COMPUTER AIDED MODELING OF WRINKLING
AND ITS PREVENTION

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

MEHMET ALI PiSKIN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
MECHANICAL ENGINEERING

SEPTEMBER 2005



Approval of the Graduate School of Natural and Applied Sciences

Prof. Dr. Canan Ozgen
Director

| certify that this thesis satisfies all the requirements as a thesis for the
degree of Master of Science.

Prof. Dr. Kemal ider
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully
adequate, in scope and quality, as a thesis for the degree of Master of
Science.

Prof. Dr. Bilgin Kaftanoglu
Supervisor

Examining Committee Members

Prof. Dr. Metin Akkok (METU,ME)
Prof. Dr. Bilgin Kaftanoglu (METU,ME)
Prof. Dr. Suha Oral (METU,ME)
Prof. Dr. Haluk Darendeliler (METU,ME)

Prof. Dr. Alpay Ankara (METU,METE)




| hereby declare that all information in this document has been
obtained and presented in accordance with academic rules and ethical
conduct. | also declare that, as required by these rules and conduct, |
have fully cited and referenced all material and results that are not
original to this work.

Mehmet Ali Piskin



ABSTRACT

COMPUTER AIDED MODELING OF WRINKLING AND ITS PREVENTION

PiSKIN, Mehmet Al
M.S., Department of Mechanical Engineering
Supervisor: Prof. Dr. Bilgin KAFTANOGLU

September 2005, 111 Pages

Deep-drawing operations are performed widely in industrial
applications. It is very important for efficiency to achieve parts with no
defects. Wrinkling is a kind of defect caused by stresses in the flange part of
the blank during metal forming operations. It is required that the flange of a
workpiece in deep drawing operation should deform in its plane without
wrinkling otherwise it will impair the quality of the product. To avoid wrinkling

appropriate blank-holder force or drawbead can be applied.

In this work, finite element method is used to obtain the wrinkling
behavior. A four nodded five degree of freedom shell element is formulated.
Isotropic elasto-plastic material model with Von Mises vyield criterion is used.
By using this shell element, the developed code can predict the bending
behavior of workpiece besides membrane behavior. Simulations are carried
out with four different element sizes and two different shapes (circular and

rectangular). The thickness strain and nodal displacement values obtained



are compared with results of a commercial finite element program and

results of previously conducted experiments.

Keywords: Wrinkling, Deep Drawing, Sheet Metal Forming, Finite
Element Method, Computer Aided Metal Forming.



Oz

BURUSMANIN BILGISAYAR DESTEKLI MODELLENMESI VE ONLENMESI

PiSKIN, Mehmet Al
Yuksek Lisans, Makina MUhendisligi Bolumu
Tez Yéneticisi: Prof. Dr. Bilgin KAFTANOGLU

Eylal 2005, 111 Sayfa

Derin gekme operasyonlari endustriyel uygulamalarda yaygin olarak
kullanilmaktadir. Verimlilik icin hatasiz parcalar elde etmek ¢ok onemlidir.
Burusma, metal sekillendirme operasyonunda taslagin flanj bdlgesindeki
gerilmelerden kaynaklanan bir hata tipidir. Derin ¢gekme operasyonunda ig
parcasinin  flanj bdlgesinin  bulundugu duzlemde deforme olmasi
gerekmektedir. Aksi takdirde, bu elde edilecek trtnun kalitesini disurucu bir
faktor olacaktir. Burugsmalari dnlemek igin uygun baski plakasi kuvveti ya da

pot gcemberi kullanilabilir.

Sonlu elemanlar metodu kullanilarak burugsma davranimlari elde
edilmistir. Dort nodlu, bes serbestlik derecesine sahip olan bir kabuk elemani
formlle edilmigtir. Von Mises akma kriteri ile izotropik ve elasto-plastik
malzeme modeli kullaniimistir. Geligtirilen yazilim, bu kabuk elemanini
kullanarak  pargcanin  membran davranimlarinin  yaninda bukulme

davranimlarini da elde edilebilir. Dort farkli eleman boyu ve iki farkli sekil

Vi



(yuvarlak ve dikdortgen) icin simualasyonlar yapildi. Elde edilen kalinhk
gerilinleri ve nod deplasmani sonuglar ticari bir sonlu eleman programinin ve

onceden gergeklestiriimis deneylerin sonuclariyla kargilastiriimistir.

Anahtar Kelimeler: Burusma, Derin Cekme, Metal Levha S$ekillendime,
Sonlu Elemanlar Yontemi, Bilgisayar Destekli Metal

Sekillendirme
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CHAPTER 1

INTRODUCTION

In manufacturing, there are four main methods to achieve a product
[1]. One of them is casting, in which the molten material is poured into a die.
So the product is directly shaped in one step. Complex shapes, however, are
hard to produce with this method, sometimes it is impossible. Another
method is metal cutting processes. In this method, material is removed from
the original piece by machining. In metal cutting, a lot of material is wasted.
Besides, there may be some difficulties to achieve a complex shape. Tools
must be appropriately selected. Manufacturing can also be done by material
addition, such as welding. This type of manufacturing is not applicable to all
types of materials. The fourth method is metal forming. There are some
advantages of metal forming on other techniques. There is little material
wasted in metal forming. Also, very complex shapes can be achieved and
the material strength is improved. The disadvantage of metal forming,

however, is that several steps may be required to achieve the final product.

There are methods in metal forming: direct and indirect extrusion,
drawing of tubes and wires, rolling, forging, deep-drawing, etc... Most of
these methods are widely used in industry. These methods can be used to
manufacture a wide range of products. For example, extrusion can be used
to manufacture complex shapes from a block of material. Using a mandrel, a
tube can also be produced by forward extrusion. Rolling can be used to

produce sheet metal.
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Figure 1.1 Automotive parts manufactured using sheet metal forming

Deep-drawing is a metal forming method, which is used to
manufacture products from sheet metal. It is a very common method in the
industry for the applications requiring sheet metal. Very complex shapes can
be achieved using deep-drawing. Deep-drawing is used to produce many
different products, such as automotive parts, cans, sinks, housing, etc... The
application areas are getting larger everyday. Besides, the needs of current
applications are changing. For example, in automotive industry, general
trend is to use thinner metals and some polymers. Therefore, it is very
important to continue the researches in this area to make the deep-drawing

process capable of satisfying these new needs.

-y

Hyvdro mechanical
deep drawing

High pressure
sheet metal forming

v T T

Conventional
deep drawing

Pneumo-mechanical

Internal high pressure 1
deep drawing

sheet metal forming
Figure 1.2 Several sheet metal forming methods
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In the deep-drawing process, a blank is placed on a die. A punch is
used to draw the blank. Almost in every application, a blank-holder is used.
These are the basic tools of deep-drawing. Selection of appropriate tools is a
very important point for the success of the process. The shape of the final
product directly depends on the shape of punch and die. The corner radii of
die and punch have an important effect on the process. For example, punch

load increases with sharper die corner radius.

.~ punch l
~ blank holder l l

+ blank

4 drawn part—_
m h :IILI

Figure 1.3 Deep-drawing

Deep-drawing process must be investigated in five parts for five
different regions. The explanation of what happens in which region is as

follows:

» The region between the die and the blank-holder is called as the
flange region. This region covers the part from the rim to the start of die
curvature. In this region pure radial drawing occurs. There is a
circumferential compressive stress and a radial tensile stress state in this

region. This is the only region that the material gets thicker.



» Over the die profile, sliding and bending of the material occurs. In
this region, in the radial direction tensile stresses occurs, whereas
compressive stress is observed in the circumferential direction. As
mentioned above, radius of the curvature of die profile has effect on the
punch load. For a sharper radius, more plastic bending work is done,
therefore the punch load increases. In this region, material gets thinner due

to bending under tensile stresses in the radial direction.

» In the region between die and punch, generally there is no contact
of the material with either of punch and die. This is a transition region
between die and punch. In this region radial tensile stresses act on the
material. Material gets thinner and tearing or necking can take place in this

region.

» Bending and sliding of the material takes place over the punch
profile. As the radius of die corner is, radius of punch profile is an important
parameter for deep-drawing. Selection of this radius can cause or prevent
necking and tearing of material in this region. Again thinning of material takes

place. Biaxial tensile stresses act in this region.

» Over the punch head, sliding and stretching of the material occurs.
In this region, thinning of the material occurs. The limiting drawing ratio
(LDR) depends on the load carrying capacity of this region. The maximum
load carrying capacity is determined by the plastic instability taking place in
this region. However, plastic instability depends on the friction properties
between the punch and material. Equ-biaxial tensile stresses act in this

region.
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Figure 1.4 Several defect types in deep-drawing

As described above, there are several failure types in a deep-drawing
operation. Different failures occur in different regions. As stated above,
necking and tearing generally occur over the punch head and punch profile
and between punch and die. In flange region, however, a different failure
type, wrinkling, can be observed. On a completely drawn part, earing can

also be seen on the walls of the cup due to planar plastic anisotropy.

Tearing and necking are caused by the tensile stresses and they are
types of tensile instabilities. Wrinkling, however, differs from these failure
types. Wrinkling, occurring in the flange region, takes place under pure radial
drawing. As stated above, there is a circumferential compressive stress state

in the flange region. When the radial drawing stress exceeds a certain value,



compressive stress in the circumferential direction becomes too high, so

plastic buckling occurs. This plastic buckling gives a material a wavy shape.

