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Metal forming methds are widely used all over the world. Metal is shaped by using a
wide variety of methods, especially in the aerospace and automotive industries.
Hydraulic forming method, which is one of the metal forming methods, has been one
of the preferred methods lecse of its ease of production, reduction of the need for
molds, and effective in the production of complex structures. This method, which aims
to transmit pressure evenly by using the incompressible property of the liquid,
distinguishes the hydraulic méfarming method from the traditional metal forming
methods. One of the hydraulic metal forming methods, which also has varieties in
itself, is the sheet metal hydroform (Flexform) method. The liquid trapped in a fubber
based chamber is pressurized, arelrtretal forming method is performed with the
pressure exerted by the rubber diaphragm on the mold and sheet metal part. Although
it makes the production of complex structures possible, problems such as wrinkling,
pot formation, tearing and springback s@enther metal forming methods have also

been valid for this method.

In this study, forming patterns were created on the sheet metal part by using the sheet
metal hydroform method, and these patterns were exanmuederically and
experimentally. In this gudy, in which a threglimensional diaphragm, two

dimensional mold and sheet metal part were used, many patterns were modeled and as



a result of the elastic analyzes made between the modeled patterns, the most durable
forming pattern was selected, whictopides the least bending. Analysis and design
optimizations were made using the selected pattern, 0.60 mm thick titanium with CP2
titanium material. A maximum 10% thinning design restriction was determined, and a
study was conducted to reduce springbaakash as possible. Plastic analyzes were
carried out using the finite element method and the optimization processes continued
until the design constraints were mdien, molds were manufactured for the
experimental processes and the shaping process walaaut. After the part was
shaped, the thinning, distortion and strength gained by the part were meastired by
supporting 4 pointAfter the deflection measurements were made, the part was
transferred to the 3D environment by laser scanning methddharnsimulation and

experimental product were compared geometrically in the computer environment.

Keywords: Sheet Metal Forming, Hydroforming, Thinningpring Back, Wrinkling,

Tear, Flexforming
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CHAPTER 1

1.INTRODUCTION

1.1 Motivation

The strength and weight of the parts are the criteria that are taken into consideration
when creating and developing parts in the aviation industtgnium material can
provide both these featurds. the aviation sectothere are patterns and mounting
points on the part. S requiresa metal forming process. Traditional metal forming
methods such as punching and deep drawing are generally used intprnotiare

mass production is required. This is because the hydroform method is slower than
conventional methods. However, the hydroforming method is very suitable for
products where theolumeof production is low1]. Especiallyin theaviationindustry,

since the mold costs are very high, only male or ferdedemanufacturingnay be

sufficient with this method, depending on the part form.

Theflex-forming method was used in this study the Flexforming method, pressure

is appled to the liquid in a closed chamber. There is a rubber diaphragm in the lower
area of the closed chamber. The pressure is transmitted directly to the rubber
diaphragm. Then, with the force created by the diaphragm on the sheet metal piece,
the sheet melaiece takes the shape of the mdid theflex-forming method, only

male or female molds are used. Unlike traditional methods, a mold in which only
geometry is processed can be produced without connecting appardatms For

these reasons, mold cost® lower than the mold costs used in traditional methods.

The disadvantage of this method is that very high pressures are required.

Problems such as wrinkling, tearing, breaking, and springback, which are frequently

seen in other metal forming methodse also seen in this production metHadg.



Considering both the advantages of fleg-forming method and the properties of the
titanium material, it is possible to produce more durable and lighter materials.

However, it requies a deep examination.

Figurel.1l Flex-forming

12
Figure 1.2a) Tearing b) Wrinkling ¢) SpringbacK3]
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Figurel.3 Flex-forming procesg4]

1.2 Aim of This Study

In this study, it is aimed to create a pattern by using titanium CP2 materidlexith
forming method. This pattern geometry, whiwill be applied on titanium material
with a thickness of 0.6 mm, can cause thinning up to a maximum of 10%. In addition,
it is aimed to make the part as stabtegre rigid low springbackand warping as

possible after shaping.

Both elastic and plasti@analyzes were performed to determine and produce the final
geometryElastic analyzes were performed to determine the deflection rate of the part.
Elastic analyzes were carried out on the unformed sheet material. Different shaping
patterns were designed tre part and elastic analyzes were carried out by accepting
the sheet thickness as 0.6 mm as homogeneous. According to the results of this
analysis, the pattern with the least deflection was accepted as the shaping pattern.
Subsequently, material testiegperiments and required tests were carried out. The
coefficients to be used in the analysis were determined by performing friction tests for
the titanium CP2 material. For elastic matkdnd stresstrain relations, support was
obtained from TAI library Afterwards, plastic analyzes were performed and design

optimizations were carried out until 10% thinning is achieved.

The simulation studies are compared with the experimental studies and the minimum

deflection and springback, maximum strength and thopribelow 10% will be
3



compared with the experimental results obtained from the simuldésign
processes. According to the experimental results obtained;analgsis and design

revision will be carried out.

‘ Experimental
A " results
Plastic

A ; Analysis

‘ Elastic

" Analysis
‘ Design 4
Material Test

Collecting

Data
Problem

Description

Figurel.4 Project Steps

1.3 Content of the Study

There will be a total of 8 chapters in this study. In the Introduction section, general
information about the process, thesis and objectives will be mentioned. In the second
part, the literature regiv, the history of hydroforming will be mentioned and
hydroforming methods will be mentioned. In addition, problems such as wrinkling,
tearing, waring, springback, which are frequently encountered in sheet metal forming
processes, will be introduced. Iretkhird part, material tests and equipment used in
these tests will be given. In the next section, Chapter 4, the design and elastic analysis
cycles and the decision stages on which forming geometry to use will be discussed.
The plastic analysis design gcles of the geometry decided in Chapter 4 will be
included and an examination will be made. In the same chapter, mold manufacturing
stages and experimental results will be reviewed. In following part, chapter 5, the
results will be examined and the an@ysxperimental results will be interpreted. The

other chapters are future works, references and appendix.



CHAPTER 2

2.SURVEY OF LITERATURE

2.1 Introduction

In this section, similar issues in the literature related to the sttelgiscussed. In
addition, information on the main subjeate given. Hydroforming methodare
studied. Common problems encountered in sheet metal foargtigen be discussed.
After giving information about sheet forming simulations and thickness distribution,

the issues relat to springback in placereexamined.
2.2 History of Hydroforming Process

Hydroforming technologies enable the creation of complex metal parts with specific
curves and even unusual shapes. They also enable the reduction of a product's
component countleading to cost savings and improved performddgdn this
method, only single tool is using to shape the sheet part. In addition, due to the
incompressibility of liquids, the pressure is transmitted equally to all points on the
sheet metal parHydroforming methods can be examined unitheeemain headings;

Tube hydroforming, sheet hydroforming, shell hydroforming.

Hydroforming

Tube | Sheet Shell
Hydroforming " Hydroforming Hydroforming
(THF) | (SHF) ~ (IHBF)

Figure2.1 Hydroforming method§5]
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Although it is said that it was first tried in 1890 in some sources, the first studies with
a patent were made in the early 1900s with@plication made to the US patent office

(BApparatus fordrming serpentine hollow bodigl6]. This first study was recorded
as sheet hydroforming.



2.2.1 Sheet Hydroforming Process
2.2.1.1 Sheet hydroforming with punch (SHFP)

Sheet hydroforming processes basically serve the same purpose as traditional sheet
forming methods. Sheet hydroforming method is divided into many branches in itself.

In punch sheet hydroforming, a pressure vessel is used instead of the female mold used
in traditional methods. In opposition to tt@unter pressuri@ the pressure vessel that

the pressurizing fluid creates, the sheet is dragged deeply to form on the punch surface
[4]. The liquid in the pressure vessel, along with the movement of the pfonobs

the sheet material to take the shape of the punch. A relief valve is used to stabilize the

pressure at this time. This valve functions to keep the pressure constant.

!

Drawing force

EEELELEE L E LT -

_______________________________

(@)

Figure2.3 Sheet hydroforming wit punch[7]

2.2.1.2 Sheet hydroforming with Die (SHFD)

Hydroforming with a molds also among the methods usédlike deep drawingthis
time there is a fixed male or female pattern. During shaping, the intermediatectdate a

to prevent fluid leaks.



Pressure » Blank
» holder
Fluid «
Sheet < » Die

Figure2.4 SHF-D Stepg8]

In this method, shaping takes place in 2 stggégure 2.4) First of all, the sheet
material swells until it comes imcontact with the mold, and the pressure is low at this
stage. After the contact is made, the plastic forming process begins. By increasing the
pressure, the sheet metal is forced to take the mold shape. Unlike the punch method,
no liquid output is perfaned to stabilizeéhe pressure. In order to keep the pressure

constant, a continuous feeding is carried out with the help of pumps.

2.2.1.3 Flex-forming

Another methodi-lex-forming, is the method that wialso be used in this thesRarts
such as liquidrubber diaphragm, blank holder, blank are basically used. In addition,
this method can save additional costs in production by prayithe possibility of

undercut (Figure 2.6)

A - Pressurized fluid / Oil
B - Rubber diaphragm
C - Blank
E - Single rigid tool half
F - Undercut
G - Blank holder

Figure2.5 Flex-forming Schemd8]



Figure2.6 Undercut9]

In theflex-forming method, the forming process is based on the pressure of the liquid.
In this method, the liquid is trapped in a reservoir and the bottom area is closed with a
rubber material. The aim here is to increase the production capability with equal
pressure distribution by taking advantage of the flexibility of the rubber material
(Figure2.7).

A A
=/ Y
-
(b) () (d)

Figure2.7 Flex-forming exampl€g[8]
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The sheet material to be shaped is placed on the mold. Design details such as pins can
be used in this placement phasghen he liquid sealed with rubber material is
pressurized and the diaphragm moves towards the sheet material. While the pressure
is increased in a controlled way, the diaphragm starts to contact the sheet material. Due
to the elastic structure of the diaphragmaterial, the sheet material starts to be
plastered on the mold and is forced to take the shape of the mold. Thus, the diaphragm

acts as a kind of male or female mold.

guide pins

Figure2.8 Guide pin to locat§l0]

Thanks to the flexible feature of the diaphragm, it is also possible to produce multiple
parts at the same time. In the same process, more than one mold can be placed in the
hydroform press at the same time and the forming pso@an be performed.
Especially in sectors where the variety of parts is high, this method can halve the mold
manufacturing price for each molded part. The main reason for its use in the
automotive and aviation industry is that it provides die manufagtsanings due to

the wide product variety (Figure 2.9 and Figure 2.10).

