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Kurzzusammenfassung
Titel: Prozessauslegung zur Umformung von organisch beschichteten Blechen

Der Einsatz organisch beschichteter Bleche hat viele Vorteile im Vergleich zu
konventionellen Blechhalbzeugen, wie z.B. die Reduzierung der Anzahl der notwendigen
Fertigungsschritte, die Verringerung der Produktionskosten und die Vermeidung
umweltbelastender Lackierbearbeitungsschritte. Wihrend der Umformung veréindern sich die
Eigenschaften der diinnen und relativ weichen Beschichtung abhidngig von den
Umformbedingungen, wie z.B. Werkzeugradien sowie Reibungskoeffizient zwischen dem
Blech und dem Werkzeugsystem. Bei grolen Formidnderungen des Blechwerkstoffs kann es
beispielsweise zu einer Anderung der Oberflichentopografie des Substrates fiihren. Dies kann
bis zu einer Beschiddigung der Beschichtung und somit zu einem Versagen des Produktes
fithren. Daher ist es wesentlich, die Formdnderungsgrenzen der Beschichtung zu kennen, um
die urspriingliche Funktionalitit der Beschichtung, beispielsweise die optischen Eigenschaften
und den Korrosionsschutz, nach der Umformoperation zu erhalten. Das bedeutet, dass
unerwiinschte Defekte wie bzw. eine Rissbildung oder eine Delamination der Schicht vom
Substrat durch die Anwendung geeigneter Umformverfahren und durch die Ermittlung
optimaler Prozessparameter vermieden werden miissen. Hierzu ist eine Methodik zur
Prognose der Anderung der funktionalen Schichteigenschaften in Abhingigkeit von
Forminderungszustinden notwendig.

In dieser Arbeit wird die Umformung von organisch beschichteten Blechen grundlegend
untersucht. Zunichst werden experimentelle Untersuchungen zur Umformbarkeit organisch
beschichteter Bleche durchgefiihrt und der Einfluss der Prozessparameter auf die
Produkteigenschaften (insbesondere des Glanzgrades) von organisch beschichteten
Blechformteilen geklart. Darauf aufbauend werden Einsatzmoglichkeiten der FE-Simulation
zur Vorhersage der Verdnderung der Oberflicheneigenschaften bei der Umformung
beschichteter Bleche untersucht. Die FE-Modellierung ermoglicht schlieBlich eine
halbzeuggerechte Auslegung und Optimierung des Umformprozesses.

Die Untersuchungsergebnisse zeigen, dass die Umformung organisch beschichteter Bleche
grundsitzlich einen Abfall des Glanzgrades der Beschichtung bewirkt, wobei der Glanzverlust
sowohl von der Hohe des Umformgrades als auch von den auftretenden
Forménderungszustinden abhidngt. Um das Versagen der Beschichtung sicher prognostizieren
zu konnen, wird ein Grenzformédnderungsdiagram fiir die Beschichtung aufgenommen, um
das Forminderungsvermogen des organisch beschichteten Blechs bei der Auslegung des
Umformprozesses zu beriicksichtigen. Ferner wird auch die Abhéngigkeit der optischen
Eigenschaften, wie die Glanzabnahme, von den Forménderungszustinden beriicksichtigt. Die
gewonnenen Erkenntnisse werden schlielich anhand des hydromechanischen Tiefziehens fiir
eine praxisrelevante Bauteilgeometrie iiberpriift. Hierzu wird zunéchst eine analytische
Beschreibung des Einflusses von Geometrie- und Prozessparametern auf die
Forménderungszustinde durchgefiihrt. Auf Basis dieser Erkenntnisse wird die Prozessfiihrung
des  hydromechanischen  Tiefziehens  hinsichtlich  der  Erzielung  giinstiger
Oberflicheneigenschaften der Beschichtung der Blechformteile optimiert.



Abstract

The application of organically coated sheet metal (OCSM) possesses many advantages in
comparison to the conventional sheet metal such as reducing the number of necessary
manufacturing steps, reducing the production costs and a more environmental friendly
production process. During forming processes, original properties of thin and relatively soft
coating layers may be altered depending on forming conditions such as die radii and friction
coefficient between blank and die components. Additionally, the forming processes induce
large strains in materials that lead to topographical surface changes of steel substrate. As a
result, the coating layer may be easily damaged and this is one of the major reasons which
unexpectedly lead to the loss of protective and optical properties of the OCSM products.
Therefore, it is essential to know the formability of OCSM in order to maintain all original
functions i.e. optical and corrosion properties of the coating layer after forming processes.
That means the undesirable defects such as cracking or delamination must be avoided by
choosing an appropriate forming technique and by determining optimal process parameters.
Furthermore, if these coating failures can be predicted, the process parameters of the
processing may be adjusted in advance in order to prevent those damages. Therefore, a
methodology for prediction of the change of functional coating layer properties as a function
of plastic deformation is necessary.

In this research work, the process design for forming of organic coated sheet metal has been
investigated. The project aims firstly at the investigation of the forming behavior of the
OCSM, focusing on changes of the optical properties i.e. gloss degree depending on process
parameters. Consequently, the application of Finite Element Method (FEM) to simulate the
forming process of the OCSM and to predict the change of the surface properties is discussed.
The FE modeling allows, finally, a material-based process design and optimization of forming
process.

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

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

Symbol Unit Description

A mm’ Current cross-section area
Ao mm?> Initial cross-section area
A, MPa Fracture elongation

b mm Current width of specimen
b, mm Initial width of specimen
Cjj Material constant of the hyperelastic material
D, mm Punch diameter

Dp mm Die diameter

E MPa Young’s modulus

F N Force

G MPa Shear modulus

G, GU Initial gloss value

Gi GU Updated gloss value

ki MPa Flow stress

=
3

Current length of specimen

lo mm Initial length of specimen
n Hardening exponent

p MPa Pressure

p mm Radius of punch edge

Tp_1 mm Punch radius

o mm Die radius

Ry MPa Yield strength

Rpo2 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

u Friction coefficient

o, MPa Radial stress



iv Notations and symbols
oo MPa Tangential stress
o, MPa Equivalent stress
o MPa Initial flow stress
01 Major strain
02 Minor strain
7 Effective strain
o Radial strain
» Hoop strain
o Strain in longitudinal direction
13 Strain in wide direction
[} Strain in thick direction
Sgn(x) + or — sign of scalar x
u,A MPa Lamé coefficients
1% g/mm?3 Mass density
v Poisson ratio
Vi Shear strain
A1, Ao, A3 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
L, b, I3 First, second and third invariants of the right
Cauchy-Green strain tensor
S MPa Second Piola-Kirchhoff stress tensor
MPa Constitutive tensor



v Abbreviations
Abbreviations

Abbreviation Meaning

BHF Blank holder force

BH Blank holder

BT Bottom of the cup

EP Epoxide

GRD Gloss reduction diagram

HDD Hydro-mechanical deep drawing
HDP High durable polymer

FLD Forming limit diagram

FLDC Forming limit diagram of coating
FE Finite element

FEM Finite element method

G Gloss value

GR Gloss reduction

LG Loss of gloss

OCSM Organic coated sheet metal

PR Punch radius

2D Two-dimensional

3D Three-dimensional

PUR Polyurethane

PUR-PA Polyamide modified polyurethane
PVC (F) Polyviyl chloride

PVC (P) Polyvinyl chloride plastisol
PVDF Polyvinylidene fluoride

PVF (F) Polyvinyl fluoride

PES/PS Polyester

Sw Sidewall
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1 Introduction

Nowadays, the amount of products which are made of organic coated sheet metal (OCSM) is
increased. In comparison to conventional sheet metal materials, the use of the OCSM
possesses many advantages such as reducing the number of necessary manufacturing steps,
reducing the production costs and a more environmental friendly production process.
Considering the design of the OCSM, the thickness of the organic coating layers are quite thin
compared to the steel substrate, and they often range from 1:2.5 to 1:50, Thyssen (2003).
Additionally, the organic material and steel substrate have substantially different properties,
especially when these materials are in large deformation states. The thin and relatively soft
coating layer is extremely “sensitive” to the forming conditions such as tool radii, friction
between blank and die components. Moreover, the imposed plastic deformations on the steel
substrate also have a significant influence on the coating performances. The results of plastic
strains in the steel substrate lead to topographical surface changes of the steel substrate. As a
result, the coating layer may be easily damaged and this is the one of the main reasons, which
unexpectedly leads to failures of the products, Wang & Vayeda (2007), Van den Bosch et al.
(2007). The typical coating failures such as delamination, cracking or roughening are depicted
in Fig. 1- 1.

Delamination

Cracking Roughening

F
—

Cracking effect

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

The coating failures lead to a loss of protective and to a worsening of optical properties of the
OCSM. Therefore, a crucial requirement for the forming of OCSM is to maintain all the
original functionalities i.e. optical and corrosion properties of the coating layer. That means
the undesirable defects such as cracking or delamination must be avoided by choosing an
appropriate forming technique and by determining optimal process parameters. Furthermore,
if these coating failures can be adequately predicted, the processing parameters and conditions
of the manufacturing process may be adjusted in advance in order to prevent those damages.
Therefore, the aim of this research work is to evaluate the surface quality of OCSM depending
on different deformation states and to optimize the forming process of OCSM on the basis of
this knowledge and numerical methods.

The research work was categorized into different areas and it was structured in the following
dissertation chapters. An intensive literature review was carried out in the second chapter
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before starting the research work. The state of the art clearly indicates remaining problems
requiring further research. The identified challenges together with the research vision
confirmed the research work areas. Based on these identifications, the aims and objectives of
the studies were specified in the third chapter. In order to achieve the research goals,
fundamental investigations of the forming behavior of the OCSM are presented in the fourth
chapter. The fifth chapter deals with the simulation strategy for the computation of the
industrial forming process of the OCSM. In this chapter, the prediction of changing optical
properties based on the experimental and numerical results are also presented. In chapter six,
the influences of processing parameters of the Hydro-mechanical Deep Drawing (HDD)
process such as the counter pressure, the Blank Holder Force (BHF) on the surface quality i.e.
gloss reduction of OCSM products are investigated numerically and experimentally. In the
last chapter, the main results of this study are summarized. Based on these research outcomes,
the process scope is reported. Finally, in the seventh chapter, 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 OCSM
2.1.1 Basic characteristics

The organic coated sheet metal (OCSM) is generally composed of a steel substrate (cold
rolled or with a zinc-based metallic coating) with a surface treatment layer, a paint prime
coating and a topcoat, Arcelor (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 enhancement of the adherence of the top coat,
improvement of flexibility and corrosion resistance of the coating layer. The topcoat acts as
decorative layer. The use of the topcoat is to provide the desired surface characteristics such
as color, gloss, etc. The back coat is considered as protective layer. Depending on the required
performance a single (primer) or double (primer + topcoat) coating layer can be applied on
one or both sides of the sheet, Arcelor (2004). Generally, a continuous coil coating line
consists of three main sections i.e. the entry section, the central section and the exit section. In
Fig. 2- 2 the typical system schematic of the coil coating line according to colofer (2008) is
illustrated. In the entry section, the coil or individual strip steel is placed on a pay-off reel (8)
and welded by using a laser welding machine (9) in order to ensure the continuous process. A
band accumulator system (4) is utilized to maintain a constant speed. The strip cleaning and
pre-treatment system (10) is employed afterward in order to prepare the strip or coil surface
before coating.

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 coating line, colofer (2008)
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The first coating process is carried out in station (1). In this station, the primer, the back coat
and the topcoat are applied on the topside and the reverse side of the strip. The coated
material used is normal baking enamel. Thus, a stoving oven system (3) is utilized in order to
network the coating layer at about 220 — 250°C, colofer (2008). Afterward, the coated coil is
cooled using a cooler system (3). The coated coil is then passed though an inspection zone
(5), (6) and finally reaches the coiler (7).

For the OCSM, the steel substrate has a direct influence on the processing performance and
corrosion resistance of the product. It is suggested that a relatively thick zinc-based metallic
coating should be chosen for good corrosion resistance. On the other hand, thin and flexible
crack resistant zinc coatings are utilized to sustain original functionalities during the forming
process i.e. without cracking or any other failures. The surface treatment is carried out at the
beginning of the process prior to coating in order to ensure bonding between layers, Arcelor
(2004). The thickness of the surface treatment layer is generally smaller than 1 pm. The type
of steel substrate used depends on the requirements with respect to durability and forming
demands. An overview of the common steel substrates is tabulated in Table 2- 1.

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

Steel grades Name Thickness
in mm
Cold rolled sheet DCO1 - DC06 04-3.0

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

Electro-galvanized sheet DCO1 - 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 04-3.0

- Mild unalloyed steels to En 10327
- Structural steels to EN 10326

Hot dip zinc aluminium (ZA) coated sheet | DX51D+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 sheet | DX51D+AZ — DX54D+AZ 0.4-2.0
(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 number of the coating layers on the top side.
Accordingly, the OCSM product is classified into single-coat, two-coats or multiple-coat
system. The top side of the strip is subjected to continuous check during manufacture or in
further processing such as forming or rolling. This side has normally to meet the highest
demand in terms of appearance and corrosion resistance. The reverse side is usually given a
backing coat or protective layer. The back coat is normally a zinc coating with a single layer
protective coated, colofer (2008). The possible coating system is schematically illustrated in
Table 2-2.

Table 2- 2: Possible coating system, colofer (2008)

Type

! Construction
of coating system

Nr.

Single coat
Surface treatment (< 1um)

Top side
Zinc coating
1 Single coat
— Steel substrate

Zinc coating

protective film

opptional: protective film
Top coat

Primer

Surface treatment (< 1um)

Reverse
side

Top side

Two coat system Zinc coating

— Steel substrate
Reverse

side Zinc coating

protective film

Top coat 2

Top coat 1

Interlayer

Top side Primer

Surface treatment (< 1um)
Zinc coating

3 Multiple coat system

— Steel substrate

Reverse

side Zinc coating

protective film

For the single coat system, only one topcoat on the topside is used as decorative layer. There
is normally no primer in this case. The two-coat system consists of an additional primer and
optionally protective film beside zinc coating and surface treatment. The multi-coat system
includes primer, interlayer and one or two topcoats on the top side. Similar to the case of the
two-coat system, the multi-coat system is suitable for further forming processing. Both
systems satisfy the formability, performance and also corrosion requirements.

For the OCSM, the choice of coating system depends on decorative and functional
requirements. Functional properties take into account formability, corrosion behavior and
thermal resistance. Decorative properties consist of color, gloss degree and surface structure,
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Arcelor (2004). In addition, the selection of the coating system also depends on the intended
purpose i.e. indoor or outdoor application. In Table 2- 3 the most common coating materials

used and the main properties are shown.
Table 2- 3: Properties of coil coated sheet, Thyssen (2003)

Properties Coating material
EP |PES |PUR | PUR_PA | HDP | PVDF | PVC(P) | PVC(F) | PVE(F)

Common 10 25 25 25 25 25 100 100 38
coating - -
thickness 200 200
um
Surface A B C A B C E D D
hardness
Heat 80 80 80 80 80 110 60 60 110
resistance to
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:

- A=excellent, B = very good, C = good, D = satisfactory, E = adequate, F = not usable or not suitable

- Heat resistance = not constant exposure

2.1.2 Application domains

The main idea behind the use of OCSM in all sectors of industry from beverage can

manufacturing to the automotive field is “Finish first, 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

+ Boilers cladding 4+ Dryer

+ Cooker

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

The application domains of OCSM are depicted in Fig. 2- 3. In civil engineering, for example,
these products are used for wall cladding, roofing and also for applications such as suspended
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ceiling, lighting, etc. In the domestic appliance market, the advantages of organic coated steel
are used for white goods such as refrigerators, washing machines and also for small kitchen
appliances like microwave oven and anti-sticky pan, etc., Thyssen (2003) see Fig. 2- 4. In
automotive industry, the organically coated sheets are used for the production of body parts,
inner parts, etc. Arcelor (2004).

(Source: Acelor)

(Source: Acelor)

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

By utilizing this kind of material, the numbers of necessary manufacturing steps as well as
production costs have been significantly reduced and the product quality has been
significantly improved. In comparison to the traditional sheet metal materials, this material
possesses many advantages in terms of economical, ecological and technological aspects.
From the economical point of view, coil coating lines provide high productivity and reduce
the cost of applying an additional coating system. For the users, there is no need to invest in
an additional system such as decreasing installations or other surface treatment equipment in
their paint-shop, Meuthen & Jandel (2005). From the ecological point of view, the working
conditions are significantly improved by eliminating the use of solvents and the handling as
well as storage of chemical products, Thyssen (2003).

From the technical point of view, the main advantage of organic coated steel is consistent
quality. The flexibility of the coil coating process allows producing a range of different
surfaces such as smooth, orange peel, grained, textured or embossed, which can be obtained
in a wide range of color and the required degree of gloss, from matt to high gloss, colofer
(2008). The advantage of using OCSM compared to traditional sheet metal in the automobile
industry is shown in Fig. 2-5.
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Fig. 2-5: Advantage of organic coated steel compared to traditional steel sheet, Wolfhard (2003)

2.2 Forming of organic coated sheet metals

2.2.1 General requirements
The most important requirement on OCSM and their processing technologies is maintaining
all the original properties i.e. corrosion resistance and optical appearance of the coating layer
during processing, without any failures. That means, excessive deformation and the
occurrence of surface damage must be avoided. These requirements can be achieved by
observing a few basic rules, Arcelor (2004):

- Use of dedicated processing lines and storage facilities

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

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

It is suggested that the OCSM must be deformed at a temperature above the glass
transformation point Tg, Arcelor (2004). This is the reversible transition of amorphous
materials from a hard state into a molten or rubber-like state, Schulze (1994). The ideal
temperature is suggested to be about 20°C. If it is colder in the warehouse, the OCSM should
be transferred to a warmer location with a temperature of around 20°C, 24 hours before
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processing. This procedure ensures that the coating has excellent formability, Arcelor (2004).
Furthermore, the OCSM need to be handled carefully. Equipment for handling coils should
have a protective layer. These tools must be used with great care to avoid any hard impact
which could leave a mark on the contact surface of the product, Thyssen (2003).

During the forming process, the sensitive coating layer is in direct contact with the forming
tools i.e. punch, die and blank holder. For this reason, it is recommended to use extremely
clean forming tools. In order to avoid scratches or tearing of a coating layer, the contact area
of the forming tools should be polished. This procedure can consequently reduce the friction
coefficient. The OCSM have a very low friction coefficient with steel tools, often less than
0.05, Meuthen & Jandel (2005). In some cases, a temporary protective film may be added to
protect the coating layer.

In the deep-drawing process, the steel substrate and the coating layer are subjected to different
deformation modes, Marciniak & Duncan (1991). The different deformation modes i.e.
compression, stretching, plane strain, uniaxial tension and shearing each have specific effects.
The compressive mode must be controlled since it causes an increase in thickness which can
cancel out the permitted tooling clearances. It is recommended that the die entry radius should
be increased as far as possible. The clearances between the punch and the die must be equal to
the total thickness of the OCSM plus 5 to 10%, Arcelor (2004).

In the roll forming process, similar requirements are considered. It is suggested that the
diameter of rolls should be as large as possible. Additionally, all sharp angles on the roll must
be replaced by fillets. The roughness and hardness of the rolls require particular attention. The
best materials for the roll are low or high alloy steels quenched ground. The application of a
layer of chrome is the ideal solution in this case. A temporary protective film is an additional
solution for roll forming to ensure the original properties of organic coatings, Meuthen &
Jandel (2005).

For the bending process, the control process is similar to the one of the roll forming process.
For V-bending, for instance, it should be noted that the die opening used is normally 6 to 12
times of the total thickness of the coated sheet. The higher value of this parameter is
preferable for the bending of OCSM. Force or impact bending in a V-die is not suitable for
organic coated steel, Thyssen (2003). It is recommended that folding is the best suitable
method.

In the spinning process, the roller must have a large diameter and a perfectly polished surface
in order to avoid damage of the coating layer. The surface of the mandrel must also be well
polished to ensure easy sliding of the OCSM. In some cases, the feed rates must be reduced to
prevent overheating that may lead to coating failures, colofer (2008).

For joining of the OCSM, one solution is adhesion bonding. However, it is recommended that
clinching is an extremely suitable method. This technique allows to join very different
materials without using additional materials. In order to guarantee the attractive appearance of
the clinching points, local lubrication with volatile oil should be used, Mende (2006).
Consequently, this will reduce friction between the punch, 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 critical criteria when forming organically coated
sheet metal. The forming of OCSM can be considered as a forming process of a complex
metal-polymer composite material on account of the different mechanical properties of the
steel substrate and the coated material, Straufs (2008). Typically, the steel sheet metal has a
much higher elasticity modulus and a lower yield strain than the polymer. In addition to that,
the mechanisms for plastic deformation in both materials are also entirely different.