Figure 1.5 Sample products manufactured using deep drawing

Wrinkling is an undesired deformation, so it must be prevented. There
are two different approaches for prevention of wrinkling. The first one is using
blank-holder. In this approach, a flat tool set is used to prevent the collapse
of the material into waves. Two types of blank-holding application exist:
clearance type blank-holders, pressure type blank-holders. In clearance
blank-holding, the clearance between the blank-holder and the die is kept at
a constant value. Therefore, the material is kept at a constant thickness, and
the wave development is prevented. This can be assumed as a plane strain



case. In pressure type blank-holding, some mechanism is used to arrange
the clearance between blank-holder and die, so as the material gets thicker,
blank-holder plate can move freely to supply necessary space for thickness
of material. The force needed to prevent wrinkling is calculated and applied
with the blank-holder plate to the material. So wrinkling is prevented,
whereas the material is able to get thicker. Neglecting the blank-holder force,

this case can be assumed as a plane-stress problem.

Second way of prevention of wrinkling is using drawbeads. In
drawbead applications, material is forced to flow through a groove with the
help of the male of the groove on the blank-holder. When material moves
though the groove, compressive stresses decrease because of the tensile
forces acting. So wrinkling is prevented by reducing the compressive

stresses below the critical value.

Prediction of wrinkling is a very important process for a deep-drawing
operation. Knowing if the part wrinkles or not, completely affects the
selection of tools used in manufacturing. Unnecessary precautions taken can
bring undesired results. For example, using blank-holder increases the
punch load. In total, expenses of process may increase. On the other hand, if
wrinkling cannot be predicted, precautions cannot be taken, so product
quality decreases, and mostly, produced parts becomes unacceptable. So

the designer should know about the wrinkling behavior of a given blank.



CHAPTER 2

SURVEY OF LITERATURE

A survey of previous work held on sheet metal forming and especially
wrinkling in deep drawing is presented. Besides the researches on those
areas, studies on solution methods like finite element method is investigated.
The researches started very early in both areas, especially in sheet metal
forming, in history, but work on wrinkling is seen to be done mostly in recent
years. This is because as sheet metal types used in industry become thinner,
wrinkling appears as a primary problem, the need for research on this area

increases. In this chapter, these researches are revised.

Kaftanoglu [2] developed a method for flange wrinkling in
axisymmetrical deep drawing using the energy method. In this approach,
wrinkling occurs if the plastic work done for deep drawing is higher than the
plastic work done for wrinkling. For this purpose, using von Mises yield
criteria, a plastic analysis is done for the flange part of the blank, assuming
plane stress conditions. For the calculation of work done for wrinkling,
wrinkles are assumed to be a sine curve in shape. So the amplitude of the
wrinkles are calculated, then using the plastic bending moment, work done
for wrinkling is obtained. Using these procedures, plastic work versus
reduction strain curves are obtained for both deep drawing and wrinkling.
When the slope of the wrinkling curve is greater than deep drawing curve,
wrinkling does not occur, since the energy required is greater than deep
drawing. Considering the peaks of the wrinkles as plastic hinges, the blank-
holder force needed to suppress wrinkling is found in terms of wave number.

Experiments are conducted to verify the numerical results with several



materials and for several initial blank diameters. Experimental results are in

very good agreement with numerical results.

Ramaekers et al. [3], made a research on the deep drawability of a
round cylindrical cup. The limiting drawing ratio is tried to be related with
some process parameters like anisotropy factor, strain hardening exponent,
etc... Upper and lower bound methods are used to obtain theoretical models.
Using the theoretical model proposed for deep drawing, estimation for the
limiting drawing ratio is tried to be achieved. Some experiments are
conducted to verify the model developed. Comparing the results, it is seen
that an agreement between the model for deep drawing and experiments.
However, a precise prediction of the limiting drawing ratio could not be
achieved. The friction coefficient is seen to be an important factor for the
drawability of large size products. The study showed that decreasing friction

coefficient, increases limiting drawing ratio.

Kang and Im [4], in 1997, proposed an iterative scheme for finite
element analysis of wrinkling for anisotropic and isotropic flexible
membranes or fabric structures. They formulate a wrinkling criterion using
the one developed by Roddeman et al. based on the principal stresses and
strains. Wrinkling initiation is predicted by comparing the second Piola—
Kirchoff stress and Green Lagrangian strain. They developed a finite element
code by just applying minor differences to the existing total Lagrangian codes
for membranes. Numerical examples for torsion of a membrane and quasi—

static inflation of an automobile airbag are performed.

Cao and Boyce [5] examined wrinkling and tearing type of failures in
sheet metal forming. For prediction of wrinkling, they used a method
proposed by Cao and Boyce. The criterion is based on the energy
conservation and minimum work to suppress the wrinkling. Total strain

energy values for a perfect plate and for buckling plate are recorded. Then



the force/pressure needed to suppress the wrinkling is calculated using the
energy difference and wrinkling amplitude. In prediction of tearing, existing
forming limit diagrams are used in correspondence with the local strain
histories near possible tearing regions. They also developed a technique
named variable binder force in which blank—holding load varies in controlled
manner, not a constant blank—holding load was used. A control algorithm is
proposed for variable binder force technology. Two examples are used:
conical cup drawing and square cup drawing. Finite element models of both
cases are analyzed by commercial program ABACUS. Comparison with the
experimental results shows that the method is capable of predicting wrinkling
and tearing. The control algorithm for variable binder force is tried in both

cases, and 16% extra cup forming height is provided for conical cup drawing.

Yang et al. [6] searched a way to predict the initial blank shape for an
operation without fracture and wrinkling. A two stage method is proposed for
optimum blank design. In the fist stage, they used ideal forming theory,
developed by Chung and Richmond, to make an initial estimate for the blank
shape. The internal plastic work is calculated using the effective stress and
effective strain that is defined using Hill's theory. Then this work is optimized
in the initial blank stage, so the optimum blank shape is obtained. However,
friction forces, blank—holding force, lubrication, etc. are not considered, so
the blank shape is not finalized in this stage. In second stage, using the
obtained blank shape, a deformed shape is calculated with finite element
analysis. As the initial shape is not completely true, there are some shape
errors in the deformed shape. Using a deformation path iteration method,
shape errors are tried to be minimized to achieve the optimum blank shape.
The finite element code used is developed by Yang et al. A square cup
drawing is used to obtain some numerical results. It is shown that after two
modifications to the blank shape obtained by ideal forming theory, the

deformed shape almost completely matches with the target shape.
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Cao [7], in 1999, developed a method for the prediction of wrinkling
using the energy method. In this method, wrinkling criterion proposed by Cao
and Boyle [5] is used. This criterion assumes that the initiation of wrinkling is
a local phenomenon and depends on the material properties, stress state
and sheet thickness. Therefore, the flange wrinkling problem in deep drawing
is reduced to the wrinkling problem in a rectangular plate. Then, as stated
above, using the energy difference, the binder pressure is determined. Cao,
proposed an analytical model for flange wrinkling to calculate the energy
values, instead of calculating them by experimental means (using strain
histories) or finite element analyses. The material is modeled as planar
isotropic. Calculating the energy values with the help of this analytical model,
binder pressure is given by previously developed wrinkling criterion. Then
analytical model for side wall wrinkling is also developed. Results obtained
using analytical model for flange wrinkling are compared with the numerical
results of the previous work, which were validated by experiments. There is a
good agreement between analytical and numerical results, especially in the
prediction of critical buckling stress. Experiments held for side wall wrinkling

show that cup forming height prediction of the analytical solution is excellent.

Rosochowski et al [8] simulated the wrinkling behavior in deep
drawing of conical cups. In this research, a comparison is made between the
static—explicit and dynamic—explicit finite element analyses. For the
simulations, commercial finite element programs are used. For static—explicit
analysis ITAS3D is chosen, whereas for dynamic—explicit analysis
ABAQUS/Explicit is preferred. As this is a comparative study, the simulation
parameters are tried to be chosen similar, e.g. using the same finite element
mesh. However, because of the differences between approaches and
between the programs, there are some parameters that do not match
exactly, e.g. properties of elements. The simulations are held for different
parameters. It is seen that there are quiet important differences between the
results of two approaches. The number and location of the wrinkles are

different for two programs. Actually the results with different parameters for

11



the same program don’t match. Changing the mesh, e.g. number of
elements, changes the results drastically. With ITAS3D, with one of the
meshes used, wrinkling doesn’t occur. Experiments are also made to verify
the results of both programs. The number, distribution and shape of the

wrinkles, don’t match with the experimental results for both programs.

In 2001, Yang et al. [9, 22] analyzed the wrinkling behavior of the
deep drawing of an elliptical and circular cup using finite element analysis.
Bifurcation theory is introduced for the finite element analysis. Finite element
formulation is based on the incremental deformation theory and elastic—
plastic material modeling. The stiffness matrix vanishes at the initiation of
wrinkling. Wrinkling behavior is analyzed by the introduction of the
continuation method, proposed by Riks, into the elastic—plastic finite element
method. A two—face—contact scheme and blank—holder control algorithm are
employed. Five analyses are performed for different parameters, for elliptical
cup drawing. The changing parameter is the minor axis length of the ellipse.
So the aspect ratio is able to be investigated. In two of these analyses
wrinkling took place. It is seen that wrinkling is severe near the major axis.
Analyses show that with the increasing aspect ratio, fracture takes place
before the wrinkling initiates. For cylindrical cup drawing process, several
experiments are conducted for different blank—holder forces. It is shown that,
mesh is effective on the analysis. Effects of material properties and friction
are also observed. Authors stated that, results are in good agreement with
experimental data considering the difficulties and sensitivity of the wrinkling

analysis.