10



Roof Headers
A/B Pillars
Instrument Pancl Frame

ST

Engine mount Rear Axie

>

Radiator Support Rear Sub-frame

Side Impact Protection

Front Axle Control Arms

Figure2.9-Automotiveindustry[11]

v Y

~ Automotive structural elements

Automotive hood Automotive roof

Figure2.10 Automotive Part412]
2.2.1.4 Sheet Stretching hydroforming

The deep drawing method has also been one of the methods used because it provides
advantages over other methods. The forming process is performed by applying the
force to the Beet material with a hydraulic pressure. In this method, it can be
performed both with a single mold or by using two molds. One of the molds is the
mold that will directly force the sheet material to take shape. The other side is the
region where the fluighressure is created. By providing feeding from one side, the
sheet material takes the shape of the mold. Since there is a continuous inlet of liquid,
pressure stabilization is done by liquid feeding.

11



Figure2.11 Sheet stretching examl&3]

Blankholder Ram
Punch

Blankholder
(Upper Binder)

(Lower Binder)

Press Table
Figure2.12 Sheet stretching examli4]

2.2.1.5 Rubber Diaphragm Forming

The forming method using the diapgmais basically the same as liquid pressurization.
The volume occupied by the liqufdled chamber is covered by rubber material. Since

the fluid pressure cannot be created, the stroke applies a downward movement as in
the pressing process. Male or femailelds are used. There are several variants of the
diaphragm hydroforming method. Applications are named according to the method.

The most welknown methods are Verson, Guerin, Marform and Hydroform.

After the mold movement is started, the rubber matpléaded in the upper mold acts

as a male or female. The diaphragm, which takes the form of a mold, provides a high
cost advantage. Thanks to its flexibility, it provides the opportunity to produce parts
in different geometries at the same time. This metb@&down as the Guerin method.

It is one of the oldest and most primitive methods.

12
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Figure2.13 Rubber Diaphragm Formirfd5]

2.2.2 Tube Hydroforming

The tube hydroforming methaoalas first patented in the 194{36]. This method is
used in many sectors such as automotive and white goods, especially in the oil and
natural gas sectors. It is used in these sectors because it is a suitable method for the

prodiction of T-shaped pipes without welding and additional points.

Figure2.14 Tube tydroforming[17]
The working principle of this method starts with plagrie pipe in the mold. Theis

core on the right and left sides of the mold both to increase the pressure in the pipe and
13



to prevent liquid leaks. With the increase in pressure, the pipe begins to take the shape

of the mold.

Figure2.15 Tube hydroforming18]
Depending on the mold geometry and material type, the pressure parameters vary as
in other methods. This methalperformed in 6 main steigure 2.16)[19]

1

Positioningof tube; The standard size pipe is placed in the mold.

2- Closing ofdie: The upper and lower molds are closed, the cores touch the
surfaces of the pipe.

3- Filling: Liquid is filled into the pipe.

4- Axial feeding After the liquid is filled into the pipe, the gzs start to move. It
is the stage where pressure starts to build up on the pipe walls so that the pipe
can take a mold shape by using the incompressibility feature of the liquid.

5- Forming fluid under pressure: Thanks to the pressure applied to the walls of
the pipe, the pipe takes the shape of the mold.

6- Extraction of part: It is the stage where the shaping is completed and the part

is removed from the mold.

14
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Figure2.16 Tube hydroforming sted4.9]
2.2.3 Shell Hydroforming

The hydraulic shell forming method is a method that emerged in the 3808 has

been used in engineering applications for the manufacture of high pressure parts such
as large LPQanks. After the liquid is filled into a closed volume, the pressure is
increased and the required shape is given. This method can be applied with or without

a mold, depending on the application.

Figure2.17 Example of Shell Hydroforminf1]

Apart from engineering applications, it is also used for the production of decorative
parts. Operations in the relatpture (Figure 2.18)
1
2
3
4

Thepiecesare cut separately.

Then they are joied from the necessary welding points.

Liquid is filled into the shell geometry from a certain crgsstion.

It is ensured to take the final shape by pressurizing.

15



Figure2.18 Example of Shell Hydroforming22]

There is only one point on which all these methods are based; Pressure. Shaping is

carried out by increasing the pressure and aiming to distribute it equally to every point.

Like every production method, hydroformimgs its advantages and disadvantages.

Its advantages can be listed as follows.

Parts have good surface quality

The wear rate of the tools is low.

The products are of high quality in terms of dimensional accuracy. It can be
worked closer to the desired d#msional sensitivities.

They have superior mechanical properties. It is possible to manufacture parts
with higher strength.

Decreases the amount of residual material.

Since the hydroforming method applies equal pressure to all parts of the part
instead ofapplying point pressure, the thickness distribution is at more
controllable levels compared to other methods.

It has a lower springback rate.

It is suitable for the production of complex parts.

Parts can be produced using a single mold. This advantage pfdduction

method provides cost savings.

10- It reduces additional labor costs by saving from additional production methods

such as welding.

It makes it possible to produce parts in more than one mold at the same time in sectors

such as aviation and autorivat, where product diversity is high.

16



In addition to all these advantages, the hydroforming method also has some
disadvantages. These can be listed as follows.

1- Although it allows the production of complex parts or the production of more
than one part at éhsame time, it is not very suitable for mass production.
Production rates are much lower than traditional methods.

2- Material, equipment and maintenance costs are high. Presses or pumps that can
reach high pressures are required for shaping.

3- ltis difficult to keep the oil temperature constant throughout the process.

In metal forming, wrinkling refers to the formation of wrinkles or creases in sheet
metal during the forming process. This can occur when the sheet metal is stretched
beyond its elastic limit,ausing the material to buckle and form wrinkles. Wrinkling

can occur in a variety of metal forming processes, such as stamping, deep drawing,
and roll forming. It is considered as a failure mode in metal forming process as it
affects the final quality otie product, it also reduces the useful life of the die used in
the process.

There are several factors that can contribute to wrinkling in metal forming, including
the properties of the metal being used, the design of the die or tooling being used, and
theprocess conditions such as the forming speed, the temperature, and the lubrication.
To prevent wrinkling, metal formers often use techniques such as increasing the
thickness of the metal, using a higtstrength alloy, reducing the forming speed, or

usinga different type of die or tooling.
2.3 Sheet Metal Formability

The purpose of sheet metal forming is to put the sheet material into a certain form.
This design varies according to the purpose. A deep examination and analysis process

is required to get #nsheet metal into the desired form without breaking or cracking.

There are many parameters that directly affect sheet metal forming. Material thickness,
grain structure, chemical composition, elastic modulus, yield strength value, UTS and
fracture valuesre some of the most important values in shaping the material. Thin
sheet material will be shaped with lower forces than a thick matBeahuse it is

more flexible and has lower deformation resistance. Grain structure is also an

17



important parameter ingstic shaping. The force applied to the material in the plastic
deformation zone causes deterioration in the grain structure and creates new

dislocations. This is how shaping takes place.
There are several techniques used to form sheet metal, including:

1 Bending: This process involves applyifayce to the sheet metal in order to
cause it to bend along a particular axis. Folding and press braking equipment
can be used for thigigure 2.19).

-

Figure2.19 An Expample of Bending OperatidAa3]

1 DeepDrawing: Using a die and a punch, the sheet metal is stretched to create

a specific shapérigure 2.20).

[] [’l [ )
Figure2.20 Deep Drawing step4]

1 Stamping: where the sheet metal is cut and shaped using a stampingf press.

can be also used to create holes or specific shape on sheet metal.

18



The following strategies can be used by manufacturers to increase formability.
Anneding is a type of heatreatment process. It directly affects the crystal structure
of the material and increases its ductility. Friction is also a serious obstacle to shaping.
By using suitable lubricants, friction is reduced between sheet metal afithalse an

easier shaping can be made.

To summarize, the mechanical and chemical properties of the material are directly
effective in forming the sheet metal without breaking or cracking. In addition,
additional methods are applied to increase formability.

Some common problems are observed during the forming of sheet metal. These

problems occur i@lmost all sheet metal methods;

1. Wrinkling: The wrinklink condition occurs during the shaping of the material.
A visible wave forms on the materidli/hile the sheematerial takes the shape
of the male or female mold, material begins to be drawn from the edge areas.
The excess thus formed causes wrinkling. Parameters such as unsuitable mold
design, high forming speed, high material strength, thickness, low blank holde

force are effective in this err@Figure 2.21)

Figure2.21 An example of wrinkling[2]

2. SpringbackThe springback event is caused by the desire to return the material
to its aiginal state. Many properties such as material type, thickness,
anisotropy, yield strength, young modulus, hardening, etc. are effective in the
springback phenomenon and are a serious problem in shaping. It is a problem
entirely caused by the elastic pespes of the material. There are some
common operations to prevent or reduce springbackstietehing is a pre

process that prevents springback. Choosing a harder material or using a thicker

19



material will also reduce springback. Also, using a diffesdr@ping method

can reduce springbagkigure 2.22).

Figure2.22 An example of springbadi]
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J
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/B;nding Radius

o
.....

Figure2.23 Springback radiuf25]

3. Warping:Warping is a common problem that can occur in sheet metal forming,
it happens when sheet metal deforms unevenly in different areas during the
forming process. This can make the use of the product difficult or impossible.
There can be many reasons for bending. However, it is basically caused by

wrong mold design, uneven heating and cooling of the metalFegare 2.24).

o)

Figure2.24 An example of warpin{R6]
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4. Tearing: This occurs when the material splits or tears as it is being formed.
This can be caused by improper tool design, high forming speeds, or high

material strength.

Figure2.25 An exmpleof tearing[2]
5. Surface defects: This occurs when the surface of the material is damaged
during the forming proces€razing, folding, inclusion, patch, pitted surface,

stratch are one of the examples of this problem.

