industrial
forming process. According to the proposed methods iecessary to establish the gloss
reduction curves versus the different strain valuéenT based on these sample curves, the
gloss reduction which corresponds to a specifidrstralue and strain state can be predicted.

Hence, the design phase of an OCSM product shouldobducted as follows. First, the
forming process of OCSM is simulated. The obtainetherical strain distributions are then
validated. By using the validated simulation resutbe strain values and deformation states in
different regions of the product are correlated wfith obtained GRD. Afterward, the surface
quality of the product can be evaluated by comlgrtire FLDC, the GRD and the simulation
results.

5.6 Conclusion

The simulation of forming processes with OCSM, sashhydraulic bulge test, circular and
square cup deep drawing process, has shown theaggdidability of the proposed modeling
strategy. It can be seen that the deformation of tlaéiry layer is partially similar to the steel
substrate on account of the very thin thicknesscdee of stretch forming, the maximal
deviation concerning the strain distribution over finening part occurred with the thickness
strain. In case of the deep drawing process, thénstieviation is observed at the corner
around the punch radius and the die radius on acafuhe bending effect. The numerically
predicted strains also give an indication that ttrairs deviation increases with increasing
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coating thickness. For industrial problems where shape of the forming part is usually
complex, it is recommended that the coating lay@ukhbe considered in the FE model in
order to evaluate precisely the change of the cogiimfiprmances such as the gloss reduction,
the cracking and the delamination. Obviously, theleliog with the coating layer improves
the computational accuracy.

The proposed strategy for the prediction of the aptgroperty changed by using the FE

simulation in conjunction with the referenbiakajimatest have proven the applicable of the
used strategy with an acceptable accuracy. The a@ntdihDC can be successfully used to
predict the failure of the OCSM products.

In the next chapter, the transferability of the praabsimulation strategy for the forming of a

complex geometry in the automobile industry is dé&sed. The obtained relations in chapter
four are utilized to optimize the process parameaiéthe HDD forming technique.



Material-specific process design of hydro-mechandeép drawing for organically coated
sheet metal 87

6 Material-specific process design of hydro-mechanitaleep drawing for
organically coated sheet metal

As investigated above, the change of the surfaceeptiep of the OCSM is significantly
dependent on the strain state and the strain levblediormed part. Hence, the surface quality
can be adapted or optimized if both strain statessarain level could be regulated. In this
chapter, this knowledge gained in Chapter 4 and @hdpts used for the design of hydro-
mechanical deep drawing (HDD) to manufacture a parabieflector made of OCSM. By
combining the main process parameters, i.e. the blidraounter pressure and the blank
holder force, the strain states over the parabolicateflepart are controlled in order to shift
the strain state in direction to positive strain miio > 0) that provides the minimum of the
gloss reduction. The changes of the surface propesig. the gloss value depending on the
strain states and the strain ratio of the parabolitectfr part are also presented in this
section.

6.1 Manufacturing of parabolic reflector part by means of HDD technique

Lighting reflectors from the coil coated sheet meied an interesting alternative in the
automobile industry as compared to the plastic hglaidsystems because of the economic
efficiency, the high temperature resistance andHhigé thermal conductivityKleiner &
Rogner (2004) The common form of the lighting reflector partasparabolic due to its
characterization of the light reflection during therking process, Fig. 6-.1

Fig. 6- 1: Passenger headlamp system

Paraboloid is one of the typical geometries thanoabe formed in one step by means of the
conventional forming techniques due to the occurresfciarge unsupported forming zones
which can lead to the wall wrinkles. By using the BiPechnology, this geometry can be
formed with a reduced number of forming steps compdcedhe conventional forming
methods as shown in Fig. 2- M8hile the dimensional accuracy and the surface guafié
remarkably improved. Comparably to the conventionapddrawing process, the process
window of the HDD is limited by the occurrence oktldefects like necking, rupture or
extensive thinning on the one hand or wrinkling a& gart flange or at the sidewall on the
other hand.
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6.2 Experimental set—up for HDD process

In this section, the HDD tooling system, which tdized to conduct the HDD experiment in
order to validate the numerical investigation concegrtime influence of the BHF and the
counter pressure on the surface quality of OCSM, msepted.

The HDD tooling system for all experimentationsiistfdesigned and manufactured. Fig. 6-
2 depicts the 3D model and the manufactured tobke @ie design for the HDD tooling
requires a particular attention due to the high fluidssure acting directly on the sheet metal.
The counter pressure recipient is designed as &-ghiell pressure vessel by using a high
strength steel. An axial sealing is pressed intaawe in the die ring in order to avoid
leakage of the fluid. The BHF is generally generateidpendent of the press force by using
an external hydraulic unit or by employing the blawkder slide in a double-acting press. In
this design, the four hydraulic cylinders createel BHF through the blank holder plate. The
BHF is controlled by an external hydraulic systent #ten change the working pressure in
each cylinder.

Fig. 6- 2: Tooling system for HDD process

To regulate the counter pressure in the pressumamlpdig another external hydraulic system
that consists of a controllable hydraulic cylindeda proportional 4/2 direction valve was
utilized. The volume and the oil pressure are rdgdlay controlling the position of the
controllable cylinder through the proportional direativalve. With this system, a pressure
value of 35 MPa can be created. An additional felidve was used as safety valve to avoid
bursting of the sealed counter pressure chamber. drteotlable cylinder is connected with
the relief valve by using a hydraulic pipe. The céetgrd hydraulic circuit that is utilized in
order to control and regulate the counter pressutieerHDD process is illustrated in Fig. 6-
3.
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Fig. 6- 3: Hydraulic schema for regulating countempressure depending on punch travel

During the forming process, the hydraulic oil in thegsure chamber is replaced when the
punch descends. The volume flow is controlled Via telief valve and the controllable
cylinder that can ensure the required pressure.nte punch reaches the bottom dead point
that corresponds to the maximal height of the phe,dil in the pressure chamber cannot be
replaced anymore. At that time, the controllablendér will provide an additional hydraulic
pressure in order to calibrate the forming part.

During the HDD process, the punch travel is the kayameter to be controlled because both
the counter pressure and the BHF depend on the puanatl. This parameter is measured by
means of a travel sensor which is mounted on therygate of the die set. In this context, the
counter pressure and the BHF depending on the pmaehl act as input data of the process.
In order to control the BHF and the counter pressiepending on the punch travel, the
control softwareDIADEM of National Instrumensoftware package was employed. This
software allows establishing an online close-looptml of any manufacturing process.