The material behavior of the steel substrate can be successfully described by means of
established methods like tensile test, hydraulic bulge test etc. Among these, the tensile test
can be used to provide the flow curve. The well known Nakajima test contributes the forming
limit diagram (FLD) that is useful to predict the formability of the steel substrate, Marciniak
& Duncan (1991). In contrast to the metal substrate, the coating material shows viscoelastic
properties. The inherent network structure of the coated material itself determines the material
properties. The low network density coating material results in relatively low mechanical
strength but very good flexibility and high formability. The higher network density provides a
good chemical and corrosion resistance and a higher mechanical strength, Fig. 2- 7.

Network structure before forming Network structure after forming

low ~— :Q \:—»

density

high - —
density

Fig. 2- 7: Network structure of organically coated material, Strauf (2008)

During plastic deformation this mismatch in mechanical properties may lead to compatibility
problems for the microscopic deformation at the interface, Van Tijum (2006). The plastic
deformation involves, thus, a complicated structure evolution in both metal substrate and
coating layer. Basically, the imposed plastic strain on the metal substrate induces dislocation
movement on favorably oriented slip-systems within grains, Kopp (1999). This can result in
topography changes i.e. roughening at the interface area as the dislocation escapes the grains,
Van Tijum (2006). The resulting roughness may lead to a loss of adhesion and consequently,
coating failures in further processing.

As a result of the existence of adherence between the coating layer and the steel substrate, it
can be concluded that the roughening at the interface determines the deformation of the
polymer near the interface, Ward (1983) and Van Tijum (2006). The coating layer has to adapt
to the imposed displacement by the metal at the interface as shown in Fig. 2- 8, Van Tijum
(2006).
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Additionally, the steel substrate is subjected to complex axial and shear deformation during
the forming processes. The occurring strain distributions cause the externally applied stresses
on the coating layer. The differences in mechanical behavior of both steel substrate and
coating layer when these materials are in large deformation, on the one hand and the non-
uniformity imposed strains, on the other hand, are also the cause of additional residual
stresses in the coating, Polyakova et al. (2000). Among these, the compressive stresses may
cause the coating layer to buckle up off the steel substrate while the tensile stresses may force
the coating layer to peel off as indicated in Fig. 2-9. These processes occur when the elastic
strain energy exceeds the required energy to remove the coating layer from the substrate. The
strain energy increases with increasing coating thickness. Therefore, these failure modes are
more often encountered in thick coating layers with high residual stress, Hohlfelder (1999).

e e

Buckling Peeling
under compressive residual stress under tensile residual stress

P

Surface cracking Chanelling crack

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

Under tensile stress, the coating layer may experience cracking in the surface. Then, it
propagates through the coating thickness. The driving force for surface crack propagation is
relaxation of elastic strain energy. If the stress is sufficiently high, these cracks may propagate
laterally through the coating thickness in a channeling process as shown in Fig. 2- 9,
Hohlfelder (1999).
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Basically, the coating failures can be divided into three types. The first one relates to the
optical properties such as inadmissible gloss reduction or several color deviations that are
affected by the change of the molecular structure of the coating material itself and surface
roughness of the steel substrate. The second one such as delamination and buckling are the
results of a defect of coherence at the interface. The third one, i.e. cracking and roughness,
concerns the fracture toughness and relates to the mechanical strength of the coated material.
The coating failures lead to a loss of protective and attractive properties. If the coating failures
can be predicted, the process parameters and conditions of the manufacturing process can be
adjusted in advance to prevent the unexpected failures, Schreurs et al. (2009). Therefore, the
fundamental understanding of the relations between the deformation behaviors and coating
appearance of the OCSM products is crucial.

With regard to the coating performance after the forming process, Lawrenz (1978)
investigated the deep-drawing behavior of organic coated sheet metals and tested the surface
quality of the products. By using analytical method and experimentations, the influences of
the main technological parameters such as forming rate, tool geometries on the deep drawing
and hydro-mechanical forming process were investigated. The relation between quality such
as gloss reduction and roughness depending on the effective strain in case of the tensile test
and the deep drawing process were experimentally evaluated. These investigations have
shown first results regarding the influence of the coating layer on the friction coefficient, and
the increase of gloss reduction with higher effective strains on flat part surfaces were
investigated.

The relation between the coating failures and the imposed plastic deformations on the steel
substrate is the key challenge when forming OCSM. In another contribution, Polyakova et al.
(2000) investigated two failure modes that occur on deep drawing cups. Mode I related to the
coating delamination at the top of the cup due to the buckling instability. Mode II concerned
loss of adhesion along the cup wall due to elastic retraction of the unconstrained cup at the
end of the deep drawing process. The deformations of the steel substrate were characterized
by the macroscopic appearance and strain distributions and were correlated with the mode of
coating failures afterwards. The failure mode I dominated in the buckled valley regions of the
cup, while the failure mode II occurred at the very end of the forming process, when the entire
cup lost the constraint of the blank holder and slipped into the gap between die ring and
punch. Clearly, the buckling instability is deeply related to the earing phenomenon of the deep
drawing cup. It is obvious that the coating failures occur at the uncritical area of the cup.

The mechanism of defect growth of polymer coated packing is studied by Boelen et al.
(2004), and Bjerke n et al. (2006). In these investigations, the main factors that influence the
initiation and propagation of defects are experimentally determined. It was shown that a
number of effects are responsible for either the initiation of a defect and the propagation of
the initial small defect into large blisters. Important aspects here are the chromium metal and
chromium oxide levels, the presence of oxygen and the deformation process. Furthermore,
crystallization effects during sterilization and the related oversaturation of the coating with
water are important factors. In another research, Boelen et al. (2004a) explained the changes
in the coating of polymer coated steel during sterilization by using electrochemical
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measurements. According to this, the polymer coating layer is locally thinned during deep
drawing due to roughening of both surfaces (the substrate and the coating surface), that leads
to a reduction of the coating thickness. The thickness reduction is due to the fact that the
coating is stretched during deformation and therefore oriented in one direction.

Aiming at the analysis of forming and friction characteristics of pre-coated sheet metal on die
materials, rectangular deep drawing processes were experimentally conducted by Kim et al.
(2002). According to Kim, the coating’s defects, i.e. scratching, cracking, should be used as
forming limit of the pre-coated sheet metal. During the forming process, the coating layer
acted as lubricant under non-lubricated conditions. The correspondent friction coefficient in
this case was relatively low. Furthermore, it was found that the surface roughness of the
coating layer strongly depends on its thickness. The thin coating layer results in the better
surface roughness.

The physical relationships between the molecular structures of the polymer coating, the
deformation behavior and appearance of the coil coated sheets were presented by Buder-
Stroisznigg et al. (2004). The tensile test using single- and two-coat systems was conducted.
The coated surface before and after forming was analyzed by means of a confocal
microscope. It was found that the increase of the deformation level causes the topographical
change of the coating performance. The waviness of the surface increased with increasing
deformation level.

The basic prerequisite for the organic coated or pre-painted sheet metal to be deployed in the
automobile industry is crack-freeness and, furthermore, remaining excellent adhesion. The
term adhesion is a property of material interfaces, i.e. refers to an interface capacity to resist
mechanical separation. In the context of the coating layer, it describes a film’s ability to
remain attached to the surface on which it is deposited. The quality of adhesion is related to
the strength of chemical bonding across the interface. The adhesion is strongly affected by
interfacial cleanliness and surface roughness, Van Tijum (2006).

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

For the forming of OCSM, the adhesion of the coating to the sheet metal is the key factor that
influences directly the coating failures such as the delamination phenomenon. If the adhesion
force is not sufficiently high, delamination may occur and that leads to a loss of protective
and optical properties, Schreurs et al. (2005) and Schreurs et al. (2009). The delamination
modes of the coated sheet metal can be either uniform, mixed-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 OCSM, Schreurs et al. (2009)

In order to take into account the delamination effect, the interface area between the coating
layer and the steel substrate must be investigated. By using experimentation, it can be
observed how the delamination occurs. It is found that fibrillation is the main mechanism that
leads to the delamination of the coating layer from the steel substrate under the imposed
loading conditions as shown in Fig. 2- 11, Schreurs et al. (2009).

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

For this reason, a numerical tool that can successfully describe the interface area is required.
With regard to the interface area between the steel substrate and organic coating, a large
variety of cohesive zones have been proposed in recent year, Williams & Hadavinia (2002);
Van den Bosch et al. (2007). Fundamentally, the cohesive zone describes the relation between
the normal opening displacement, the normal traction and a separate relation for the coupling
between the tangential opening displacement and the tangential traction, see Van den Bosch et
al. (2008), for an overview. In Fig. 2-12 a cohesive zone element is schematically presented.
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Fig. 2- 12: Cohesive zone element with initial zero thickness, Van den Bosch et al. (2007)

By developing a cohesive zone model with large displacement formulation accounting for
interfacial fibrillation, the delamination phenomenon of the polymer coating is taken into
account, Van 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 numerically predicted delamination, Schreurs et al.
(2009)

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

investigate and characterize delamination in polymer coated metal sheet was presented by

Van den Bosch et al. (2008). In this investigation, the integral bi-material system was

analyzed. It was shown that the peel test is a suitable technique to study the debonding of the
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polymer coating from its substrate. The coating thickness varies considerably across the
polymer coated sheet. Furthermore, it is important to establish an accurate constitutive model
of the coating layer on account of large inelastic deformation of the coating during the peel
test.

Consequently, another contribution that develops a numerical model allowing to predict the
delamination of the polymer coating from the steel substrate during deep drawing process was
done by Schreurs et al. (2009). The experimentally characterized cohesive zones were used to
describe the interface between the polymer and the steel and were capable of modeling
delamination of a prior partial loss of adhesion during an axis symmetric deep drawing
simulation. According to this investigation, the delamination was observed on account of
squeezing of the coating layer between the substrate and the punch as shown in Fig. 2- 13.
The experiment has shown that the delamination occurred at the top of the cup while the
numerically predicted one occurred at another position on account of an external condition i.e.
squeezing. The developed tool has provided a quite good delamination prediction in this case.
However, it is necessary to improve the accuracy of the predicted model that can take into
account a combination of all key factors leading to the loss of adhesion.

Further key technical requirement of the forming of OCSM is that the coating layer should
not be damaged during various operations in sheet metal forming such as cutting, bending,
embossing, roll forming or deep drawing. In addition to delamination, the organic coating has
to be free from defect such as cracking, chipping and scratch. Therefore, the durability of
coating during plastic deformation has become a crucial concern. The strain states in sheet
metal forming can be either biaxial (¢ > 0, ¢, > 0), plane strain (¢ > 0, ¢, = 0) or deep
drawing (¢ > 0, ¢, < 0). These strain states can result in the change of the interface area
between the coating and steel substrate in case of OCSM. According to Wang & Vayeda
(2007) the coating adhesion can be affected by plastic deformation. However, there was no
significant debonding when the material was subjected to biaxial stretching, whereas the
adhesive bond deteriorated and coating pickup was observed in the tape test for the deep
drawing deformation mode.

With respect to the coating durability, Wang & Vayeda (2007) developed a new technique to
evaluate adhesion of coating to sheet metal under plastic deformation. The PVDF coated sheet
metal with two types of primer i.e. PES and PUR primer was investigated. Based on the
concept of the Forming Limit Diagram (FLD), the coating performance was evaluated by
using the standard test according to ASTM D3359 such as the notch-coating adhesion test, the
cross-hatch tape test, accelerated conditioning, the uniaxial tensile test and the rectangular
stretch bend test. The effect of external conditioning such as time, humidity and corrosion
environment on the coating performance was presented. The durability diagram has shown
that the higher substrate strain caused the adhesive bond to deteriorate and further led the
coating failure. The durability limit diagram was constructed and could be used in conjunction
with the FLD to determine the feasibility of a complex forming operation.

In another research, Hatanaka et al. (1989) investigated the coating adhesion after deep
drawing in relation to the pre-treatment of aluminum. It was concluded that the deterioration
of adhesion by drawing was due to the cohesive failure of films resulting from pre-treatment
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and the change in the underlying surface topography. The performance of polyurethane- and
polyester-coated stainless steel after Erichsen cup drawing was evaluated by Deflorian et al.
(2000). The adhesion was evaluated by means of electrochemical impedance spectroscopy.
Other contributions concerning the coating adhesion and coating durability were presented by
other researchers. For example, Gay (2000) investigated the adhesion between a solid and a
stretched elastic material. For this kind of material, it was found that the adhesion is not
affected by stretching at a molecular scale. The adhesion, however, is changed on a
macroscopic scale on account of the elastic response of the material. Chang et al. (1997)
developed the notched coating adhesion test to evaluate the adhesive performance and
durability. The accelerated humidity condition is considered in this test. The coated specimens
were subjected to uniaxial tensile strain and the strain at which the delamination occurred was
used to calculate the critical strain energy release rate. This test can successfully be used to
evaluate the interfacial fracture toughness of the coating layer.

2.2.2.2 Formability of OCSM

In sheet metal forming, failures normally occur due to the development of localized necking
in the material, Marciniak & Duncan (1991). The strain states and strain values at which
localized necking are first observed can be experimentally measured. By conducting the
Nakajima tests and plotting the maximally allowable value of the principal strains, the FLD of
the material can be established as shown in Fig. 2- 14, Hasek & Lange (1980).

0.7 I '
(01=-2(P2\ 7 plane strain |
SIS L
0.6 —— i w’ '
\
AN \|— failure area
0.5 /_/_ N
£ oo %\ g, 1
S .l 57 | 8 3, /f/
a7 W I\\ ‘%\\ [
ool 2 al DL
so SN SRR
%;\\ | safe area I C
02 1
© I\ \ \ N4
NNA \\ %
N 87
0.1 | )
. \\\\\ 00)/
P2
1

0
-05 -04 -03 -02 -01 O 01 02
Minor strain @,

Fig. 2- 14: Forming limit diagram

The FLD is a strain-based analysis technique. This diagram offers the chance to determine
process limitations in sheet metal forming and it is widely used to evaluate the formability of
sheet materials. Concerning the FLD prediction of the sheet metal, numerous attempts have
been contributed, Hora (2006). For example, Keeler (1965) has presented the determination
of forming limits in automotive stampings as a pioneer investigation. In another research, Xu
et al. (1998) evaluated the effect of various material parameters on the positive minor strain
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side of the FLD. It was found that the limit strains were strongly dependent on the yield locus
shape. An advanced method to describe the forming of sheet metal was presented by Klocke
et al. (2003). By taking the whole stress and strain behavior during the forming process into
account, ductile fracture could be predicted.

For organically coated sheet metal, the plastic deformation imposed on the steel substrate may
result in an increase or decrease of surface area at the coating-primer-substrate interface,
Hohlfelder (1999) and Hult et al. (1999). The changing of interface effects may also lead to
the change of coating performance i.e. coating failures, and it requires a thorough
understanding. Thus, the formability of OCSM must consist of not only the formability of the
steel substrate but also the coating failures such as cracking, scratching.

A pioneer investigation concerning the formability of OCSM was done by Fischer & Klein
(1971). By conducting cupping, cylindrical and square cup tests, the influence of the main
parameters such as metal surface, sheet thickness, coating thickness and strain rate on the
forming behavior of OCSM was experimentally evaluated. Furthermore, the effect of the
coating layer on the deep drawing properties was investigated. It was shown that the
microstructure of the substrate surface has a significant influence on the adhesive property.
The thicker coating layer results in a better forming behavior than the thinner one. In the
cylindrical deep drawing process, the thinning value in case of the forming with coated sheet
was larger compared to the one of the uncoated cylindrical cup. The reason for this is that the
organically coated layer acted as lubricant and this could reduce the friction coefficient
between the punch and the sheet metal.

Bréunlich et al. (1998) evaluated the forming behavior of OCSM under production
conditions. In this contribution, the formability of organic coated sheet is experimentally
investigated. Bending, folding, embossing, deep drawing and some other tests were
conducted. The coating performances after forming such as gloss loss, coating tear-off were
inspected. The minimum bending radii, the maximum deep-drawing depth, the allowable
folding radii were determined. Additionally, the decrease of the gloss property depending on
the roughness value after forming was evaluated. This investigation provided a means to
evaluate the forming behavior and the coating performance after forming.

By using an electrochemical approach, Bastos et al. (2004) presented a correlation between
the coating resistance and the equivalent plastic strain in case of uniaxial, biaxial and plane
strain of the PES and PUR coatings. Accordingly, the mechanical deformation of organic
coated steel causes a reduction of anti-corrosive protection properties, which is due to a loss
of adhesion at the polymer/substrate interface. It was shown that the protective properties of
the coated system decrease with increasing strain. At low plastic strain, the coating resistance
decreased logarithmically with the equivalent plastic strain. Meanwhile the changes in the
coating resistance were much smaller, ultimately leading to the loss of adhesion to the
pigment particles at higher strains.

Schikorra et al. (2002) submitted the contribution related to the prediction of the surface
quality based on the strain state of the steel substrate. A system consultation was developed in
order to obtain a prognosis of the formed product’s surface qualities. Three organic coated
sheet metals namely PUR, PES and EP were investigated by using the notch tensile test and
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Erichsen cupping test. Coating performances such as loss of gloss, brightness increase,
cracking, adhesion failure and corrosion resistance were evaluated. The FLD of the
correspondent steel substrate was established. The coating performances depending on the
plastic deformation were determined by correlation of the coating failures and the steel
substrate’s strain. However, this investigation has only 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 element (FE) simulation has been applied in sheet
metal forming in order to optimize and design the forming process in the forefront of tool
construction.
A first investigation concerning the application of FEM in sheet metal forming in two
dimensional cases has been contributed by Wifi (1976). Since the beginning of the 1980s, the
first three-dimensional models have been successfully obtained, Tang et al. (1982) and Toh &
Kobayashi (1983). Until now, the application of FEM in sheet metal forming has been
characterized by a rapid development. Depending on the time 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 algorithms and modeling of the FE mesh. A
sustainable improvement of the whole model requires an improvement of all sub-aspects. The
simulation results allow the designer to predict the product properties such as strain and
thickness distributions; failure indicators for wrinkling, fracture; spring-back phenomenon
etc. Hence, the time and cost of the manufacturing loop “Trial — and — Error” are considerably
reduced, Lange (1990).

Before 1995, the use of the FEM to determine the coating failure of pre-painted steel sheets
during forming, especially in deep drawing processes was not referred to in the literature. The
reason is the high computational cost to be expected for a complete modeling of the substrate
and the coating system, Kefler (1996).

As a pioneer contribution, Kefller (1996) investigated the working area and predicted the
coating failures of OCSM by using a numerical method. The cylindrical and square cup deep
drawing process using PUR coated sheet metal was experimentally conducted in order to
determine the coating failures such as cracking. The correspondent deep drawing processes
were also simulated by using the FE code INDEED. The multi-layer shell element was
proposed for the modeling of both steel substrate and coating layer. These simulations were
performed by using a simplified model that only consists of a steel substrate. The reason is the
limitation of the simulation software and the modeling of the organic coated material on
account of the relatively large thickness ratio between the steel substrate and the coating layer
at that time. As a result, the large thickness ratio will lead to a large aspect ratio in the FE
mesh. That is the cause of inaccurate computation and time consuming. Thus, the prediction
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of the coating failures after forming was based on the strain states and the FLD of the steel
substrate.

Van der Aa et al. (2000) and Van der Aa et al. (2001) investigated the wall ironing process of
polymer coated aluminum and polymer coated sheet metal. Simulations of the ironing process
were performed by using a two-dimensional plane strain model in the FE code MARC. The
constitutive behavior of the metal substrate polymer was modeled with a generalized
compressible Leonov model. In the case of PET coated material, the model is represented by a
Maxwell element with an Eyring viscosity describing a small strain elastic response, followed
by yield and intrinsic softening. Subsequent hardening behavior due to molecular orientation
is modeled as a neo-Hookean spring. A similar Maxwell model with a modified Bodner-
Partom viscosity function was used to describe the elasto-viscoplastic behavior of metal. For
the coated specimens, perfect adhesion is assumed on the interface between metal and
coating. Three elements were used through the thickness of both substrate and coating. The
thickness of the steel substrate and the coating layer is 0.26 mm and 0.03 mm, respectively.
The influence of the die angle, the ironing velocity and the ironing reduction on the process
forces and friction were evaluated. This investigation has proved the fact that it is possible to
consist of both the steel substrate and the coating layer in only one FE model, despite of large
differences in their thicknesses. Additionally, it provided a good means for future
investigations, particularly with regard to the simulation of the forming process with OCSM.

The computation strategies for the simulation of the deep drawing process using PET coated
steel sheet on both sides were developed by Owen et al. (2007). Similar to the investigation of
Van der Aa et al. (2001), the single-mode compressible Leonov model was used for the
description of the constitutive behavior of polymer. For the steel substrate, the Hill’s
orthotropic criterion was employed for the description of the metal substrate, which is coupled
with a ductile damage evolution law. Low order elements were used for the modeling of both
the substrate and coating layer. This investigation has shown a good suitability of the
developed strategies. However, no consideration is given to the interface area between the
steel substrate and coating layer i.e. adhesion properties. Furthermore, there is no comparison
between the numerical and experimental results to validate the developed strategy.