(©)
()

Figure2.26 Examples of surface defeds) crazing, b) folding, c) inclusion, d)
original, e) patch, f) pitted surface, g) roledscale, h) scratch]27]
6. Surface finish: The surfacfinish of the final product is not up to the

requirement.

2.4. Elasticity

Elasticity is a property of a material that describes its ability to return to its original
shape after being stretched or deformed. When a material is stretched or deformed
within its elastic limit, the material will return to its original shape when the load is
removed.

21



The elasticity of a material can be described by its modulus of elasticity, which is a
measure of a material's resistance to being stretched or compressed. Sbme of
common modulus of elasticity measurements are Young's modulus, Shear modulus

and bulk modulus.

The most common modulus of elasticity measurement is Young's modulus, which is a
measure of a material's ability to resist stretching or compression at@Engxas.
Materials with a high Young's modulus, such as steel, are considered to be stiff, while

materials with a low Young's modulus, such as rubber, are considered to be flexible.

Elasticity is a fundamental property of most materials, and is impomarntany
engineering and construction applications. Understanding the elasticity of a material
Is crucial for designing structures that can withstand loads and forces without

deforming permanently.

2.5 FEM (Finite Element Method)

The finite element methodFEM) is a mathematical problem solving technique that is
frequently used in engineering and physics. FEM enables numerical solutions in
complex metal forming processes and is the most frequently used method. It breaks
down complex models into small piecasid calculates these small structures
mathematically. The basic logic in this method is to divide a complex geometry into
many simple, interconnected and small regions called finite elements. It simulates how
the system will behave in real life using varsoloads and boundary conditions. The
concepts called "finite element” are simple geometric shapes in 2 and three dimensions
such as line, triangle, quadrilateral, hexagon. These simple geometric shapes are

connected using nodes and finite elements asdand28]

Element — b ’y

"
Nodes = 4
~_

=

Figure2.27 FEM Nodes and element9]
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After the system is divided into small parts, it is solved using mathematical models to

explain he reallife behavior of each element. The result is an estimate of how the
system will behave in real lifg30]

Figure2.28 FEM modelling with mesh31]

In a Finite Element Method setup, there are step in the solver program to get results.

These are;

1-

Simulation Type

This step is the first step of a simulation. First of all, it should be determined
which simulation should be chosen according tauser problem There are

lot of different simulation type. Fonstance, static, dynamic, implicit, explicit,
thermal, CFD etc.

Geometry and Mesh

A geometry must be covered by a surface or volume mesh strustiaptive
meshing is generally used in rakforming analyses. Adaptive meshing is
generally used in metal forming analyses. The reason for this is the need to
create a new mesh geometry when the metal changes Fhapstwork
structure consists of nodes and elements. The connections between nodes
create elements. Triangle and quadrilateral elements are generally used in 2D

analysesTetrahedralnd hexahedra are suitable for 3D analysis.

23



3- Material Properties
Material Properties defines the material behavior under the load for a structural
simulation. It contains Poisson Ratio, Elastic modudunsl hardening curve
Additionally, material propertiegiclude material models, too. The material
can be isotropic, anisotropic, orthotropic etc.

4- Contact Defining
Defining the contact is necessary to understthe physical aspects of the
problem for programmingAt this stage, the identification of the specific parts
that will come into contact with each other is determiniéue coefficient of
friction between the two materials can be defined at this stage.

5- Loads
In astructuralsimulation, the load needs to be defined to program. The load
can be point load or distributed load. Gravitational or-gravity load can be
added.

6- Boundary Conditiorns
Constraints DOF (Degreeof Freedom) of the designed part mustdefined.
It is the phase of introducing the physics of the problem.

7- Solver Settings
Solutionmethodneeds to be chosen in this section. Direct solver or iterative
solvers can be selected. Convergence criteria also definess atage. It
directly affectsthe accuracy of analysis and time.

8- Outputs
This is the last stage of a simulation setup. Selection is made according to

expectation and necessity.

2.5.1 Discretization

Discretizationis defined as the process of discretization of continuous fungctions
models, and equations. This method is the first stage of preparing a suitable basis for

a model to be solved in a computer environment.

24



2.5.2 Elements

In finite element method, thresmensional or twalimensimal mesh elements can be
used Depending orthe type of analysis, the structure is transferred to the simulation
program in 2D or 3D. Within the scope of this studydi®ensional Hexahedron
elements will be used for the mold and blank, and-dmeensional and three

dimensional Hexahedron elementd be used for the rubber membrane.

<L >

Triangle Quadrilateral Hexahedron

Figure2.29 Element types in FENB2]

Two-dimensional quadratic bounded elements are a bounded element used for analysis
of structures. Thiglement consists of 4 points to simulate the structure in real life. To
increase the accuracy of the limited element method, small and numerous elements
should be used whenever possible. Each point is a graphical tool that contains many
datasuch as thehickness of the structure, material properties, loads. It creates a
mathematical model by knitting the surface like a network with small elements. The

stiffness of this element is formed using f@aint Gaussian integratiof83].

2.5.3 Adaptive Meshing

Adaptive meshing is a method used in the finite element method that allows the
network structure to become thinner or thicker. In this method, the system dynamically
updates the region with high error or to better solve thmmevhere shaping will be

done.In regions with good solutions, the number of elements is reduced and this

provides significant savings in analysis time.
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Figure2.30 Adaptive meshing30]
Refinement settings are used when determining element sizes. After adaptive meshing
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is applied, discontinuities may be observed in the network structure. New points are
created to eliminate this situation. By connecting each point to each tilee
discontinuity is eliminated and the relationship between the network structures is

created.

Adaptive meshing can only be used in tfdimensional structures. If there is a three
dimensional element in the simulation (rubber diagram, etc.), adapgisiemg cannot

be used.

2.5.4 Material Modelling

The material modeling process is one of the most important parts of the analysis
process. It directly affects the simulation results. Geometry, mesh structure, boundary
conditions, forces and material projes are the basic elentsrthat make up a FEM
analysis Material modeling is carried out by transferring the results obtained from test
data about the mechanical behavior of a material to the computer environment. This

process is used to predict htiwve material reacts under load.
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Figure2.31 FEM stepq34]

The data obtained as a result of repeated tests carried out with test samples or test
standards manufactured in accordangéh the standards are transferred to the
computer environment. For a study where structural analysis is performed, it is very
important to accurately analyze the resistance of the material against the load under
applied loads.

This technique is a very inoptant technique that saves both time and money in solving

many engineering problems as it helps predict the durability of materials.

Within the scope of this thesis, the study will be carried out using the elastic and plastic
properties of the material. #rming pattern will be applied to increase the strength of
a flat sheet metal plate. After this pattern is applied, the amount of springback will be

kept to a minimum and the maximum thinning will be approximately 10%.

25.4.1 FLD (Forming Limit Diagram )

FLD (Forming limit diagram) is a graph that shows the behavior of the metal after
forming in sheet metal forming processes, graphically with limit curves. It is divided
into areas such as stretch, wrinkling trend, thinning and failure. According to the
simulation results, the minor and major strain values on each material are determined

and placed on the graph. FLC (Forming limit curve) consists of 3 different regions.
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1 Above the FLC is théailed zone (areas of fractur35]

1 By moving down the FLC (by percentage oastrdepending of material types,
usually 10%), anarginal zones defined from the initial FLC and the shifting
FLC (area of incertitude between necking/failure and $3#g)

1 Zone bebw the shifting FLC is considered asafe zon¢35]
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Figure2.32 The regiorof FLD [35]
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Figure2.33 The region of FLJ36]
Part samples conforming to standards are used to create the FLD graph, and testing
with each sample determines a forming limit curve in the graph. It is known as the

nakazima test.

e
uniaxial plane-strain equibiaxial
tension,, tension tension

O

Figure2.34 FLC defining samplef35]
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2.5.4.2Engineering-True StressStrain Curves

While shaping metal materials, a lot of engineering information is taken from true
stressstrain curves. The moshportant of these graphs is the strsgain graphs. In
engineering and materials science, these graphs show the relationship between stress
and strain. Using tensile samples cut in accordance with standards, tensile process is
carried out at certain spds and graphs are obtained. The sample continues to be
extended until it breaks and stredgin changes are recorded. Horizontal axis is
defined as strain and vertical axis is defined as stress. The curve based on the original
crosssection and lengtbf the sample is called the engineering ststsmn curve,

while the curve based on the instantaneous &esson and length is called the true

stressstrain curve.

0)
:L ultimate strength (limit)
OMMF-~--20F —~~38F =
1
1
()'y Yield point
e - - - - - . '
PR S— (fully reversible) rupture/fracture
L | 1
* |
proportionality limit !
(linear) I
: :
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 | _
> E
Strain Hardening | Necking
ot - :I: :I
Elast|c. Plastic Deformation
Deformation

Figure2.3517 Engineering stresstrain curve[37]
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Basically, stresstrain graphs consist of two regions;

1- Elastic zone: In the elastic zone, the material can completely return to its
original shape. There is no permanent deformation. Yield goisiconsidered
the end of this region. Yield point is determined using 0.2% offset.

2- Plastic region: The plastic region is examined in two separate areas. The first
area is the hardening area. In this region, stress increases with strain. Stress and
stran continue to increase until the UTS (Ultimate Tensile Strength) point.
UTS is the region where the material is exposed to the highest stress. The
necking region is the region where residual strain increases but stress
decreases. Because rupftreecturebegins to occur in this region. The material
becomes thinner and gives neck. In the fracture zone, the material breaks and

the test is completed.

The behavior of each material is different. In some materials, the plastic zone does not
form at all. Very hadt materials show very lil stretching behavior and bredikectly
without passing into the plastic region. Glass is an example of this behavior.