For all conducted experimental investigations, a mo@NC-programmable hydraulic press
of theSchuler Hydrap Comparfvlodel HPSZK 100) was utilized, Fig. 6- 4.
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Fig. 6- 4 Experimental equipment for HDD proces:
6.3 Analytical model for HDD process

In order to investigate the influence of speqadcess parameters lilcounter pressure and
blank holder force orthe strain states and strain distribution over the iognpart, ar
analytical model of the HDD process for tharalolic part is first presented. The relations
between the strain, the stress #mel process paramet as well as the geometrical parameters
in different areas are established. Thes&blishmels in this work are fundamentally based
on the analytical model for the hydrofieing of hemisphericecups, which is contributed by
Lo et al.(1993) However,Lo only establishe@ndfocused on formulas for the flange and the
unsupported region to computke limit (failure) counter pressure at plastic instabilities
(rupture and wrinkling instability)However, thepunch-head area was neglected on account
of theassumption of rigid movement with punch durthe forming process.

The exploitation herés basically in opposite directicas compared tho’s contribution. The
new idea is thad computational algorithm andMATLAB program are developed that allow
the computation of thetrain distribution of the forming part depending \@rying counte
pressure and the BHF. Using the develop#dTLAE tool, the influence of the process
parameters can be investigated very {asthin several seconddn order to get the desired
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strain distributions that provide the best surfacdityias presented in chapter four. A further
contribution of this research work is the adaptiontoé analytical model to a more
complicated geometry, i.e. the parabolic form. Heribe relations between the process
parameters and the geometrical parameters are afsoedif compared to the hemispherical
form. The deformation process is completely invesgd from the flange to the unsupported
region and the punch-head region. It has to be nbteddt the beginning of forming process,
the sheet metal in the punch-head region underdasgdeformation which is preserved by
a friction force. Then, it moves with the punch asgid body. In this research, the strain
distributions of the sheet in the punch head regiave to be considered because they play an
important role for evaluations of the surface quality

The deformation process involved in the HDD processlee divided into three stages. First,
the sheet metal undergoes a radial drawing in tgy@aarea. Then, in the unsupported area
occurs plastic bending and unbending around theatlis under the presence of hydraulic
pressure in the water pot. At the same time, thetshetl which is in contact with the top
area of the punch is formed into the water pot whenpunch descends. After that, the sheet
metal is pressed onto the punch wall by hydraule&sgure on the opposite side of the sheet
metal because the punch moves continuously dowrtliet die cavity, Fig. 6- 5.

Fig. 6- 5: Deformation process involved in HDD andjieometrical parameters

In order to analyze the strain and stress of the HDDBga®with the parabolic part, the work
piece is divided into three parts according to théomieed shape which is named flange
(region 1), unsupported (region Il) and punch-head regiegi¢n 1l1). It is noted that the size
of these regions depends significantly on the pureoel. The first two regions undergo large
plastic deformation during the forming process. Théadt one first undergoes plastic
deformation. Then, it moves with the punch, which ba assumed to be a rigid movement.
Fig. 6- 5b illustrates these different computatiaeafions of the HDD process.
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For ease of comprehension, the basic knowledge aisédhe main set of equations derived
by Lo et al. (1993)are summarized. The differences regarding the gewmaletelations in
each region compared to the hemispherical forirois contribution are also pointed out.
6.3.1 Strain and stress analysis in the flange region (Rén 1)

The stresses acting on an element at radinghe flange region (Region I) is shown in Fig.
6- 6. In order to establish the equilibrium equatian,element with the thicknes®n the
flange region is considered. The friction coeffitidbetween the blank and the blank holder
and the die surface are denotedyandms, respectively.

The following basic assumptions are considered:
The punch and die are assumed to be rigid bodies.

The geometry of the part is a surface of revoluttbhos it is symmetric about a central
axis. The thickness, the loads and the stressesxagmmetrical during forming.

Bending moments are negligible; (= 0).

Because of axial symmetry, the hoogmy)(and the radial &) stresses are principal
(51= 51, 2= 59).

The sheet metal thickness constant during the forming process.

Trescaflow condition is assumed to be applicable.

Fig. 6- 6: Stresses on an element at the flange are
As presented in Fig. 6- 6, the force equilibrium ini@ddrawing direction can be written as:

- S trdg+ (s, + ds, )(t+ dO)(r+ dr)dy + (m,+ m)rs,dqgdr- 25, (t+ %)drsind—z= 0 6.1)
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The polar equilibrium equation in this case is gies followsLo et al. (1993)

d(ts,) . t

——Y 4+ (s -s )+ F =0 .
S S F(R) (6.2)

whereF(p;) is the total friction force on both surfaces loé flange region.

F(p)=(m+ mp (6.3)

wherep; is blank holder pressure.
By substitution of th@rescayield condition, the equation (6.2) is rewrittes1 a
E.{.}g +w :0
da r t
By taking integration in the range froRg to R,, equation (6.4) can be derived as follows:

(6.4)

R =
S +
s,= Sar+ 1 BPR R0 (6. 5)
r t

Rs
Assuming the sheet metal follows a generali@edit's power-hardening law:
=K, +8)" (6. 6)
whereK, g , and n are the material constant characteriziegflow stress and the hardening
of the material. Thus, equation (6.5) is rewritéen

o :R.K(eo+@)ndr+(/p+ Q)pl(&_ RS):O

r
R r t

6.7

Based on Hill's anisotropy yield conditidill (1950), the equivalent strain rate is denoted as:

1+R 2R
Tl R O 2

where R is the parameter that represents the oofiiotof the sheet material.

e=

In this area, the change of the sheet thicknesstisarge and thus, it was assumed that it can
be neglected. The volume constancy condition léads

6="6 Or g=- ¢ (6.9)

The equivalent strain can be obtained by integgatire equation (6.8) with respect to the
relation in equation (6.9),0 et al. (1993)

J2U0+R) =Re (6. 10)

ézie_

v1+2R
The radial straing can be determined as follows:
"dr r)
er =- —= |nL (6 11)

r r

In equation (6.11) is the current radius of a computational elemehictv has the initial
location on the undeformed blank with the radilis The relation between punch traveh,
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and current curvature, in case of betweeni(, +r)cosa andR, is computed on the basis of
the volume constancy condition and is expressédliasvs.
2 2 2
rir,) - (& rir ) coda+ 2@ sia )-1f v
(rO')Z:rpz ( p) ( P) ( ) Q p) 6. 12)
2(r [r )+ Ir Y 12a )ces

with a =arcsin[¢, +7 - h, )/ ¢,+7 )]

In the equation (6.12), is the normal radius of the end-contact point leetwthe punch and
sheet. This radius is varied depending on the ptimrastel during the forming process. This is
also the main feature of the parabolic geometryliten to the difference in geometrical
relations.