Clearly, all the observations have shown that numerous attempts with regard to the coating
performances depending on the deformation were conducted. Nevertheless, most research
activities focused on corrosion protection or the delamination phenomenon. Some
investigations have dealt with loss of adhesion, recovery of coated steel, coating durability
under external conditions or forming behavior. Less attention is given to the industrial
forming process of coated sheet metal, especially in the field of the change of optical
properties after forming processes.

2.2.3 Hydroforming technique and OCSM

The working-media based forming technique or the so called hydroforming technique is a
well-known process which was employed first to form sheets by the use of a liquid as a soft
punch before World War II. Nowadays, the hydroforming technology is widely used for
forming lightweight or complicated components in the automotive and aerospace industry etc.
Due to many advantages compared to the conventional method, this forming technique has
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gained increased interest in the industry. Furthermore, the fields of application have become
broader, Lang (2004c).

Depending on the process features and the usage of original blanks, the hydroforming process
is basically classified into two groups, namely tube and sheet hydroforming. Depending on
whether a punch or a die will be used to form the sheet, the sheet hydroforming is further
divided into two sub-groups, namely hydroforming with a punch (SHF-P) and with a die
(SHE-D). Depending on the number of blanks being used, the SHF-D is further divided into
hydroforming of single blanks and double blanks, 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 hydro-forming technique, Yadav (2006)

The hydro-mechanical forming technique, also known as sheet hydro forming with punch
(SHF-P), is nowadays gaining more and more interest in industry, Lang (2004c). The working
principle of this method is shown in Fig. 2- 15. Due to its characterization, this forming
technique is extremely suitable for forming of OCSM.

In HDD, the female die which is used in conventional stamping is replaced by a pressure tank.
The sheet metal is formed over the punch surface under the acting of the hydraulic counter
pressure in the pressure chamber, generated by a pressurizing fluid. During the forming
process, the fluid pressure is gradually increased and it depends on the punch travel and the
control valve settings. To avoid the leakage of the fluid, a sealing ring is set up near the radius
on the draw die. Based on the working of the fluid in the pressure tank, this process can be
divided into two groups: active and passive hydro-mechanical forming, Homberg (2000).

I
Pressure tank Control valve

Fig. 2- 16: Schematic present action of hydro-mechanical forming process, Homberg (2000)

For the active forming, the fluid pressure is created by an external pump in order to form
sheet metal and thus increase strain hardening. In hydro-mechanical forming, the fluid
pressure is generated during the forward travel of punch and controlled by a relief valve.
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During the forming process, the value of the fluid pressure is in a range of 5 to 100 MPa,
depending on the geometry and material used. For aluminum, this value is controlled from 5
MPa to 20 MPa; from 20 MPa to 60 MPa for steel and from 30 MPa to 100 MPa for stainless
steel, Lange et al. (1990).

The range of components, which can be manufactured with this forming technique, is very
wide, e.g. from structure parts made of high-strength steel up to large-scale outer surface parts
made of aluminum and its alloys. In comparison with the conventional forming techniques,
the hydro-mechanical forming method possesses many advantages, as follows, Homberg
(2000) and Khandeparkar (2007):

® Higher achievable drawing ratio (5, max) compared to conventional deep drawing
process (can be reached at the value of 3), because the friction between blank and
outer surface of punch is gradually increased and it depends on the punch travel and
the punch speed. The greater the counter pressure, the greater the friction between the
deep drawing part wall and the punch, which is the main reason for the increase of the
drawing ratio as per Coulomb’s friction law. An increasing counter pressure results in
a corresponding increase of the maximum draw ratio.

® Better surface quality, because the outer surface of the blank is in contact only with
the hydrostatic medium. Hence, no friction occurs between the sheet metal and a
lower die.

® Moreover, it is possible to manufacture sheet metal parts with tapered-shaped walls
without wall wrinkles. This can be done by optimizing the counter pressure in
dependence on the punch travel. Products with a tapered shape can only be produced
by conventional deep drawing if a multi-stage process is used. Using the HDD
process, complicated shapes such as conical, parabolic geometries can be produced
with a minimum number of forming stages and local thinning is minimized, Fig. 2- 17
and Fig. 2- 18.

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

Blank
Friction Increasing Effect [l | Holde ! Reverse Bending Effect
Prevention from fracture on Prevention from contact on
the punch shoulder ! the die shoulder
> <
) y Friction Reducing Effect
Water < p = ;
Chambef 4 Increasing amount of the
Die draw-in

Fig. 2- 17: Characterization of HDD process, Hama et al. (2007)

® Dimensional accuracy is higher than if using the conventional deep-drawing
technique.

e Tooling cost reduction since pressure chamber does not need to satisfy the precision
and tolerance requirements of deep drawing tools.
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o Better flow of sheet due to the action of the fluid pressure reduces the friction at the
interface between the work piece and drawing die.

®  More uniform thickness of the forming part at the end of the forming process due to
the increased friction between the punch and the sheet.

On the other hand, disadvantages of this technology require some additional investment such
as the high ram force press with an external hydraulic system in order to generate and regulate
the counter pressure. Hence, the cycle time for the production is higher than with
conventional forming. The reason is the limit of the maximum valve flow rate and the time
for filling up the pressure tank. Furthermore, the product surface must be cleaned after the
forming process.

Hydromechanical Conventional
deep drawing deep drawing

4qune

100mm
—_—

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

In the HDD process, the final quality of the product can be influenced by many different
parameters such as counter pressure, BHF, pre-bulging phenomenon, friction and material
properties, Ceretti et al. (2005). During the forming process, these parameters should be
controlled together and can be varied together with the punch travel to produce defect free
parts. Furthermore, the relations between the BHF and the counter pressure in the water
chamber with respect to the punch travel are also the key parameter in order to optimize the
process. In other words, the BHF can be defined by using the pressure path and that is a
simple way for understanding the correct force, Khandeparkar (2007). The limits of both
parameters in which the HDD process operates successfully and without failure are known as
“Process Limit” and the region within the limit is called the “Forming Window”, see Fig. 2-
19.
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Fig. 2- 19: Forming window of HDD process, Palaniswamy (2006)

The counter pressure and the BHF play an important role and significantly influence the strain
distribution of the part. These are the key parameters for a successful HDD process. The sheet
metal is in direct contact with the oil or water in the pressure chamber instead of the female
die so that the counter pressure acts as an essential factor to adjust the deformation of the

deformed parts, Fig. 2- 20.
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Fig. 2- 20: Influence of counter pressure on the quality of product, Doege & Behrens (2007)
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As can be seen, if the counter pressure is too high, it will restrain the material flow during the
forming process and lead to either pre-bulging against the drawing direction or fracture of the
sheet metal. If the counter pressure is not sufficient, the sheet metal will not fit tightly on the
punch profile and it will lead to sidewall wrinkling of the final product.

The form of the pressure curve and the BHF, which depend on the punch travel, are the key
factors in the HDD process. A high counter pressure is not advisable at the beginning of the
punch travel on account of the small available area of force transfer. Higher pressure at the
beginning of the process, however, leads to excessive material thinning. It is indicated that an
increase of the counter pressure at higher drawing depths results in a higher part accuracy and
lower spring-back, Khandeparkar (2007 ).

In Fig. 2- 21, three exemplary pressure curves depending 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 process, Lange (1990)

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

It is recognized that sheet metal bulges in the unsupported region between the punch and the
blank holder in the direction opposite to the drawing direction. The sheet metal is thus lifted
from the drawing die radius and flows over a fluid cushion. The bulge is an important
advantage since it can result in a reduction of the friction and bending force at the drawing die
radius. On the other hand, the bulge can also lead to double bending of the sheet. Under
extreme conditions i.e. at high counter pressures, the bulge is clamped between the punch,
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blank holder, which results in rupture, Khandeparkar (2007). Some researchers have also
investigated several methods of controlling the bulge height by employing modifications in
the die system, Biirk (1963) and fluid pressure instead of a rigid mechanical device, Siegert &
Ziegler (1998). By using this system, the bugle height can be actively controlled along the
punch travel.

Numerous research works related to HDD processes have been experimentally and
numerically investigated so far, Kleiner (2006); Lang et al. (2004c). Most research activities
have focused on the increase of shape and dimension accuracy of the parts, Herold (1984); the
increase of the formability of high strength materials such as magnesium and magnesium
alloys, Bach et al. (2006) or very thin sheet metals, Wellendorf (2003); the simulation of the
HDD process, Zhang et al. (2000); Jensen et al. (2001); the modeling of oil pressure
distribution, Jensen et al. (2000); sealing technique in order to prevent the liquid from
escaping during the HDD process, Celeghini (2001); or counter pressure control technique,
Aust (2003). Many investigations have dealt with the modification of the HDD process such
as the application of the elastic blank holder system in order to form the very complicated
parts in the automobile industry, Siegert & Aust (2001); combination of the HDD and
conventional forming technique, Wagner (2001); using a heated die and cooled punch in
combination to form aluminum alloys, Groche et al. (2002); Groche et al. (2005); using the
HDD process for forming magnesium alloys at elevated temperature to increase the deep
drawing ratios, Jager (2005); using tailor welded blanks in the HDD process, He ‘tu (2006);
using multi-layer sheet hydroforming, Lang et al. (2005). Some contributions have focused on
the influence of process parameters such as the effect of anisotropy and pre-bulging during
the HDD process, Zhang (2003).

Further contributions have focused on the development of analytical models for the HDD
process in order to determine the rupture and wrinkling instability and also the working zone
based on plane strain criteria and the energy method, Yossifon et al. (1985); Lo et al. (1993).
Dariani et al. (2006) and Azodi et al. (2008) investigated theoretically and experimentally the
influence of geometrical and material parameters on the critical fluid pressure. In this
contribution, the lower bound of the fluid pressure was also presented. Reddy et al. (2006)
developed a mathematical model for the prediction of the bounds of the BHF and fluid
pressure to avoid tensile and compressive instabilities in the HDD process. Bakhshi-Jouybari
et al. (2009) investigated the tearing phenomenon in the cylindrical HDD process by
developing an axisymmetric analysis combined with the FE method. The critical fluid
pressure which results in tearing was investigated. In another research, Choi et al. (2007)
developed analytical models for warm HDD of lightweight materials. The effect of
temperature, fluid pressure, BHF and forming speed were investigated.

2.3 Conclusion

The processing of OCSM by forming processes induces large deformations in both the steel
substrate and the coating layer. This consequently results in topographical changes on the
surface of both materials. As a result, this may lead to coating failures such as cracking,
scratch, gloss decrease and delamination of the coating layer off the steel substrate. The
occurrence of the coating failures leads to a loss of optical and protective properties.
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The literature survey concerning the forming of OCSM indicates that the prediction of the
coating performances i.e. optical properties and coating failure such as cracking depending on
the deformation level and strain state is a so far unsolved problem. In addition to this, the
knowledge of the relationship between the surface roughening, gloss reduction and
deformation afterwards is a crucial need in industry.

Processing of OCSM requires forming processes which maintain the functional properties of
the organic coating. HDD is a hydro-forming process that allows higher drawing ratios, lower
springback, a better geometrical accuracy, homogeneous deformation and excellent surface
properties due to the presence of working media. Despite of the fact that HDD offers
promising properties for forming OCSM and numerous investigations concerning the HDD
process have been contributed. However, less attention is paid to the use of the counter
pressure and the BHF for the adjustment of the strain distributions in order to obtain the
desired optical property of the OCSM products. Furthermore, fundamental knowledge about a
material-specific process design for OCSM is not available. 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 research for a material-specific process design for
processing organically coated sheet metal (OCSM). Therefore, the determination of the
influences of strain states and strain levels on the functional properties of OCSM parts is
essential. This knowledge can be used in the frame of a numerical process design in order to
optimize the forming process for OCSM. For this, an approved FE-based modeling strategy
for the simulation of the forming process of the OCSM is required which allows the
prediction of surface properties of OCSM. The achieved knowledge will be applied for the
process design of Hydro-mechanical deep drawing (HDD), supplying fundamentals about the
influence of process parameters of the HDD process on the product properties as well as
process control strategies.

In order to achieve these research goals, the following objectives are identified. Fundamental
investigations of the forming behavior of the OCSM during the forming process are presented
in chapter four. The forming limit diagram (FLD) of OCSM is established by combining the
FLD of the steel substrate and the forming limit diagram of coating (FLDC) of the coating
layer. The changes of the surface properties as a function of plastic strain i.e. strain states and
deformation levels are also reported. The relation between the optical properties and the
plastic deformation is established by using the Nakajima test. The surface roughness of both
the steel substrate and coating layer depending on the strain state as well as strain level is
determined for the interpretation of the change of optical properties. These relations act as the
reference data and will be used to evaluate the change of surface properties after forming
processes. The influence of the thermal treatment on the coating performances such as gloss
property and cracking effect is also evaluated.

The simulation strategy for the computation of the industrial forming process of the OCSM is
considered in chapter five. Here particularly, the mismatch of the deformation states between
the coating layer and the steel substrate is of interest. The material modeling of the coating
layer as an elastomeric material and the procedure for the determination of the material
parameters are briefly presented. The developed simulation strategy is first applied to
axisymmetrical cases such as hydraulic bulge test and deep-drawing test. The potential and
the feasibility of the proposed strategy are later verified by three-dimensional (3D) analyses.
In this section, the prediction of changing optical properties and the coating defect i.e.
cracking based on the experimentally and numerically results are presented.

In chapter six, the influences of the processing parameters of the HDD forming technique
such as the counter pressure, the BHF on the surface quality i.e. gloss reduction of OCSM
products are investigated. The obtained results of the Nakajima test are utilized as evaluation
criteria. An analytical model of the HDD forming process established by Lo et al. (1993) is
adapted to parabolic geometries and utilized in the frame of a developed MATLAB tool which
allows the computation of the strain distribution depending on process parameters. Using this
tool, a fundamental understanding of the influencing process parameter setting on the strain
distribution could be provided. This knowledge is validated by the HDD forming process of
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the OCSM parabolic reflector part. The influence of process parameters on the surface quality
is investigated numerically and experimentally.

In the last chapter, the principal results of this study are summarized. Based on these research
outcomes, the process scope is reported. Finally, overall conclusions are drawn and
recommendations for further researches are given.
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4 Influence of strain states and strain level on surface properties of
OCSM

In this chapter, the influence of occurring strain states and strain levels on the functional
surface properties of OCSM are investigated. Firstly, the experimental set-up and the feasible
studies for the determination of the FLD of OCSM are described. Furthermore, the changes of
optical surface properties depending on the strain states and strain level are discussed. Then,
the corresponding relationship between gloss reduction and plastic strain is established.
Additionally, the influences of the process parameters such 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 steel sheet with black polyurethane (PUR) and
white polyester (PES). The PUR coated sheets consist of a two-side coating layer i.e. a PUR
coating on the decorative side and a protective layer on the other side. The PES coated sheets
consist of only one decorative coating layer. The steel substrate for the PUR and the PES
coated sheet are DC04 and DX51, respectively.

The PUR coated materials feature high gloss properties. The PES coated feature medium
gloss. These coated materials offer the elasticity of rubber combined with the toughness and
durability of metal. Furthermore, there are many advantages to use PUR and PES. Both of
them offer a wide range of hardness values, an excellent resistance to oils, excellent electrical
insulating properties etc. In addition, they have a better abrasion and tear resistance than
rubbers and especially offer a high load bearing capacity. Most PUR and PES products offer
an extremely high flex-life and can be expected to outlast other elastomer materials where this
feature is an important requirement, Schulze (1994). Both PUR and PES coatings offer a good
formability in bending and deep drawing. The characteristics of the investigated coated
materials are briefly summarized in Table 4- 1.

Table 4- 1: Properties of the PUR and PES coating layer

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 diagram of coating (FLDC)

As a failure criterion for sheet metal forming, FLDs are often used. The FLD is a strain-based
criterion which is performed on the material under different straining conditions until the
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specimens develop necking, which finally leads to fracture or defects on the specimens.

Hence, the FLD delineates the boundary of strain and onset of local necking, Van Tyne et al.
(2005).

In this section, the FLD and the forming limit diagram of coating (FLDC) are first established
in order to evaluate the formability of both the steel substrate and the coating layer.
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b) Necking on substrate and cracking effect on coating layer

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

According to the Nakajima test, a hemispherical punch with a diameter of 50 mm will deform
circle OCSM specimens with a diameter of 100 mm. These specimens are grooved at different
radii (R = 0, 20, 25, 30, 35, 40, 45 mm, see Fig. 4- 1a) in order to create different states of
stress and strain. Five series of the Nakajima test were performed on an Erichsen universal
testing machine to provide data for both FLD and FLDC diagrams. Each series includes 7
specimens with different grooved radii as mentioned above. Speed of the punch is 5 mm/s.

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

The specimens which were deformed by the Nakajima tests are shown in Fig. 4-2. The strain
distribution over the specimens is analyzed with the optical measuring system Argus by GOM
that allows a strain measurement on deformed parts.

Deformed specimens

PUR coated sheet PES coated sheet

Major strain

0607 Measurement of strains Major strain 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 second principal logarithmic strain ¢, and ¢,
around fractured areas, the limiting curves, namely FLD and FLDC, are plotted for each
specimen. The final result is the average of the data from specimens of five series of the
Nakajima tests. The limiting curves represent the border between safe and failure region of
forming process. The strain states and strain levels below the determined curves act as process
window for the whole forming process.

The determined FLD and FLDC for the investigated materials are presented in Fig. 4-3. In the
case of PUR coating, the maximal strain value of the FLDC in the case of PUR coating is
significantly lower than the one of the FLD. In the case of PES coating, the correspondent
strain value of the FLDC is partially coincident with the FLD. The rest part of the FLDC is
lower than the strain magnitude of the FLD. It can be observed on the specimens that the
cracking effect occurs on the coating layer before the fracture appears on the steel substrate.
Therefore, the FLDC should be employed instead of the FLD in order to evaluate the
formability of OCSM concerning the surface quality of the coating layer.
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Fig. 4-3: Forming limit diagram (FLD) and forming limit diagram of coating (FLDC) of

OCSM

By using these diagrams above, the limitation of any forming state, such as the equibiaxial
stretch-forming (¢, = ¢), plane strain (¢, = 0), uniaxial tension (¢, = -2¢,) and deep-drawing

zone (¢ = -¢,), is determined.

In order to prove the finding that the coating fails before the substrate, a deep-drawing test
was performed. Before testing, the protective coating layer on the PUR coated specimen was
removed, but the decorative layer was kept intact. Hence, it is possible to evaluate the
behavior of the deformed steel substrate after forming. The obtained results clearly show that
the decorative coating layer is fractured while the 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 roughening at first, then cracking. Cracking is caused by
rupture of molecular chains of the organic material. After cracking, delamination may happen
if the deformation continues. This phenomenon can be explained by the failure mechanism of
the organic coating layer on the steel substrate. According to this, mechanical stresses
imposed on the coating material and the metal substrate (being in large plastic strains) will
lead to coating failures. Among these induced failures, in-plane stresses are the cause of the
defect of the coated material, i.e. cracking or roughening. Out-plane stresses are the reason for
the loss of adhesion and they may lead to a debonding effect between two layers. On the other
hand, large plastic strains in the steel substrate cause the loss of adhesion at the interface and
may also lead to delamination in further processing, Wang & Vayeda (2007); Boelen et al.
(2004). In addition, residual stresses in the coating resulting from plastic strains in the metal
substrate may lead to an additional shear stress at the interface and this is the cause of the
aggravated defect of the coating layer, Polyakovaet al. (2000). Applying this failure
mechanism to the deep-drawing test carried out, the defects of the coating layer were
obviously caused by the mechanical in-plane stress and the 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 evaluate the surface qualities of OCSM parts.
The term “gloss” is based on the interaction of light with physical characteristics of a surface.
It is actually the reflection of the light into the specular direction when a certain light is
radiated on the surface. The standard gloss unit is (GU). The gloss reduction can be analyzed
by the method which is described by DIN ISO 2813 (1999). The gloss reduction is measured
by means of a gloss meter, namely reflector 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 for the gloss measurement are 20° (for high gloss
surfaces), 60° (for medium gloss surfaces) and 85° (for low gloss surfaces). Two types of
gloss measurement apparatuses were used, one for measuring the gloss of flat surfaces and the
other one for measuring the gloss of curved surfaces.

To characterize the change of the gloss property, the gloss values of the OCSM before being
formed are measured and denoted by G,. The updated gloss values after forming are measured
afterwards and denoted by G; (i = 1, 2, 3,...). The deviation of these values is denoted by AG
and computed as follows:

4G = G,- G; 4.1
The relative loss of gloss, which is denoted by LG, is defined by the following equation:

AG;, G,-G,
LG, =100—+ =100——= (in %

' Gn Gn ( 0) (42)
According to equation (4.2), the maximum and minimum loss of gloss can be determined as
follows:

G.';_Gi max .
LG, ;. =100———= (in %) 4.3)

- G,

G.';_Gi min (.
LG, .. =100———="= (in %)
i G, (4.4)

4.3.2 Relationship of gloss reduction to strain magnitude and strain states

To evaluate the gloss reduction of the coating layer depending on the deformation process, the
Nakajima tests are performed at predefined depths i.e. different strain levels. Subsequently,
the respective strain states over specimens are measured and denoted by H; (i = 1 : n). The
corresponding gloss reductions are recorded by the NOVO-Curve equipment and denoted by
LG;(i=1:n) afterward. This equipment allows the gloss measurement on concave or convex
surfaces at an irradiation angle of 60°. Depending on the grooved radius, specimens are
numbered from one to seven, see Fig. 4-6.