El-Morsy et al. [10] analyzed the warm deep drawing of magnesium
alloys. Two models are used to search the effect of heat transfer on
drawability. In the first model, punch is assumed to be at room temperature,
whereas blank—holder and die are heated to 573 K. The blank is at room
temperature initially. So heat transfer occurs among die, blank, blank—holder

and punch. In the second model, however, besides die and blank—holder,

12



punch and blank is also at 573 K, therefore no heat transfer takes place. Two
different punch speeds are used to investigate the effect of punch speed on
the temperature distribution. In finite element modeling, a circular blank is
generated using 4 node 2 dimensions quadrilateral axisymmetric elements in
two layers, and blank is generated using shell elements. Die and punch are
modeled as rigid surfaces. It is seen that in the first model, localized thinning
occurs in the early stages of the process. In the second model, however,
blank is drawn successfully. The cup resultant height is greater in the second
model. So the effect of heat transfer on deep drawability of magnesium
alloys seems to be in positive way. Comparing two punch speeds, with the
lower punch speed a cup with a greater height is obtained. This is concluded
that more heat transfer can occur with a lower punch speed. No experiments

are conducted to verify the numerical results.

Deshpande and Nalawade [11] developed a program for the analysis
of deep drawing of cylindrical cups. The analysis is based on the slab
method. The model takes into account the effect of bending and unbending,
thickness change, and friction. Strain hardening is considered for the
modeling of material, but anisotropy is neglected. Experiments are
conducted with pure aluminum blanks to compare the outputs of the program
with empirical data. The program can calculate the stress—strain distribution
in several regions, and can plot the punch load and punch travel diagram.
Radial stress distributions are compared with results of Woo (1964), and
seem to match almost completely. The maximum punch load against punch
travel output deviates less than 10% form the results of experiment, and with
increasing blank diameter deviation decreases drastically. These outputs are
also compared with the finite element analysis of Huang and Chen (1996),

and the results match.

Alves et al. [12] studied the effect of mesh refinement on the
prediction of wrinkling and earing. In the simulations, circular blanks of 1 mm

thickness and 90 mm radius for aluminum alloy and 105 mm radius for mild

13



steel are drawn. In this study 8 node elements are used. Four different in—
plane mesh refinements are applied. These refinements are based on the die
profile radius, element size to die radius ratios of 1.00, 0.75, 0.50, 0.25 are
chosen. Also, all refinement schemes are carried out with 1, 2 and 3 layers of
finite elements. For the earing profile, number of layers has negligible effects.
However, the earing profile highly depends on the refinement. The radius of
the outer profile decreases about 10% when finite element ratio decreases
from 1.00 to 0.25. In wrinkling prediction, authors concluded that mesh

refinement must be better than the earing profile simulation.

Cho and Yang [13] proposed a mesh refinement algorithm for sheet
metal forming analysis. In opposite to traditional mesh refinement algorithms,
no transition elements are produced, so higher accuracy is able to be
achieved. In the simulations triangular shell elements are used. Comparing
with traditional algorithms, no sudden increase in mesh number occurs in this

scheme. This reduces the computational time.

Selman et al. [14] studied the adaptive mesh refinement in prediction
of wrinkling. In this work, the analysis of Hutchinson (1985) and its extension
by Neale (1989) is used. However, as Hutchinson’s approach is limited to
contact free wrinkling, a new method is proposed by the authors for wrinkling
with contact (geometric wrinkling indicator). For the error estimation, the
study presented by Bonet (1994) is applied. Simulations of production of a
hemispherical cup are performed for both contact free wrinkling using
Hutchinson’s approach and wrinkling with contact using geometric wrinkling
indicator. It is concluded that usage of an adaptive mesh refinement is
necessary for decreasing the computational time, however, for proper
approximation of the curvatures and thickness, an error estimation routine

must be applied.
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Lejeune et al. [15] studied on the prediction of wrinkling in metal
forming. A theory is developed based on the formulation of Nordlund and
Haggblad. In this approach wrinkling is characterized by strong local out of
plane rotations. Then the developed theory is implemented in the finite
element code. To calculate the incremental deformations, updated
Lagrangian formulation is used. In this work LMARC is used as a finite
element program. To show the validity of the theory, Yoshida Buckling Test
is simulated by the finite element code. Besides, simulations of stamping
process are performed for wrinkling prediction in metal forming operations.
Numerical results obtained for all simulations are not satisfactory. Some
predictions are done by the authors for the reasons of such results, and it is
told that a new criterion is being studied by the authors considering the

problems of this theory.

Nakamura et al. [16] studied the optimum design of drawbead in sheet
metal forming using finite element method and descritized optimization
methods. Response surface method is used to increase optimizing
efficiency. Parameters for this design procedure are chosen as bead length
and bead position. A dynamic explicit finite element code using an updated
Lagrangian formulation is used. Blank is modeled using shell elements. For
material modeling, elasto—plastic behavior is chosen, where strain hardening
is taken into account according to Swift’s law. Experiments are conducted for
the verification of the results of numerical analysis. A rectangular and
stepped cup production is simulated and experimentally carried out. It is
concluded that as the bead length increases, the material becomes more
resistive, and wrinkling tendency decreases. With the increasing bead length,
however, the strains become larger and thickness decreases. Comparing
with experimental results, it is seen that the developed system can determine

the suitable bead design.

Weili et al. [17] proposed a simplified method for the simulation of

wrinkling. Based on a study about contact algorithm by the authors, later
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steps of the contact algorithm such as modification of node position and
implementation of the boundary conditions are presented. In stead of
applying a blank—holder force, blank—holder gap is used. To verify the results
of simulation, for processes are simulated and corresponding experiments
are conducted: square cup drawing, drawing of hemispherical part, drawing
of a cylindrical cup and production of a real auto panel, rear-side frame. For
these examples, medium carbon steel is chosen as blank material. No initial
imperfection is applied. Comparing the results of experiments with the
numerical results, they seem to be in agreement. Authors concluded that, the

presented method could reflect the wrinkling behavior successfully.

Cao and Wang [18] presented an analytical model for plate wrinkling
under tri-axial loading. The model is based on the wrinkling criterion
developed by Cao and Boyce formerly. However, Cao and Boyce used their
criterion combined with the finite element method, whereas Cao and Wang
used the criterion in an analytical approach. The critical buckling stress and
wavelength are treated as functions of normal pressure. The stress and
wavelength are calculated combining the energy conservation and plastic
bending theory. The obtained results match with the results of Cao and
Boyce’'s numerical approach. Results are also in agreement with
experimental data of conical cup drawing and square cup drawing. When
compared according to computational time, the analytical method has a very
important advantage over the numerical method. Numerical computation
requires more than two hours, where less than one second is enough for the
analytical method to find the same results using the same parameters and
same computer. Therefore computational cost becomes very low compared

to finite element analysis.

Chu and Xu [19] studied on the elastoplastic analysis of flange
wrinkling in deep drawing. Flange wrinkling is considered as a bifurcation
problem. Analysis of a circular cup drawing process is performed. The

anisotropy effect is taken into account modeling the material. Flange is
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modeled as an annular plate. A radial stress is applied from the inner edge of
the plate. For the critical drawing stress, a closed form solution is developed
based on the plastic deformation theory and nonlinear plastic stress field.
The results are compared with those of Senior's one dimensional theory
(1956). No experiments are conducted, however experimental results
obtained by Senior are considered. Considering the critical stress, presented
theory predicts higher values than Senior's. However, these values are
closer to the experimental values of Senior. Same behavior is obtained when
number of wrinkles is compared. The theory developed by authors gives a
higher number of wrinkles, which fits better with the experimental data. It is
stated that critical drawing stress value depends on the shear stress applied
on the flange. Neglecting the shear stress, results with the underestimation

of the critical drawing stress.

Zeng and Mahdavian [20] investigated the wrinkling behavior in deep
drawing at elevated temperatures and compared with cold forming operation.
Wrinkling criteria was developed using the equality of moments: When
buckling moment becomes equal to total of the restraint moments (restraint
moments due to blank—holder force and at die radius, and moment due to
resistance of the metal to bending, induced in the metal itself) wrinkling
occurs. The analysis was made for two cases — with and without using blank-
—holder. Experiments were conducted at both ambient temperature and
elevated temperature for the verification of the theoretical results.
Considering the case without blank—holder, number of wrinkles depends only
on the drawing geometry, with increasing temperature number of wrinkles
remain same. The results of experiments are in agreement with theoretical
results. When blank—holder used, however, number of wrinkles are no more
independent from temperature. Increasing temperature, increases number of
wrinkles formed. The agreement between theoretical and experimental

results is satisfactory, again.
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Morimoto and Nakamachi [22], developed a technique for the
elastic/crystalline viscoplastic finite element analysis of deep drawing
process. In this work, the approach to determine the yield function indirectly
is not used. Instead, crystalline plasticity theory is applied. Constitutive
equations are presented for the construction of an elastic/crystalline
viscoplastic model. 8—node 3 dimensional elements are used. The results
are in agreement with the conducted tensile tests, to compare the

mechanical behavior of the material with obtained results of analysis.