By the solving equations (6.7) referring to theati@ins in (6. 10), (6. 11) and (6. 12), the
stress and strain distribution in the flange ameadetermined. Obviously, these distributions
in this region depend mainly on the friction coefntsm, m blank holder pressung and
the counter pressure which is represented by theturer.

6.3.2 Strain and stress analysis in the unsupported regio(Region I1)

The form of the unsupported region can be consitlasea part of shell of revolution (with the
axis of revolution Oz), Fig. 6- 7.

0:: tangent of meridian
g2: tangent of hoop
gs: normal

Fig. 6- 7: Shell of revolution,Bletzinger(2005

It is adoubly curved surface with a nornmlat point A. Two tangent vectors in meridian and
hoop direction arg; and g, respectively.This surface has two radii of principle curvature,
namelyrqandr; . The following geometrical relations can be drawn:

r=r,siy

dr=r,cog 4 (6.13)
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Considering an element at radium the unsupported regioRig. 6- § we have:

ds=r,d

ds, =rdg=r,siy ¢ (6. 14)
dA=dsds=r;r, sifij ¢ d

wheredA is the element surfacds, andds, are the lengths of the element edges along the
meridian and hoop directions, respectively.

In Fig. 6- 8, the stresses acting on an elememtditisr in the unsupported area region,
region Il, are shown. Clearly, this is a symmetygometry, hence, there are no in-plane shear

stressedjq andZg;.

As shown inFig. 6- 8, a shell element of sidés; andds; is considered. Due to the counter
pressure there is no contact between the sheet aredathe die profile radius. The fluid
pressurg acting on this element exerts an inward fdfcaong the surface normgd:

F = pdA= pr,r, sin jdg d (6. 15)
Due to the curvature of the shell element, thedarcthe hoop (circumferential) direction
exerts an inward component in the horizontal dioect

F,=s,tdg =s r g (6. 16)

Fig. 6- 8: Stresses on an element at the unsuppadtesgion

The components of this force along the normal dedtangent to the surface in the direction
of the meridian are:

F,sinfd = t d gig d

F,co5 ¢ = t A dogd (6.17)
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The stresses along the meridian exert a fBfce
F =s,tds =5, t sif od (6. 18)
Similarly, due to the curvature of the shell elem&n exerts force components in the surface
normal and tangent of meridian, respectively, as:
F.d/
Ry po B ©19

di [
Hence, the equilibrium equation in the directiommal to the surface and in the direction of
the meridian tangent can be written as:
F=Fsinj¢ +Fd
dF’ dj - Fecosq = C (6. 20)
di
If we substitute the geometry relations from (6) &8 (6. 19)into the equation (6. 20), then
we get the equilibrium conditions in the normal amthe meridian tangent as:

S S
p=(f +,%)-t (6. 21)
q J
d(s r
rifjr’) +5,-15,=0 6. 22)

q

In case of a sphere geometry, we haye rj = r, then (6.22) becomes:

ds, 1
—L+=(s,-5,)=0 6.23
(s, (6.23)
For the sake of simplicity, the equation (6.23uged. Integrating the equation (6.23), we
obtain radial stress in region II:

(rp+r)sia' —\n
s = 7K(e°r+e) dr+C (6. 24)

rosiny
In the equation (6. 24), the constant of integratibis the value ofs, at the transition line
between region | and region Il. That means, thetiposr equals toRs = (rr + r)sinj . To
solve the equation (6.24) and to compute the stramponent at this region, the procedure is
similar to the computation in region | with respéetthe continuity condition of,. Hence,
the equation (6.24) becomes:

205 K (6, +8)" dr

s' =s![r=( +)sip |+ -

(6. 25)

r

And the hoop stress in this region is:
sl=s! s (6. 26)
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where the equivalent stress is determined by thatemn (6.6).
The radial strain in this area is determined ae¥d:

g :In% (6. 27)

in case of betweernresing < r £ (rp + r)cosa

In equation (6.27);", is deduced from the geometry relation betweand other geometrical
parameters that can be determined on the baskeofdlume constancy condition and takes
the following form in region Il

1

2

i =2, 1 sina+ = (&%5’(5- a- b )coar rF (sim  cbs ) (6. 28)

rp P

where

(r,+r)cos -r
r

b =arcsin (6. 29)

In the equation (6.12), is the normal radius of the end-contact point leetwthe punch and
sheet. This radius is varied depending on the ptrastel during the forming process. This is
also the main feature of the parabolic geometry.

It is clear that the the distribution of the stsaBnd the stresses in this region depends on the
counter pressure during the forming process. Iffithid pressure is too high, the height of the
pre-bulging zone is also increased, which could leafailure of the forming part. On the
contrary, if the fluid pressure is not sufficieittwill lead to wrinkles on the sidewall area of
the part.

6.3.3 Analysis of strain and stress in the punch head (Rgon Ill)

As shown in Fig. 6- 9, a shell element of sides r; df andds, = rdq is also considered in
order to establish the equilibrium equation. Duethte counter pressure there is a contact
between the sheet metal and the punch head. itierircoefficient in this area is denoted
by m and the correspondent friction force incremerdasoted bydN. The fluid pressure
and the friction force on this element exert anamvand outward force along the surface
normal, respectively:

dN- pdA (6. 30)
As computed in the previous section, the equiliriequation in the direction normal to the
surface and in the direction of the meridian tangam be derived as follow:

pdA= Esinj ¢ +Fd +dN
dr; d/ - Fcosqg = 0 (6.31)
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Fig. 6- 9: Stresses on an element at the punch head
Substitute the geometry relations from (6.13) td9into the equation (6.31) we also get:

p=Ce+2re—

T —— 6.32
re r;0 rg;sgd (6.32)
ds,) f
r—==+s,-—-+-5,=0 6. 33
dr o, ( )
If the punch head is a part of a sphereri,e= g, then equation (6.33) becomes:
ds, |1
—t+=(5,-5,)=0 6.34
s (6.34)

Similar to the solution procedure in region Il, tlaglial stress; in region Il can be computed
as follows:

rpsinf
m _an _ H2
s =s] [r=r,siy |+

r

wdr 6. 35)

r

s} =s" -5 (6. 36)

where the equivalent strain is determined by theatqgn (6.6). The radial strain in this area

is determined as follows:

e =|n$ (6. 37)

for r is smaller thamgsinj
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In equation (6.37)" is determined from the volume constancy conditioregion Il and

is the expressed as follows:

ry' =27(1- coy) where g sift ¢ k (6. 38)

Equations (6.32), (6.34), (6.35) and (6.37) cleamtlicate that both strain and stress states at
the punch head area are significantly affectechiyftiction coefficient which is preserved by
counter pressure during the HDD process. By soltftege equations, the strain and stress
distributions in this area can be obtained.