A brittle material. This material is also strong because there is litle

strain for a high stress. The fracture of a brittle material is sudden with
little or no plastic deformation.. Glass is brittle

8]
stress

A strong material which is not ductile. Stee
wires stretch very litlle, and break suddenly

A ductile material -
after the elastic region
there is a strange
section where ‘necking
occurs - permanent
deformation occurs in
this “plastic region

A plastic material -
very small elestic
region.

e (strain)

Figure2.36 StressStrain graph of materia[88]
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The sample named A below showed a ductile behavior in the tens{lEitese 2.37)

The reason for this is that when the fracture area was examined, it first necked and
then broke. According to the strestsain graph given above (Fig2.36), it showed

a behavior consistent with the ductile material graph. However, the material numbered
B is a brittle material. It was broken directly without giving a necking area. Therefore,

it can be considered in the brittle or strong material cajeg

= Ba® ¢ |
| o

| B Ductile Brittle

(<

(Y

Figure2.37 Example of ductile and brittle materid&8]

When calculating engineering stress, it is assumed that the sample diameter remains

constant throughout the entiggperiment.

Engineering strain calculation is done by subtracting the first length from the final
length and dividing by the first length.

True stress is calculated using the instantaneous realsgcissnal area of the pled

load.

&
AT

True Strain is a logarithmic value. However, due to the small values in Taylor

expansion, it gives very similar results to engineering strain at small strain values.
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For true stress;

For True Strain;
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CHAPTER 3

3. EXPERIMENTAL ANALYSIS of MATE RIAL

3.1 Introduction

Determining material properties with test methods is a very important step for
simulation. An incorrectly created material card will cause differences with the results

obtained from the simulation during the experiment phase.

3.2 Mechanical Characterization and Friction Tests

In this section, the friction test and mechanical characterization tests will be examined.

These results are crucial to get better simulation results.

3.2.1 Mechanical Characterization tests

Devices at the MetaForming Center of Excellence were used to examine the
mechanical Bhavior of the materiall Al shared the tensile test results for Titanium
CP2 materialln the flex-forming method, the strain rate is generally slow. So, test
result which was provided biAl, the slowest strain rate is takenraferencestrain

rate graphThe test performed at O degrees and 5mm/min strain rate was accepted as
reference.According to the values obtained from the gréipigure 3.1)

9 Yield Point: 481,317 MPa
1 UTS: 707,4486 N
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Stress-Strain Curve of CP2
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Figure3.15mmmini0 A and Room Temperature Tens
3.22 Elastic Modulus Determination Tests of the Material

Elasticity Modulus (E)s the modulus of elasticity describes the tensilstigidy of an
object, or its tendency to deform along an axis to which forces are applied in opposite
directions. Its unit is the stress unit. In special cases, the Elasticity modulus of the

material can be considered as a measure of the stiffness oétibigamn

To determine the modulus of elasticity, impact excitation equipment measures the
vibration frequency. It calculates Young's modulus using the mass and dimensions of

the sample according to different measurements and standards. (ASTME5.8360

126801, EN 8432).
{/ e oo (22) )

with E the Young's modulus
f; the flexular frequency
m the mass
L the length
w the width
t the thickness
T the correction factor

Figure3.2 Basic Summary of Syste[B39]

The purpose of this test is to determine the elasticity modulus (E) of the material by

performing resonance frequenagd damping analysis at room temperature with the
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IMCE RFDA Device of 9 samples prepared in accordance with the ASTM EIB76
standardThe pulse excitation technique is a raestructive material characterization
method to determine the elastic properté the material. The samples delivered to us
were rough and fine sanded with sandpaper. The elasticity modulus (E) measurements
were made by defining the length, width, thickness and weight values of the samples
on the IMCE RFDA DevicéFigure 3.3)

Figure3.3 IMCE RFDA-HTVP 1600Device

The nondestructive impact excitation technique is based on recording the vibration
signal induced by a microphone by hitting the sample with a small hammer. The
resultingvibration signal is converted to the frequency domain by Fotraesform.

The softwaredetermines the resonance frequency with high accuracy to calculate

elastic properties.
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Figure3.4 Experimental SefuGeneral View
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* Automated tapping device

Figure3.5 - Experimental setup diagram
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3.2.2.1Results of Elastic Modulus Determination Test

Parall el to ROoIRepeanly Direction (0A)

Results: The results obtained from the resonainequency and damping test
performed at room temperature on the sample measuring 39.99 mm x 11.96 mm x 1.01
mm and weighing 2.24 g are given below. Accordingly, the Elasticity modulus (E) of
the material was found to be 117.42 GPa.

Table3.1Par al | el t o ROIRépeatl Directi on

Test Results

Par al

| el to

Roli Repeatgl. Di r ect i

Measurement
Mode:

Flexural

Sample Shape:

Rectangular Bar

Dimentions Elastic Properties
Length (mm) 39.9 E-mod (GPa) 117.42
Width (mm) 11.96
Thickness (mm) 1.01 o Emod (GPa) 4.20
Mass (g) 2.24

Flex. Freq. (Hz): 3259.24

Vibration Signal
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4000
2000

4.0-

(3%
o
1

Amplituds
| o
f=1
1
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n
o
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T
0.2

T
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T
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T
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T
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I 1
14 10000 15000

Frequency

T
08 0 5000 20000

Time

1.6

Figure3.6 Vibration Signal and FFT Graphs
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Parallel to ROIRepeaby Direction (0A)

Resuls: The results obtained from the resonance frequency and damping test
performed at room temperature on the sample measuring 40.00 mm x 11.98 mm x 1.01
mm and weighing 2.25 g are given below. Accordingly, the Elasticity modulus (E) of
the material was founi be 118.4 GPa.

Table3.2Par al | el t o ROoOIRépeatdyy Di recti on

Test Results

Parall el to RolRepaat2 Di rect.i

Measurement Mode Flexural
Sample Shape: Rectangular Bar
Dimentions Elastic Properties
Length (mm) 40.00 E-mod (GPa) 118.40
Width (mm) 11.98
Thickness (mm) 1.01 o Emod (GPa) 4.23
Mass (g) 2.25

Flex. Freq. (Hz): 3267.03

Vibration Signal FFT

6.0 10000
40 8000
2.0-

4 S 6000

1 = |

g 00- ]

g £ 4000
-2.0-
& 2000 J
S 0 T Ll ]

0.0 01 02 03 0.4 05 06 07 08 09 10 1.1 0 5000 10000 15000 20000
Time Frequency

Figure3.7 Vibration Signal and FFT Graphs
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Parallel to ROoIRepeatdy Direction (0A)

Results: The results obtained from the resonance frequency and damping test
performed at room temperature on the sample measurig #om x 11.98 mm x

1.82 mm and weighing 2.25 g are given below. Accordingly, the Elastic modulus (E)
of the the material was found to be 115.28 GPa.

Table33Par al | el t o ROoOIRépeadd3 Directi on

Ted Results
Parall el to RoliRepeatB Di rect i
Measurement Mode Flexural
Sample Shape: Rectangular Bar
Dimentions Elastic Properties
Length (mm) 40.00 E-mod (GPa) 115.28
Width (mm) 11.98
Thickness (mm) 101 o Emod (GPa) 4.09
Mass (g) 2.25
Flex. Freq. (Hz): 3291.55
Vibration Signal FFT
6.0 14000:
40 12000
10000
2.0 i
3 " T 8000
g 00- =
£ E 6000
e T
24 4000
40 2000
8.0~ T T T T T T o J L' l ! :
00 02 04 06 08 10 12 14 0 5000 10000 15000 20000
Time Frequency

Figure3.8 Vibration Signal and FFT Graphs
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Rol |l ing DiirRepedati on ( 45A)

Results: The redis obtained from the resonance frequency and damping test
performed at room temperature on the sample measuring 39.98 mm x 11.97 mm x 1.01

mm and weighing 2.23 g are given below. Accordingly, the Elasticity modulus (E) of

the material was found to be 19GPa.

Table34Rol | i ng DiirRepedatl on ( 45A)
Test Results
Rol |l ing DitRepeatilon (45A)
Measurement Mode Flexural
Sample Shape: Rectangular Bar
Dimentions Elastic Proprties
Length (mm) 39.98 E-mod (GPa) 117.90
Width (mm) 11.97
Thickness (mm) 1.01 o Emod (GPa) 4.22
Mass (g) 2.23
Flex. Freq. (Hz): 3275.87

Vibration Signal FFT

6.0 6000
40 5000
20- 4000

] B

= |

£ 00- 3 £ 3000

£ g
20 © 2000
40 1000
6.0~ 0-

I I l I I I I I I I I
00 01 02 03 04 0506 07 08 09 1.0 1.1 1.2 0
Time

T T
5000 10000

T
15000

Frequency

Figure3.9 Vibration Signal and FFT Graphs
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Rol |l ing DiirRepedat2 on ( 45A)

Results: The results obtained from the resonance frequency and damping test
performed at room temperature on the sample measuring 39.98 mm x 11.99 mm x 1.01

mm and weighing 2.2¢ are given below. Accordingly, the Elasticity modulus (E) of
the material was found to be 118.96 GPa.

Table35Ro !l | i ng DiirRepedt2 on ( 45A)
Test Results
Rol |l ing DitRepeat2on (45A)
Measuremeniiode: Flexural
Sample Shape: Rectangular Bar
Dimentions Elastic Properties
Length (mm) 39.98 E-mod (GPa) 118.96
Width (mm) 11.99
Thickness (mm) 1.01 o Emod (GPa) 4.25
Mass (g) 2.24
Flex. Feq. (Hz): 3285.91
Vibration Signal EFT
6.0 10000
e 8000
2.0
3 3 6000
g 00- g
5 £ 4000
2.0
0 2000
-~ M 1 L

T T
10000 15000

Frequency

T— T 1 T T 1 T A !
03 04 05 06 07 08 09 1.0 1.1 0 5000

Time

00 01 02 20000

Figure3.10 Vibration Signal and FFT Graphs
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Rol |l ing DiirRepedat3 on ( 45A)

Results: The results obtained from the resonance frequency and damping test
perfomed at room temperature on the sample measuring 39.96 mm x 11.97 mm x 1.01
mm and weighing 2.25 g are given below. Accordingly, the Elasticity modulus (E) of
the material was found to be 120.32 GPa.