Nordlund and Haggblad [23] presented an algorithm for the prediction
of wrinkle tendencies in the early stages of the computations of explicit sheet
metal forming simulations. To find the initiation of wrinkling, local value of the
second order increment of internal work is used. The procedure is applied
only for explicit scheme, but it is told that it can also be used with an implicit
technique. Authors stated that the wrinkling indicator presented can work for
both unperturbed structures and structures with perturbation, so it is not
limited to bifurcation type of wrinkles. Material model, loading conditions and
contact conditions are not effective on the work of the algorithm. To
simulations are performed to demonstrate the performance of the procedure:
Yoshida buckling test and fluid forming of a cup. No experiments are
conducted for the verification of the results of numerical analysis, so it is not

obvious if results are satisfactory compared to a real application.

Yang et al. [24] investigated the effect of anisotropy on wrinkling in
sheet metal forming. Using the bifurcation theory, finite element analysis was
applied for this study. Continuum based resultant shell elements considering
the anisotropy were used for modeling. Post—bifurcation behavior was
analyzed, after finding the instability limit by incremental analysis. Material
was modeled with elastic—plastic behavior. For the investigation of effect of
anisotropy on wrinkling, a square plate subjected to biaxial stress
(compression in one direction and tension in other direction) was simulated

for various different anisotropy parameters. According to the results of this
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simulation, it was seen that tendency for plastic buckling of the sheet metal
decreases with the increase in the normal anisotropy value. No experiments

are carried out.

Wang and Cao [25] proposed a method to predict the side wall
wrinkling in sheet metal forming processes. Analytical approach was
combined with finite element method. A modified energy approach was used
to present a wrinkling criterion. Critical buckling stress was calculated as a
function of material properties, geometry parameters and current in—plane
stress ratio, using the analytical model. The wrinkling initiation can then be
assessed by comparing the calculated critical stress values with the
compressive stress values obtained from finite element analysis. For the
verification of the results of proposed method, experimental data from
Yoshida buckling test, aluminum square cup forming and aluminum cup
forming were collected. The predicted values showed excellent agreement
with the experimental values. The method does not take into account the

friction.

Cao and Boyce [26] investigated the elastic and elastic—plastic sheet
subjected to edge compression and lateral constraints. Using energy
conservation in correlation with finite element method, a wrinkling criterion
was established. Initial imperfections are used for finite element analysis. By
the presented approach, the need for refined meshes can be overcome as
the critical buckling stress can be calculated as a function of applied normal
pressure, simply maintaining the required binder pressure depending on the
compressive state. A sensitivity study for the imperfection is conducted also.
Simulations showed that they are sensitive to imperfections. Sensitivity to
geometric imperfection was more than the material imperfection. The
simulations were found to be able to predict the correct buckling mode and

stress.
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Correia and Ferron [27] developed a bifurcation analysis to predict the
wrinkling behavior in deep drawing processes of anisotropic sheet metals.
Based on a local analysis, wrinkling limit curves were obtained which depend
on the material anisotropy and local geometry. For the verification of the
analysis, finite element simulation of a conical cup drawing process was
performed. Number of wrinkles, critical stress levels and wavelengths of
wrinkles were predicted by bifurcation analysis, and these predictions match
well with the results of finite element analysis for transverse isotropic
materials. With the increasing anisotropy, critical stress level slightly
decreases. The effect of anisotropy on stress state and sheet curvature
developed on the walls was more important. Authors concluded that for
increasing anisotropy, initiation of wrinkling was expected to seen for larger

punch strokes.

Wang at al. [28] performed a wrinkling analysis in shrink flanging. The
analysis is simplified as buckling of a curved sheet. A stress based wrinkling
criterion is developed using the energy approach. The critical buckling stress
was calculated as a function of material properties and geometric properties.
Some experiments were performed for the verification of the theory. The
predictions of the presented approach seemed to be in good agreement with
experimental results. It is found that number of waves decreases with the

increase in flange length.

Hemitian and Wild [29] investigated the effect of tooling imperfection
on the initiation of wrinkling in deep drawing of thick sheets. Two types of
tooling imperfections were considered: punch displacement, which is the
linear misalignment of the punch and die, and blank tilting, which is the
angular misalignment of the blank. Finite element simulation was carried out
for this analysis. In this research, commercial finite element analysis program
MARC was used. 4—node thick shell elements were used in the model. The
entire 360° of the blank were developed for the model not to prevent the

nonsymmetrical wrinkles. Considering the results of simulations, it was
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concluded that the displacement of the punch has a negligible effect on the
wrinkling initiation, without using a blank—holder. Blank tilting, however, was
found to be an important parameter for the wrinkling behavior of thick sheet
blank.

Xiong and Xiu [30] studied the compressive instability in sheet metal
forming. An energy method was proposed for the analysis. The work done by
the internal force in plastic bending was presented. Some simplifications
were made considering the geometry of the wave in the analysis of flange
buckling. Before the wrinkling occurs, half wave is assumed to be a
rectangular plate, whereas after wrinkling, wrinkle is simplified to a sine
wave. Results of the presented theory were compared with the experimental
results of Wang (1990). A satisfactory agreement was found between them.
The buckling of a shell in cup deep drawing process through a conical die
was also analyzed. A comparison was made between the theoretical results
and experimental data of Sowerby et al. (1982). Again the results match with

the experiments.

Lee and Cao [31] proposed a shell element formulation for multi—step
inverse analysis. The developed algorithm was applied to the analysis of
deep drawing process of both thin sheets and relatively thick sheets. Two
numerical examples were carried out, one with a thin sheet, the other with a
thick sheet. No experiments were conducted, instead, incremental finite
element simulations were performed using the commercial program
ABAQUS using shell and solid elements. These simulations were considered
as experiments, and were used to verify the results of the presented
numerical method. Also, comparison with the older inverse analysis results in
literature was carried out. It is seen that more accurate results were achieved
with this method. Old methods generally use membrane elements, so the
new algorithm has the advantage of considering the bending and unbending

effects. Accurate initial blank size and strain distribution were provided.
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Evangelista et al. [32] introduced a modification of the Marciniak—
Kuczynski method for deep drawing process. Finite element method was
used for this study. The developed method was simulated by finite element
analysis of a round cup and a square cup. Predictions of forming limit
diagrams considering the necking criterion were also done. Little deviations
were seen between the predicted diagrams and the diagrams in the
literature. No experiments were conducted or no comparisons made with
previous work for the validation of the method for round and square cup

drawing.

Cao et al. [33] studied on the buckling of sheet metals subjected to
controlled boundary conditions. A wedge strip test was designed to observe
the wrinkling behavior of sheet under various boundary constraints. With
easy change of boundary conditions, different buckling modes were able to
achieve. Three different boundary constraints were applied. The results were
compared with the numerical results of Cao and Wang [24], which was
obtained by using energy approach and finite element method in

combination. Results were in good agreement with each other.

Yang et al. [34] presented a method for shell elements to consider the
thickness stress caused by contact to improve the solution accuracy. The
yield criterion generally used with shell elements based on the plane stress
condition was modified to include the effect of transverse stress. The
algorithm was applied to bilinear 4-node quadrilateral shell elements.
Uniaxial compression, biaxial tension, bending and stretching of a sheet and
cylindrical cup drawing were simulated. A dynamic explicit code was used in
the simulations, which was generated only for sheet metal forming by Chung
et al. (1999). Instead of carrying out experiments, obtained results were
compared with the numerical solutions of commercial program ABAQUS,
which has static implicit code, using continuum elements. Almost same

efficiency was obtained with the commercial program. It was also shown that
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in prediction of wrinkling and forming limit diagrams, considering the

thickness stress is an important factor.
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CHAPTER 3

OBJECT OF THE PRESENT STUDY

The deep drawing process is applied with the intention of
manufacturing a product with a desired shape and no failures. The final
product shape after deep drawing is defined by the tools, the blank and the
process parameters. An incorrect design of the tools and blank shape or an
incorrect choice of material and process parameters can yield a product with
a deviating shape or with failures. A deviating shape is caused by elastic
springback after forming and retracting the tools. The most frequent types of
failure are wrinkling, necking (and subsequently tearing), scratching and

orange peel.

Without extensive knowledge of the influences of all these variables
on the deep drawing process, it is hardly possible to design the tools
adequately and make a proper choice of blank material and lubricant to
manufacture a product with the desired shape and performance. As a result,
after the first design of the tools and choice of blank material and lubricant,
an extensive and time consuming trial and error process is started to
determine the proper tool design and all other variables, leading to the
desired product. This trial and error process can yield an unnecessary
number of deep drawing strokes, or may even require redesigning the
expensive tools. To reduce this waste of time and cost, process modeling for
computer simulation can be used to replace the experimental trial and error

process by a virtual trial and error process.
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The prime objective of an analysis is to assist in the design of a
product. To design or select the tools and the equipment, such design

essentially consists of

»  predicting the material flow,

»  determining whether it is possible to form the part without

surface or internal defects,

»  predicting the forces and stresses necessary to execute the

forming operation.

Wrinkling is a common mode of failure in sheet-metal forming. It may
occur in any stage of a forming process depending on many factors such as
blank geometry and holding conditions, punch and die face geometry, tool
sheet interface friction and lubrication, material properties and thickness. In
press forming of large sized parts such as automobile panels, wrinkles are
likely to develop before failures appear. This surface defect is unacceptable

in finished components for functional or visual reasons.