6.3.4 Algorithm and analytical result

In Fig. 6- 10the developed algorithm for the computation of #teain distribution using
analytical model is shown.

Fig. 6- 10: Algorithm for computation of strain distribution

Due to the complex geometry of the parabolic putivh radius, at the contact point with the
sheet metal varies during the forming process, Bigll. Therefore, it is impossible to
express explicitly the relation betwegyand other parameters. For the sake of simpliditg, t
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contact radius is kept constant during the forming process. This,form of the punch
becomes a spherical geometry.

Fig. 6- 11: Variation of rpduring HDD process in case of parabolic geometry

According to the algorithm in Fig. 6- 10, the gedriwal parameters of the forming tools such
as radius of die rin§p, punch geometriRp, initial thickness of blanky, initial blank radius

Rp must be given as the first step. As the next stiep,process parameteffgyr, friction
coefficientsm, m, m, maximal punch travet, material parameters must also be given. The
punch travel will be used as dependent parameténisfalgorithm. The computation of the
counter pressung and theFge as a function of the punch travel is subsequerglgulated in
the third step. In the fourth step, the necessalgtions between the resulting angéey and

the geometrical parameters irg, h, are established and computed. By using the eqtio
which have been established in the above sectimms 6.2.1 to 6.2.3, the strain and stress
distribution of the HDD process can be derived.

In this computation, the three different countezgsureg are proposed as shown in Fig. 6-
12. The counter pressure of curve A is divided itiwee periods. The first one is
correspondent to the first 10 mm of the punch travethis period, the fluid pressugeis
increased from zero to 5 MPa. Afterward, it is kephstant until the punch travel reaches the
value of 42 mm depth. In the last period, the ceuptessur@ sharply rises to a maximum
value of 25 MPa and acts as calibration procesage of complex geometries.

For the curve B, the counter presspris gradually ascended from 0 MPa to 22 MPa. This
curve is utilized to reduce the thinning of the ethmetal due to the increase of the fluid
pressure during the whole process that will leadarioincrease of the friction coefficient
between the punch and the sheet metal.
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Fig. 6- 12: Counter pressure depending on the pundhnavel

For the curve C, the fluid pressupeis gradually raised from 0 to 5 MPa when the punch
descends from O till 40 mm. The fluid presspres rapidly increased to 20 MPa in the rest
part of the punch travel to calibrate the part getmyn By utilizing this curve, the bulging
effect is prevented. As a result, the more thelffuiessure is increased, the better the sheet
metal is pressed on the punch profile. The analytiesults concerning the radial and the
hoop strain compared to the correspondent numeesalts are displayed in Fig. 6- 13.

Fig. 6- 13: Analytical results compared to the FEimulation

As can be seen, the analytical results are quabtgtin good accordance with the numerical
reference results. The maximal deviation occuthetenter of the part due to the assumption
that the thickness of the sheet remains constéetrdsulting radial strain, in both analytical
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and FE results is either greater than zero or eguzagro. In contrast to that, the FE predicted
hoop strairy 4 in circumferential direction is greater than zerosmaller than zero or even
equal to zero in the case of the plane strain. daytically computed hoop strajiy, is
smaller than zero. The analytical results have glsditatively indicated that the strain level
over the forming part is affected by the type @& tdounter pressure curve. The maximal strain
level is obtained with the pressure curve C.

Obviously, the considerable advantage of M&TLAB developed tool is that the influences
of the key process parameters on the strain statésthe strain distribution can be rapidly
evaluated. The computation time is less than Sredd-urthermore, this can provide a useful
guidance for predefining the process parameterda@maptimizing the HDD process.

In order to observe the influences of the BHF andtrain distribution, the counter presspre
is kept constant while the BHF magnitude is changéen, the BHF is kept constant for the
investigation of the influence of the counter puee®. In Fig. 6- 14 and Fig. 6- 15, the strain
distribution over the forming part affected by BldF and the counter pressyrare shown.

Fig. 6- 14: Strain distribution affected by the BHFobtained by analytical computation
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Fig. 6- 15: Strain distribution affected by the comter pressure obtained by analytical model

In Fig. 6- 14 and Fig. 6- 13he computation using the pressure curve A is ehdsr the
illustration. The computation with the pressureveisrB and C gives an indication of a similar
tendency of the strain distributions. For ease eference, the combination of the
dependencies between the maximal radial straihérunsupported area, the counter pressure
p and the BHF during the HDD process is shown in Eigl6.

Obviously, the strain distributions are affecteddmth the BHF and the counter presspre
Under the same counter presspran increase of the BHF results in a slight mowdown of
the strain path in the unsupported area. As atrethe maximal radial strain in this area is
decreased. In contrast to that, the strain pathified upward with increasing the counter
pressure level, under the same BHF.

This resulting decrease of the radial strain in @heupported area can be explained on the
basis of the strain hardening property of the itigated material. Accordingly, the steel
substrate becomes harder with increasing the BHis donsequently leads to a decrease of
the bulge height under the same counter pregstfae bulge height can also be considered
as a function of the material properties and thenter pressurp, Khandeparkar (2007)As a
result, the radial strain level is decreased binarease of the BHF.
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Fig. 6- 16: Relation between maximal radial strairin the unsupported area, counter pressure
and BHF

As investigated in Chapter 4, the change of th&asarproperties significantly depends on the
strain states and the strain level of the formiags The stretch forming and the plane strain
state, which correspond to the strain ratié 0, will provide the lowest gloss reduction and
roughness. Additionally, the low strain level wilesult in a low gloss reduction and
roughness. The analytical results also give arcatitin that the radial strain is always greater
than zero, whereas the hoop strain is either Idhan zero or even equal to zero depending
on the position of the part. This qualitative olvsion is a basic underlying know-how for
the determination of the process parameters oHIRB process that can fulfill the desired
surface quality.

Accordingly, the selection of the process paranseteuch as the counter pressprend the
BHF, has to satisfy the two requirements as foltows

1. Maximal width of the tensile regiom; 3 0

2. Low strain level
However, both requirements lead to a conflict odlgoThe first requirement could only be
achieved, if the compressive strairis minimized. The compressive strajns=In(x/ %) <0
could only be minimized if the radial strajn is increased on the sidewall of the part so that
the material point remains in its radial position, i.e. the poit (see Fig. 6- 17). An
increase of the radial strajn results in a higher equivalent strain or a higsteain level, in
other words. As a result, this leads to the dis&adtion of the second requirements.
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Fig. 6- 17:Material point in case of without and with radial rain

According to the previous investigatiorthe gloss reductioiis affected by both the strain
ratio and the level of effective straifherefore, the applied BHF should be as higt
possible to increase radial strain, wherdascounter pressure should be as low as pos

6.4 Investigation of HDD process by FEA and experimen

In this section, the developed simulatidnategy as shown in chapter f is continuously
applied to the HDD proces$&urthermore, the influens of the counter pressupeand the
BHF on the strain distribution of the forming pare numerically investigateby combining
with the analytically obtained conclusionshel numerical results are validated the
experimentsThe gloss reduction depending on the strain digidn andthe strain level is
also evaluated. On this basthe optimal process parame, such as the suitable type of the
pressure curve, the counter pressure level andBtHE, that result in the lowest gloss
reduction are drawn out.