In order to assess the change of the gloss property of OCSM specimens, the two following
cases of the Nakajima test were performed.
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e specimens without printed grid on the surface to analyze the gloss reduction;

e specimens with printed grid to analyze the strain states and strain level.

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

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

The measurement of strain values by the Nakajima tests in the cases of PUR and PES coatings
in conjunction with the obtained FLDC are presented in Fig. 4-7.
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Fig. 4-7: Strain values of PUR and PES coated sheet metal obtained by Nakajima test

In order to ease comparisons, it is conventionally assumed that the strain value at the limited
fracture of the coating layers corresponds to 100 % deformation. In other words, all values on
the FLDC have the deformation of 100 %, depending on the strain states. Basically, it is
necessary to carry out the Nakajima test at the pre-defined strain levels, i.e. 5 %, 10 %, 20 %
and so on. For a better illustration, only the strain values corresponding to 30 %, 60 % and
90% are presented. These strain values are denoted by H,, H,, and H; respectively.

The dependency of the gloss reduction on the strain values, i.e. major and minor logarithmical
strains of the deformed parts, is shown in Fig. 4-8. In the case of the PUR coating, it can be
observed that the loss of gloss of the first case H, is not large. The highest gloss value is
obtained with the circular specimen (grooved radius R = 0). The deformation of those
specimens exhibits the balanced stretching state i.e. ¢ = ¢. The measured gloss value is
Gi_max = 83 GU (GU means gloss unit). The maximal gloss value results in a minimal gloss
reduction. According to equation (4.3), the minimum gloss reduction is LG _min = 7.7 %, only.
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Fig. 4-8: Gloss reduction vs. strain states and strain levels

For the first case H, the lowest gloss value G; min = 70.8 GU is obtained with the seventh
specimen (grooved radius R=45), which represents the deep drawing strain state i.e. ¢ = - ¢».
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As a result, the lowest gloss reduction leads to the maximal gloss reduction. According to the
equation (4.4), this value can be computed as LG . = 21.3 %.

Considering the second and the third case which correspond to the higher strains H, and Hs3,
the gloss reduction trends are seen to be similar to the one of the first case H;. In the balanced
stretch-forming zone, where the major strain ¢, equals the minor strain ¢, the gloss reduction
reaches the minimum value. The losses of gloss in case of H, and H; are respectively
computed as:

LGy min=13.1 %, LG3 nin=35.1 %

Similarly, the maximum gloss reduction of the second (H>) and the third (H3) case is obtained
with the specimens under the uniaxial strain state. The maximum losses of gloss value are:
LGy max=16.7 %, LG3_nax=43.0 %

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

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

Measured gloss reduction
in %

Deflg:/fzftion PUR Coating | PES Coating
LGi_min LGi_max LGi_min LGi_max
Hy=0.3Hmax | 7.70 | 21.30 | 9.02 | 34.98
Hy = 0.6Hmax [13.10 | 35.10 | 28.07 | 53.43
Hy=0.9Hmax | 16.70 | 43.00 |29.78 | 58.12

According to Table 4-2, the data of both coatings show that the lowest gloss reduction is
obtained at the lowest strain level H,. When the deformation is continuously increased, the
gloss reduction is increased too and the highest value is obtained at the highest strain level H;.
Obviously, it can be concluded that the loss of gloss depends on the occurring strain level
over the formed parts.

In order to separate the influence of strain level and strain state, Fig. 4-9 and Fig. 4-10 show
the dependencies of the gloss changes on the strain states and the equivalent plastic strain @ .
For reference reasons, the different strain states are taken into consideration by using strain
ratio, which can be calculated by S=9,/ ¢, .

By comparing the gloss reduction at a similar equivalent strain, it is seen that the equibiaxial
strain state always provides the lowest gloss reduction. In contrary, the uniaxial and deep
drawing strains result in a higher loss of gloss. The gloss reduction is seen to be gradually
increasing from the equibixial state to the other strain states, i.e. plane strain, simple tension
and deep drawing. Obviously, compressive strains lead to a significant decrease of the gloss
values. This effect can be seen on both investigated materials.
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Fig. 4-10: Gloss reduction versus strain ratios and equivalent strain of the PES coating

A comparison between the results in Fig. 4-9 and Fig. 4-10 also indicates that the gloss
reduction of the PES coating is higher than that of the PUR coating on account of the thinner
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steel substrate and coating layer. This is because the roughness of the thinner steel substrate is
larger than that of the thicker substrate. The detailed explanation of the presented results will
be given in the following subchapter.

4.4 Deformation induced changes in substrate and coating

The formability of OCSM depends on a number of different parameters such as steel substrate
surface, thickness of the coating layer and the substrate, strength and texture of the metallic
substrate, strain rate, cohesion between steel substrate and coating layer, Fischer & Klein
(1971). Among these, the steel substrate surface and the cohesion are the critical factors that
reveal significantly the influences on the gloss degree and the delamination. In this section,
the fundamental understanding of the relation between the deformation, the appearance of the
steel substrate and the coating layer are investigated.

The investigated Nakajima specimens are continuously utilized to tackle this task. In order to
evaluate the topography changes in the steel substrate, the PUR and PES coating layers are
removed by using a special paint removing composition, namely Dichlormethal — CH,Cl,.
The PUR coating layer is much more difficult to be removed than the PES coating layer.
Therefore, this work was carried out by the project partner Voestalpine GmbH. After
removing the coating layer of all specimens, the steel substrate surfaces are analyzed by
means of a confocal 3D microscope, namely NanoFocus and Zeiss microscope.
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Fig. 4-11: Topographic change of the steel substrate (DX51) in case of PES coating
In Fig. 4-11 and Fig. 4-12, the topography changes of the DX51 and the DC04 steel
substrates, that correspond to the PES and PUR coated materials, are displayed, respectively.
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For ease of reference, the microstructures before and after forming are depicted with 2D and
3D pictures.
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Fig. 4-12: Topographic change of the steel substrate (DC04) in case of PUR coating

During forming operations, the sheet metal undergoes different deformation modes. The
resulting surface topography of the steel substrate is dependent on the type of deformation
imparted, Van Tyne et al. (2005). Here, it is seen in Fig. 4-11 that the surface structure of the
steel substrate is affected by plastic deformation. The initial micro structure of the DX51 steel
substrate significantly shows a texture structure which is inserted during skin pass rolling. At
a low strain level i.e. H; = 30 % of the maximum pole height in the Nakajima test, no
considerable changes occurred. That means the texture structure is still observed on the
surface of all specimens. With increasing strain levels, the micro texture structure is visibly
affected. When the strain level reaches a value of 60 % of the maximum pole height in the
Nakajima test, the texture nearly disappears and the surface of the steel substrate is slightly
flattened. At a higher strain level i.e. 90 % of the maximum pole height in the Nakajima test,
the micro texture structure of the DX51 substrate has definitely disappeared.

The similar tendency of the topography changes was observed on the DC04 substrate of the
PUR coated sheet. Compared to the hot dip galvanized DX 51, where skin pass rolling was
done in a final production step at the end of the hot dip galvanized line, the micro structure of
the electro galvanized DCO04 is different. Here the carbon steel was skin passed prior to the
coating process and fine microstructure of the EG coating makes it difficult to detect the
subjacent skin pass structure. The topography changes on the steel substrate surface result in
surface roughness that leads to a change of adhesive strength at the interface between the
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substrate and the coating layer. In order to evaluate the roughness of the steel surface in
dependence on the strain levels and the strain path, the roughening on the Nakajima
specimen’s surfaces without coating layer was measured by means of the roughness
measurement apparatus using the MarSurf XR 20 V1.40-3 software packet.

Measuring Measuring  Longitudinal Transverse
range line direction direction

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

The measurements were carried out in both longitudinal and transverse direction as shown in
Fig. 4- 13. The experimentally measured results of both steel substrates DX51 and DC04 are
displayed in Fig. 4-14 and Fig. 4- 15, respectively.
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Fig. 4- 14: Roughness of DX51 steel substrate in case of PES Coating
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Like for the loss of gloss, the obtained results have shown that the surface roughening
depends not only on the strain level but also on the strain state imposed on the specimens.
Concretely, the increased strain caused an increase in the surface roughness. Both investigated
materials indicated that the equibiaxial and plane strains result in a lower surface roughness
compared to the one in case of simple tension and deep drawing mode.
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Fig. 4- 15: Roughness of DC04 steel substrate in case of PUR Coating

A comparison of the obtained roughnesses depicted in Fig. 4- 14 and Fig. 4- 15 clearly
indicated that the substrate thickness certainly affects the roughness behaviors. As can be
seen, the initial roughness of DX51 and DCO04 is, in turn, 0.39 pm and 0.55 pm. At 30 % of
the maximum pole height in the Nakajima test, the correspondent values in case of equibiaxial
deformation, for instance, are 0.45 um and 0.7 pm, respectively. The resulting deviations are
0.06 um and 0.25 pm. At a higher strain level i.e. 90 % of the maximum pole height in the
Nakajima test, the obtained deviations are 0.46 um and 0.69 um. Similar tendencies are
observed in other deformation modes.

Above, the topography changes on the steel surface have been investigated. In order to
evaluate the influence of that changes on the surface property of the coating layer, the
roughness on the PES and PUR coating layers before and after forming are also measured and
plotted as shown in Fig. 4- 16 and Fig. 4- 17.
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Fig. 4- 17: Roughness changes of PUR coating after forming

The obtained results show that the coating thickness causes the development of the roughness
on the surface. In this investigation, the PES coating thickness is only 0.025 mm while the
correspondent one of the PUR coating is 0.05 mm. The resulting roughness of the PES
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coating is seen to be larger than the one of the PUR coating. At 30% of the maximum pole
height in the Nakajima test, for instance, the roughness value of the PES reaches the value of
0.3 um while the roughness of the PUR coating is only 0.2 pm. The similar tendencies are
observed at higher strain levels and also in other deformation modes. Obviously, the
roughnesses of the coating layer also depend on both the strain state and the imposed strains.

4.5 Correlation between gloss reduction, plastic strain and roughness

As investigated in the above section, the imposed plastic deformations induce topography
changes in the steel substrate and the coating layer. The increase of the strain level leads to
the surface roughness of both substrate and coating layer. The surface roughness results in a
partial loss of adhesion of the coating layer, which may lead to coating failures such as
delamination in further processing, Schreurs et al. (2009). In addition to this, the surface
roughness also contributes to the loss of gloss on the coating layer. Hence, the determination
of the relationship between the gloss reduction, the surface roughness and the imposed
deformations occurring on the deformed specimen is important.

In Fig. 4-18 and Fig. 4-19, the correlation between these parameters of both investigated
materials is presented. The gloss reductions of four representative deformation modes i.e. the
equibiaxial stretch, plane strain, uniaxial tension and deep drawing are taken into

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

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

value of the surface roughness and gloss reduction. In contrast to that, the deep drawing

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

effective strain. The obtained results have also shown that the roughness and the resulting

gloss reduction at a similar strain are significantly increased with increasing effective strain.

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

As investigated in the previous section, it has to be noted that the coating performance of the
OCSM products does not only depend on the strain state and the strain magnitude but also on
the thickness of the steel substrate and the coating layer. The Nakajima test used provides
results on both sides of the FLD, and further induces all deformation modes in sheet metal
forming. Therefore, the relations between optical property and plastic deformation obtained
by the Nakajima test can be used as reference data in order to assess the change of the surface
quality after the forming process. In this section, the change of the coating performance of the
OCSM products is investigated by means of a practice-oriented test in order to evaluate and to
prove the obtained relationships.

In order to tackle this idea, the deep drawing processes using PUR and PES coated materials
are experimentally conducted. The strain distribution over the forming part was measured by
means of the optical measurement system Argus by GOM. The gloss reduction was defined by
the NOVO — CURVE gloss meter. The evaluated procedure is illustrated in Fig. 4-20.
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Fig. 4-20: Procedure to evaluate the gloss reduction in deep drawing process

In Fig. 4-21, the topographic performance of the PUR coated cup depending on the strain
distribution in the deep drawing process is illustrated.
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Fig. 4-21: Topographical performance of the PUR coated cup
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It is seen that the deformation of the cup deep drawing induces topographical changes in both
the substrate and, especially, the coating layer. This phenomenon leads to the gloss reduction
of the coating. At the bottom area of the part, where the stretch forming occurred, the coating
surface becomes rougher than the initial one. The coating performance change in this area is
not large on account of a small imposed strain. Around the punch radius, where the higher
deformation is observed, the coating performance was considerably changed. A small
waviness on the coating is observed. At the cup wall, where the tensile — compressive strain
occurred, the waviness effect became larger compared to the one at the punch radius.

Similar observations were made with the PES coated steel as shown in Fig. 4-22. The PES
coating appearance is different from the one in the case of the PUR coating. It is observed that
the bottom of the PES cup showed the flow-line effect on account of the strain aging effect of
the DX51 substrate, which leads to this effect in case of stretch forming.
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Fig. 4-22: Topographical performance of the PES coated cup

The flow-line effect does not continuously exist when the deformation is increased. Around
the punch radius, the coating appearance is significantly changed compared to the
correspondent area in the case of the PUR coating. At the sidewall area, where the highest
deformation occurs, the type of the wave is also different compared to the PUR coating layer.
No damage such as cracking or debonding is observed on the PES coating. Clearly, all the
observations show that the topological performance of the coating is considerably affected by
the coated material and the level of deformation.

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

Apart from the gloss values, the gloss reduction along the profile of the deep drawing cup is
also presented in Fig. 4-23. It can be seen that the lowest gloss reduction occurred at the
bottom of the cup, where the stretch forming state was observed. As can be seen, this value
was only 4.8% compared to the initial gloss value. From this position, the gloss reduction
trend is continuously increased and reaches the maximum value at the sidewall area of the
cup. The highest value of the gloss reduction was approximately 60 %. In the flange area, the
gloss reduction was not large and reached a value of 2.8 %.
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For the PES coated cup, a similar tendency of the gloss value and the gloss reduction was
obtained as shown in Fig. 4-24. But the gloss reduction at the bottom and at the flange of the
PES cup is above 10 %, while this value is around 2.8 % on the PUR cup. The gloss reduction
of the PES cup is higher than that of the PUR cup on account of the thinner coating layer and
steel substrate.
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Fig. 4-24: Relationship of gloss reduction to deformation of the PES coated cup

Clearly, the experimentally determined results are in good agreement with the reference
results obtained by the Nakajima test. It is confirmed that the gloss value and the
correspondent gloss reduction are considerably dependent on the strain states and the strain
level. The gloss degree decreases with increasing deformation. The gloss reduction is also
affected by the strain states. The biaxial stretch deformation mode provides a lower gloss
reduction compared to the deep drawing mode. The type and the thickness of the coated
material and steel substrate have a considerable influence on the change of the coating
appearance.

4.7 Gloss recovery effect

As mentioned above, OCSM is an ideal material for large-lot production in the appliance
industry, architecture, civil engineering and automobile industry due to the advantages of the



Influence of strain states and strain levels on the surface properties of OCSM 51

mechanical-technological properties. For the application in the automobile industry, this kind
of material is suitable for the manufacturing of car body panels and headlamp systems such as
reflector parts. However, it has to be noted that the working temperature of the reflector parts
is relatively high. This may consequently influence the gloss property of the OCSM reflector.
Hence, the investigation of the influence of the temperature on the optical properties of the
organic coated material is necessary.

To this end, Nakajima tests with pre-defined deformation levels were conducted. The
resulting degree of gloss before thermal treatment was measured. Afterward, all specimens
were placed into an oven. The setting temperature was 120°C and the working time
approximately 30 minutes. The resulting gloss levels after thermal treatment were recorded.
The loss of gloss in dependence on strain levels is computed by the equation (4.2).
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Fig. 4-25: Gloss recovery effect observed for PES coating

In Fig. 4-25 and Fig. 4-26, the resulting gloss reduction in case of PES and PUR coatings are
displayed, respectively. It can be seen that the gloss reductions of both investigated materials
after an additional thermal treatment were significantly lower than those before thermal
treatment. Considering the gloss reduction at 30 % of the maximum pole height in the
Nakajima test in the case of the PES coating, for example, the minimal and maximal value are
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10 % and 35 %, respectively. After thermal treatment, the correspondent values are in turn 6%
and 32 %.

For the PUR coated sheet, the similar tendencies of the gloss reduction after low thermal
treatment were observed in the first and second series of the Nakajima test that corresponds to
30 % and 60 % of the maximum pole height in the Nakajima test. At a higher deformation
level i.e. 90% of the maximum pole height in the Nakajima test, the additional thermal
treatment leads to the cracking phenomenon on the coating layer of the forming part. The
reason is the low thermal resistance of the PUR coated metal.
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Fig. 4-26: Gloss recovery effect observed for PUR coating

This reversible gloss reduction is called “gloss recovery effect” and can be explained on the
basis of the “Teil-Reflow effect” of plastically deformed polymer coatings. Accordingly, the
coating defect can be repaired by providing a tighter molecular network that is flexible
between the points of intersection, Zwaag (2007). If the temperature exceeds the coating’s
glass transition temperature (approximately 60°C for PUR and PES), the coating defect will
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be recovered leading to a gloss recovery as observed. In Fig. 4- 27, the mechanism of this
effect is schematically shown.

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

Obviously, it can be concluded that the gloss reductions are affected by low additional
thermal treatment. However, the reversible level is not high. Both obtained results for PUR
and PES coatings give an indication of no considerable dependence of the gloss recovery on
the effective strain and the strain state contributed in the specimens of the Nakajima test.

4.8 Conclusion

The above investigations indicated that the gloss reduction of the coated surface depends on
the strain states and the deformation imposed on both the steel substrate and the coating layer.
The relations between the gloss reduction and the plastic deformation obtained by the
Nakajima test can be used as the reference data to predict the change of the optical property of
OCSM products after industrial forming processes. According to the proposed method, it is
necessary to establish gloss reduction curves versus different strain values. Then, based on
these template curves, we can evaluate the gloss reduction which corresponds to a specific
strain level and strain state. The following conclusions are drawn:

e The FLDC should be used instead of the FLD in order to evaluate the formability
concerning the quality of the coating layer.

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

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

e The gloss reduction is affected by topographical changes of both the substrate and the
coating layer surface.

e The change of the optical performance depends on the thickness of both substrate and
coating layer. A lower gloss reduction is attained if substrate 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 simulation strategy to compute the forming process of
OCSM is presented. The FE modeling such as material model, meshing of OCSM is first
considered. The effectiveness and the feasibilities of the overall strategy are then verified by
an axisymmetrical and a three-dimensional analysis. The simulation results are validated by
experimental investigation afterward. The predicted procedure of the gloss reduction and the
coating failures i.e. cracking based on FE and experimental results are also presented in this
chapter.

5.1 Modeling
5.1.1 FE model

As per reviewed literature and the experimental investigation in the chapter above, the organic
coated materials and steel substrates greatly differ in their mechanical behavior, especially
when these materials are in the large deformation state. The organic coated materials such as
PUR or PES show a nonlinear elastic behavior while the steel substrate exhibits an elasto-
plastic behavior, Fig. 5- 1. Additionally, the elasticity modulus of the metal substrate is much
higher than the one of the organic material, whereas the Poisson’s ratio is smaller than that of
the organic coated material. The difference of the Poisson’s ratio leads to the difference of the
thickness strain of both materials. Therefore, the prediction of the coating performances based
on the deformation of the steel substrate only provides in-situ accuracy.

“Stress
Necking starts
elastic| 1 elasto-plastic _
Stress - |
A i
P i Engineering
| Stress-Strain Rupture
|
Engineering |
Stress-Strain
|
|
elastic
Strain Strain
a) b)

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

From a structural point of view, it has to be noted that there is a cohesive zone at the interface
between the steel substrate and the coating layer. Thus, the problem in consideration is
whether the FE model has to consist of the cohesive zone or not. In order to answer this
critical question, the failure modes and the failure mechanism of the coating layer on the steel
substrate are analyzed. During forming process, mechanical stresses imposed on the coating
layer and large plastic strains in the metal substrate lead to coating failures, Fig. 5-2. Among
the induced failures, in-plane stresses are the causes of roughening or cracking. Meanwhile,
out-plane stresses and plastic strains imposed on the steel substrate are the reasons for the loss
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of adhesion between two layers. As a result, this may lead to delamination or surface
roughness of the coating, Hult et al. (1999). Obviously, the delamination is the macro
fracture level of the layer material regarding the interface defect. The cohesive zone must only
be considered for the computation of the delamination phenomenon between the layers.

mechanical stresses on
coating layer

Out-plane stresses In-plane stresses

Delamination

Cracking Roughening

loss of
adhesive strength

plastic strains
on steel substrate
Fig. 5-2: Failure mechanism of the coating layer on the steel substrate

During the deep drawing process, for example, the loading condition i.e. occurring stresses
according to by Doege & Behrens (2007) are shown in Fig. 5-3.