Table36Rol | i ng DiirRepedBi on ( 45A)
Test Results
Rol | i ng Di riecRegeat8 n ( 45 A)
Measurement Mode Flexural
Sample Shape: Rectangular Bar
Dimentions Elastic Properties
Length (mm) 39.97 E-mod (GPa) 120.32
Width (mm) 11.97
Thickness (mm) 1.01 o Emod (GPa) 4.30
Mass (g) 2.25
Flex. Freq. (Hz): 3295.81

Vibration Signal FFT
6.0 7000
40 6000
5000
il 20- o
4 T 4000
E 0.0- =
E E 3000
4 4
g 2000
4.0 1000
J L J
6.0 T T T T T T T 0 P T T T 1
00 01 02 03 04 05 06 07 08 0 5000 10000 15000 20000
Time Frequency

Figure3.11 Vibration Signal and FFT Graphs
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Rol |l ing DiirRepedati on ( 90A)

Results: The redis obtained from the resonance frequency and damping test
performed at room temperature on the sample measuring 39.97 mm x 11.98 mm x 1.01
mm and weighing 2.25 g are given below. Accordingly, the Elasticity modulus (E) of

the material was found to be 1292.GPa.

Table3.7Rol | i ng DiirRepedatl on ( 90A)
Test Results
Rol |l ing DitRepeatilon (90A)
Measurement Mode Flexural
Sample Shape: Rectangular Bar
Dimentions Elastic Prperties
Length (mm) 39.97 E-mod (GPa) 122.49
Width (mm) 11.98
Thickness (mm) 1.01 o Emod (GPa) 4.38
Mass (g) 2.25
Flex. Freq. (Hz): 3326.71

Vibration Signal FFT
6.0 7000
o B 6000
5000
2.0- .
_j 3 4000
£ 00- =
£ £ 3000
i T
20+ 2000
4.0 1000 L
PO g
6.0~ T T T T O_F- T T T
00 01 02 03 04 05 06 07 08 09 1.0 0 5000 10000 15000 20000
Time Frequency

Figure3.12 Vibration Signal and FFT Graphs
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Rol |l ing DiirRepedat2 on ( 90A)

Results: The results obtained from the resonance frequency and damping test
performed at room temperature on the sample measuring 39.99 mm x 11.99 mm x 1.01
mm and weighing 25 g are given below. Accordingly, the Elasticity modulus (E) of

the material was found to be 122.16 GPa.

Table3.8Rol | i ng DiirRepedt2 on ( 90A)
Test Results
Rol |l ing DitRepeat2on (90A)
Measurerent Mode: Flexural
Sample Shape: Rectangular Bar
Dimentions Elastic Properties
Length (mm) 39.97 E-mod (GPa) 122.16
Width (mm) 11.98
Thickness (mm) 1.01 o Emod (GPa) 4.37
Mass (g) 2.25
Flex. Freq. (Hz): 3322.32

Vibration Signal FFT

6.0 9000-]
8000
e 7000
2.0- 6000
a 8
g 3 5000
' E 4000
< 4
-2.0-] 3000
- 2000
| 1000 N
6.0~ T T T T 0 1 % l T A
0.0 0.1 0.2 0.3 0.4 0.5 0 5000 10000 15000 20000
Time Frequency

Figure3.13 Vibration Signal and FFT Graphs
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Rol |l ing DiirRepedat3 on ( 90A)

Results The results obtained from the resonance frequency and damping test
performed at room temperature on the sample measuring 39.99 mm x 11.98 mm x 1.01
mm and weighing 2.24 g are given below. Accordingly, the Elasticity modulus (E) of
the material was found to be 121.42 GPa.

Table39Ro !l | i ng DiirRepedt3 on ( 90A)
Test Results
Rol |l ing DiitRepeatBon ( 90A)
Measurement Mode Flexural
Sample Shape: Rectangular Bar
Dimentions Elastic Properties
Length (mm) 39.97 E-mod (GPa) 121.42
Width (mm) 11.98
Thickness (mm) 1.01 o Emod (GPa) 4.34
Mass (g) 2.25
Flex. Freq. (Hz): 3312.21

Vibration Signal FFT
6.0 5000-]
40 4000
2.0-|%
] B 3000
2 2
g 0.0- = a
3 £ 2000
-2.0-
ai 1000
6.0- T T T T T T T 7T Y- 1 T T 1
00 01 02 03 04 05 06 07 08 09 1.0 0 5000 10000 15000 20000
Time Frequency

Figure3.14 Vibration Signal and FFT Graphs
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Conclusion and comments:

Table3.10Elastic Modulus Test Average

Cutting Angle | Repeat | E-mod (GPa)
1 117.42
i 2 118.4
0A
3 115.25
Average 117.02
1 117.9
. 2 118.96
45 A
3 120.32
Average 119,06
1 122.49
. 2 122.16
90A
& 121.42
Average 122,02

Elastic modulus results for puréatnium will be used in elastic and plastic deformation
calculations of titanium sheets using the finite element method. If it is possible to use
directiondependent elastic values in finite element programs, according to the table

above:

 117GR f orectionA di r
f 119GR for 45A direction
 122GR for 90A direction

receivable. However, if th@verage value is used, 119.3a5fan be used.
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3.2.3 Coefficient of Friction Measurements

Tribometer was used to determine the friction coefficient of the materjaerixents

were carried out in 2 stages.

Dry surface;

Tribo measurement1

Tribo parameters

Tribometer module / Version 44K Sample Static partner
Acguisition = Cleaning : Ultrasonic - Substrate ; 100CrH
= Radius : 10,00 [mm] = Gleaning : ASETON
= Lin. Spaed : 50,00 [mm.s) = Dimension : 6.00 [mm]
= Normal load @ 2.00 [N] = Geometry : Ball

- Stop condit. : 150,00 [m]
= Effactiva Stop : Manual
- Acquisition rate : 150 [hz]

" Environment

= Temperature : 2400 [{deg>C]
= Humidity : 0.00 [%]

‘Sample Static partner Calculations
Worn track section : 0.0 pm2 Worn cap diameter : qu pm Sample wear rate : 0 mm3/n/m
Young's modulus : 0.0 gpa Young's modulus : 0.0 gpa Partnar wear rate : 0 mm3/n/m
Poisson ratio - 0.000 Poisson ratic : 00000 Max Herzian stress - 0 gpa
&0
20
0.50
060! W
IIM'PJWMWM
)
ol |
030+
Hi
0
0.03[=] 182,00 364.00 54600 728,00 910.00
0Lm] a.11 18.20 27.30 36.40 45.60

Figure3.15 Friction measurement

| Start : 0138 min: 0138  max: 0721  mean: 0555 std dev.:0.094

Figure3.16 Friction measurement results
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Lubricated with machine qil

Tribo measurement]

Tribo parameters

Tribometer module / Version 44K Sample Static partnar
Acguisition = Cleaning : Utrasonic = Substrate : 100G
= Radius : B.00 [mm] = Cleaning ; ASETON
= Lin. Speed : 50,00 [mm.s] = Dimension : 6.00 [mm]
= Mormal load : 2.00 [M] = Geometry : Ball
= Stop condit. ; 15000 [m]
= Effective Stop : Manual
= Acquisition rate : 15.0 [hz]
" Environment
- Temperature : 24 00 [<deg>C]
= Humidity : 0.00 [%]
Sample Static partner Calculations
Wom track section ; 0.0 pm2 Worn cap diameter ; 0.0 pm Sample wear rate : 0 mmad/n'm
Young's modulus - 0.0 gpa Young s modulus : 0.0 gpa Partner wear rats : 0 mm3/n/m
Poisson ratio : 0.000 Paisson ratio : 0000 Max Herzian stress : 0 gpa
0.75
060
A h - A A
A M IAAAR A o VAN A AR AN
/ ¥
045
i
Il
|
0304
0.1
H
0
0.03[=] 180.00 361.00 541.00 12200 902.00
0lm] b.02 18.00 27.10 36.10 45.10

Figure3.17 Friction measurement

| Start: 0136 min: 0136 max: 0548 mean: 0511  std dev.:0.025

Figure3.18 Friction measurement results
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was decided to be 0.5.

All these tests were performed in triplicate. The friction value to be usee am#tysis

Table3.10 The results of friction tests

Test number | Dry Surface| Machine Oiled
1 0,50,7 0,5
2 0,450,7 0,5
3 0,450,7 0,5

Table3.11 The tribometer test results

Test number | Steps | Dry Surface | Machine Oiled
Min 0,136 0,136
Max 0,721 0,548
Mean 0,555 0,511

Std,Dev, 0,094 0,025
Min 0,203 0,138
Max 0,713 0,558
Mean 0,539 0,510

Std,Dev, 0,092 0,042
Min 0,196 0,139
Max 0,711 0,548
Mean 0,542 0,510

Std,Dev, 0,096 0,037
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CHAPTER 4

4. DESIGN AND SIMULATION STAGES

4.1 Design of Forming Pattern

The shaping pattern to be used is aimed to provide the highest rigidity and lowest
distortion. The most impaant design criterion for the highest rigidity was determined
as second moment of inertia. To increase the second momar@rid, maximum

depth will be appliedAdditionally, the determined geometry will be designed in both
positive and negative direchis. Thus, the second moment of inertia will doublee

design criteria to be applied within the scope of this thesis are as follows;

1- Maximum rigidity
2- Minimum distortion and springback

3- Maximum 10% thinning

Depth criteria will be taken into consideratiorr foaximum rigidity in the forming
pattern to be created. For criteria such as warping, springback and thinning, depth,
draft angles, distance between two shaping patterns and radius measurements will be

optimized.

It was decided that the forming patternudd be in the form of a plus (+) to ensure
equal rigidity in all directions. Elastic analysiplastic analysis design sections will

be carried out in parallel. The most rigid design will be determined by the results
obtained from elastic analysis. Rlasanalyzes will then be carried out. In the plastic

analysis part, the thinningarping and springback stages will be optimized by design.
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Figure4.1 General dimension of forming pattern
4.2 Elastic Analysis

At this stage, before perform forming analysis, the Arddgshanical module is used.
Elastic analysis will be used to decide among the designs that haeastéeflection

The design that gives the least deflection under 5N load will be selectedofd
manufacturing.The purpose of this section is to find the right design approach.
Detailed elastic analyzes will be carried out after plastic analyses. The reason for this
is that, with the results obtained from plastic analyses, thinning, distcatidn

springback events will be optimized by design.