6.4.1 Simulation set-up

The HDD process is computed by usiigaqusfinite element code that allows a combination
of both the steel substrate and doating layer in only one FE model. The numericabel is
depicted in Fig. 6- 18.

Only a quarter of the construction wamdele( due to the axisymmetrical property. The
thickness of the steel substrate was discretizddur layers of an hexahedral solid element.
For the coating lasr, four layers of the Herrmarformulation element were employed. The
perfect adhesion force at the interface betweerstbel sbstrate and the coating layer was
assumed. Contact assuming Coulomb friction ben the blank and the punch, the blank -
die surface, and the blank - blank holder waxlelet. Friction between the blank and the die
surface is denoted by, between the blank artbe surface of the blank holder is denoted by
m. These values anery low since the counter pressurcreases with the punch travel and
the blank is lifted off the die surface.
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Fig. 6- 18: FE model for the HDD process with OCSM

In the HDD process, the hydro-dynamic lubricatiamdition is created between blank and
die radius due to the influence of the fluid press#ccording taMeuthen & Jandel (2005)
the friction coefficient between organic coatinglateel tools is smaller than 0.05 if a highly
volatile oil is used as lubricating material. Thastl investigations at the IUL, which were
carried out byKleiner et al.(2002),also proved that the friction coefficient of organoated
material is lower than 0.05. For this reason, thkies/m andm were assumed to be 0.02.
Since the punch is not lubricated in the experimerdrder to sufficiently attain the friction
increasing effect, the friction between the punect the blank, denoted b, is much higher
thanm andm and assumed to be 0.16. Symmetrical boundary donditire specified on the
appropriate edge of the blank. The fluid pressuas wodeled as a distributed pressure that
depends on the punch travel. Hence, the simulatédgperimental conditions are considered
to be approximately similar.

Fig. 6- 19: Fluid counter pressure and blank holdeforce
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The fluid pressure curve and the correspondent Bldpending on the punch travel are
illustrated inFig. 6- 19. In this computation, the pressure cu@vand the BHF curve 1 was
chosen.

6.4.2 FE results and validations

The hydro-mechanical deep drawing tests were choig on a modern CNC-programmable
hydraulic press of th&chuler Hydrap Companiy order to validate the obtained FE results.
Consequently, the optical measured systAngsisandAtoswere utilized to evaluate not only
the strains but also the geometrical accuracyefdming part.

Concerning the geometrical accuracy, cross secti@ne cut off from the parabolic reflector
parts in order to compare the forming stages obthby FE simulation and experiment. This
comparison is shown in Fi§- 20.

Fig. 6- 20 Comparison of the forming stages between FE simulian and experiment

Clearly, the forming stages obtained by FE simatatare in good agreement with the
experimental results. It is seen that the pre-Ingigffect was observed at the first period of
the punch travel which is correspondent to 10 mpttdeBoth FE and experimental results
indicate that the bulging height attained the maximvalue at a punch travel of 20 mm depth.
When the punch reaches the value of 30 mm depthetfect still exists, but the height of the

bulging is significantly reduced. At the end of tH®D process, a slight deviation between
the numerical and experimental result was obserVad. experimentations have shown the
existence of a small bulge on account of high ceuptessure during the calibration phase. In
contrast to that, no significant bulge effect isetved with the FE results.

Concerning the strain distributions, Fig. 6- 21 &gl 6- 22 show the numerically predicted
and experimental radial and hoop strains alongptiodile of the forming parts. As can be
seen, the numerical predictions of the radial andphstrain are in good accordance with the
experimentally determined results. The largest atexi was observed at the flange area of
the forming part and was lower than 5 %. The reasamhat the outer flange area appears
slightly wrinkled while no wrinkle is observed withe FE results. The measured results also
take into account this area and, thus, lead todingation.
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Fig. 6- 21: Comparison of strain distributions betveen simulation and experiment — PUR

The obtained strain distributions represent twaiststates, namely tensile strain and tensile-
compressive strain. The dividing line between theseis observed at the position where the
tangential hoop strain is equal to zero, which egponds to the 60 mm of the length along
the part profile. During the HDD process, the cenpiressur@ pushes the OCSM against the
punch face. This results in an increase of theidral force between the blank and the punch
surface. Hence, the relative movement of the biaitk respect to the punch is restricted. As
a result, a higher radial stresses can be traesféo the drawing zone from the punch head,
Khandeparkar (2007)The increased radial stresses will lead to highdial strains. Due to
the characterization of the parabolic geometry, flaege and the unsupported area are
relatively large. As a result, this causes larganpressive stresses and in turn higher hoop
strains,Khandeparkar (2007).

In the case of the PES coating layer, the numdyiqaledicted strains are in quite good
agreement with the conducted experimentations, hasvrs in Fig. 6- 22. The thinning
obtained with the FE simulation reaches a valu8%o%o while tearing occurs around the top
and the side wall of the forming part during expemtation. All the conducted experiments
give evidence that the forming window of the PE&ted sheet metal is very small. The upper
limit of the BHF in this case is 75 KN. Tearing dorot occur when the BHF gradually
decreases, but wrinkles are observed in the ciretanfial direction.