Flange / Forming area
G; Deep drawing characterized by
Tensile - Compressive stress

Cup wall
characterized by
radial and hoop strain

Bottom area
Stretch forming
characterized by
Biaxial tensile stress

characterized by
plane strain

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

e Flange area: metal at the flange area is bent and straightened as well as subjected to a
tensile - compressive stress
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e Cup wall: metal in the cup wall is subjected to a circumference or hoop and a radial
tensile strain

e End of lower cup wall: plane strain (restrain uniaxial tensile stress)

® Bottom area/Force transmission zone: metal in this area is thinned down and is
subjected to a stretch forming characterized by biaxial tensile stresses.

The imposed stresses on both the coating layer and the steel substrate are in-plane stress,
except the flange area. The out-plane stress o; in this area characterized as compressive stress
is caused by the BHF. The o is equal to zero in case of an absence of the BHF. Clearly, this
term cannot lead to the delamination effect during the forming process.

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

Based on above analysis, it can be concluded that the coating layer should be considered in
the FE model in order to predict directly the optical property changes of the coating layer. For
this purpose, perfect adhesion on the interface between 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 the coating layer is not similar to the element of
the steel substrate. The reason is that the organic coated material shows a nearly
incompressible behavior (the bulk modulus is much larger than the shear modulus or
Poisson’s ratio, approximately 0.499 or 0.5), and the solution cannot be obtained in terms of
the displacement history only, since a purely hydrostatic pressure must be added without
changing the displacements.

In this case, the low-order solid elements are proposed to model both materials. These
elements are preferred in nonlinear structural mechanics because of their low computational
cost and simplicity in dealing with this geometry. But in many cases, especially in case of
pure bending problems, the brick element exhibits low-precision results due to the stiffening
effects known as shear locking, Poisson thickness locking and volumetric locking. To prevent
these locking effects and to obtain the accuracy of computations, at least two layers of
element through the thickness of each material and RI technique are accompanied, Chandra
& Prathap (1989); Hauptmann et al. (2001). Additionally, for the modeling of the coating
layer, either Herrmann formulation elements in Marc/Mentat or Hybrid formulation elements
in Abaqus is used in order to prevent volumetric and shear locking. These elements are
designed for incompressible elasticity applications. Apart from four nodes (at corners) as a
standard element, the fifth node (at center) only has a pressure degree of freedom that is not to
be shared with other elements, Fig. 5-4, Abaqus (2007); Marc (2005). More precisely, they
are “mixed formulation” elements, using a mixture of displacement and stress variables with
an augmented variation principle to approximate the equilibrium equation and compatibility
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conditions. These elements also remedy the problem of the volumetric locking and shear
locking by using a fully or selectively reduced integration.

+4 +3
od

+1 +2

7

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

In a 2D model, four-node standard plane strain elements can be applicable because these
elements are free from the volumetric locking effect Chandra & Prathap (1998). But in a 3D
model, the eight-node standard elements suffer from the volumetric locking effect. Therefore,
three-dimensional arbitrarily distorted brick elements used Herrmann formulation (in Marc)
or Hybrid-formulation (in Abaqus) is employed for the modeling of the coating layer, Fig. 5-
4. This formulation uses an eight-node isoparametric element with an additional ninth node
for hydrostatic pressure. This element is suitable for the simulation including materials, which
show an incompressible behavior such as plastic or polymer.

The number of FE elements over the thickness of both materials plays an important role in FE
simulation and it has a considerable influence the accuracy of the FE result. Therefore,
convergent tests need to be carried out in order to determine the suitable number of elements
that can provide the precise result. To check the convergence of the FE computation, the
circular cup deep drawing process is simulated. In this simulation, the FE mesh is varied from
coarse to fine until the results are convergent. The FE model is depicted in Fig. 5- 5.

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

results.

FEM (ABAQUS)

Material
o Substrate DC 04, DX51
o Coating 5 PUR, PES
Sheet Thickness :t, =0.78,0.588
. o Substrate : tSub.: 0.73, 0.563
‘ Die ring | © Coating 2 oa = 0.05,0.025
! Initial diameter Dy =110mm
Punch ! Friction
: © Punch - Sheet Dy =01
I Blankholder = ‘Vi o Sheet - Blank holder : t = 0.05
N o Sheet - Die © Mz =0.05
Y Element
o Substrate : Volume element
o Coating : Volume element
(Hybrid formulation)
Dimension
© Punch diameter 1D, =50.5mm
© Punch radius D rp =7mm
o Die :Dp =52.5mm
o Die radius L =3mm

Fig. 5- 5: FE model for convergent test
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Fig. 5-6: Equivalent plastic strain depending on the number of elements

From the structural point of view, the coating thickness is quite thin as compared to the
substrate thickness. The thickness ratio with respect to the substrate often ranges from 1:2.5
and 1:50. Therefore, the mesh size for the coating layer must be very fine in comparison to
that of the steel substrate. As a result, both total number of elements and computational time
will be significantly increased. To overcome this challenge, it is necessary to find out a
suitable mesh strategy. In Fig. 5- 7, the meshed strategy for the modeling of OCSM is
proposed. Basically, both types of the mesh can be used. But it has to be noted that the
“simple mesh” (SM) leads to a bad aspect ratio when the coating layer is modeled. In order to
reduce the aspect ratio, the mesh type b (RAR) is proposed.
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Coating
layer

Q. |
Steel
substrate

a- simple mesh b- reduced aspect ratio

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 elastic strain-stress behavior. For the modeling of
such materials, two theoretical models, so called hyperelastic and viscoelastic models are
commonly employed. The hyperelastic models were first documented by Treloar (1958) and
applied to polymers that are considered to have isotropic, highly elastic and incompressible
properties. The major distinctions of the hyperelastic and the viscoelastic models are
summarized as follows, Dong (2002):
1. Due to the non-linear elastic behaviors, hyperelastic models rely solely on the final
strain state and not on the history of strain
2. Considerations of both elastic and viscous effects, viscoelastic models nonetheless are
time-dependent deformation
Undergoing large deformations, most of the polymer materials show nearly incompressible
characteristics. This indicates that the volume of workpieces during deformation remains
constant despite thickness, length and width are varied. The incompressible condition is
described as follows:

V=W (5.1
or
A4, =1 (5.2)
where:
eV and Vgare volumes in the deformed and un-deformed states;
e A, A, Az are the principal stretch ratio in 1, 2, 3 directions and can be defined as:
P S (5.3)
L, Ly

where & is the engineering strain in the i direction.

The three strain invariants of the right Cauchy-Green strain tensor Ccan be expressed as:
=R AR AL
1= A0+ A+ 5.4)
1= RAR
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If the material shows a perfectly incompressible behavior, /3 = 1.

For the hyperelastic materials, the strain energy function W was employed. The postulation is
that the corresponding stress components are obtained by taking the derivative of W with
respect to the strain components. The available function of strain energy is represented either
in term of the strain invariants that are functions of the stretch ratios, or directly in terms of
the stretch ratios themselves. The general form of the strain energy function can be evidently
described by the sum of a series of terms involving powers of (/; -3) and (I, -3) in the
equation (5.5), Marc (2005):

W= ZCI.J.(I] -3)(1,-3)’ (5.5)

where
e W: energy function;
* C;: material parameters concerning the Shore hardness.

When the body is undeformed, it can be acquired of W = 0 and Cjj = 0. From the general
equation (5.5), a variety of hyperelastic models have been developed.

Based on the energy function, the stresses can be computed by taking derivatives of W with

respect to strain components and it can be written as follows:
_aw oW 94,

“E " 2i ok (5:6)

where E is the Green-Lagrange strain tensor; S is the second Piola-Kirchhoff stress tensor. It
relates to the Cauchy stress by the following expression:
S=JF"'.c-F" (5.7

with

e J=V/V,: Jacobien;

e F:deformation gradient which relates to the right Cauchy-Green strain tensor by the

expression C = F"F .

The constitutive tensor is calculated as the second derivative of the energy function W with
respect to the Green-Lagrange strain as:

_OW_ 0 0w a4
T OE®  OE 4 9A OE

) (5.8)

In general, the constitutive tensor of a hyperelastic material is a function of the strain A
Hence, the strain- stress behavior is nonlinear even at small strains.
5.2.2 Categories of hyperelastic model

a. Neo-Hookean model
The earliest and simplest elastomer model is the neo-Hookean model that considered the
behavior of rubber-like material, Dong (2002). This model is expressed as:
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W=C,, -3) (5.9)
The constitutive relation for uniaxial tension i.e. A1 = A, A=A = % can be computed as:
, 1
o, =2C (A _Z) (5.10)

The constitutive relation for equibiaxial tension i.e. 4;= =4, 4, = z can be described as:

o, =2C, (A —%) (5.11)
This model exhibits a constant shear modulus and gives a good correlation with the
experimental data of up to 40% of the elongation in the uniaxial tension test and of up to 90%
of the elongation in the simple shear test, Marc (2005).

b. Mooney-Rivlin model
The other forms of the energy function were propounded by Mooney-Rivlin (1940), and Rivlin
etal. (1951). They are given as follows:

- Two-term Mooney-Rivlin model:

W=C,(,-3)+C,1,-3) (5.12)
- Three-term Mooney- Rivlin model:
W=C,U -3)+C,I,-3)+C,,(I,=3)I,-3) (5.13)
The constitutive relation for the uniaxial tension in this case becomes:
1| ow ow 1 1
0, =2\ A —— || =—+ A1 — |=2C,,(A* =) +2C,, (A —— 5.14
utT |: /1”:8[1 812 :| 10( /1) o 12) ( )
Similarly, the constitutive relation for the equibiaxial tension is computed as:
1]l oW ow 1 1
0, =2\ = || =+ A — |=2C, (A ——)+2C, (A —— 5.15
.= J{al, a,j WA 426, G~ 515

Mooney-Rivlin’s strain energy function is widely used to solve the large elastic deformation
of rubber-like materials. By setting Cjo = 0, this function reduces to the neo-Hookean form.
The Mooney-Rivlin model can be used in the range of up to 100% technical strain of
elastomer material. Therefore, the Mooney-Rivlin model is often used to characterize the
material behavior of elastomers, Stojek et al. (1998).

c. Yeoh model
Yeoh proposed another model that only depends on the first strain invariant, which can be
expressed as:

W =C, (I, -3)+C, (I, -3)* +Cy (1, -3)° (5.16)
This model is more versatile than the others since it has demonstrated to fit various modes of

deformation using the data obtained from a uniaxial tension test. This leads to reduced
requirements on material testing, Marc (2005).
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d. Ogden model

Alternatively, for the sake of mathematical simplicity, Ogden (1972) proposed another form
of the energy function with respect to principal stretch ratios instead of the principal strain
invariants. This form is given as:

W:zﬁ(ﬂ”',+ﬂ"'2+l"3—3) (5.17)
i=1 i
where ¢ and £ are experimentally determined material parameters. These parameters can be
non-integer and negative. The only restriction is that the value of the strain energy function in
equation (5.17) must remain positive after total summation, Stojek et al. (1998). For uniaxial
tension, the constitutive relation becomes:

o, =AT, =Zﬂ{l"'—lz} (5.18)
i=1
The constitutive relation for equibiaxial tension is given as follows:
0, =T, =Ty =Y B[ A -27] (5.19)
i=1

For ease of reference, the strain energy functions of hyperelastic 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=_Co (I -3) Nature Small strain for uniaxial
rubber, and equibiaxial tension
elastomer of sheet

Mooney-Rivlin | W= Cjo (I, - 3) + Coi1(l2 - 3) ABS, Large elastic strain for

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

Mooney-Rivlin | W= Co ([} - 3) + Coi(l2-3) + | ABS, Large elastic strain for

(3 parameters) Ciulli-3) (I - 3) PMMA, uniaxial, biaxial tension
elastomer and simple shear

Yeoh W=Coly - 3) + Co(l> - 3)2 + | Carbon-black | Large elastic strain

Cyo(I; - 3)° filled rubber
Ogden Lyl ABS, PPO Uniaxial and biaxial
=) S+ A+ s -
W ; . (4" : =3 and PC-PBT | tensions over the large

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

In order to describe the material behavior of the PUR and PES coatings the Mooney- Rivlin
model is employed because this model can meet the requirement of computational accuracy
and already available in both FE codes Abaqus and Marc/Mentat, commercial software which
are available at [UL.

PUR specimens

Parameters Description :flmu;
b Total length 150
L Initial distance of the clamp | 50%2
o Measuring length 20%0.5
b, Width at the end of specimen [12.5 + 1
b1 Width of specimen 4+0.1
t Thickness 1
r Radius 8+0.5

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

The material constants Cp; and Cjo in the model can be deduced from experiments such as the
tensile or the compression tests by using curve-fitting procedures. To perform the tests with a
PUR coating, the specimens were prepared by the company Hawiflex GmbH according to the
standard DIN EN ISO 527, see Fig. 5- 8. The tests were conducted on a Zwick/Roel testing
machine at Kunststoff Institut Liidenscheid. The material parameters for the PES coated
material were supported by Voestalpine GmbH in Austria. Fig. 5-9 presents the experimental
results i.e. strain—stress curve obtained by the tensile tests of the PUR and the PES coating.
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Fig. 5-9: Strain — stress curve of the PUR and the ductile PES coated material
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The experiment results show that the form of the PUR and the PES curves are similar. The
PES coating is harder than the PUR coating. At the same strain of ¢ = 200 %, the
correspondent stress of the PUR is around 7.5 MPa. Meanwhile this value is 9.5 MPa with the
PES coating. The ultimate strain of the PUR coating is also higher than the one of the PES
coating. In detail, this value is 400 % for the PUR and 250 % for the PES, respectively. By
using the curve-fitting procedure which is implemented in the commercial software package
Marc/Mentat, the material constants of the Mooney-Rivlin model, i.e. Cy;, Cipand Cj; for the
PES and the PUR coating are defined and given in Table 5-2 and Table 5-3, respectively.

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

Material constants of | Co; Cro Cn

PUR coating in N/mm” | in N/mm’ in N/mm?
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 PES coating

Material constants of Cn Cuo Cn
PES coating in N/mm? in N/mm? in N/mm?
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 coated steel are DC04 and DX51 because of their
excellent cold-formability. In order to determine the material properties, uniaxial tensile tests
according to (DIN-EN-100002) were carried out as illustrated in Fig. 5-10.

c) Specimen after

a) Specimen before  b) Tensile test ! d) Measured curve
tensile test tensile test - )
F
So 5
by Specimen b,
I
b Specimen '
holder
i A=,

Fig. 5-10: Principle of uniaxial tensile test

The material behavior of the metal substrate can be divided into elastic and elastic-plastic
parts. The elastic region is characterized by a nearly linear relation of strain-stress which is
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described by Hook’s law. The elastic-plastic region is described by the flow curve k¢ that
expresses the relation between yield stress and equivalent strain ge.

For strains that are outside of the identifiable area in the uniaxial tensile test (@mqx = 0,2), the
flow curve is mathematically extrapolated. For this purpose, the following approaches e.g.
either Swift or Voce will be utilized.

k, =k(g,+9) (5.20)
k; =0,+G(1-e) (5.21)

where k, o, n, 0,, G and C are the material constants.

In this research, the plasticity criterion with a isotropic hardening effect is invoked due to its
simplicity while satisfying the accuracy requirements of metal forming problems. The flow
curve is extrapolated from the uniaxial tensile test on the basis of the power-law (Swift)
equation. The flow curves and the hardening rule of the steel substrate with PES and PUR
coatings are summarized in Fig. 5-11. The material data of both investigated steel substrates
are summarized in Table 5- 4.
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Fig. 5-11: Flow curve of the DC04 and the DX51
Table 5- 4: Material data of the DC04 and the DX51
Steel Young's mo.| Rygs | Rey | Rep Ae Ry Ay 4 |rvalue
substrate| KN/mm?2  |N/mm?2 N/mm2N/mm?| % |N/mm2 % | %
DC04 183.50 174.11 — — — | 308.13 | 26.85 | 41.76 1.6
Dx51 205.67 320 344 342 5 361 21 32 0.84

5.4 Simulation set-up and results

In this section, the potentiality and the feasibility of the proposed simulation strategy are
verified by using the hydraulic bulge process, the circular cup and the square cup deep
drawing process. All simulation results are validated by the correspondent experimentations.
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The prediction of gloss reduction on the deep drawing cup, 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 bulge test, the circular cup and square cup deep
drawing test are shown.

In the hydraulic bulge test, Fig. 5- 12a, the sheet metal is fixed between the die ring and the
blank holder. The chamber underneath the sheet metal is filled with special oil. During the
test, the sheet is clamped and then deformed frictionless by means of a drawing piston, which
moves upward and presses the oil against the sheet metal. Due to symmetrical condition, a
half of the 2D model of the forming tools and blank is modeled in order to reduce the total
degrees of freedom and, therefore to speed up the computations. The oil pressure, which is
created by the drawing punch, is modeled as a distributed load on the edge of the elements.
Contact and friction is neglected because there is no relative motion between the sheet metal
and the forming tools. Since the structure is axially symmetric, axisymmetric 2D standard
elements are used to discrete the steel substrate because these elements are free from any
volumetric locking effect. To model the coating layer, axisymmetric 2D elements using the
Herrmann formulation are employed.

The FE model of the circular cup deep drawing test is depicted in Fig. 5- 12b. Due to the
symmetrical characteristics, only a quarter of the structure needs to be modeled in order to
reduce the computing time. According to Meuthen & Jandel (2005), the friction coefficient
between the organic coating and the steel tools is smaller than 0.05 if a highly volatile oil is
used as a lubricant. The last investigations at the IUL, which were carried out by Kleiner et al.
(2002) also proved that the friction coefficient of organic coated material is lower than 0.05.
Therefore, the friction coefficient between the sheet and the die ring, denoted by g and s,
were assumed to be 0.05. Since the punch is not lubricated in the experiment, so the friction
between the punch and the blank, denoted by W3, is much higher than p; and p, and assumed
to be 0.1. In this case, the three-dimensional arbitrarily distorted brick elements used
Herrmann formulation is employed for the modeling of the coating layer. For the steel
substrate, the three-dimensional brick elements are used.

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

In Fig. 5- 12¢, the FE model of the square cup deep drawing as a 3D demonstrated part is
shown. Similar to the circular cup deep drawing process, the circular form of the initial blank
is chosen. For this computation, all parameters of the axisymmetrical case, i.e. the material,
the contact friction between the blank and the forming tools, the element types can be re-used.
The punch in both cases, i.e. circular cup and square cup deep drawing simulation is pressed
up against the sheet until the given displacement is reached.
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a) Hydraulic bulge test
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b) Circular cup dreep drawing

Sheet‘ g
\H Die ring
) Punch

I Blankholder

Steel
substrate
N

FEM (ABAQUS)

Material

© Substrate - DC 04, DX51
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c) Square cup deep drawing
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© Die radius $rp =3mm © Die radius P rp =3mm

Fig. 5- 12: FE model of hydraulic bulge test (a), deep drawing process (b), (c)

For simplicity and efficiency, in all FE models, forming tools such as the punch, the blank
holder and the die ring have all been idealized as rigid bodies, while the organic coated sheet
is modeled as a deformable part. The material parameters for the coating layer and the steel
substrate are described in Table 5-2, Table 5-3, Table 5-4, and Fig. 5-11. The computations
were carried out by using the commercial software package Abaqus 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 simulation results of the hydraulic-bulge test, the correspondent
experiments using the PUR and the PES coated sheet metal were conducted at room
temperature by using an Erichsen universal testing machine. After performing the tests, the
optical measurement system Argus offered by the company GOM was utilized to measure the
deformation of the deformed parts.

The circular specimens with a diameter of 180 mm were cut from the PUR and PES coated
sheet metal. Before testing, all specimens were printed with a circle-grid pattern on both sides
in order to measure the strain distributions on the coating layer and the steel substrate. The
diameter of the circular grid is | mm and the distance between them is 2 mm. A professional
screen-printing method was used to print the grid pattern on the decorative coating layer in
order to avoid mechanical failures like scratches during the printing process. On the black
PUR coating layer, the white grid patterns were printed. In contrast to that, the black circle-
grid was employed on the white PES coating layer. In order to increase the reliability of the
results, five specimens were used over each material. The procedure for the validation of the
FE results is depicted in Fig. 5-13.

Measured
Laptop

Grid pattern on Grid pattern on
coating layer steel substrate

Fig. 5-13: Procedure for validation of FE results

As comparative parameters, the radial strain, the hoop strain and the thickness reduction on
the steel substrate and the coating layer are taken into consideration. These parameters are
compared to the experiment in order to evaluate the accuracy and the robustness of the
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proposed simulation strategy. The comparison of the simulative with experimental results in
the case of the PUR coating is depicted in Fig. 5-14.
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Fig. 5-14: Comparison of strains on the coating layer in hydraulic bulge test - PUR coating

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

For the case of the PES coating, the comparisons between the numerical and experimental
results are shown in Fig. 5-15 and Fig. 5-16, respectively.
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Fig. 5-15: Comparison of strains on the coating layer of the hydraulic bulge test - PES coating
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Fig. 5-16: Comparison of thinning distribution - PES coating

Only a slight deviation was observed between the two results. The numerically predicted
strains are partially higher than the experimentally determined strains. This deviation occurs
at the top of the deformed part, where these strains are regular in all directions, i.e. @ = @».