Most of the previous work on wrinkling was performed for
axisymmetrical parts and analytical solution methods for maximum of two
dimensions were applied. There is a small number of works for
antisymmetric workpieces, which applied finite element method for the
solution. The effects of blank holder force and drawbeads were not taken into
account. Also by the application of bifurcation analysis only the initial mode
of wrinkle but not its permanent shape after wrinkling was obtained by the

previous finite element solutions of nonaxisymmetrical problems.

In this work, wrinkling problem occurring in the flange region in sheet-

metal forming operations is going to be considered. Finite element method
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based on energy formulation will be used for the derivation. Unlike previous
studies a general approach that includes nonaxisymmetric parts will be
considered. Nonlinear work hardening material model is going to be used to
represent the deformation characteristics of the part. Frictional effects

occurring between the die and the blank are also going to be considered.

In the flange region there are two possible modes of deformation;
drawing and wrinkling. Bending effect is considered as the cause of
wrinkling. In finite element formulation a shell element which is capable of
considering drawing and wrinkling modes of deformation is going to be
formulated. As the result of the analysis, the deformed, wrinkled shape of the
workpiece is going to be obtained. The agreement between theory and the

experimental results is also going to be tested.

The present study focuses on the following aspects:

> The consideration of a general theory

> Application of finite element method to obtain a general solution
method that is applicable to any kind of geometries (axysymmetric or

nonaxysymmetric)

> Consideration of shell assumptions to obtain the effect of

bending behavior

> Solution with and without blank holder force application

> Obtaining theoretical blank—holder force needed for the

workpiece to prevent wrinkling
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As a conclusion, this study is based on explicit formulation of time
step integration. An explicit finite element code is generated Axisymmetric
and non-axysymmetric blanks are defined by using quadrilateral shell
elements with 4 nodes and 5 d.o.f s at each node. Dynamic equilibrium
equations with the given boundary conditions are constructed. Gaussian
quadrature is applied to calculate the integrals numerically. Isotropic elasto-
plastic material model with Von Mises yield criterion is used. Updated
Lagrangian formulation is adopted to calculate displacements. Stresses are
related with strains by constitutive laws. Contact algorithm is developed
using penalty function method. The analysis is made for deep drawing of
square, rectangular, and circular cups with the blank-holder. Results are

compared with the available experiments

In Chapter 2, survey of previous work on deep-drawing operations
considering wrinkling are already presented. The numerical procedures and
finite element analysis tools used in this subject are also searched, and

presented in the same chapter.

In Chapter 4, finite element method procedure is described, which is
used to analyze the wrinkling problem and the numerical methods to solve

the stiffness equations of finite element method are presented.

In Chapter 5, comparison of the experimental results and numerically
obtained results is made. The discussion of the results is presented in
Chapter 6.

In Chapter 7, conclusions of the whole work are presented. In Chapter

8, suggestions are offered for future researches in this area.
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CHAPTER 4
THEORY OF FINITE ELEMENT METHOD

4.1 General Approach for Determination of Wrinkling

There are so many different theories developed for both deep drawing
analysis and wrinkling phenomenon. There are very different approaches to
analyze the behavior of material during deformation process. These different

approaches are presented in the previous chapters.

In this study, for the analysis of wrinkling, the work of Kaftanoglu [1]
was chosen as the basis, which uses the energy approach. Determination of
whether wrinkling occurs or not is carried out by calculating the energy of the
deep drawing and wrinkling, then comparing the calculated energy values. If
the energy of the deep drawing is larger than the energy required for
wrinkling, work piece tends to wrinkle. The approach explained above is

implemented in a finite element solution.
4.2 Displacement Based Finite Element Method

There are several different techniques applied in finite element
method. Most of these techniques use an energy balance. This is the
requirement of the law of conservation of energy. According to this law, it can
be said that the work done by the external forces must be equal to the work

done by the internal forces, which can be shown as

Wint = Wext (4.1)
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In the above equation, internal work is a result of internal stresses and
strains, whereas external work is composed of body forces, surface forces

and concentrated forces, such that

Wiy = [redV (42)
Vv

Wee = [ fPUdV +[f3UdS+Y F'U! 4-3)
\Y S [

In equation (4.2) Tand & are the internal stress and strain

respectively. In equation (4.3), fB, fS, Flare body forces, surface

forces, concentrated forces respectively, where U and U'are the

displacement and displacement at the application point of F'.

The internal stresses in a body are related to the strains in the same
body with some constitutive relationship. Writing in vector form, this

relationship can be presented as

T Ceg (4.4)

Using equation (4.4), internal work in equation (4.2) can be rewritten in

vector form
W, = jz—:TC g dV (4.5)
Vv

In displacement based finite element analysis, displacement field in an
element is tried to be expressed as a function of displacements of nodes of
the element, which are called nodal point displacements. The functions
relating the displacement of a point in the element and the nodal point
displacements are known as shape functions. On the other hand, strains of

an element can be calculated using the displacement information, i.e.
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derivatives of displacements give the strain values. Therefore a relation is
also known between the strain and displacement parameters. Using this
relation and the assumed shape functions, strain and nodal point

displacements can be directly related. This relation is shown as

e=Bu (4.6)

In equation (4.6), U is the nodal point displacement vector of the

element, and matrix B is known as the strain—displacement matrix.

After defining the nodal point displacements and the relation of them
with strains, nodal point displacement matrices can be implemented in to the
work equations. Using equation (4.3) and inserting nodal point displacements

in that equation, the vector notation for external work can be expressed as,
T T
Wee = [u f5dV+[u fdS+u'F (4.7)
V S

In the same way, internal work in equation (4.5) can also be rewritten

as follows:

Wi, = [u'B'CB U dV (4.8)
\Y

Expressing equation (4.1) in terms of equation (4.7) and equation

(4.8) gives the following equality:

juTBTCBudV=jquBdV+IquSdS+uTF (4.9)
v v 5

The elemental nodal point displacement vector can also be related

with the global nodal point displacement vector:

4™ — My (4.10)
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In this equation, the superscript (m) shows the number of the

element, and U is the global nodal displacement vector. Using equation
(4.10) and considering the fact that global nodal displacement vector is
independent of the integration variables, equation (4.9) can be rewritten to

include the assemblage of the elements of the whole structure

S| [ B™cmB™ dv™ |u-=
v (M)

m m (4.11)
S| [ H ™ v |4
v (M)

Z J~ HT(m)fS(m) ds™ |4 Z(HT(m)F(m))
q(m)

In the above equation, the integral in the summation term on the left
hand side, is called the elemental stiffness matrix of an element. Therefore,
the summation on the left hand side gives the global stiffness matrix of the
whole structure. For the whole structure, this equation can be briefly written

as:
KU=F (4.12)

where K is the global stiffness matrix, F is the total global force vector of

the system.

In equation (4.11), it should be noted that integrations are evaluated
for each element separately, therefore while evaluating these integrations,
local coordinate systems can be used. In the assemblage procedure,
however, necessary coordinate transformations must be carried out. Using
local coordinate systems helps a lot in the evaluation procedure, as the
integrals would become very complicated after transformation to the global

coordinates. Therefore, first elemental stiffness matrices are calculated, and
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then they are transformed to the global coordinate system before

assemblage.

In the above discussion, nonlinear components of the equation are
neglected. In large displacement — large strain problems, however, there is a
nonlinearity in the governing equations; therefore an incremental or iterative
solution scheme is required. To include the effect of nonlinearity in the
stiffness matrix, the overall stiffness matrix can be divided in to two parts,

such that

K :KL +KNL (4.13)

where KL is equivalent to the K matrix in equation (4.12). The nonlinear

component of the stiffness matrix can be written as,

KL = ZJBTNLT By dV (3.14)
Vv

In equation (4.14), BNL is the nonlinear strain—displacement matrix,

and Tis the stress configuration of the body. In incremental analysis,
incremental displacements are used in the solution procedure, so
incremental strain—displacement matrix is used. This gives the incremental

stiffness matrix, which is also known as tangential stiffness matrix, and a left

superscript t is used to denote it, e.qg. ‘K. Using the updated Lagrangian

formulation and writing in incremental form, the general equation is

(KK a0 =R 619

t+At

In equation (4.15), the left superscript refers to the configuration of the
quantity, the left subscript indicates the quantity is measured with respect to

which configuration. The right superscript shows that the quantity

corresponds to which iteration. AU is the incremental displacement vector,
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Ris the externally applied nodal force vector, and F is the nodal point
forces corresponding to the element stresses in that configuration which can

be written as

te_ [(tpT tat (4.16)
F=[ (BT 'tV
ty
for an element, where "f is the stress vector.