Obviously, it is impossible to identify the forminmgndow of the PES coated sheet metal in
the HDD process due to the low formability of theed substrate. The steel substrate DX51 of
the PES coating is susceptible to strain ageing. Sthain ageing has the effect of increasing
the initial yielding stress to the upper yield steBeyond this, the yielding occurs in a
discontinuous form and can be clearly seen inghsile test as the so called Lider’s line. The
amount of discontinuous strain is called the yjetint elongation (YPE). For the steels that
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have a significant YPE, more than 1 %, are normalguitable for forming due to non-
smooth deformation and visible markings on the fogwpart,Marciniak & Duncan (1991)

Fig. 6- 22: Comparison of strain distributions betveen simulation and experiment — PES

In Fig. 6- 23,the comparison of the thickness variations betwteenFE and the experiment
results of the PUR coated parabolic reflector isvah The FE predicted thickness varies
along the profile of the parabolic part in the sama&nner as in the experimental one. The
thickness variations are relatively homogenousait be seen that the sheet metal is thickened
in the flange region. Afterward, it decreases stgaghd reaches the maximum at the area
around the top of the parabolic part. The maxirhairting obtained by experimentation is
approximately 24 % in comparison to 26.6 % of timeusation. At the top of the part, where
the sheet is in contact with the punch nose atb#gnning of the process, the thinning is
significantly reduced and reaches a value of 200¥hpared to the initial thickness. The FE
results are nearly coincident with the experimergallts at the sidewall area of the part. The
larger deviation is partially located at the flaraged the punch head area. At these positions,
the obtained FE result is approximately 5 % highan the experimental result.
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Fig. 6- 23: Comparison of the thickness variation fothe PUR coated reflector part

Clearly, all observations show that the numericaltgdicted strains are in good agreement
with the experimentally determined results. By conmyg this with the given suggestions in
the above section, the determination of the optiprtatess parameters that can provide the
desired surface property is presented in the restian.

6.4.3 Influence of counter pressure on the strain distrilition

In this section, the influences of the counter suesp on the strain distribution, which

determines the final surface quality of the refdecpart, are investigated. The suitable
pressure curve, which can provide the best surfu@dity in terms of gloss reduction and
roughness degree, are determined.

The determination of the pressure curve is bagidedsed on the given suggestion obtained
by the analytical results in section 6.3.4. Accogly, the maximal width of the tensile-strain
region and the low strain level must be conside®évaluative criteria in order to assure low
gloss reduction. As shown in the above sectionsifeificantly strong point of the developed
analytical model is that the strain distributionrépidly computed. Nevertheless, the use of
the analytical tool to determine the tensile-stragion is nearly impossible on account of the
assumption of constant thickness. Therefore, the af the verified FE strategy in
combination with the analytical results for the etetination of the process parameters is
necessary.

In order to determine the type of the pressureetiat can satisfy both above requirements,
three different pressure curves based on the pedppsessure curves in Fig. 2- 21 and Fig. 6-
12 are employed. The BHF in this case is kept @sts shown in Fig. 6- 2Zhese pressure

curves characterize the different process stragegfehydro-mechanical deep drawing as
indicated in the section 6.3.4. The preliminaryestigations have shown that a too high
pressure at the beginning of the punch travel gtyolkeads to pre-bulging effect, a reduced
blank holder force are partly compensated by the lof the counter pressure onto the sealing
area at the blank holder) and, consequently, catleeswrinkling of the deformed part.
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Therefore, a relatively low pressure level is suggé at the beginning of the HDD process,
Lange (1990).

Fig. 6- 24: Pressure curves depending on punch trayand BHF

Fig. 6- 25displays the strain distributions obtained by ABA®simulation depending on the
fluid pressure curves in the case of PUR coatinge Tigure shows the counter pressure
profile has a significant influence on the straistribution of the reflector part. Taking into
consideration the deformation modes in sheet nfetating, the strain distribution can be
divided into two different zones, namely tensilensile strain (strain rati6 > 0) and tensile-
compressive strain (strain ratio< 0). The dividing point is located at the positwhere the
tangential true strain equals zero. At this posititne strain state can be considered as plane
strain (strain ratid = 0).

Fig. 6- 25: Strain distributions depending on the cunter pressure curve - PUR coating
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The numerically predicted strain distributions halesarly indicated that the pressure curve A
provides the broadest area of the positive straiio b compared to the other curves. The
smallest tensile region occurs with the pressumnweclC. Considering the strain level in
critical areas, i.e. top and sidewall area of tad,the pressure curve A also provides a lower
strain level compared to the one in case of thesume curves B and C. This observation is
also compatible with the analytical results as sihawFig. 6- 13. As a result, the pressure
curve A is chosen to meet the given need.

6.4.4 Influence of BHF on the strain distribution

For achieving a good balance between surface guafiti geometrical accuracy, the HDD
process must consist of optimal process paramekénskenstein (1984)Therefore, the
influences of the BHF on the strain distributiontloé reflector part are further investigated in
this section. Accordingly, the suitable BHF, whicain provide the best strain state resulting
in the lowest gloss reduction, are determined.

Similar to the determination of the counter presgrthe optimal determined BHF also has
to fulfill both criteria obtained by analytical ngss, i.e. maximal tensile-strain region and low
strain level. To this end, the following procediseroposed. The chosen pressure curve A is
kept followed during the HDD in this case, wher#as correspondent BHF is changed with
respect to the different magnitudes. By followilhg fprocess, the maximally and minimally
permissible BHF is defined. The proposed BHF cuaresdepicted in Fig. 6- 26. Depending
on the characteristic of the pressure curve, thé& BHrve is divided into two parts. At the
beginning of the punch travel, a low value of thdMBis applied on account of low fluid
pressure. Then, it gradually increases to a higakre. This value is kept constant till the end
of the HDD process.

Fig. 6- 26: The investigated BHF curves

Fig. 6- 27 shows the numerically predicted strastridbution depending on the different BHF

curves in case of PUR coating. As can be seenwillth of the tensile-strain region is

considerably increased with increasing BHF. The entre BHF increases, the larger the
tensile-strain region becomes. The obtained regiMs an indication that the highest BHF
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curve 3 provides the largest width of the tensigion. The smallest one is obtained by the
lowest permissible BHF that ensures the succe$$D process without any failures i.e.
wrinkles or tearing.

Fig. 6- 27: Strain distributions depending on BHF PUR coating

Based on the obtained results and the above asalys following combinations of the
counter pressurp and the BHF curves are suggested in order gebékestrain distribution
that results in the lowest gloss reduction during HDD process. The pressure curve A is
chosen by taking into consideration the path ofdbenter pressure depending on the punch
travel. By considering both criteria, i.e. maximatith of the tensile strain area and low strain
level, the pressure curve A and the BHF curve 3ishbe combined for the forming of PUR
coated sheet metal. The suggestions are summanmiZexble 6- Ifor ease of reference.

Table 6- 1 Combination of process parameters used in HDD pross of OCSM
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The numerical investigations have proven that tnggestions resulting from the analytical
model can be applied for predefining the procesarmaters in the HDD process. In the next
section, the HDD experiments are conducted in omleerify both analytical and numerical

results and to evaluate the gloss reduction depgrah the strain state and strain level.

6.5 Experimental validations
6.5.1 Validation of the influence of the counter pressurerofile

The numerically predicted strain states have shivahthe pressure profile A will contribute
the best strain distribution that provides the éstgensile-tensile strain region and low strain
level. As a result, the correspondingly obtainezsglreduction reaches the minimum value.