5.4.2.2 Circular cup deep drawing process

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

(&)

Measured measurlng
Laptop\' | amplmer

Measurement
of strains [>

Measurement
of gloss reduction

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

For this purpose, the circular cup deep-drawing tests were conducted on the same Erichsen
universal testing machine at room temperature. The prepared procedure such as printing of the
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grid on both sides of the specimens is similar to the hydraulic bulge test. In this case, the
circular specimens with a diameter of 100 mm were cut from the PUR and the PES coated
sheet metal. The radial strain, the hoop strain and the thinning distribution of the cup are
chosen as comparative parameters.

In Fig. 5-18 and Fig. 5-19 the comparisons between the numerical and experimental results of
the PUR coated cup are depicted. As can be seen, the numerically predicted strain
components and the thinning distribution are in good agreement with the experimentally
determined results. The numerical radial and the hoop strains are found to be partially lower
than the correspondent parameters for the experimental results. The maximum deviation of
the strain values occurs with the cup wall portion and is smaller than 4%. The thinning
distribution shows a similar tendency. It is seen that the numerically predicted thickness value
is partially lower than the experimentally measured value. This effect occurs with the bottom
of the cup and a part of the cup wall. The comparison shows that the maximum deviation
between the FE and the measured thickness is smaller than 3 %.
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Fig. 5-18: Radial and hoop strain obtained by FE simulation and experiment — PUR coated cup
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Fig. 5-19: Comparison of thinning distribution - PUR coated cup
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In Fig. 5-20 and Fig. 5-21 the comparison between the numerical and the experimental results
in case of the PES coated cup are displayed.
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Fig. 5-20: Radial and hoop strain obtained by FE simulation and experiment — PES coated cup
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Fig. 5-21: Comparison of thinning distribution of the PES coated cup

Concerning the strain components, the difference between the two results are smaller than
those in the case of computation with the PUR coating layer. Considering the thickness
reduction, the numerically predicted thinning values are partially lower than the measured
results. The maximum difference occurs in the side wall portion of the deep draw cup.

5.4.2.3. Square cup deep drawing process

The validated procedure of the square cup deep drawing simulation is similar to the circular
cup deep drawing. The experimental square cup deep drawing processes using PUR and PES
coated sheets were also conducted on an Erichsen universal testing machine. The diameter of
the PUR coated specimens is 100 mm while the correspondent one of the PES coated is only
95 mm due to the limited formability of the steel substrate.



Simulation of forming process with OCSM 73

The comparison between the FE and the experimentally measured results in the case of PUR
coated sheet are shown in Fig. 5-22 and Fig. 5-23. Due to the geometrical characteristics, the
strain distributions are taken along two representative lines: the first one goes from the center
point of the bottom to the middle point of the part edge (section A); the other one also starts at
the central-bottom point, but goes to the corner of the part (section B).

The square cup results in different strain distributions over the circumference of the part. The
radial and hoop strains along the section A are definitely different from those along the
section B. In the bottom area of the part, there is a slight stretching of sheet metal. The
essential deformation begins at the inlet of the punch radius. Similar to the axisymmetrical
case, the larger deformation is observed in the area shortly after the punch radius, i.e. the
sidewall area. The radial strain around the die radius is slightly reduced due to the bending
effect. In the flange area, both the radial and hoop strain are continuously increased. The
thickness of the sheet in the flange area is, thus, thicker than the original one.
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Fig. 5-22: Comparison of strain distributions of the PUR coated square cup

The numerically predicted strains along the section B are similar to the deformation trend of
the circle cup. However, the radial tensile strain and the tangential compressive strain are



74 Simulation of forming process with OCSM

significantly higher than those of the section A. The largest decrease of thickness is observed
at the outlet of the punch radius. As a result, this area of the square cup preferentially tears on
account of too much stretching of the sheet metal. At the sidewall area, it is observed that not
only the radial strain but also the tangential strain rises and reaches the maximal value. Then,
these strains fall off to the rim of the flange area. The sheet thickness in the sidewall area

increases due to high the tangential compressive strain, i.e. negative strain ¢,.
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Fig. 5-23: Comparison of thickness reduction of the PUR coated square cup

Taking into consideration the strain distribution along the section A, there is a slight deviation
at the flange area of the part. Along the section B, the deviation is partially occurred at the
sidewall area of the radial strain. No considerable difference is observed on the tangential
strain. Both the thickness reductions along the section A and B show a slight deviation at the
sidewall area of the part.

In Fig. 5-24 and Fig. 5-25, the comparisons between the numerically and the experimentally
determined results of the PES coated square cup are shown.

Concerning the radial and the hoop strain along the significant section A, only a small
deviation at the lower corner around the punch radius and the flange area is observed. Along



Simulation of forming process with OCSM 75

the section B, the similar tendency is observed. The slight deviation is located at the punch
radius and the flange area. These resulting deviations are within the accuracy range of the
measured apparatus and cannot be avoided. The comparisons have indicated that the
difference between the numerical and the experimental strain is less than 4 %.

The comparison of the thickness reductions along the section A and B contribute a similar
observation as compared to the radial and the tangential deformation. Along the section A, the
predicted thickness reductions and the measured one in the bottom area of the square cup are
nearly identical as only a small deformation occurs. The maximal deviation occurs at the
corner around the punch radius, the area which includes a portion of the sidewall and the
corner around the die radius. Along the section B, the predicted thickness reduction of the
sheet thickness takes place at the end of the punch radius and reaches a value of 26 % while
the correspondent one of the experiment is approximately 23 %.
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Fig. 5-24: Comparison of thickness reduction of the PES coated square cup
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Fig. 5-25: Comparison of thickness reduction of the PUR coated square cup

In summary, it can be concluded that all simulation results are in good agreement with the
experimental results. The observed slight deviations between the two results are due to
“outdoor” factors not included in FE modeling, and inhomogeneous properties of the material.
In addition to that, the strain analysis using Argus optical system is strongly dependent on the
number of the printed grid points on the radius and the light reflection on the measured
surface. This may lead to the deviation between the two results. However, all comparisons
indicate that the maximal resulting deviations are lower than 5 %. This deviation value can
thus be acceptable. As a result, the potential and the feasibility of the proposed simulation
strategy are proven. In the next section, the benefit of the proposed strategy will be discussed.

5.4.3 Benefit assessment of modeling with coating layer

Considering the coating layer in an FE model, the proposed strategy has shown two
considerable advantages as compared to the case of the modeling without coating layer.



Simulation of forming process with OCSM 77

5.4.3.1. Improvement of computational accuracy

A veritable advantage is the improvement of computational accuracy by considering the
coating layer in an FE model. In order to observe this effect, the obtained strain distributions
of both the steel substrate and the coating layer for the deep drawing process of the PUR and
PES coated sheets are plotted together as shown in Fig. 5-26 and Fig. 5-27, respectively.

As can be seen, the bottom of the cup, which is in contact with the punch throughout the
process, is deformed only on a small level. As a result, the thickness of the blank in this area
is nearly constant. Both computations show that the strain distributions on the coating layer
and the steel substrate at the bottom of the cup are identical.
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Fig. 5-26: Strain distributions of the PUR coated cup
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Fig. 5-27: Strain distributions of the PES coated cup

At the side wall area, the radial strain of both steel substrate and coating are also identical. A
small difference concerning the hoop and the thickness strain in this area is observed. It is
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seen that the hoop strain of the steel substrate is slightly higher than the one of the coating
layer, whereas the thickness strain of the steel substrate is lower. However, a significant
difference between the substrate and the coating is observed at the bottom corner around the
punch and the top corner around the die due to the bending effect. Clearly, these areas are
bent under tension during the forming process. As a result, the strain distribution is strongly
dependent on the bending radius and the distance from the neutral line. Hence, a neglecting
the coating layer would lead to an underestimating of the bending effect, resulting in the
calculated strain deviations in the radii areas.

A comparison between Fig. 5-26 and Fig. 5-27 give an indication that the difference
concerning the thickness, the hoop and the radial strain of the steel substrate and the coating
layer in the case of the PES coated cup is lower than in the case of the PUR coated cup. The
reason is that the total thickness and the coating thickness of the PES coated sheet are smaller
than those of the PUR coated sheet metal.

5.4.3.1. Computation of stress distributions

Beside the improvement of accuracy, the modeling of the coating layer allows the
determination of the stress distribution on the coating layer, see Fig. 5-28.
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Fig. 5-28: Stress distribution on steel substrate and coating layer of the PUR coated cup

As can be seen, the numerically predicted results indicate that the coating layer undergoes a
large elastic deformation while the metal substrate an exhibits elastic-plastic deformation
during the forming process. This characterization leads to the different stress distribution of
both materials. As a result, the level of the equivalent stress of the coating layer is
significantly lower than that of the steel substrate. As per reviewed literature, the imposed
stresses on the coating layer are also the additional cause of the coating failure, in further
processing. Therefore, the determination of the stress distribution on the coating layer plays
an important role for the further development of an approach in order to predict the coating
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damage based on stress criteria. However, this approach is not further considered in the frame
of this research.

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

In this section, the prediction of the change of the surface property, i.e. the gloss reduction on
the basis of the numerical simulation and the experiment is expressed. Accordingly, the
evaluated procedure as shown in Fig. 5-29 is conducted.

Firstly, it is necessary to establish the gloss reduction curves versus the different strain values
and the strain states, as shown in Fig. 4-8, Fig. 4-9 and Fig. 4-10. Then, the forming process
of OCSM is simulated to determine the strain level and the strain states over the forming
parts. The simulation results are validated by the comparisons with the experimental results.
Once the numerical results are validated, the measured gloss reduction obtained by
experiments, which corresponds to the specific strain states and strain level, can be combined
with the strain states obtained by the simulation. Combining the strain states as well as the
strain values obtained by the FE simulation, the measured gloss reduction and the gloss
reduction diagram (GRD), the change of the surface property, which corresponds to a specific
the strain value and the strain state after the forming process, can be predicted.

FEM EXPERIMENT

O Strain states :} C O Strain states, strain levels
O Strain levels O Gloss reduction

Gloss reduction in %

Surface Quality
O Gloss reduction
O Roughness

Process design with the help
of Gloss Reduction Diagram (GRD)

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

To tackle this idea, the gloss reduction of the deep drawing cups is analyzed. The reason of
the choice of the cup is its characteristic that remains the different strain states and the strain
levels. According to the proposed method, the cup deep drawing process is first simulated.
The FE results given in the section 5.4.2 are used. The numerically predicted strain
distributions can be divided into different zones as shown in Fig. 5-30 and Fig. 5-31.
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Fig. 5-30: Different strain states of the PUR coated cup
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Fig. 5-31: Different strain states of the PES coated cup
The strain values at the three characteristic points which represent the different strain states
are considered in detail.

e apoint at the bottom area (denoted by BT),

e apoint at the side wall area (denoted by SW),

e apoint at the punch radius (denoted by PR).
Obviously, the bottom area of the cup in both cases remains the stretch forming and reaches
the lowest strain value as compared to other areas. At the bottom corner around the punch
radius, the numerically predicted strain value is significantly higher than the one at the bottom
area. This area reveals a bending under tension. At the end of this area (point C), the plane
strain state occurs. At the sidewall area, the strain level reaches the highest value and shows
the deep drawing state. The considered points BT, PR and SW are inserted into the FLDC in
order to compare the strain state and the strain level as shown in Fig. 5-32 and Fig. 5-33.
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Fig. 5-32: Measured and predicted strains of the experimental cup - PUR coating
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Fig. 5-33: Measured and predicted strains of the experimental cup - PES coating

It can clearly be seen that the strain level at the bottom of both the PUR and the PES coated
cup (BT point) matches well the first specimen’s strain value of the first series H;. The punch
radius (PR point) of the PUR cup can be combined with the second specimen’s strain value of
the second series H,. For the PES coated cup, the strain level in this area can be associated
with the strain value of the fourth specimen of the Nakajima series H,. At the sidewall area of
the PUR cup, the strain value of the point SW can be combined with the seventh specimen’s
strain value of the second Nakajima series H,. At the sidewall area of the PES coated cup, the
obtained strain can only be associated with the sixth specimen of the third series H3.

Based on the observations above, the gloss reduction at the bottom and the sidewall area can
directly be drawn out without any interpolation due to a good match of the strain state and the
strain level. Only the strain states at the point SW are beyond the one which could be reached
by the Nakajima specimens. Concretely, the observed deviation between the strains of the
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point SW and the reference strain of the Nakajima specimen is lower than 2 % in the case of
the PUR coated cup and is approximately 4 % for the PES coated cup. Hence, the gloss
reduction at the point SW of both the PUR and PES coated cup can only be evaluated by using

an appropriated interpolation.

In Fig. 5-34 and Fig. 5-35, the correlations between the strain states at the points BT, PR and

SW and the GRD of the PUR and the PES coated cup are illustrated.
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Fig. 5-34: Strain values of the PUR coated cup in association with GRD
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Fig. 5-35: Strain values of the PES coated cup in association with GRD
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According to the results obtained by the reference Nakajima specimens, the predicted gloss
reduction at the bottom area of the PUR cup is only LGgr rem pur = 7.7 %. Around the punch
radius, the gloss reduction is considerably higher than the one at the bottom area and reaches a
value of LGpRr rgm pur = 14.2 %. At the sidewall area, the gloss reduction reaches a value of
LGsw rem pur = 34.5 %. In the case of the PES coating, the correspondingly predicted gloss
reductions are LGBT?FEM?PES =9.02 %, LGPRﬁFEMiPES =37.22 % and LGSW?FEM?PES =51.3 %.

In order to validate the predicted results, the deep drawing tests using the PUR and the PES
coatings are carried out. Then, the gloss reduction on the correspondent areas of the cup is
measured using a special gloss apparatus, namely NOVO-CURVE. A comparison between the
experimentally measured results obtained by the cup deep-drawing test and the reference
gloss reduction is shown in Table 5-5.

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

Predicted gloss reduction i e
on deep drawing part Measured gloss reduction De'V|at|on
in % in % in %
PUR Coating [ PES Coating |PUR Coating | PES Coating [PUR Coating | PES Coating
Bottom 7.70 9.02 5.20 11.63 2.50 2.61
Punch radius|  14.20 37.22 16.50 41.67 2.30 4.45
Sidewall 34.50 51.30 37.50 54.80 3.00 3.50

It can be seen that the deviation between the gloss values of the Nakajima specimens and the
deep drawing part at assimilable states, i.e. points BT and PR, are between 2-3 %. The
maximal deviation is 4.45 % and occurs at the punch radius due to the difficulty of the gloss
measurement on the small curvature radius. Only at the point SW of both investigated
materials, an interpolation of the gloss values is required. The deviation between the
interpolated reference data and the experimentally determined gloss values of the PUR and
the PES deep drawing parts are 3 % and 3.50 %, respectively. All the observations indicate
that the deviation between the measured and the predicted gloss reduction is smaller than 5 %.
This is the accuracy range of the measurement apparatus and is therefore acceptable.

5.5.2 Cracking of the coating layer

Cracking is the failure that leads to a loss of attractive and protective properties of the coating
layer. The cracking occurs due to high sufficient tensile stress on the coating layer resulting
from large deformations on the steel substrate. In order to predict cracking of the coating
layer, the established FLDCs are employed. In this section, the prediction of the cracking of
the circular and square deep drawing cup using OCSM is presented.

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

In Fig. 5-38, the predicted strain value in conjuction with the FLDC and the experimentally
conducted square cup in the case of the PUS coating layer are displayed. It can be seen that
the numerically predicted strain at the corner of the square cup is significantly higher than the
correspondent one of the FLDC. This results in a very high thinning of the coating layer. In
the conducted experimentation, the cracking of the PUR coating is observed at the corner of
the square cup. A comparison between the simulation and the experimentation gives an
indication that the numerical prediction is in good agreement with the experimentally

determined results.
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Fig. 5-38: Cracking on the coating layer of the PUR coated square cup

The investigations above demonstrate that the analyzed results of the deep-drawing part
consolidate the reference data obtained by the Nakajima test. As a result, the reference data
can be applied to predict the optical properties of the OCSM products after an industrial
forming process. According to the proposed method, it is necessary to establish the gloss
reduction curves versus the different strain values. Then, based on these sample curves, the
gloss reduction which corresponds to a specific strain value and strain state can be predicted.

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

5.6 Conclusion

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

The proposed strategy for the prediction of the optical property changed by using the FE
simulation in conjunction with the reference Nakajima test have proven the applicable of the
used strategy with an acceptable accuracy. The obtained FLDC can be successfully used to
predict the failure of the OCSM products.

In the next chapter, the transferability of the proposed simulation strategy for the forming of a
complex geometry in the automobile industry is discussed. The obtained relations in chapter
four are utilized to optimize the process parameters of the HDD forming technique.
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6 Material-specific process design of hydro-mechanical deep drawing for
organically coated sheet metal

As investigated above, the change of the surface properties of the OCSM is significantly
dependent on the strain state and the strain level of the formed part. Hence, the surface quality
can be adapted or optimized if both strain states and strain level could be regulated. In this
chapter, this knowledge gained in Chapter 4 and Chapter 5 is used for the design of hydro-
mechanical deep drawing (HDD) to manufacture a parabolic reflector made of OCSM. By
combining the main process parameters, i.e. the hydraulic counter pressure and the blank
holder force, the strain states over the parabolic reflector part are controlled in order to shift
the strain state in direction to positive strain ratios (f > 0) that provides the minimum of the
gloss reduction. The changes of the surface properties, e.g. the gloss value depending on the
strain states and the strain ratio of the parabolic reflector 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 metal are an interesting alternative in the
automobile industry as compared to the plastic headlight systems because of the economic
efficiency, the high temperature resistance and the high thermal conductivity, Kleiner &
Rogner (2004). The common form of the lighting reflector part is a parabolic due to its
characterization of the light reflection during the working process, Fig. 6- 1.

— Radiation == Convection

Fig. 6- 1: Passenger headlamp system

Paraboloid is one of the typical geometries that cannot be formed in one step by means of the
conventional forming techniques due to the occurrence of large unsupported forming zones
which can lead to the wall wrinkles. By using the HDD technology, this geometry can be
formed with a reduced number of forming steps compared to the conventional forming
methods as shown in Fig. 2- 18, while the dimensional accuracy and the surface quality are
remarkably improved. Comparably to the conventional deep drawing process, the process
window of the HDD is limited by the occurrence of the defects like necking, rupture or
extensive thinning on the one hand or wrinkling at the part 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 is utilized to conduct the HDD experiment in
order to validate the numerical investigation concerning the influence of the BHF and the
counter pressure on the surface quality of OCSM, are presented.

The HDD tooling system for all experimentations is first designed and manufactured. Fig. 6-
2 depicts the 3D model and the manufactured tool. The die design for the HDD tooling
requires a particular attention due to the high fluid pressure acting directly on the sheet metal.
The counter pressure recipient is designed as a thick-shell pressure vessel by using a high
strength steel. An axial sealing is pressed into a groove in the die ring in order to avoid
leakage of the fluid. The BHF is generally generated independent of the press force by using
an external hydraulic unit or by employing the blank holder slide in a double-acting press. In
this design, the four hydraulic cylinders created the BHF through the blank holder plate. The
BHF is controlled by an external hydraulic system that can change the working pressure in
each cylinder.

Hydraulic
cylinders
(for BHF)

Blankholder

Guide
bushings
Counter
pressure
recipient
3D_Model of hydro-mechanical Manufactured hydro-mechanical
deep drawing tool deep drawing tool

Fig. 6- 2: Tooling system for HDD process

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

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

During the HDD process, the punch travel is the key parameter to be controlled because both
the counter pressure and the BHF depend on the punch travel. This parameter is measured by
means of a travel sensor which is mounted on the upper plate of the die set. In this context, the
counter pressure and the BHF depending on the punch travel act as input data of the process.
In order to control the BHF and the counter pressure depending on the punch travel, the
control software DIADEM of National Instrument software package was employed. This
software allows establishing an online close-loop control of any manufacturing process.

For all conducted experimental investigations, a modern CNC-programmable hydraulic press
of the Schuler Hydrap Company (Model HPSZK 100) was utilized, Fig. 6- 4.
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Fig. 6- 4: Experimental equipment for HDD process
6.3 Analytical model for HDD process

In order to investigate the influence of special process parameters like counter pressure and
blank holder force on the strain states and strain distribution over the forming part, an
analytical model of the HDD process for the parabolic part is first presented. The relations
between the strain, the stress and the process parameters as well as the geometrical parameters
in different areas are established. These establishments in this work are fundamentally based
on the analytical model for the hydroforming of hemispherical cups, which is contributed by
Lo et al. (1993). However, Lo only established and focused on formulas for the flange and the
unsupported region to compute the limit (failure) counter pressure at plastic instabilities
(rupture and wrinkling instability). However, the punch-head area was neglected on account
of the assumption of rigid movement with punch during the forming process.