Figure4.2 System Overview

The material parameter as below. Theatawas taken from TAlibrary.
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Properties of Outline Row 3: Titanium * ax
A B C D|E

1 Property Value Unit ] 1]
2 % Density 4,51 gan®-3 ﬂD [&]
3 |B ﬁa Isotropic Secant Coefficent of Thermal Expansion B
4 E Coeffident of Thermal Expansion ,89E-06 cn1 ﬂ ]
5 |8 El Isotropic Elasticty @]
6 Derive from Yfoung's Modulus and Poisson's. .. j
7 Young's Modulus 1,19E+05 MPa ﬂ ]
8 Paisson's Ratio 0,34 ]
g Bulk Madulus 1,2396E+11 Pa 0
10 Shear Modulus 4,4403E+10 Pa m
1 % Tensie Yield Strength 475 Pz I [ ]
12 T Tensie Uitimate Strength 7 MPa Fom

Figure4.3 Material Parameters

Structural v

W Isotropic Elasticity

Derive from Young's Modulus and Poisson's Ratio
Young's Modulus 1,19e+05 MPa

Poizzon's Ratio 0,34000

Bulk Modulus 1,2396e+05 MPa

Shear Modulus 44403 MPa

[sotropic Secant Coefficient of Thermal Expansion 8,8%e-06 1/°C

Tensile Ultirmate Strength 707,00 MPa

Tensile Yield Strength 475,00 MPa

Figure4.4 Material Parameters
For elastic analysis, the supporting 4 pomisthod is used. One corner is fixed, one
corner is constrained only in Z and X directions, the otherawners are constrained
only in Z axis. The gravitational force on the material is defined arldalés defined
as a point from the middle point. Thus, the simulation of the study to be carried out in

the experimental study is carried out.

In elasticanalysis, some mess structure criteria are determined from the literature.

Mesh are created bykiag reference as quality Table 4.1
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Table4.1 Mesh criterias

Bad
Acceptable
Perfect
Mesh structure Quality Criteria

Element Quality
Aspect Ratio
Jacobian Ratio
Warping Factor
Parallel Deviation
Skewness
Orthagonal Quality

490 mm x 266 mm Sheet Elastic Simulations
Pattem Design Design Name [ Load (N) | Deflection (mm) [ Improvement (mm)

| Blank
- (00264 | ° 2
- y, | )
R R G e a6 ) o 6). Design 2.1 5 7,9087
Design 2.2 5 9,2334
- o | -

Figure4.5 Design Comparison
Improvement was calculated according to the data obtained from all designs made.

The formula used for recovery calculation is as follows;
"1 Af £ AIRICEBROBAKEI ARDENT DOT OAITIAT O
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As a result of the studgesign 2.1 was taken as reference. In the following stages, this
pattern will be optimized according to manufacturability, thinning, distortion and
springback condition@igure 4.5)

4 3 Plastic Finite Element Methods
4 .3.1Introduction

In this study, Fiite Element Method is used to examine the behavior of sheet metal
during forming.Finite element method has been used for many years to solve complex
engineering problems. Within the scope of this thesis, the thinning rate on the material
after shaping wi be examined using the Finite element method. After the analysis
outputs obtained from each analysis, design optimizations will be carried out and a
new analysis will be made. The biggest advantage of the Finite Element Method is
saving time and cost. this optimization study, many experimental steps were reduced

and the mold geometry closest to the correct geometry was created.

In this section, the studies carried out in each analysis step will be mentioned.
Simulation steps such as settings madeewvtieating the simulation file, simulation

steps, parameters, optimizations, network structure will be explained.
4.3.2Material Modelling

In this section, the defining of sheet metal and rubber material modeling to the PAM

STAMP program will be examined.

4.3.2.1Sheet Metal Material Modelling

Within the scope of this thesis, CHanium materials used. Some mechanical tests
were carried out to create the pure titanium material model. Within the scope of these
tests, the stress strain graphs, elasticutuzd(119.3 GPa) (E) and friction coefficient
(0.5) of the material mentioned in the experimental tests section were obtained and
used. And additonally, Orthotropic Hill 48 isotropic law was used for these

simulations.

Stressstrain graphs were createdtiwithe data obtained from the tensile test. A

standard stresstrain graph consists of two regiomsastic and plastic regionSince
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the analysis is a plastic analysis, only the plastic region will be taken as reference

plastic simulatior{Figure 4.6)

Tensile
” Strength
E _ (TS or R..)
&b a
¥=
T 6 VYield
_E @ Strength
@ = (YSorR,)
w
< F Slope
Ag = Elastic Modulus
=Young’s Modulus
= Modulus of Elasticity
L
0.2%— < Uniform Total Elongation
Engineering Strain (%) Elongation to fracture
AL (gorA) {(gor Agomm OF Agge)

T

Figure4.6 A general stress strain grap0]

Experimental data was used to create the Hardening Curve. Test values performed at
room temperature with @nsile test dataf 5mm/min are taken as reference. Since a
plastic analysis will be performed, a 0.2% offset value was calculated from the test

data and the yield point was found.

To find the 0.2% offset value, first the young modulus of the experimental data was
found(Figure4.7).
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%0.2 Offset

° 700 ]
o 500 y =83562x 4 52,323 .
R*=0,9568
© 500 . .
,ﬁ’
o 400 I\
.
o 300 Q
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o 100 | .M .
e
- L]
oc’
-0,001 0 0,001 0,002 0,003 0,004 0,005 0,006 0,007
o -100 . ®

Figure4.7 Young Modulus on graph
After Young's Modulus (E) calculation, a 0.2% offset line was drawn by increasing
the strain value by 0.002 and multiplying the strain value by the Young's modtlus.
this point, the yield point was determined as 481,3Pa#Eigure 4.8)

Stress-Strain Curve of CP2
5mmdk - 0 degree - Room Temperature

720 |

680 F*
640 ’?‘&’

500 /m_d-’v

P,

560 -
a/

520 b

7

(0,00776, 481,31712) |

F Seri "%0.2 offset" Nokta "0,00776" |

===stress-strain

E 380 ¢ Seri "%0.2 offset” Mokta "0,00776"
7 a0 (0,00776, 481,317 2)

—%0.2 offset

0 00l 002 003 004 005 006 007 008 003 01 o011 012 013 014 0l5 016 0i7 OLE 013 02 021 022 0323 028 025 026
Strain (mm/mm)

Figure4.8 Yield point
After the yield point was defined, the engineering stedsEn curve was converted
to True stresstran curve to create the hardening cuvgure 4.9)
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Figure4.9 True StressStrain graph

These obtainedatawere entered into the PAIMMTAMP calculation tool to determine

the most accurate material model.

Information required for the calculation tool,

True StressStrain values (Plastic region)

Reference thickness

Young's modulus (Experimental)
Yield Stress

Uniform Deformation (until UTS)

Tensile stress

Total elongation

|Ref. Thickness| E(Young)

Rp (Yield Stress

Ag (Uniform Def.)

Rm (Tensile Stress)

ABO(%) - Total Elong.

0,6

119,3

0,431317

20,28

0,70744867

24,72

Figure4.10 Information which are used in calculation tool

Calculations were carried out assuming the material was isotgliculations were

compared with experimentdhtausing Hollomon, Krupkowsky and Power law. Strain

values in theplastic region have been shifted to 0.
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Power Law: The strain hardening curve is defined from a Power Law (Ludwick

equation). Explains the relationship between true stress and plasti¢fSgane 4.11)

A A AR

Mode: |F‘nwer lawe ﬂ

o]
D’—ﬂ+f:"Ep

Figure4.11 Power law equation
a: Initial yield stress

b: Strength coefficient (same definition as K coefficient in Hollomon Law

n: Strain Hardening Exponent

Comparison - Hardening curves fitting

18
16

1,4

=
[}

True Stress

0,8

0,6

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
True plastic strain

Experimental True plastic strain - true stress Power

Figure4.12 Power law accuracy by comparising experimedéda

According to power law, accuracy was determined as 93.86%.
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Hollomon Law; Hollomon's isotropic hardening law, which describes the true
stress/true strain relatiship (type of power law) of a material in uniaxial tensile
testing, is defined a#igure 4.13)

A +R

General Definition |Operatnr.|

Mode: |Hollomon law ﬂ

Figure4.13 Hollomon law equation

A K: Strength coefficient of material
A n: Strain hardening exponent

A Re: Yield stress

Comparison - Hardening curves fitting

e )

0,8

True Stress

0,7
0,6

0,5

N J

0 0,1 0,2 03 0,4 0,5 0,6 0,7 0,8 0,9 1
True plastic strain
—— Experimental True plastic strain - true stress ——Haollomen

Figure4.14 Hollomon law accuracy bgomparingexperimentatiata

According to Hollomon law, accuracy was determined as 79.31%.
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Krupkowsky (Swift) law; The strain hardening curve is described by Krupkowsky

(Swift) law. It is the most used in isotropic hardening |éivigure 4.15)

A +R R

Mode: |Krupknwslq lawy ﬂ

G’=K-|{ED+EP:IH

Figure4.15 Krupkowsky law equation

A K: Strength coefficient
A n: Strain hardening exponent

A EpsO: Initial plastic strain (prstrain)
Comparison - Hardening curves fitting
1,6

1,4

1,2

rue Stress

0,8

0,6

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
True plastic strain
Experimental True plastic strain - true stress Krupkowsky

Figure4.16 Krupkowsky law accuracy bgomparingexperimentatata

According to Krupkowsky, the accuracy was determined as 98.47%.
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Comparison - Hardening curves fitting
1,8

1,6

1,4

1,2

True Stress

0,8

0,6

0,4

0 0,1 0,2 0,3 0,4 05 0,6 0,7 08 0,9 1
True plastic strain
——Experimental True plastic strain - true stress — Power Krupkowsky ——Hollomon

Figure4.17 All equationcomparisorwith experimentatiata
Since all these sailts converge when evaluated according to the graph above, the law
that gives the most accurate result is Krupkowsky's Tdvat's why this law is taken

as reference in material modeling.