In order to validate these results, the HDD expernita are conducted using the PUR coated
sheet metal. In these conducted experimentatibesBHF used is similar to the one as shown
in the section 6.4.3. The validated procedure nsilar to the one as shown in the above
section. The computation using the pressure curbas\been validated in the section 6.4.3 as
shown in Fig. 6- 21. For this reason, only compuiad experimental results using pressure
curve A and B need to be compared in this section.

In Fig. 6- 28 and Fig. 6- 29, the comparisons betwie FE and the experimental results are
displayed. As can be seen, the predicted straggiagood agreement with the experimentally
determined strain distributions. It is seen that thidth of the tensile deformation area

obtained by the pressure profile B is significargipaller than the others derived from the
profile A. Clearly, the tensile-strain region olted by the pressure curve B starts
approximately at 63 mm of the length along the jpacfile compared to 59 mm in case of

pressure curve A. In case of the pressure cunkdC 6- 21, the smallest tensile-strain region

is observed that corresponds to 62.5 mm of thetealpng profile.

Fig. 6- 28: Comparison of the strain distribution dtained by pressure curve A
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Fig. 6- 29: Comparison of the strain distribution dtained by pressure curve B

Clearly, the above observations show that thersstite and strain level are affected by the
pressure path. However, the influences of usinglgdhe suitable pressure are not large. In
order to achieve the given requirements i.e. theima width of the tensile-strain region and

low strain state, it is necessary to combine bdth pressure curve and the BHF. The
numerical influences of the BHF on the strain disttion are investigated in the above

section. The following part shows the experimemtdidation of these investigations.

6.5.2 Validation of the influence of the BHF

In order to verify the influence of the BHF, theggested pressure curve A is employed and
kept followed during the investigation. The invgated BHF curves are variable as shown in
Fig. 6- 26.The comparisons between the experimental and noalegsults in the case of the
computation with BHF-1 are illustrated in Fig. 8.3The radial, the hoop and the effective
strain are chosen as the comparative parameters.

Fig. 6- 30: Comparison of strain distributions in he case of BHF-1
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The comparisons of these parameters show that timeemcal predictions are in good
agreement with the experimentally determined resulhe numerically predicted strain
distributions give an indication of the slightlyghier value than measured strains. The
comparisons reveal the maximum deviation in thellsanaa at the top of the part. Due to the
complexity of the contact conditions between theghuhead and the sheet metal under the
influences of the counter pressure, this conditionly modeled using a constant friction
coefficient during the HDD forming process. Henitdeads to the deviation between both
results. The deviation in this case is seen tebs than 4 %. For the BHF-1, the width of the
tensile-strain region starts approximately at 60 afrthe length along the part profile.

The data in Fig. 6-31 and Fig. 6- 32 are the compas between the experimental
measurements and the numerical strain predictionshé case of BHF-2 and BHF-3,
respectively.

Fig. 6- 31: Comparison of the strain distributionsin the case of BHF-2

Fig. 6- 32: Comparison of the strain distributionsin the case of BHF-3
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Similar tendencies to the computation with BHF-& abserved. The comparisons give an
indication of only slight deviations between therrarical and experimental prediction.

Considering the width of the tensile-strain regidinjs obvious that the lowest BHF-1
provides the smallest width of the tensile regidhe resulting tensile-strain region in this
case starts from the position of 60 mm of the lerajong the profile. For the BHF-2, this
desired region becomes larger compared to the btie®BHF-1. The tensile-strain region in
this case occurs at the position of 57.5 mm ofphddile length. The BHF-3 results in the
largest width of the tensile-tensile deformatiogiom compared to the BHF-1 and BHF-2.
The desired region in this case is observed apdiséion of 55 mm of the profile length.

Clearly, the width of the tensile-strain regioninsreased with increasing of the BHF under
the same fluid pressure. The numerical and expetamheesults have proved the compatibility
of the suggestion obtained by the analytical mobhethe next section, the evaluations of the
gloss reduction depending on the strain state bhadtrain level of the OCSM reflector part
are presented.

6.5.3 Gloss reduction

According to the investigation in chapter four, tloss reduction on the surface is
significantly affected by the strain level and tteain states over the forming part. In this
section, the gloss reductions affected by diffeneriicess parameters i.e. BHF curves are
evaluated in order to prove the above conclusions.

To this end, the HDD experimentations using thesguwee curve A and different BHF curves
are conducted. Two types of specimen, i.e. with aitout grid pattern on the surface, are
used. The specimens with grid pattern are usedderdo measure the strain distributions
after forming. The specimens without the grid pattere employed in order to evaluate the
change of the gloss property. The strain distrdyuts measured by means of &rgusoptical
apparatus. The change of the gloss degree is eégdlliy using the reflector metBlOVO-
Curve It has to be noted that the accuracy of the giosasurement on the curve surfaces
strongly depends on the curvature radius of théases. For this reason, the changes of the
gloss property should only be evaluated at positibat can assure the accurate measurement.

The tested measurements have shown that the giggeedof the region from the split point
(tangential strain equal to zero) to the top of plaet cannot be measured with acceptable
accuracy on account of small and varied curvatadii.rHowever, it can be predicted by
using the obtained relation in chapter four. Thesgichange in the tensile-compressive region
was measured at four different points as shownign & 33. In the flange area, it is not
necessary to consider the gloss reduction. Becafishe geometrical complexity, it is
necessary to design an extra stepped tooling systamcan be mounted on the gloss
measurement apparatus, Fig. 6- 33. By using tipplsmentary tool, it can be assured that
the evaluated area and also the measured pointtoeated at identical positions on the
different parts. This plays an important role ie tomparison of the measured results.



118 Material-specifimcess design of hydro-mechanical deep drawing for
organically coated sheet metal

Fig. 6- 33: Measured tooling system and the speciméor measurement of gloss reduction

The measured points in the tensile-compressiveonegie numbered by (i =1 + 4). For
ease of comparison, the effective strains and rsti@ins corresponding to the computation
with BHF-1, BHF-2 and BHF-3 are taken into accountFig. 6- 34, the resulting equivalent
strains, hoop strains and the position of the nrealspoints are depicted.

Fig. 6- 34: Effective strains and points for glosmeasurement

In Fig. 6- 35, the obtained gloss reduction of diféerent points in the tensile-compressive
strain region of the PUR coated reflector partdepgicted.