The exploitation here is basically in opposite direction as compared to Lo’s contribution. The
new idea is that a computational algorithm and a MATLAB program are developed that allow
the computation of the strain distribution of the forming part depending on varying counter
pressure and the BHF. Using the developed MATLAB tool, the influence of the process
parameters can be investigated very fast (within several seconds) in order to get the desired
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strain distributions that provide the best surface quality, as presented in chapter four. A further
contribution of this research work is the adaption of the analytical model to a more
complicated geometry, i.e. the parabolic form. Hence, the relations between the process
parameters and the geometrical parameters are also different compared to the hemispherical
form. The deformation process is completely investigated from the flange to the unsupported
region and the punch-head region. It has to be noted that, at the beginning of forming process,
the sheet metal in the punch-head region undergoes plastic deformation which is preserved by
a friction force. Then, it moves with the punch as a rigid body. In this research, the strain
distributions of the sheet in the punch head region have to be considered because they play an
important role for evaluations of the surface quality.

The deformation process involved in the HDD process can be divided into three stages. First,
the sheet metal undergoes a radial drawing in the flange area. Then, in the unsupported area
occurs plastic bending and unbending around the die radius under the presence of hydraulic
pressure in the water pot. At the same time, the sheet metal which is in contact with the top
area of the punch is formed into the water pot when the punch descends. After that, the sheet
metal is pressed onto the punch wall by hydraulic pressure on the opposite side of the sheet
metal because the punch moves continuously down into the die cavity, Fig. 6- 5.
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Fig. 6- 5: Deformation process involved in HDD and geometrical parameters

In order to analyze the strain and stress of the HDD process with the parabolic part, the work
piece is divided into three parts according to the deformed shape which is named flange
(region I), unsupported (region II) and punch-head region (region III). It is noted that the size
of these regions depends significantly on the punch travel. The first two regions undergo large
plastic deformation during the forming process. The third one first undergoes plastic
deformation. Then, it moves with the punch, which can be assumed to be a rigid movement.
Fig. 6- 5b illustrates these different computational regions of the HDD process.
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For ease of comprehension, the basic knowledge used and the main set of equations derived
by Lo et al. (1993) are summarized. The differences regarding the geometrical relations in
each region compared to the hemispherical form in Lo’s contribution are also pointed out.

6.3.1 Strain and stress analysis in the flange region (Region I)

The stresses acting on an element at radius r in the flange region (Region I) is shown in Fig.
6- 6. In order to establish the equilibrium equation, an element with the thickness 7 on the
flange region is considered. The friction coefficient between the blank and the blank holder

and the die surface are denoted by ; and 14, respectively.
The following basic assumptions are considered:
e The punch and die are assumed to be rigid bodies.

e The geometry of the part is a surface of revolution, thus it is symmetric about a central
axis. The thickness, the loads and the stresses are axisymmetrical during forming.

¢ Bending moments are negligible (o; = 0).

e Because of axial symmetry, the hoop (op) and the radial (o) stresses are principal
(01= 06, 3= 0v).

e The sheet metal thickness  is constant during the forming process.

® Tresca flow condition is assumed to be applicable.

J

hy
/ ry h he
/
pd
y / ’ ,/// / ’

Fig. 6- 6: Stresses on an element at the flange area

As presented in Fig. 6- 6, the force equilibrium in radial drawing direction can be written as:

—0,trd0+ (0, +do, )t +dt)(r +dr)d@+ (i, + p, )ro.d8dr —20,(t +%)dr sind—; =0 6.1)
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The polar equilibrium equation in this case is given as follows, Lo et al. (1993):

419) L (6, —6,)+ F(p) =0 6.2)
dr r

where F(p) is the total friction force on both surfaces of the flange region.
F(p) =04 +4)p, (6.3)

where p; is blank holder pressure.

By substitution of the Tresca yield condition, the equation (6.2) is rewritten as:

do, 1., U4 +tﬂz)l71 -0 (6. 4)

dar r
By taking integration in the range from Rs to Ry, equation (6.4) can be derived as follows:

R, —
Gr:j%dﬁw(&_&):o 6.5)

RS
Assuming the sheet metal follows a generalized Swift’s power-hardening law:
G=K(g,+&)" (6. 6)

where K, & , and n are the material constant characterizing the flow stress and the hardening
of the material. Thus, equation (6.5) is rewritten as:
R, —
fK(g,+E&)" +
O-,IZJ. ( 0 ) dr+(/l‘l] t/lz)p] (Rh_RS):O
r
RS

6.7)

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

S 4R [ R
= E+ et (6. 8)
J1+2R 1+R "% °

where R is the parameter that represents the orthotropic of the sheet material.

In this area, the change of the sheet thickness is not large and thus, it was assumed that it can
be neglected. The volume constancy condition leads to:

&, =—¢ org=—¢ 6.9)

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

VAR =Re (6. 10)

E =

Ji+2R 7 !

The radial strain & can be determined as follows:

£=

rd '
e,:—j%:m% 6. 11)

o

In equation (6.11) r is the current radius of a computational element which has the initial

location on the undeformed blank with the radius 7'

<. The relation between r, punch travel £,
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and current curvature p, in case of r between (r, + p)cost and Ry is computed on the basis of
the volume constancy condition and is expressed as follows.

(r/r )2—(1+p/r )zcos2 a’+2(1—Siﬂa)|:1_(/’/” )2]

) =r 7 ’ ' 6. 12)
H2p/ 1)+ p! 17w 2—)cos

with @ =arcsin[(r, + p—h,)/ (r, + p)]

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

By the solving equations (6.7) referring to the relations in (6. 10), (6. 11) and (6. 12), the
stress and strain distribution in the flange area are determined. Obviously, these distributions
in this region depend mainly on the friction coefficients 4, t, blank holder pressure p; and

the counter pressure which is represented by the curvature p.
6.3.2 Strain and stress analysis in the unsupported region (Region II)

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

g;: tangent of meridian
g»: tangent of hoop
g3: normal

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

It is a doubly curved surface with a normal gz at point A. Two tangent vectors in meridian and
hoop direction are gy and g,, respectively. This surface has two radii of principle curvature,

namely ppand p,. The following geometrical relations can be drawn:

r=p,sing

dr = p,cospdp ©.13)
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Considering an element at radius r in the unsupported region, Fig. 6- 8, we have:

ds,=p,de

ds, =rd@= p,sinpdd (6. 14)
dA=dsds, = p,p,sinpdpd6

where dA is the element surface, ds; and ds; are the lengths of the element edges along the
meridian and hoop directions, respectively.

In Fig. 6- 8, the stresses acting on an element at radius r in the unsupported area region,
region II, are shown. Clearly, this is a symmetric geometry, hence, there are no in-plane shear

stresses Zog and Tyg.

As shown in Fig. 6- 8, a shell element of sides ds; and ds; is considered. Due to the counter
pressure there is no contact between the sheet metal and the die profile radius. The fluid
pressure p acting on this element exerts an inward force F along the surface normal g3:

F = pdA=pp,p,sin pdepdo (6. 15)
Due to the curvature of the shell element, the force in the hoop (circumferential) direction
exerts an inward component in the horizontal direction:

(6. 16)

Fy,=0,ds, =o,p,de

ﬂJe

hy p

s h] hy o

i Rp

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

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

Fysingpd6=o,1p,desinpdd

F,cos pd@ = o,tp,dgcos §d (6. 17)
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The stresses along the meridian exert a force F;:
F =o.ds,=0.tp,sinpdd (6. 18)
Similarly, due to the curvature of the shell element, F, exerts force components in the surface
normal and tangent of meridian, respectively, as:
rde

d(r)

F+2) o - gy
do d

(6.19)

Hence, the equilibrium equation in the direction normal to the surface and in the direction of
the meridian tangent can be written as:

F=F,sinpd0+Fdg

dF, (6.20)

Ldp—F,cospdf=0
d(p¢ » Cos d

If we substitute the geometry relations from (6. 13) to (6. 19) into the equation (6. 20), then
we get the equilibrium conditions in the normal and in the meridian tangent as:
o, O
p=(t+=)t (6.21)
o Py
d
@) P,

c,=0 6.22
dr "D, ¢ ( )

In case of a sphere geometry, we have pp = pyp = p, then (6.22) becomes:

do,

1
+—(0,-0,)=0 (6.23)
dr r

For the sake of simplicity, the equation (6.23) is used. Integrating the equation (6.23), we
obtain radial stress in region II:

(r,+p)sing —

o

o= | @drw (6.24)
r,sing

In the equation (6. 24), the constant of integration C is the value of o; at the transition line
between region I and region II. That means, the position r equals to Rs = (rp + p)sin@. To
solve the equation (6.24) and to compute the strain component at this region, the procedure is
similar to the computation in region I with respect to the continuity condition of o;. Hence,
the equation (6.24) becomes:

o' =o! [r =(r, +p)sin¢]+

(rp+p)sing —_
P K +2)"
[ Ke+ey ,, (6. 25)

r

And the hoop stress in this region is:

o) =0"-0 (6. 26)
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where the equivalent stress is determined by the equation (6.6).

The radial strain in this area is determined as follows:

1

& =’ (6.27)
r

in case of r between rpsin@ < r < (rp + P)cOSOL

In equation (6.27), 1" is deduced from the geometry relation between r and other geometrical
parameters that can be determined on the basis of the volume constancy condition and takes
the following form in region II.

2
rh= ﬁrp 1-sinar+2 a +£)(§ —a— fB)cosa+ [p] (sinar—cos ﬂ)} (6.28)
r r

» T

where

(6.29)

ﬂ:mm[WJ

P

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

It is clear that the the distribution of the strains and the stresses in this region depends on the
counter pressure during the forming process. If the fluid pressure is too high, the height of the
pre-bulging zone is also increased, which could lead to failure of the forming part. On the
contrary, if the fluid pressure is not sufficient, it will lead to wrinkles on the sidewall area of
the part.

6.3.3 Analysis of strain and stress in the punch head (Region III)

As shown in Fig. 6- 9, a shell element of sides dsi= ped¢ and ds> = rd® is also considered in
order to establish the equilibrium equation. Due to the counter pressure there is a contact
between the sheet metal and the punch head. The friction coefficient in this area is denoted
by 43 and the correspondent friction force increment is denoted by dN. The fluid pressure p
and the friction force on this element exert an inward and outward force along the surface
normal, respectively:

dN — pdA (6.30)
As computed in the previous section, the equilibrium equation in the direction normal to the
surface and in the direction of the meridian tangent can be derived as follow:
pdA=F,sinpd6+F dp+dN

dF, (6.31)

dq; do—F,cospdf=0




98 Material-specific process design of hydro-mechanical deep drawing for
organically coated sheet metal

VA
L
@ curvatures
Rp
Ry meridian ;Erface
Ry plane normal
Rs
S 1
‘ot A\ -
A ’p .
T, hl hy ¢
dr
Rp

Fig. 6- 9: Stresses on an element at the punch head
Substitute the geometry relations from (6.13) to (6.19) into the equation (6.31) we also get:
o, dN

=(@+ )t ————
=, P, Pep,sinpdedd (6.32)

d(o,) P,

r—"+0 --20,=0 6.33
ar 2, (6.33)
If the punch head is a part of a sphere i.e. p, = pe, then equation (6.33) becomes:

do, 1
7'+7(O'r_0'9)=0 (6.34)

dr r
Similar to the solution procedure in region II, the radial stress o;in region III can be computed
as follows:

rpsing —\n
" =a" [r=r,sing]+ ,[ K&+e) 4 (6. 35)
r
o' =0" -G (6. 36)

where the equivalent strain is determined by the equation (6.6). The radial strain in this area
is determined as follows:

- '6111
£M =1n - (6.37)
r

for r is smaller than rpsin@
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In equation (6.37), /' is determined from the volume constancy condition in region III and
is the expressed as follows:

" =\2r’(1-cosy)  where y=sin™(r/r,) (6. 38)

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

6.3.4 Algorithm and analytical result

In Fig. 6- 10 the developed algorithm for the computation of the strain distribution using
analytical model is shown.
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Fig. 6- 10: Algorithm for computation of strain distribution

Due to the complex geometry of the parabolic punch, the radius r, at the contact point with the
sheet metal varies during the forming process, Fig. 6- 11. Therefore, it is impossible to
express explicitly the relation between r;, and other parameters. For the sake of simplicity, the
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contact radius r, is kept constant during the forming process. Thus, the form of the punch
becomes a spherical geometry.

ha b

L,

Fig. 6- 11: Variation of r, during HDD process in case of parabolic geometry

According to the algorithm in Fig. 6- 10, the geometrical parameters of the forming tools such
as radius of die ring Rp, punch geometry Rp, initial thickness of blank #y, initial blank radius
Ry must be given as the first step. As the next step, the process parameters Fpyr, friction
coefficients yy, b, f3, maximal punch travel s, material parameters must also be given. The
punch travel will be used as dependent parameter of this algorithm. The computation of the
counter pressure p and the Fpyr as a function of the punch travel is subsequently calculated in
the third step. In the fourth step, the necessary relations between the resulting angles ¢ ¢ and
the geometrical parameters i.e. r,, hp are established and computed. By using the equations
which have been established in the above sections from 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 counter pressures p are proposed as shown in Fig. 6-
12. The counter pressure of curve A is divided into three periods. The first one is
correspondent to the first 10 mm of the punch travel. In this period, the fluid pressure p is
increased from zero to 5 MPa. Afterward, it is kept constant until the punch travel reaches the
value of 42 mm depth. In the last period, the counter pressure p sharply rises to a maximum
value of 25 MPa and acts as calibration process in case of complex geometries.

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

For the curve C, the fluid pressure p is gradually raised from O to 5 MPa when the punch
descends from O till 40 mm. The fluid pressure p is rapidly increased to 20 MPa in the rest
part of the punch travel to calibrate the part geometry. By utilizing this curve, the bulging
effect is prevented. As a result, the more the fluid pressure p is increased, the better the sheet
metal is pressed on the punch profile. The analytical results concerning the radial and the
hoop strain compared to the correspondent numerical results are displayed in Fig. 6- 13.
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Fig. 6- 13: Analytical results compared to the FE simulation
As can be seen, the analytical results are qualitatively in good accordance with the numerical
reference results. The maximal deviation occurs at the center of the part due to the assumption

that the thickness of the sheet remains constant. The resulting radial strain ¢ in both analytical
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and FE results is either greater than zero or equal to zero. In contrast to that, the FE predicted
hoop strain ¢ in circumferential direction is greater than zero or smaller than zero or even
equal to zero in the case of the plane strain. The analytically computed hoop strain ¢ is
smaller than zero. The analytical results have also qualitatively indicated that the strain level
over the forming part is affected by the type of the counter pressure curve. The maximal strain
level is obtained with the pressure curve C.

Obviously, the considerable advantage of the MATLAB developed tool is that the influences
of the key process parameters on the strain states and the strain distribution can be rapidly
evaluated. The computation time is less than 5 seconds. Furthermore, this can provide a useful
guidance for predefining the process parameters and for optimizing the HDD process.

In order to observe the influences of the BHF on the strain distribution, the counter pressure p
is kept constant while the BHF magnitude is changed. Then, the BHF is kept constant for the
investigation of the influence of the counter pressure p. In Fig. 6- 14 and Fig. 6- 15, the strain
distribution over the forming part affected by the BHF and the counter pressure p are shown.
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Fig. 6- 14: Strain distribution affected by the BHF obtained by analytical computation
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Fig. 6- 15: Strain distribution affected by the counter pressure obtained by analytical model

In Fig. 6- 14 and Fig. 6- 15, the computation using the pressure curve A is chosen for the
illustration. The computation with the pressure curves B and C gives an indication of a similar
tendency of the strain distributions. For ease of reference, the combination of the
dependencies between the maximal radial strain in the unsupported area, the counter pressure
p and the BHF during the HDD process is shown in Fig. 6- 16.

Obviously, the strain distributions are affected by both the BHF and the counter pressure p.
Under the same counter pressure p, an increase of the BHF results in a slight moving down of
the strain path in the unsupported area. As a result, the maximal radial strain in this area is
decreased. In contrast to that, the strain path is shifted upward with increasing the counter
pressure level, under the same BHF.

This resulting decrease of the radial strain in the unsupported area can be explained on the
basis of the strain hardening property of the investigated material. Accordingly, the steel
substrate becomes harder with increasing the BHF. This consequently leads to a decrease of
the bulge height under the same counter pressure p. The bulge height can also be considered
as a function of the material properties and the counter pressure p, Khandeparkar (2007). As a
result, the radial strain level is decreased by an increase of the BHF.
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Fig. 6- 16: Relation between maximal radial strain in the unsupported area, counter pressure
and BHF

As investigated in Chapter 4, the change of the surface properties significantly depends on the
strain states and the strain level of the forming parts. The stretch forming and the plane strain
state, which correspond to the strain ratio § > 0, will provide the lowest gloss reduction and
roughness. Additionally, the low strain level will result in a low gloss reduction and
roughness. The analytical results also give an indication that the radial strain is always greater
than zero, whereas the hoop strain is either lower than zero or even equal to zero depending
on the position of the part. This qualitative observation is a basic underlying know-how for
the determination of the process parameters of the HDD process that can fulfill the desired
surface quality.
Accordingly, the selection of the process parameters, such as the counter pressure p and the
BHEF, has to satisfy the two requirements as follows:

1. Maximal width of the tensile region, § >0

2. Low strain level
However, both requirements lead to a conflict of goals. The first requirement could only be
achieved, if the compressive strain gy is minimized. The compressive strains ¢ =In(x/x,) <0
could only be minimized if the radial strain ¢ is increased on the sidewall of the part so that
the material point xop remains in its radial position, i.e. the point P; (see Fig. 6- 17). An
increase of the radial strain ¢ results in a higher equivalent strain or a higher strain level, in
other words. As a result, this leads to the dissatisfaction of the second requirements.
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Fig. 6- 17: Material point in case of without and with radial strain

According to the previous investigations, the gloss reduction is affected by both the strain
ratio and the level of effective strain. Therefore, the applied BHF should be as high as
possible to increase radial strain, whereas the counter pressure should be as low as possible.

6.4 Investigation of HDD process by FEA and experiments

In this section, the developed simulation strategy as shown in chapter five is continuously
applied to the HDD process. Furthermore, the influences of the counter pressure p and the
BHF on the strain distribution of the forming part are numerically investigated by combining
with the analytically obtained conclusions. The numerical results are validated by the
experiments. The gloss reduction depending on the strain distribution and the strain level is
also evaluated. On this basis, the optimal process parameters, such as the suitable type of the
pressure curve, the counter pressure level and the BHF, that result in the lowest gloss
reduction are drawn out.

6.4.1 Simulation set-up

The HDD process is computed by using Abaqus finite element code that allows a combination
of both the steel substrate and the coating layer in only one FE model. The numerical model is
depicted in Fig. 6- 18.

Only a quarter of the construction was modeled due to the axisymmetrical property. The
thickness of the steel substrate was discretized in four layers of an hexahedral solid element.
For the coating layer, four layers of the Herrmann formulation element were employed. The
perfect adhesion force at the interface between the steel substrate and the coating layer was
assumed. Contact assuming Coulomb friction between the blank and the punch, the blank -
die surface, and the blank - blank holder was modeled. Friction between the blank and the die
surface is denoted by y, between the blank and the surface of the blank holder is denoted by
1h. These values are very low since the counter pressure increases 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 lubrication condition is created between blank and
die radius due to the influence of the fluid pressure. According to Meuthen & Jandel (2005),
the friction coefficient between organic coating and steel tools is smaller than 0.05 if a highly
volatile oil is used as lubricating material. The last investigations at the IUL, which were
carried out by Kleiner et al. (2002), also proved that the friction coefficient of organic coated
material is lower than 0.05. For this reason, the values g and , were assumed to be 0.02.
Since the punch is not lubricated in the experiment in order to sufficiently attain the friction
increasing effect, the friction between the punch and the blank, denoted by t4, is much higher
than g and g and assumed to be 0.16. Symmetrical boundary conditions are specified on the
appropriate edge of the blank. The fluid pressure was modeled as a distributed pressure that
depends on the punch travel. Hence, the simulated and experimental conditions are considered
to be approximately similar.
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Fig. 6- 19: Fluid counter pressure and blank holder force
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The fluid pressure curve and the correspondent BHF depending on the punch travel are
illustrated in Fig. 6- 19. In this computation, the pressure curve C and the BHF curve 1 was
chosen.

6.4.2 FE results and validations

The hydro-mechanical deep drawing tests were carried out on a modern CNC-programmable
hydraulic press of the Schuler Hydrap Company in order to validate the obtained FE results.
Consequently, the optical measured systems Argus and Atos were utilized to evaluate not only
the strains but also the geometrical accuracy of the forming part.