Table4.2 The accuray of laws

STANDARD MATERIAL PARAMETERS
Young Modulus 119,3
Yield Stress (0.2%) 0,48451
Eng UE (Ag%) 20,28
UTS 0,70745
Poission Ratio 0,35(Literature)
Density 4.5E6 (Literature)
| ccuRmoYeh |
Hollomon 79,30982
Power 93,86609
Krupkowsky 98,4744

The parameters obtained according to Krupkowsky's law are as follows;
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Tabled3Kr upkowsky | awdés values to

Krupkowsky (Swift)
K 1,3704
n 0,30505
EpsO 0,0331

The obtained values shoule@ Iplotted graphically and compared with experimental
results. The % coordinates of the graph drawn by the program according to the
formula were taken from the program and a ststissn graph was drawn. This graph

is superimposed with the strestsaingraph created with experimental data.

Mode: |Krupkc-wsky law j

a=K. I[.'_=D+.'_=p)?1
Eps0: |0.0331

K: |1.3:r'u4 n: |D.30505

[ sigma saturation

=

Apply Reset

Figure4.18 Inputs for Krupkowsky law

W22

Figure 4.19 An image titaniurhCP2 material graph after the graph are defined to
program

With this process, Titaniur@P2 material card was created and defined in the program.
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4.3.22 Rubber Material Modelling

Rubber material is an elastomer material produced naturally or synthetically. It is
produced synthetically using polymeric coomgnts. It has a wide range of uses in
engineering problems due to its mechanical properties. The feature observed within
the scope of this thesis is its flexibility. Rubber material can stretch under a certain
load and return to its original shape withdaetormation. It shows a different behavior
than other material in the stresstrain curve In the Flex-forming method, this

mechanical feature serves to show the function of a mold.

Brittle Plastic

Tough & Strong Plastic

Stress (o)

Strain Hardening

Hard & Tough Plastic

Elastomer

Strain (g)

Figure4.20 StressStrain graph of different materigé1]

The MooneyRivlin law is an extremely widely used method in the rubber material
board forming process. The constants C1 and C2 are estimated using the following
equations. To obtain thesmonstants, tests such as uniaxial tension, equibiaxial
compression, equibiaxial tension, uniaxial compression are used. The Mooney Rivlin
model, which includes constants C1 and C2, is generally valid for strains below 100%.
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7 7)HBDNH 'y o ") o 7))

Where A and B are material properties didd ) is an incompressibility penalty

function
) o ¢*
) o 1* T1* Right Cauchygreen Strainnvariants

4@

*-R&R -8 GreenLanfrange Straimnvariants

* A%

3 — i 3 isthe¢ Pialo-Kirchhoff stress tensor
Where;

3 The elements of the Piakdirchhoff stress tensor, where i and j are indices

representing the directional components. (8.9,,3 3 3 for different

components).

W: Strain energy density.

% : GreenLagrange strain tensor components.
p: Hydrostatic pressure.

1 : Kronecker delta function.
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In a previous sty conducted by Al, which provided theoretical support to this thesis
study, a uniaxial tensile test was performed for the rubber used. According to these test
results, the constants C1=A=0.4 MPa, C2=B=0.1 MPa were used. The mechanical and

geometric propeies of the rubber used are as follows;

Mooney Rivlin Law

Multiple type material

Rolling Direction = X direction
Density; 1.24E6
C1=A=0,0004 GPa
C2=B=0,0001 GPa

Thickness = 40 mm

=4 =4 =4 4 A -4 -2

4.3.3Defining Possible GeometrieBased On Simulation Results

Finite elemat modeling analyzes are processes that take a long time and require
computers with high processing power. In line with elastic analysis, studies have been
carried out on the geometries with tleastdeflection.During the elastic analysis
phase, Design.2 was designed without sharp corners and draft angles. This design
has been optimized in terms of draft angles andusatirough preliminary plastic
analysis[Table 4.5 [Figure 4.21]. When choosing the most accurate geometry, not
only deflection but als manufacturability was taken into consideration. The design

criteria are depicted with the pictures and table below;

Table4.4 Numbers of geometric features

Geometric Features

Picture Number Geometric Features
Geometry
Depth
Draft Angle 1
Draft Angle 2
Inner Radius

=

Full Inner Radius

Corner Radius

Upper Radius
Bottom Radius
X Number of Patterns (Top-Bottom)
Y Number of Patterns (Top-Bottom)
Draw-Bead
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51 Inner Radius 6 - Full Inner Radius 71 Corner Radius

81 Upper Radius 9i Bottom Radius

Figure4.21 Design locations
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10-11- X-Y Number of Patterns

12 - Draw-Bead

Figure4.22 Design Locations

The results and geometric properties of all aredyare as in the table below (Table
4.5). The analysis that gave the best results was determined as Designs 19, 22, 23 and
24,
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Table 4.5 The simulation result to select best geometry

Geometric Features

Plastic Simulation

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Inner . |Corne . |Bottom X Number of| Y Number off Minimum Mold Closing Thickness .
Design Number Geometry Name _Mwﬂvj _uq_w,\m,\wﬁﬂmn _uﬂmn“_.>:m__m _uqmnm>3@_m Radiug = Aﬂ“ﬁv_ﬂ adi Radiug Cun%“hvmn_c Radiug  Patterns Patterns Thickness Gap After springback| wvmﬁwwmo_A
(mm) (mm) (mm) | (Top-Bottom)| (Top-Bottom) (mm) (mm) (mm)

1. Design With Corner | 2,0 2,0 70A 60A[ 5 - 5 |Chordal (2,5) 4,6 7-6 4-3 0,562 0,137 0,557 15,208
2. Design | Corner-Drawbeafl 2,0 2,0 70A 60A[ 5 - 5 |Chordal (2,5) 4,6 5-6 2-3 0,560 0,14 0,557 9,63
3. Design Spline 2,0 2,0 65A - Spline - Spline 5 4,6 7-6 4-3 0,56 0,13 0,559 19,074
4. Design With Corner | 2,0 2,0 70A - 5 - 5 | Chordal(3)[ 4,6 7-6 4-3 0,567 0,075 0,566 13,384
5. Design With Corner 2,0 2,0 70A - 10 - 10 11,5 6 7-6 4-3 0,569 0,044 0,568 14,055
6. Design With Corner 2,5 2,5 70A 60A 5 - 5 |Chordal (2,5) 4,6 7-6 4-3 0,557 0,149 0,554 14,507
8. Design Spline 2,7 2,7 50A - Spline - Spline 5 4,6 7-6 4-3 0,54 0,333 0,54 15,85
10. Design With Corner 3,0 3,0 50A - 5 5 5 4 4,6 7-6 4-3 0,531 0,518 0,53 14,356
11. Design With Corner 3,0 3,0 50A - 5 - 5 4 4,6 7-6 4-3 0,531 0,444 0,531 14,405
12. Design Spline 3,0 3,0 50A - Spline - Spline 5 4,6 7-6 4-3 0,532 0,394 0,531 15,089
13. Design With Corner | 3,0 3,0 50A - 5, - 5 | Chordal(4)[ 4,6 7-6 4-3 0,534 0,359 0,534 14,814
14. Design With Corner 3,0 3,0 55A - 5 - 5 Chordal (4)[ 4,6 7-6 4-3 0,535 0,262 0,535 15,468
15. Design With Corner | 3,0 3,0 58A - 5 - 5 | Chordal(4)[ 4,6 7-6 4-3 0,536 0,212 0,536 15,752
16. Design With Corner 3,0 3,0 70A 50A| 5 - 5] Chordal (3)| 4,6 7-6 4-3 0,535 0,237 0,531 15,555
17. Design With Corner | 3,0 3,0 70A 50A| 8 - 5 | Chordal (3)[ 4,6 7-6 4-3 0,537 0,231 0,539 15,615
18. Design With Corner | 3,0 3,0 70A 50A| 8 - 5 | Chordal(3)[ 5,5 7-6 4-3 0,542 0,227 0,541 15,84
l With Cormer | 30| 3,0 70A| 55A 13 5 | Chordal(3)| 5,5 7-6 4-3 0,553 0,167 0,553 17,638
20. Design | Corner-Drawbeafl 3,0 3,0 70A 50A| 8 - 5 Chordal (3)| 5,5 5-6 2-3 0,538 0,226 0,538 17,515
21. Design | Corner-Drawbeafl 3,0 3,0 70A 50A[ 9 - 5 | Chordal(3)[ 6 5-6 2-3 0,541 0,223 0,539 16,96
Corner-Drawbeafl 3,0 3,0 70A 55A| - 13 5 | Chordal (3)[ 5,5 5-6 2-3 0,549 0,172 0,55 15,314
Drawbead-Cage 3,0 3,0 0,557 0,232 0,557 24,857
Drawbead-Frame 3,0 3,0 0,538 0,088 0,532 20,213
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4.3.4 Evaluation of Results

At the beginning of the project, constraints such as thinning and springback deflection
were cetermined as the objectives of the study. The maximum acceptable thinning was
decided to be 10% (up to 0.54 mm). In addition, minimum springback and maximum

rigidity are expected.

Therigidity ratio of the material is directly related to the depth offtineing pattern.

Since the degree of second moment of inertia increases in proportion to the square of
the depth, the main goal in these designs is to increase the rigidity of the material by
increasing the depth to maximum levels. Therefore, even thaggnd with a depth

of 2.0 mm give the least thinning and the best mold closing values, designs with a

depth of 3.00 mm will show better rigid behavior.

These are designs where at least springback level drawbead is applied after being
shaped according tthe analysis results. By comparing the elastic behavior of the
shaped material with a load applied from the midpoint, it will be decided which mold

to manufacture.

A total of 24 designs were analyzed and some results were obtained in these analyses
(Table 4.5). The most important factors affecting thinning, which is one of our

limitations, have been determined.

2- Depth; It is the parameter that has the most impact on thinning. This is an expected

result, as stretching increases as depth increases.

3-4- Draft Angle; It has very important effects not only on thinning but also on

formability. Even if the thinning is at sufficient levels, when the press pressure is
increased, the mold closing will decrease and the thinning will increase as it
approaches 0. herefore, draft angle has a direct effect on both thinning and mold

closing.