As can be seen, the maximal loss of gloss occutheatmeasured poirR; that keeps the
highest effective strain. The lowest gloss redurci® observed at the poiRy that shows a
significantly lower equivalent strain. However, theductions of the gloss degree are not
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large. In case of the BHF-1 for example, the démmabetween the maximal and minimal
gloss reduction reaches a value of 2.71 %. In tase cof the BHF-2 and BHF-3, the
correspondent deviations are in turn 1.52 % and %9 Taking into consideration the strain
level, the BHF-1 results in a higher effective stri@vel as compared to the BHF- 2 and BHF-
3. As a result, the BHF-1 leads to the highestgtesiuction. The lowest reduction of gloss
degree occurs with the BHF-2.

Fig. 6- 35: Gloss reduction on the surface of theeflector part

In summary, the evaluations of the gloss reducafter the HDD process give an indication
of a good compatibility between the analytical amdmerical results. The suggestions
obtained by analytically developed tools can susftiély be used to determine the optimal
process parameters concerning the optical propéttye HDD process using OCSM.

6.6 Conclusion

The HDD technique is suitable for the forming oé tBCSM parabolic reflector part because
of many advantages compared to the conventionahifg technique. The conducted

investigations have shown that the PUR coated péicateflector can be formed without any

wrinkle at the sidewall area on account of a gamthibility of the DCO04 steel substrate. In

contrast to this, the PES coated sheet metal cabeosuccessfully formed due to low

formability.

An algorithm and a MATLAB program based on the asten and adaptation dfo’s
analytical model are developed. The developed progallows the computation of the strain
distributions over the forming part. The significadvantage of this developed program is
that the strain distributions and the influenceudcess parameters can be rapidly computed,
within only 5 seconds. It is helpful to use thisdabto deeply comprehend and recognize the
influences of process parameters such as BHF amct@opressure on the contributed strain
path. Furthermore, useful suggestions based orytaalresults have been drawn. These
support a good guidance for carrying out the nucaéinvestigation and optimization of the
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process parameters. The validations of the analytimodel and the FE simulation give an
indication of a good compatibility between the atiahl and numerical results. The obtained
guidance can be used for the determination andngmtion of the process parameters such
as BHF and counter pressure. It is seen that thieedietensile strain region can be extended
by combining the counter pressure and the BHF. Aasalt, the pressure curve type A and
the BHF-2 or BHF-3 should be used as optimal preqerameters to provide the largest
biaxial tensile region.
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7 Conclusions and future developments

In this research, important fundamentals on thegssing of organically coated sheet metals
(OCSM) by forming technology have been contribut€tlese fundamentals comprise the
forming behavior of OCSM with special regard torfdng limits, the change of optical
properties during forming and the prediction ofstaeffects by suitable failure criteria, gloss
reduction diagrams (GRD) as well as numerical madelFEM). As OCSM, a polyurethane-
based coating (PUR) and a polyester-based (PE8hgdwave been investigated.

Due to the effect that the coating layer and thHessate material feature different mechanical
behaviors (e.g. formability), special forming lindtagrams of the coating layer (FLDC) of

the OCSM was first established. In case of PUR-amubler special strain condition — in case
of PES, the failure of the coating occurs prior shéstrate material. Hence, FLDC should be
used instead of the forming limit diagrams of thibsrate (FLD) in order to evaluate the

formability concerning cracking of the coating laykie to excessive strains.

Regarding the optical properties, material-spec@i@D have been determined in order to
predict the reduction of coating gloss as a resuthe forming process. It is found that the
gloss reduction of the coated surface is causedhbystrain states and the increase of
deformation of both steel substrate and coatingrlayhe gloss reduction is increased with
increasing of the deformation level characterizgdiie equivalent strain. Furthermore, the
strain ratio has a major influence on the glossicédn. It can be proved that gloss reduction
increases significantly in case of negative stratios which is characteristic of deep drawing
modes (compression-tension mode). Furthermore, tthal thickness and the coating
thickness also have considerable influences ofogeof gloss. The obtained relations can be
summarized in GRD that can be used as the procestow of the forming process of
OCSM. Hence, GRD can be applied in conjunction vAEM to predict the change of the
optical property of OCSM products after industf@iming processes.

In the frame of this research, the modeling anditation of the forming process with OCSM
by FEM is based on a detailed modeling of the ogalyer instead of a simplified modeling
(neglecting the coating layer) which is describedhe literature. Related to the laboratory
tests such as hydraulic bulge test, cylindrical seqdare cup deep drawing test, the developed
FE model has shown the good applicability of theppsed modeling strategy. The numerical
results are close to the experimental ones. Furtbes, it can be proved that a detailed
modeling of the coating layer is more precise ia flart areas that undergo bending. This is
due to the more realistic modeling of the blankkhiess and mechanical properties.

In order to prove the applicability of these fingén a parabolic reflector as praxis-oriented
part geometry has been formed using OCSM. Sincep#rabolic reflector has a conical
shape, hydro mechanical deep drawing (HDD) was iegplThe HDD technique was
investigated by an analytical model. This modatjally established by.o et al. (1993)was
extended, adapted to parabolic part geometriesusitied as aMATLAB program for the
computation of strain distributions in HDD process&he considerable advantages of this
developed program is that the strain distributiansl the influence of process parameters
such as BHF and counter pressure can be rapidlypetad, within only 5 seconds. Hence, a
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comprehensive screening of process parameterdinglinteractions becomes possible for a
deep understanding of the process and about measiupeocess optimization. For instance, a
counter pressure curve with a low pressure levethat beginning of the process and
maximum calibration pressure at the end of thegss@&nsure the geometrical accuracy of the
parabolic part. Using this curve as a basis, thé BHrves could be optimized regarding the
optical part properties. In detail, the blank holderces should be increased in order to
increase the radial strains in the side wall of thet. Higher radial strains reduced
compressive strains and - according to the fundéhéndings - the gloss reduction. On the
other hand, a high BHF lead to increased straiddrang limiting extensive radial strains in
the unsupported area. Using this parameter settiegparabolic reflector with limited gloss
reduction could be successfully produced by HDD.

Future development

The prediction of the coating failures, i.e. craxkiis based on the imposed strains on the
steel substrate and the coating layer. As menti@be/e, the differences of the mechanical
behaviors of the steel substrate and the coatiggrlavhen these materials are in large
deformation, and the non-uniformity imposed strans also the cause of additional residual
stresses in the coating layer. These stressestteadiditional coating failures in further
processing. Thus, the development of an approaphetict the coating damage based on the
residual stresses on both the steel substratehantbating layer is also crucial.

Regarding these conclusions, the following aspstidtsieed further investigation

- Investigation of the overall influence of the strggath and deformation level on the
substrate surface (roughness evolution).

- Development of a general approach for the predictib coating damage based on
imposed stresses on the metal substrate and thaiorgpating layer.
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