Using equations (4.11), (4.13), (4.14) and (4.16), equation (4.15) can

be rewritten as follows:

(m)
tpT (m tpm) t (m)
(Z j tB L tC tB L dv +
tv(m)

S [

ty (m)

) (4.17

t __(m) tp(m) t (m) (i) —

(m) (m)()
t+At t+tAt T t+At ~ t+At (m
R- Z _[ waB L T dv

t+AtV (m)

Up to this point, static equilibrium conditions are considered. The
above equation is the equilibrium statement at any specific time. If the loads
are applied rapidly, inertia effects must also be considered. This means that
system becomes a dynamic one. Using d’Alembert’s principle, inertia forces
can be treated as a part of body forces. To apply this principle, element
accelerations must be known. The accelerations can be calculated by using
the same relation used between elemental nodal point displacement vector

and global nodal point displacement vector:

~(m) 3 (4.10a)
u =HMy

This equation can be used to rewrite the internal body force equation:
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y (M)

Using the second term in brackets, mass matrix of the whole structure

can be assembled:
(m) (m)
M= [ H p™H " dv™ (4.18)
V(m)

Using the new body force, equation (4.11) can be written as

S| [ B™a™ dv ™
v (M)

y (M)

Z J‘ HT(m)fS(m) ds™ |+ Z(HT(m)F(m))
g(m)

Then, this equality can be simply represented as:

. (4.20)
MU = Rext _Rint

This is the general equation for the displacement based non-linear
finite element analysis for a large displacement — large strain problem, using

the updated Lagrangian formulation.
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As a dynamic effect, damping forces can also be included in the
above formulation. The damping forces are proportional to the velocities of
the elements. Similar relations can be used to calculate the velocities as in
displacements or accelerations, but it is difficult to calculate the damping
matrices for the finite element calculations, because damping properties are
frequency dependent. General approach is to calculate damping matrix of
the general assembly using constructed mass matrix and the stiffness matrix.
Rayleigh damping scheme uses a linear combination of mass and stiffness

matrices:

C=aK+ M

In this equation, & and [ are called stiffness and mass proportional

constants, respectively. Empirical values of these constants are between
0.001 and 0.01 according to experiments. Therefore, the damping matrix can
be neglected in finite element calculations safely. By not modeling the
damping effect, efficiency of calculations in analysis increases. Considering

these arguments, analysis of damping is not included in this study.
4.3 Classical Shell Theory

In this study, classical shell theory is chosen as basis. There are
several assumptions in this theory. The stress through the thickness of the
shell is zero. Material particals that are originally on a straight line
perpendicular to the mid-surface of the shell remain on a straight line during
deformation. In the Kirchoff theory, shear deformations are neglected,
whereas in the Mindlin theory shear deformations are included, therefore line
originally normal to the mid-surface does not does not remain perpendicular
to the mid-surface during deformations. There are some difficulties in these

approaches that the element must satisfy the convergence requirements.
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Using the assumption of Mindlin theory, displacement components of

a point are as follows:
u=zpg,(x,y) v=-z8,(xy) w=w(xy)

where ﬂx and ,By are the rotations of the normal to the undeformed middlie

surface in the x-z and y-z planes, respectively.

The analysis of thin walled structures requires a reduction from three to two
dimensions. This may be carried out before or together with discretization
using either a plate or shell theory. Despite the fact that in both cases the
continuum is degenerated to a surface structure, the term degeneration is
used for the latter approach. The simplicity in accommodating arbitrarily large
deformation and rotation problems is a favorite advantage to degenerated

curved shell elements.

Considering a plate undergoing large deflections, it is recognized that as
soon as the plate has deflected significantly, the action of the structure is
really that of a shell; i.e. the structure is now curved and both membrane and

bending stresses are significant.
4.4 Strain—Displacement Matrix

In this study, a shell element is decided to be used. A 4-node
element, which has a five degree of freedom at each node, is going to be
developed in this section. There will be three translational and two rotational
degrees of freedom, and the third degree of freedom, which is warping, will
be neglected. By this element, both membrane and bending behaviors can

be simulated.
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Assume a local coordinate system that is attached to the element
consists of r, s and t—axes. First of all, a general function should be obtained
to give the position values of a point in the element. If the function is able to
be derived such that the variables are the nodal point positions, it is possible
to obtain the position of any point in the element by just knowing the position

of the four nodes of the element. Such a function is
i i . . 4.21

In equation (4.21), the superscript for X denotes the node number

and subscript for the direction. tVnJi is the X;—axes component of the unit
vector normal to the mid—plane of the shell element in t—direction at time T .

aj is the thickness of the shell at node j . N is named the shape function

and relates the nodal positions to the coordinates of any point in the element.
In this study, the shape functions proposed by Bathe [37] are used. These
are, in terms of local coordinates (according to the numbering of nodes in the
figure):

h =;@+r)2+5)
h, =;(@-r)1+5) (4.22)
hy=;(1-r)1-5)
hy =3;@1+r)1-5)

Displacement at time 1 is represented by Bathe [37] as follows:

tui - tXi - OXi

(4.23)

Incremental displacement and unit normal vector V can be defined in

the following way:
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_ T+At t

Ui Xi— X (4.24)
Vii = t+AtVni - tVni
Therefore U can be rewritten as:
(4.25)

—h.uk ot i
Ui = hJUI +§aJhJVm

The vector tVn is in the direction of t—axis. However, there is no

rotational deformation measured about that axis. So, it is needed two vectors

which are orthonormal to thetVn, such that the rotations about these axes

can be used to calculate the nodal direction cosines of the shell element.
First orthogonal vector can be defined as:

ty/ ]

h i e, x V,

= (4.26)
‘ey x 'V,

Then the second vector can be easily obtained by the cross product of

two vectors.
hJ by ty] 4.27
V, =V, xV; (4.27)
Using equations (4.26) and (4.27) incremental unit normal vector is
b &/ V2 (4.28)
Vi = Vi Bj Vyi o

where Ol ; and Bj are the incremental rotations of the normal vector about

vectors tvlj and tVZJ , respectively. Inserting equation (4.28) into equation

(4.25) following relation for incremental displacement is obtained.
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j ot t 4.29
U|=hjulj+§ajhj( Bj ) ( )

Equation (4.29) can be differentiated with respect to local coordinates.

In the differentiation, it must be noted that the only dependent variables are

the shape functions hj and 1 coordinate. So derivative with respect to r can

be written as:

Ur=hj, (u‘+ a; tV i O +1 58 VliJBj) (4.30)

t o o .
=h;, [1 —zajtvzji 2‘3‘jtV1iJ][UiJ aj Bl

Similarly, other derivatives can be obtained; therefore the following

matrix can be formulated:

t ty/ ] t /]
Ui r hj’r (1 ~29] Vai 28 Vli) uij
t t t i
Uis | = his (L =52V Sy V)) [lay | @Y
ui, 1oty Lo ond) (B
oy (0 Ve ey )

The derivatives of the other displacement components can be
obtained in the same way. However, these derivatives are with respect to
local coordinates. To achieve these derivatives chain rule can be used, so
derivative with respect to local coordinate system can be represented as a
function of derivatives with respect to the global coordinate system. The

representation is as follows:

ou;  ou; 0xq N ou; OX, N OU; OXg (4.32)
or 0% or 0OX, or OXg Or
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representation can be used for the relation of derivatives:

For all

three

0%
or
0%
o
0%
a

o

or

o

0S

o

ot

displacement

OX3
ar
OX3
3
OX3
at

components,

ui,x1

ui,x2

ui,x3

following  matrix

(4.33)

where (3 x 3) matrix on the left-hand side of the equation is known as

Jacobean matrix,

and represented by J.

Therefore derivatives of

displacements with respect to global coordinates can be calculated by:

t Ny ] t tv/ J

h. (]_ “a. V) o la.lv! :

ui,xl J.r 2% Y2i 2] Yl uiJ
_ 11 t t/ ] t t\/ j (4.34)

Uiy, =374 Dy (1 ~tayvd o tay Vil || @

U; 1_ 4,5 1. t/i)I\B;
Let G be a matrix such that U, = Gi U. Then components of G

are:

(4.35a)

G, Jkllh +J5 hi s

ijz,i :(% a; v 2|)( —tJy hj,r
k3| (}/a

where the subscript | denote the global coordinate with respect to which the

1 i (4.35b)
—tJi 2 Njs = Ji3 hj)

1 -1 (4.35¢)
)t hy e +tag o+ Iy )
derivatives are taken and KN denotes the row and column of the component.

Linear strains are calculated as follows:
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1| ou, +@U j (4.36)

2\ ox; o

Strain vector and corresponding displacement vector can be written

down in the following form:

T
e_[tell €2 €33 2¢€1p 2,63 2te13] (4.37)

T
1 1 1 4 4 4
U=|:U1 U2 U3 0(1 IB]. Ul U2 U3 054 ﬂ4:|

Now, using from equation (4.34) to (4.37), linear strain displacement

matrix can be obtained as follows:

J j J
» G 00 Gr2.1 G131 )
0 Gy o0 G2 Gy
J J J
B .= [~ 0 0 Gy Gypj Gy33 - (4.38)

j j i i j j
« Gy G 0 Gyp1 +Gpop Gozq +Gi3p -
0 i i i+ i i+ G j
G31' Gop G3pp +Gppg Ggzp +Gpzg

i j ] j i i
- G 0 Gyp G3p1 + G123 G331+ G133 )

For the following stress matrix, non—linear strain displacement matrix

can also be obtained in a similar way:
t
T1113 sym.

t (4.39)

t |t

t

Tool3

t t
Tigls Tl T3l

Then non-linear strain displacement matrix can be written as:
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- Gpp

0

]
- Gy1

0

0

j
. Gyl 0

i i
0 Gpog G371 -

0 Gy 0 Gy Gl
11 122 G137

0 G God Giad
11 G123 G133

0 i
GCy1 Goz1

0 Gj 0 i i
21 G222 G232

R
21 G023 Goz3 -

i i
0 Ggp1 Ggzp -

0 Gj 0 i i
31 G322 G332

0 G31j 932.3j Gsa.sj )

)

(4.40)

4.5 Matrix Representing Constitutive Relations

To formulate the stiffness matrix of an element, constitutive relations

within the element must also be considered. So a matrix should be

constructed for these relations. The material nonlinearity is included in the

formulation by this matrix.