Concerning the geometrical accuracy, cross sections were cut off from the parabolic reflector
parts in order to compare the forming stages obtained by FE simulation and experiment. This
comparison is shown in Fig. 6- 20.
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Fig. 6- 20: Comparison of the forming stages between FE simulation and experiment

Clearly, the forming stages obtained by FE simulation are in good agreement with the
experimental results. It is seen that the pre-bulging effect was observed at the first period of
the punch travel which is correspondent to 10 mm depth. Both FE and experimental results
indicate that the bulging height attained the maximum value at a punch travel of 20 mm depth.
When the punch reaches the value of 30 mm depth, this effect still exists, but the height of the
bulging is significantly reduced. At the end of the HDD process, a slight deviation between
the numerical and experimental result was observed. The experimentations have shown the
existence of a small bulge on account of high counter pressure during the calibration phase. In
contrast to that, no significant bulge effect is observed with the FE results.

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

The obtained strain distributions represent two strain states, namely tensile strain and tensile-
compressive strain. The dividing line between these two is observed at the position where the
tangential hoop strain is equal to zero, which corresponds to the 60 mm of the length along
the part profile. During the HDD process, the counter pressure p pushes the OCSM against the
punch face. This results in an increase of the frictional force between the blank and the punch
surface. Hence, the relative movement of the blank with respect to the punch is restricted. As
a result, a higher radial stresses can be transferred to the drawing zone from the punch head,
Khandeparkar (2007). The increased radial stresses will lead to higher radial strains. Due to
the characterization of the parabolic geometry, the flange and the unsupported area are
relatively large. As a result, this causes larger compressive stresses and in turn higher hoop
strains, Khandeparkar (2007).

In the case of the PES coating layer, the numerically predicted strains are in quite good
agreement with the conducted experimentations, as shown in Fig. 6- 22. The thinning
obtained with the FE simulation reaches a value of 35 % while tearing occurs around the top
and the side wall of the forming part during experimentation. All the conducted experiments
give evidence that the forming window of the PES coated sheet metal is very small. The upper
limit of the BHF in this case is 75 KN. Tearing does not occur when the BHF gradually
decreases, but wrinkles are observed in the circumferential direction.

Obviously, it is impossible to identify the forming window of the PES coated sheet metal in
the HDD process due to the low formability of the steel substrate. The steel substrate DX51 of
the PES coating is susceptible to strain ageing. The strain ageing has the effect of increasing
the initial yielding stress to the upper yield stress. Beyond this, the yielding occurs in a
discontinuous form and can be clearly seen in the tensile test as the so called Liider’s line. The
amount of discontinuous strain is called the yield point elongation (YPE). For the steels that
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have a significant YPE, more than 1 %, are normally unsuitable for forming due to non-
smooth deformation and visible markings on the forming part, Marciniak & Duncan (1991).
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Fig. 6- 22: Comparison of strain distributions between simulation and experiment — PES

In Fig. 6- 23, the comparison of the thickness variations between the FE and the experiment
results of the PUR coated parabolic reflector is shown. The FE predicted thickness varies
along the profile of the parabolic part in the same manner as in the experimental one. The
thickness variations are relatively homogenous. It can be seen that the sheet metal is thickened
in the flange region. Afterward, it decreases steadily and reaches the maximum at the area
around the top of the parabolic part. The maximal thinning obtained by experimentation is
approximately 24 % in comparison to 26.6 % of the simulation. At the top of the part, where
the sheet is in contact with the punch nose at the beginning of the process, the thinning is
significantly reduced and reaches a value of 20 % compared to the initial thickness. The FE
results are nearly coincident with the experimental results at the sidewall area of the part. The
larger deviation is partially located at the flange and the punch head area. At these positions,
the obtained FE result is approximately 5 % higher than the experimental result.



110 Material-specific process design of hydro-mechanical deep drawing for
organically coated sheet metal

307 HydroMec

- PUR Coating —®— Experiment
251 . Ppress. curve C —@— Simulation

=204 BHF-1 - 75KN

£

5 15

8

5 104

>

@ 5

o

f=

g 01

e

=

0 10 20 30 40 50 60 70 80 90
Length along profile in mm

Fig. 6- 23: Comparison of the thickness variation of the PUR coated reflector part

Clearly, all observations show that the numerically predicted strains are in good agreement
with the experimentally determined results. By combining this with the given suggestions in
the above section, the determination of the optimal process parameters that can provide the
desired surface property is presented in the next section.

6.4.3 Influence of counter pressure on the strain distribution

In this section, the influences of the counter pressure p on the strain distribution, which
determines the final surface quality of the reflector part, are investigated. The suitable
pressure curve, which can provide the best surface quality in terms of gloss reduction and
roughness degree, are determined.

The determination of the pressure curve is basically based on the given suggestion obtained
by the analytical results in section 6.3.4. Accordingly, the maximal width of the tensile-strain
region and the low strain level must be considered as evaluative criteria in order to assure low
gloss reduction. As shown in the above section, the significantly strong point of the developed
analytical model is that the strain distribution is rapidly computed. Nevertheless, the use of
the analytical tool to determine the tensile-strain region is nearly impossible on account of the
assumption of constant thickness. Therefore, the use of the verified FE strategy in
combination with the analytical results for the determination of the process parameters is
necessary.

In order to determine the type of the pressure curve that can satisfy both above requirements,
three different pressure curves based on the proposed pressure curves in Fig. 2- 21 and Fig. 6-
12 are employed. The BHF in this case is kept constant as shown in Fig. 6- 24. These pressure
curves characterize the different process strategies of hydro-mechanical deep drawing as
indicated in the section 6.3.4. The preliminary investigations have shown that a too high
pressure at the beginning of the punch travel strongly leads to pre-bulging effect, a reduced
blank holder force are partly compensated by the load of the counter pressure onto the sealing
area at the blank holder) and, consequently, causes the wrinkling of the deformed part.
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Therefore, a relatively low pressure level is suggested at the beginning of the HDD process,
Lange (1990).
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Fig. 6- 24: Pressure curves depending on punch travel and BHF

Fig. 6- 25 displays the strain distributions obtained by ABAQUS simulation depending on the
fluid pressure curves in the case of PUR coating. The figure shows the counter pressure
profile has a significant influence on the strain distribution of the reflector part. Taking into
consideration the deformation modes in sheet metal forming, the strain distribution can be
divided into two different zones, namely tensile —tensile strain (strain ratio £ > 0) and tensile-
compressive strain (strain ratio £ < 0). The dividing point is located at the position where the
tangential true strain equals zero. At this position, the strain state can be considered as plane
strain (strain ratio = 0).
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Fig. 6- 25: Strain distributions depending on the counter pressure curve - PUR coating
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The numerically predicted strain distributions have clearly indicated that the pressure curve A
provides the broadest area of the positive strain ratio £ compared to the other curves. The
smallest tensile region occurs with the pressure curve C. Considering the strain level in
critical areas, i.e. top and sidewall area of the part, the pressure curve A also provides a lower
strain level compared to the one in case of the pressure curves B and C. This observation is
also compatible with the analytical results as shown in Fig. 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 quality and geometrical accuracy, the HDD
process must consist of optimal process parameters, Finckenstein (1984). Therefore, the
influences of the BHF on the strain distribution of the reflector part are further investigated in
this section. Accordingly, the suitable BHF, which can provide the best strain state resulting
in the lowest gloss reduction, are determined.

Similar to the determination of the counter pressure p, the optimal determined BHF also has
to fulfill both criteria obtained by analytical results, i.e. maximal tensile-strain region and low
strain level. To this end, the following procedure is proposed. The chosen pressure curve A is
kept followed during the HDD in this case, whereas the correspondent BHF is changed with
respect to the different magnitudes. By following the process, the maximally and minimally
permissible BHF is defined. The proposed BHF curves are depicted in Fig. 6- 26. Depending
on the characteristic of the pressure curve, the BHF curve is divided into two parts. At the
beginning of the punch travel, a low value of the BHF is applied on account of low fluid
pressure. Then, it gradually increases to a higher value. This value is kept constant till the end
of the HDD process.
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Fig. 6- 26: The investigated BHF curves
Fig. 6- 27 shows the numerically predicted strain distribution depending on the different BHF
curves in case of PUR coating. As can be seen, the width of the tensile-strain region is
considerably increased with increasing BHF. The more the BHF increases, the larger the
tensile-strain region becomes. The obtained results give an indication that the highest BHF
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curve 3 provides the largest width of the tensile region. The smallest one is obtained by the
lowest permissible BHF that ensures the successful HDD process without any failures i.e.

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

Based on the obtained results and the above analysis, the following combinations of the
counter pressure p and the BHF curves are suggested in order get the best strain distribution
that results in the lowest gloss reduction during the HDD process. The pressure curve A is
chosen by taking into consideration the path of the counter pressure depending on the punch
travel. By considering both criteria, i.e. maximal width of the tensile strain area and low strain
level, the pressure curve A and the BHF curve 3 should be combined for the forming of PUR
coated sheet metal. The suggestions are summarized in Table 6- 1 for ease of reference.

Table 6- 1: Combination of process parameters used in HDD process of OCSM
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The numerical investigations have proven that the suggestions resulting from the analytical
model can be applied for predefining the process parameters in the HDD process. In the next
section, the HDD experiments are conducted in order to verify both analytical and numerical
results and to evaluate the gloss reduction depending on the strain state and strain level.

6.5 Experimental validations
6.5.1 Validation of the influence of the counter pressure profile

The numerically predicted strain states have shown that the pressure profile A will contribute
the best strain distribution that provides the largest tensile-tensile strain region and low strain
level. As a result, the correspondingly obtained gloss reduction reaches the minimum value.

In order to validate these results, the HDD experiments are conducted using the PUR coated
sheet metal. In these conducted experimentations, the BHF used is similar to the one as shown
in the section 6.4.3. The validated procedure is similar to the one as shown in the above
section. The computation using the pressure curve A has been validated in the section 6.4.3 as
shown in Fig. 6- 21. For this reason, only computed and 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 between the FE and the experimental results are
displayed. As can be seen, the predicted strains are in good agreement with the experimentally
determined strain distributions. It is seen that the width of the tensile deformation area
obtained by the pressure profile B is significantly smaller than the others derived from the
profile A. Clearly, the tensile-strain region obtained by the pressure curve B starts
approximately at 63 mm of the length along the part profile compared to 59 mm in case of
pressure curve A. In case of the pressure curve C, Fig. 6- 21, the smallest tensile-strain region
is observed that corresponds to 62.5 mm of the length along profile.

0.37 p<0 (B> 0)max
0.2 i ; Measured section
2 =
8 % L7 7T
® / i
8 00
£
= . . HydroMec
g -0.17 4 :g: Eadlal ftr?m “PUR coating
S S & z o0p srain - Press. curve A
-0.21 A —FEM - BHF-1- 75KN
——=— Experiment
-0.3 T T T T T T T |

0 10 20 30 40 50 60 70 80 90
Length along profile in mm

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

Clearly, the above observations show that the strain state and strain level are affected by the
pressure path. However, the influences of using solely the suitable pressure are not large. In
order to achieve the given requirements i.e. the maximal width of the tensile-strain region and
low strain state, it is necessary to combine both the pressure curve and the BHF. The
numerical influences of the BHF on the strain distribution are investigated in the above
section. The following part shows the experimental validation of these investigations.

6.5.2 Validation of the influence of the BHF

In order to verify the influence of the BHF, the suggested pressure curve A is employed and
kept followed during the investigation. The investigated BHF curves are variable as shown in
Fig. 6- 26. The comparisons between the experimental and numerical results in the case of the
computation with BHF-1 are illustrated in Fig. 6- 30. The radial, the hoop and the effective
strain are chosen as the comparative parameters.
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Fig. 6- 30: Comparison of strain distributions in the case of BHF-1
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The comparisons of these parameters show that the numerical predictions are in good
agreement with the experimentally determined results. The numerically predicted strain
distributions give an indication of the slightly higher value than measured strains. The
comparisons reveal the maximum deviation in the small area at the top of the part. Due to the
complexity of the contact conditions between the punch head and the sheet metal under the
influences of the counter pressure, this condition is only modeled using a constant friction
coefficient during the HDD forming process. Hence, it leads to the deviation between both
results. The deviation in this case is seen to be less than 4 %. For the BHF-1, the width of the

tensile-strain region starts approximately at 60 mm of the length along the part profile.

The data in Fig. 6-31 and Fig. 6- 32 are the comparisons between the experimental
measurements and the numerical strain predictions in the case of BHF-2 and BHF-3,
respectively.
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Similar tendencies to the computation with BHF-1 are observed. The comparisons give an
indication of only slight deviations between the numerical and experimental prediction.

Considering the width of the tensile-strain region, it is obvious that the lowest BHF-1
provides the smallest width of the tensile region. The resulting tensile-strain region in this
case starts from the position of 60 mm of the length along the profile. For the BHF-2, this
desired region becomes larger compared to the one of the BHF-1. The tensile-strain region in
this case occurs at the position of 57.5 mm of the profile length. The BHF-3 results in the
largest width of the tensile-tensile deformation region compared to the BHF-1 and BHF-2.
The desired region in this case is observed at the position of 55 mm of the profile length.

Clearly, the width of the tensile-strain region is increased with increasing of the BHF under
the same fluid pressure. The numerical and experimental results have proved the compatibility
of the suggestion obtained by the analytical model. In the next section, the evaluations of the
gloss reduction depending on the strain state and the strain level of the OCSM reflector part
are presented.

6.5.3 Gloss reduction

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

To this end, the HDD experimentations using the pressure curve A and different BHF curves
are conducted. Two types of specimen, i.e. with and without grid pattern on the surface, are
used. The specimens with grid pattern are used in order to measure the strain distributions
after forming. The specimens without the grid pattern are employed in order to evaluate the
change of the gloss property. The strain distribution is measured by means of an Argus optical
apparatus. The change of the gloss degree is evaluated by using the reflector meter NOVO-
Curve. It has to be noted that the accuracy of the gloss measurement on the curve surfaces
strongly depends on the curvature radius of the surfaces. For this reason, the changes of the
gloss property should only be evaluated at positions that can assure the accurate measurement.

The tested measurements have shown that the gloss degree of the region from the split point
(tangential strain equal to zero) to the top of the part cannot be measured with acceptable
accuracy on account of small and varied curvature radii. However, it can be predicted by
using the obtained relation in chapter four. The gloss change in the tensile-compressive region
was measured at four different points as shown in Fig. 6- 33. In the flange area, it is not
necessary to consider the gloss reduction. Because of the geometrical complexity, it is
necessary to design an extra stepped tooling system that can be mounted on the gloss
measurement apparatus, Fig. 6- 33. By using this supplementary tool, it can be assured that
the evaluated area and also the measured points are located at identical positions on the
different parts. This plays an important role in the comparison of the measured results.
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Fig. 6- 33: Measured tooling system and the specimen for measurement of gloss reduction

The measured points in the tensile-compressive region are numbered by P; (i =1 +4). For
ease of comparison, the effective strains and hoop strains corresponding to the computation
with BHF-1, BHF-2 and BHF-3 are taken into account. In Fig. 6- 34, the resulting equivalent
strains, hoop strains and the position of the measured points are depicted.
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Fig. 6- 34: Effective strains and points for gloss measurement

In Fig. 6- 35, the obtained gloss reduction of the different points in the tensile-compressive
strain region of the PUR coated reflector part are depicted.

As can be seen, the maximal loss of gloss occurs at the measured point P; that keeps the
highest effective strain. The lowest gloss reduction is observed at the point P4 that shows a
significantly lower equivalent strain. However, the reductions of the gloss degree are not
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large. In case of the BHF-1 for example, the deviation between the maximal and minimal
gloss reduction reaches a value of 2.71 %. In the case of the BHF-2 and BHF-3, the
correspondent deviations are in turn 1.52 % and 1.94 %. Taking into consideration the strain
level, the BHF-1 results in a higher effective strain level as compared to the BHF- 2 and BHF-
3. As a result, the BHF-1 leads to the highest gloss reduction. The lowest reduction of gloss
degree occurs with the BHF-2.
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Fig. 6- 35: Gloss reduction on the surface of the reflector part

In summary, the evaluations of the gloss reduction after the HDD process give an indication
of a good compatibility between the analytical and numerical results. The suggestions
obtained by analytically developed tools can successfully be used to determine the optimal
process parameters concerning the optical property of the HDD process using OCSM.

6.6 Conclusion

The HDD technique is suitable for the forming of the OCSM parabolic reflector part because
of many advantages compared to the conventional forming technique. The conducted
investigations have shown that the PUR coated parabolic reflector can be formed without any
wrinkle at the sidewall area on account of a good formability of the DCO04 steel substrate. In
contrast to this, the PES coated sheet metal cannot be successfully formed due to low
formability.

An algorithm and a MATLAB program based on the extension and adaptation of Lo’s
analytical model are developed. The developed program allows the computation of the strain
distributions over the forming part. The significant advantage of this developed program is
that the strain distributions and the influence of process parameters can be rapidly computed,
within only 5 seconds. It is helpful to use this model to deeply comprehend and recognize the
influences of process parameters such as BHF and counter pressure on the contributed strain
path. Furthermore, useful suggestions based on analytical results have been drawn. These
support a good guidance for carrying out the numerical investigation and optimization of the
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process parameters. The validations of the analytical model and the FE simulation give an
indication of a good compatibility between the analytical and numerical results. The obtained
guidance can be used for the determination and optimization of the process parameters such
as BHF and counter pressure. It is seen that the desired tensile strain region can be extended
by combining the counter pressure and the BHF. As a result, the pressure curve type A and
the BHF-2 or BHF-3 should be used as optimal process parameters to provide the largest
biaxial tensile region.
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7 Conclusions and future developments

In this research, important fundamentals on the processing of organically coated sheet metals
(OCSM) by forming technology have been contributed. These fundamentals comprise the
forming behavior of OCSM with special regard to forming limits, the change of optical
properties during forming and the prediction of these effects by suitable failure criteria, gloss
reduction diagrams (GRD) as well as numerical modeling (FEM). As OCSM, a polyurethane-
based coating (PUR) and a polyester-based (PES) coating have been investigated.

Due to the effect that the coating layer and the substrate material feature different mechanical
behaviors (e.g. formability), special forming limit diagrams of the coating layer (FLDC) of
the OCSM was first established. In case of PUR and - under special strain condition — in case
of PES, the failure of the coating occurs prior the substrate material. Hence, FLDC should be
used instead of the forming limit diagrams of the substrate (FLD) in order to evaluate the
formability concerning cracking of the coating layer due to excessive strains.

Regarding the optical properties, material-specific GRD have been determined in order to
predict the reduction of coating gloss as a result of the forming process. It is found that the
gloss reduction of the coated surface is caused by the strain states and the increase of
deformation of both steel substrate and coating layer. The gloss reduction is increased with
increasing of the deformation level characterized by the equivalent strain. Furthermore, the
strain ratio has a major influence on the gloss reduction. It can be proved that gloss reduction
increases significantly in case of negative strain ratios which is characteristic of deep drawing
modes (compression-tension mode). Furthermore, the total thickness and the coating
thickness also have considerable influences on the loss of gloss. The obtained relations can be
summarized in GRD that can be used as the process window of the forming process of
OCSM. Hence, GRD can be applied in conjunction with FEM to predict the change of the
optical property of OCSM products after industrial forming processes.

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

In order to prove the applicability of these findings, a parabolic reflector as praxis-oriented
part geometry has been formed using OCSM. Since the parabolic reflector has a conical
shape, hydro mechanical deep drawing (HDD) was applied. The HDD technique was
investigated by an analytical model. This model, initially established by Lo et al. (1993), was
extended, adapted to parabolic part geometries and utilized as a MATLAB program for the
computation of strain distributions in HDD processes. The considerable advantages of this
developed program is that the strain distributions and the influence of process parameters
such as BHF and counter pressure can be rapidly computed, within only 5 seconds. Hence, a
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comprehensive screening of process parameters including interactions becomes possible for a
deep understanding of the process and about measures of process optimization. For instance, a
counter pressure curve with a low pressure level at the beginning of the process and
maximum calibration pressure at the end of the process ensure the geometrical accuracy of the
parabolic part. Using this curve as a basis, the BHF curves could be optimized regarding the
optical part properties. In detail, the blank holder forces should be increased in order to
increase the radial strains in the side wall of the part. Higher radial strains reduced
compressive strains and - according to the fundamental findings - the gloss reduction. On the
other hand, a high BHF lead to increased strain hardening limiting extensive radial strains in
the unsupported area. Using this parameter setting, the parabolic reflector with limited gloss
reduction could be successfully produced by HDD.

Future development

The prediction of the coating failures, i.e. cracking, is based on the imposed strains on the
steel substrate and the coating layer. As mentioned above, the differences of the mechanical
behaviors of the steel substrate and the coating layer, when these materials are in large
deformation, and the non-uniformity imposed strains are also the cause of additional residual
stresses in the coating layer. These stresses lead to additional coating failures in further
processing. Thus, the development of an approach to predict the coating damage based on the
residual stresses on both the steel substrate and the coating layer is also crucial.

Regarding these conclusions, the following aspects still need further investigation

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

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