5-6 Inner Radius; It has a significant effect on thinning as it looks like a protrusion
when shaping in the negative direction. Small radii have a negative effect as depth

increags. Because these regions behave close to sharp corners. Inner Radius is directly
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related to draft angldepth. Inappropriate draft angle and depth can directly negatively

increase the effect of the inner radius on thinning.

7- Corner Radius; It is diregtleffective in thinning. Sharp corners have a negative
effect on thinning. Therefore, the highest radii should be given to optimize these areas.

Thus, thinning can be optimized by softening sharp corners.

8- Upper Radius; It is effective in mold closingdathinning. Sharp corners should be

softened whenever possible.

9- Bottom Radius; In the 17th and 18th Designs, only the bottom Radius was increased
from 4.6 mm to 5.5 mm in order to enter the thinning limits. It slightly reduced the

stretching effect andave a positive result.

10-11-X-Y Number of patterns; The distance between the forming geometries is very
critical. In order to increase the rigidity of the material, it is necessary to place as many
forming patterns as possible on the sheet metal. Therdfee distance between two
forming patterns should be at minimum levels. However, the two patterns should not
affect each other during shaping. In design numbers 7 and 9, the distance of the patterns
on the X and Y axes has been increased. Accorditg tartalysis resul{&igure 4.23

the space between the two patterns was determined as 19.5 mm on the X axis and 10
mm on the Y axis, and Radius and depth optimizations were made by keeping these

distances constant.
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Figure4.23 Thicknesdistributionin between two forming pattern
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12-The drawbead design has been shown to be very effective in reducing springback
and distortion. However, the use of drawbead throughout the design increases
springbackand distortion A drawbead design that surrounds the applied forming
geometry has been found to be most suitabtelong as the design is created by
defining a certain space in the shaping patterns, it does not have a big effect on
thinning. In drawbeadesigns that surround the geometry, the radius of the X and the
region should be given appropriateRd.design due to the Radius size in the design,
the pattern shown in the picture has more thinning than other patterns.

Therefore, by reducing the radiufie measurement between the pattern and the

drawbead was increased and some improvement was achieved.

Figure4.24 20.Design Figure4.2521.Design

According to these results, designs 19, 22, 23 and 24 will be put into elastic analysis.

According to the elastic analysis results, the design that gives minimum deflection will
be selected as the magitimumdesign.

Although the thinning and shaping parameters of the two designs are the same, the
springback of design 22 is less. Which mold will be produced will be decided with the
data obtained from elastic analysis. However, since the most successful design
according to cuent conditions is the 22nd design, the simulation results of design 22
will be examined in detail in this section.

The thickness distribution is suitable for design restrictions. Minimum thickness
should be 0.54mm. In design 22, minimum thickness is QBd@re 4.26)
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Figure4.26 Local minimum thickness

The major strains on the geometry are as shown in the picture below.

Major strain - Ply 1 (true value)
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Figure4.27 Local maximum strain vakes
Forming Limiting Diagram depicts the formability of the material. When we examine
the FLD graph of the geometry we shaped, we see that there are no problems such as
cracking, breaking or excessive thinning. There is no risk in shaping since it remains
below the range of approximately 0:226, which is considered the safe z{ffigure
4.28)
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Figure4.28 FLD graph of design

Histogram of Surfaces

42.85%

33.99%
7.91%
5:46% 5:06% 4 48% ———rgm
; . — . 0.54%
| E— = =

-0.28 -0.26 -0.24 -0.22 -0.20 -0.18 -0.16 -0.14

Figure4.29 The histogram of gtaces

The highest strain regions are seen in the inner corners in the negative direction.

FLD (strain) - Rupture risk - Ply 1 - FLD-emre (absolute)
-0.136

-0.156
--0.176
-0.196
-0.217
-0.237

-0.257
-0.277

In the FLD by quality chart, we examined wrinkling trends depending om stra

regions. Strong wrinkling trend zones were detected in the corners and bottom areas

of the pattern. The strain occurring in these regions affects the springback. It is within

acceptable limitgFigure 4.31)
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Figure4.31 FLD graph of design

Histogram of Surfaces

66.76%

28.74%

4:50%

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Figure4.32 Histogram of surfaces

FLD (strain) - Zones by quality - Ply 1

Strong wrinkling trend (7)
Insufficient stretching (5)

Safe (4)

Figure4.33 Wrinkling trend of design

It is expected that a distortion in the maaewill be seen when the mold is opened
after shaping. It has been observed that the part has a springback, especially in
unformed area@~igure 4.34)
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Figure4.34 the simulation result of design 22
In theexperimental phase,mmaximum 15,314 mndistortionis expecten the part
(Figure 4.35).

Displacement along direction (0,0,1)
i 15.314

Figure4.35the simulation result of design 22

The last issue examined is the distance between the mold and themater@&l in the
final stage of forming. As can be seen, although the corner areas are softened, there is

an unshaped area of 0.172 mm between the negative forming pattern and the mold.

n objects (Real surfaces)

Figure4.36 The dstance in btweendesign 22 atel )
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4.4 Second Stage ElastiSimulations

As aresult of the plastic analysis, four designs were decided. As a result of the analysis,
each geometry exhibited a different distortion behavior. Therefore, while making the
compaison, the distorted version of each geometry and its elastic behavior after
applying a 5N load from the midpoint were examinBdese elastic simulatiorse
carriedout in PAMSTAMP.

The establishment and phgsiof the system are as follows.

Figure4.37 An overview of elastic deformation simulation and test rig
The simulation is setup as supporting 4 p@hgjure 4.37) In experimental stage, the

sameconditionswill be applied to produced part

According to the simulation result, tleflectionof the unformed sheet metal part was
foundas14.273 mm(Figure 4.38)

lorm of displacement
14.273
12.238
10.204
8.169

Figure4.38 The unformed part deflection under 5N
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22nd designmaximum deflection was obsved asl,645 mm in the middle region.
Keeping the shapingattern,the same, one row from the corners was canceled and
replaced with a drawbead design. The deflectiod springbackesults according to

the drawbead design result are as follows

Figure4.39 22nd Design

Displacement along direction (0,0,1)
15.314
13.126

| B
8.750

3

Figure4.40 22nd Desigrspringback

Displacement along direction (0,0,1)
-0.011

-0.244
| il
0711

-0.945

Figure4.41 The deflection of 22nd design under kdd
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19. Design,lte maximum deflection was observed in the middle region as 5,043 mm.

Results are as follows.

Figure4.42 19nd Design

Displacement along direction (0,0,1)
17.638
15.119
- 12.599
10.080
7.561
5.042

Figure4.43 19ndDesignspringback

Displacement along direction (0,0,1)
-0.023
-0.740

-1.457
sy

-2.892

Figure4.44 19nd Design Deflectionnder5N Load

80



23. Design he draw bead design has been shown to be beneficial. Therefore, the full
drawbead pattern was applied in the form of a cagetheresult was examined
elastically.

The maximum deflection was observed in the middle region as 2,446 mm.

Figure4.45 23nd Desgin

Displacement along direction (0,0,1)
24.857

21.307
- 17.756
14.206
10.656

7.105
5

Figure4.46 23nd Design Springback

Displacement along direction (0,0,1)
-0.013

-0.361
--0.708
-1.056
-1.404
-1.751

-2.099

Figure4.47 23. Design dflectionunder5N load
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The 24nd design was defined like a frafflee maximum deflection was observed in

the middle region as 1,199 mResults are as follows

Figure4.48 24nd design

Displacement along direction (0,0,1)
20.213
17.325

- 14.437
11.549

8.661

WSTT3)

Figure4.49 24nd Design Springback

Displacement along direction (0,0,1)
-0.012
-0.181

-0.351
ey

Figure4.50 24ndDesign deflection under 5N Ida
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4.4 1Elastic Finite Element Methods Results

As a result of all simulations, many criteria were examined. Designs 22 and 24 gave

the two best results. However, since the springback values of the 24th Design were

very high, it was decided to continue witte 22nd DesigfiTable 4.6)

Table4.6 Thickness, gap, springback and deflection simulation result of selected

design
Geometric Features Simulation Results
1 12 13 14 15
. Thikness | Mold Closing Gapg Springback Deflection
Design Numbe Geometry After Forming (mm) (mm) (mm)
With Corner 0,553 0,167 17,638 5,043
With Corner-Drawbead 0,549 0,172 15,314
Full Drawbead-Cage 0,557 0,232 24,857
Full Drawbead-Frame 0,538

4.5Production and Experimental Stage

4.5.1Die Manufacturing

Molds of the decided geaatry were produced usingakis CNC and first sandblasting

and then polishing were performed asugface improvement operation.
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Figure4.51 Die manufacturing
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Figure4.53 Polished die and pin locations
Three pin holes are placed on each edge of the mold to prevent the cut sheet metal part
from moving during shapin{fFigure4.53) By inserting pins into these holes, it will

prevent the part from slipping during shaping.
4.5.2Sheet forming Stage

Before the sheet forming stage, the mold manufacturing process was completed and
the sheets were cut to appropriate sizes usingptioe shearsSubsequently, tests

were carried out at TAI, which provided equipment and experimental equipment
support for this thesis.

In the hydroforming device with a pressure capacity of 1200 bar, the 800 bar pressure
reported to us as safe litmare set on the device scre@figure 4.54)
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SIEMENS __SIMATI~ 7,

Figure4.54 Theflex-forming machine screen
Then, pins were placed in the mold, which was processed and finaliZedirat
University Metal Forming Center of Extlence Then the mold was lubricated with

machine oil.

Figure4.55 Lubricated die

Sheet metal parts cut using guillotine shears were placed in the mold, which was
lubricated and all operations were cometetThanks to the pins, the sheet metal part
will not be able to change its location during forming (Figure 4.56).
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Figure4.56 placing the part in the mold

PressureHolding pressure parameters were adjdsénd after the mold was lubricated

with machine oil, the hydroforming machine was started and the shaping process was
carried out.

Figure4.57 Deformed sheet
The holding pressure is automatically definadthe simulation. According to the
results, a minimum holding pressure of 50 ms will be sufficient. A holding pressure
set above 50 ms has no significant effect on shaping. In the experimental stage, the

holding pressure was adjusted for 3 seconds aaqlrsiptook place. Experiments were
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