Stress e

ﬂ:—l 1 /

Strain

Strain

Figure 4.1 Typical elasto-plastic and rigid plastic curves
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An elasto—plastic material behavior is assumed in this study.
Therefore a yield criterion for the transition between the elastic and plastic
regions is needed. Also to define the plastic behavior of the material, a flow
rule is required. For the yield condition, Von Mises yield criterion is chosen. It

can be written as follows:

é(tty)ZZZZ;t(tT;j)z (4.41)

!

where t‘l?y is the yield stress and t‘l?” are the deviatoric stresses at timet .

It should be noted that, the material is assumed to be strain hardening,
therefore t’ty is dependent on the current strain values. Besides, initiation of

plastic flow is assumed to be independent of the selected coordinate system,
thus the yield criterion is actually a function of invariants of the stress tensor.
Moreover, it is assumed that the hydrostatic stress has no effect on yielding,
so deviatoric stresses are used to express the yield condition. Actually, the
right hand side of equation (4.41) is the second invariant of the deviatoric

stress tensor. Therefore, equation (4.41) can be rewritten as follows:
tf ”trt _ lt!2 1/t 2_0 (442)
(), vy ) =225 ") —5('y) = |
)
Swift’'s Law is used as the material plastic flow rule. Swift Law can be

shown as:

5¢ff — A(B L o )” (4.43)

In the above equation, A,B and N are material constants. The subscript

eff is the abbreviation of “effective”, and effective strain is an appropriate

combination of all strain components. In this study, for the effective strain

calculation, the following relation is used:
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2
(Seﬁ ) N ;[(811 —e3) +(e22 _833)2 + (e _811)2} 4.44)

2 2 2
T 6[(812) +(€23)" +(&13) J
In the elastic deformation range, Hooke’s law applies to the material:

tr = tQE teel (4.45)

However, it should be noted that Hooke’s law is also applicable for

elastic strain increments in the elastic—plastic deformation zone, therefore:

\% (4.46a)
‘rdt="Cfd'e” ='C*(d'e—d"e")

tV t t_ ot t t (4.46b)
where Tij = ’tij_ Tip ij— ij Qpi

\Y%
In equation (4.46), t‘c is Jauman stress rate, which is an objective

stress rate tensor. tQ is the spin tensor and it physically represents the

angular velocity:

t
to 1 ouj o'y (4.47)
2 otk atx,
i j

To obtain the stress increments in terms of total strain increments, we

need a new constitutive matrix.

\Y (4.48)
trdt ='CF d s
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The aim is to construct the tCEP matrix. For the first step, the
normality rule, a conclusion of Drucker's Postulate, should be recalled to

obtain the plastic portion of the strain:

ot f (4.49)

ot

dieP =,

It can be easily seen that the derivative at the right hand side is equal

to the deviatoric stress, as von Mises yield criterion is used.

otf (4.50)

In plastic deformation zone, df =0 then

(4.51)
o' fdt -Q—id e=0

ott ote

Using equation (4.46), (4.49), (4.50) and (4.51), the scalar t)» can be

calculated.

ty = (4.52)

0 ) 1 (Tl
? T+(T) Ci
e

The partial derivative of function f with respect to strains is

ot f (4.53)

- HT
o€
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where H can be calculated as follows (ET being the strain hardening
modulus):

2( E Eg (4.54)

3\ E-E;

Now, combining equations (4.46), (4.48), (4.52) and (4.53) elasto—

plastic material matrix can be constructed:

tCE ty (tr’)T tCE .55)

(H tt)T tT'+(t1:')T tCEH;

tcEP tcE_

For the calculation of the elastic material matrix, following relation is

used:

E Ev

CE _ (4.56)
M (1) (1-2v)

E
SijOu +m(5ik5lj + 5i|5jk)

Then elasto—plastic material matrix is

1-v 2 N v \
-Br —— =BT T99 —— —PB-1917 T T T 1T T T
o P T Pmre T Bty Purtz Brrns Prrts
Y Bygtyy Py —— —Biggteg Biggtiy Biaziaz B
— BTy - B —— =Byt Ty T “Tog T “TogT
o P2 T P2 T ~Pragtss Prroamia Pragts Prooms
E L—B-‘C T L—[i-r T ;Vfﬁ-r 2 193719 PTe3Toq P-Ta37T
CEP | 1o Partss T ~Preztss T B3 33712 P 133723 P 133113 (4.57)
= 1+v ) .
Brrm Brom2 PBrgry By Brions Brioug
2
P13 B3 PBragry Brigz Brz Brzus
2
$Br1ns Brom3 PBrggug PBronz PBrozuz Pus )
3 1 1
Where ==
ﬂ 2 trz 2E ET 1+v
Y TREE E
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4.6 Contact Algorithm

Contact of surfaces is the most challenging part of modeling of a
metal forming simulation. Commercial programs use several different contact
types to meet different conditions in different applications. User should

choose the appropriate one among the alternatives.

In this study, the most suitable contact algorithm seems to be the
penalty function method. This method is used to search the contact between
nodes and surfaces. The surfaces of tools are assumed to be rigid, and
nodes of blank are checked if they are in contact with the surfaces of die or
punch. When a contact is determined, the penetration into the tool surface is
used to calculate the normal component (according to tool surface) of
contact force acting on the blank. The tangential component is evaluated

appropriate friction laws.

In this method, point data description of the tool surface is adopted.
Shape of the tool is expressed by Cartesian coordinate point data (x,y,z), as
shown in Fig.4.2. Contact is searched between the finite element node, and
the projections of the tool surface patches on xy-, yz-, and xz-planes. On the
xy-plane for example, the x-coordinate lines and y-coordinate lines form a
series of cells. The contact conditions are checked between the finite
element node and these cells. The cell, which holds the projection of the
finite element node, is found. The Cartesian coordinates of the finite element
node are (Xq, Yd, Zq) a@s shown in Fig.4.2. The cell is then labeled as (i, j, k, I).

The surface z coordinates of the four points are denoted as (z;, z;, z, z)

Using these points, two vectors that are orthogonal tp each other can
be defined. From these vectors, the surface normal n=Ai+Bj+Ck can be

calculated. After that the distance of the finite element node z4 can be found.
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_|AXy +BYy +CZy +d| (4.58)
\/A2+BZ+C2

where Ax+By+Cz+d = 0 is the equation of he plane “ijkI”.
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Figure 4.2 Point data description of tool surface with global search of contact

After z4 is found, according to the initial relative position of the tool and
sheet, it can be determined whether the sheet contacts with the tool surface.
To take the sheet thickness into account, the contact is checked with the z

coordinates of the upper and lower node Z4"P*®', Z{°**" and zg.

Then, if the tool surface is above the sheet, the sheet will be in contact
with the tool on the upper sheet surface in case of Z4""**" > z4. The

penetration is calculated as follows:
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_ > upper
Po =24 —14 (4.59)

If the tool surface is above the sheet, the sheet will be in contact with

lower

the tool on the upper sheet surface in case of Z4 < z4. The penetration is

calculated then:
i lower
Pd =74 —Zd (4.99)

If the upper or lower node is found in contact with the tool, the contact
force acting on the upper or lower node is decomposed into tool’s surface
normal and tangential directions. So are the internal force, velocity and

acceleration of the node.

T=T,+T,
Rint = (Rint)n + (Rint)t
(4.60)
U=Un+ Ut
U=Un+ Ut

The magnitude of normal component of contact force is directly

proportional to the penetration of node:
T, = yP, (4.61)

In the above equation, Tn is the normal component of contact force,

Pd is the penetration of blank node into tool surface, and \ is the penalty
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factor. The penalty factor represents the stiffness of the contacting element,

such that,
K (4.62)
y=AK

Where As is the element area, | is the maximum element length, and K is

the Young’s volume modulus of material.

Tangential component of the contact force is calculated according to
Coulomb’s law of friction. Normal component of the contact force is used in

these calculations:

The contact search is performed different in several areas. For
example, in the flange region, only die surface is considered in contact
analysis. In the same way, under the punch head, blank can only penetrate
into the punch, so only contact with the punch surface is searched. The
reason for this approach is to increase the computational efficiency of the
program. Contact search is very time consuming, therefore, minimizing the
contact areas by defining non-contacting surfaces beforehand, used CPU

time significantly decreases.

After both components of the contact force are known, these are
combined and rearranged according to the global coordinate system. Then

the results are added to the global external force vector.
4.7 Solution Scheme

The dynamic-explicit methods are based on the solution of a dynamic

problem, even if it a quasi-static as in most application of metal forming. A
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simple one dimensional mass-spring-damper system is considered to

express to bases of these methods.

k L_j ¢

Figure 4.3 A mass—spring—damper system

The equation of motion for the free body diagram of mass is given as

- (4.63)
mu+cu+ku = f(t)

where M is the mass of the body, C is the damping coefficient of the

damper, K is the stiffness of the spring, U, U, and U are the instantaneous

displacement, speed and acceleration of mass at time t, respectively, and

f (t) is the external force as a function of time.
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The equation of motion can be solved using central difference

method:

ty = i(umu _ oty 4t u) (4.64a)
At?
o 1 ( tat, _t—Atu) (4.64b)
2At

Substituting equations (4.64) into equation (4.63) and rearranging

yields
( ﬂz L jnmu:
At®  2At (4.65)
)=kt 2 T Sy
At At? 24t

The solution of displacement at time t+At only depends on the
displacement of the known states at times t and t—At. This time
discretization scheme is named as dynamic explicit integration of the
equation of motion. In case of the implicit integration methods, the solution
depends also on the displacements of the unknown state at time t+At,
which is usually expressed as dependency of the stiffness term on the

unknown displacements [38].

The above solution scheme can also be applied to the general
equation for the displacement based non-linear finite element analysis.

Recall equation (4.20)

(4.20)

MU = Rext _Rint
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Adopting the same procedures to this equation, the following equality

is reached:

At? (4.66)

This equation can be solved for traty using known 'U and

t_AtU . The initial conditions for nodal displacements, velocities, internal and
external forces at the time t =0 are given; however the nodal displacements

at t =—At are also required at the very first step and it can be obtained from

: 2 . 4.67
‘AtU=°U—At°U+%°U @en

where the initial accelerations are given by

0y 0 0 (4.68)
MO0 =R_, °R.

Int

To increase the computational efficiency the consistent mass matrices
given in equation (4.18) are approximated by diagonal (lump) matrices:
Equation (4.66) is uncoupled on the left hand side and no factorization is
necessary. Furthermore, this approximation has proven itself quite useful
since on one hand the central difference method is known to shorten the
vibration period whereas the use of lumped matrices increase this period,

thus a balanced total effect is obtained at the end [38].
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Lumped mass matrix is obtained by placing mass particles at the
nodes of the element, such that the total mass of the element is equal to the
summation of mass values at the nodes. To obtain the lump mass matrix,
total mass of the element must be computed. Then diagonal of the consistent
mass matrix should be calculated. The final step is scaling of the diagonal
elements by an appropriate coefficient to satisfy the conservation of mass. At

the end a diagonal mass matrix is constructed.

For the four node shell element used in this study, the lumped mass

matrix is calculated for each nodal point as follows:

10 0 0
01 0 0
0 0 1 0
m 2 2
M=— 15 0 o <|5+t)+(9 0 (4.69)
4 12 2)
2 2
00 0 0 (Ir+t)+(5\
12 2)

In representation above, |s and |, are the current element length values
along r- and s-directions, and t is the current element thickness. The last two
terms of the matrix are mass moments of inertia taken at the nodal positions

of the element.

The explicit algorithm integrates through time by using small time
increments. The central difference operator is conditionally stable and the
stability limit for the operator with including the damping can be simply stated

as

A< (v -¢?)
(Dmax
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®max i the maximum eigen-frequency of the system, and Cis

where
the fraction of critical damping. The above equation is valid for linear systems
but it can be used as an estimate for nonlinear systems such as elasto-
plastic metal forming problems. It is estimated that the critical time step for
non-linear problems is about 50 - 80 % lower than the one computed for the

linear systems [38].

In a finite element simulation, the critical time step can be also

approximated for each element at each step by

at<t (4.70)

where ¢ is the elastic wave speed of material (speed of sound in that

material) and L is the characteristic element dimension. The elastic wave

N TR (4.71)
- p(1-2v)

Calculation of each increment in dynamic-explicit methods is very

speed is obtained from

robust and less time consuming than implicit methods; however, too small
time steps result in unacceptable high number of increments, which make
the dynamic-explicit methods infeasible. Two numerical tricks are applied to

avoid this.

The total process time is reduced by exaggerating speed of moving
tool or increasing the gradient of loading curves. In order to compensate the
undesired effects of artificial inertia forces numerical damping is applied. This
treatment is not suggested and an additional precaution should be taken for

the analysis involving strain rate sensitive materials. In addition, increase in
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the density of the material leads a reduction in the total number of
increments since it reduces the sound of speed in the material and hence
increases the minimum allowable time step. The additional artificial inertia
forces cannot be reduced by introducing numerical artificial damping but
these forces may be taken over by the rigid dies since in deep drawing most
of the workpiece is supported by the dies [38]. Therefore, dynamic-explicit
methods can be applied to the sheet metal forming processes successfully

from this point of view.

4.8 Comparison of Implicit and Explicit Methods

Implicit methods satisfy the static equilibrium in the unknown final
configuration of a time increment and enable a full static solution with
convergence control. The increment size can be very large depending on the
contact condition and the CPU time increases drastically as the element
number increases because of the matrix inversion operation and accurate
time integration scheme. This leads to the problem such as the divergence of

the solution and the singularity of the stiffness matrix.

On the other hand, the most important advantage of the dynamic-
explicit method is its robustness and independency of the stiffness term on
the unknown displacement. The computational speed is faster and memory
requirement is less than the static implicit methods. In addition, the region of
the wrinkles is accurately determined in dynamic-explicit methods. However,
the integration scheme is only valid if the mass matrix is lumped.
Furthermore, the speed advantages can hold only if element computations
are as few as possible. This is satisfied only by using single quadrature
elements having rather poor stress and strain accuracy. It is claimed that the
error introduced by a lumped mass matrix is compensated by a reduced
integration scheme of the elements; however, this causes some
disadvantages that the local stresses and spring-back is not accurately

calculated and there is possibility to have hourglass (zero energy) modes.
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CHAPTER 5

THEORETICAL RESULTS OF SIMULATIONS

In this study, the developed finite element program is used to simulate
two different cup drawing operations: circular cup drawing and square cup
drawing. The simulations are carried out using two symmetry axes because
both cases are symmetric according to any two perpendicular axes.

Therefore only 4 of tools and blank are modeled.

The modeling operation is carried out in two steps. First, using a solid
modeling program, 3-D models of tools and blank are constructed. Then, the
constructed models are input to the commercial finite element program PAM-
STAMP for meshing purposes. Using PAM-STAMP die and punch are
meshed automatically. Maximum element size is set to be 5 mm for die and

punch set.

Figure 5.1 Die—punch sets for circular and square cup drawing
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Simulations for circular and rectangular cup drawing are carried out
using five different mesh size. For this purpose, meshing process of circular
and rectangular blank is carried out five times for each with element sizes
from 5 mm to 1mm. The number of nodes and elements produced is given

as tabulated below.

Table 5.1 Number of nodes and element used in analysis

Element Circular Blank Rectangular Blank
Size (mm)| Node Element Node Element
5 113 104 81 64
3 276 262 196 169
2 625 604 441 400
1 2433 2392 1681 1600

Material properties are also needed for blank modeling of blank. As
stated before, elasto-plastic material model is used. For plastic flow
simulation, Swift's rule is adopted in the formulations. Constants in Swift’s
rule, yield strength, modulus of elasticity and Poison’s ratio are presented
below. These are the properties of material used in experiments by $enalp
[40].

Table 5.2 Material constants used in simulations

A (kN/mm?) | 0.667
B (mm/mm) | 0.054
n 0.361
Y (kN/mm?) | 0.268
E (kN/mm?) | 200
v 0.3
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In all simulations friction constant is taken as 0.04 according to the

experiments carried out by Senalp [40].

The punch is assumed to travel 10 mm/min. Both cups are drawn to a
depth of 15 mm for each mesh. The program uses no blank-holding force in
order to simulate the wrinkling case. For circular and square cup drawing, a

total of 10 runs are performed with five different meshes for each case.

In order to verify the results, commercial program PAM-STAMP is
used. The meshes are already prepared with PAM-STAMP, therefore same
meshes are used. The material properties are also entered into the program
manually, to achieve the same simulation conditions as with the developed
code. Again, five runs are performed for circular and square cup drawing

each.

For comparison, pictures of deformed meshes are taken at for
different stages of drawing: 1mm, 5 mm, 10 mm, 15 mm. Besides, nodal
point displacement histories of three nodes are traced. Displacements of
nodes along x, y and z axis are compared between developed code and
PAM-STAMP results.

In addition, the results obtained using developed code are also
compared with experimental results. The experiments are carried out by
Senalp [40]. Experimental results are available for only square cup drawing;

therefore comparison is limited with square cup drawing case.

Comparison with experimental results is carried out using thickness
strain values. Measurements are taken at drawing depths 4 mm and 10.5
mm. The strains are read on the line connecting the center of blank and
midpoint of side, and on diagonal line. The strain values at these depths are

compared according to their initial positions with respect to center of blank.
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Besides wrinkling analysis, code is used to solve deep drawing cases.
Deep drawing runs are carried out for square cup drawing with element sizes
3mm, 2mm and 1mm. All the parameters are the same as previous cases.
Blank—holder is modeled in the same way as other tools. Blank—holding force
used is 750 kg.

The results obtained for deep drawing cases are compared with the
values of experiments carried out by Senalp [40]. Experimental readings are
taken at 5mm and 10 mm drawing depth, again on a line connecting the

center of blank and midpoint of side and on diagonal line.
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5.1 Results for square cup drawing with blank—-holder (element

size 3 mm)

In this simulation, a square blank is drawn into a square cup. For
modeling blank, element size is chosen to be 3 mm. A constant 250 kgf
blank holder load is applied. The drawing is completed as punch travels 15
mm. Deformed shapes of blank at four different drawing depth are presented

below.
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Developed Code

Figure 5.2 Deformed shapes at a) 1mm b) 5mm ¢) 10mm d) 15mm drawing

depths
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5.2 Results for square cup drawing with blank—-holder (element

size 2 mm)

In this simulation, a square blank is drawn into a square cup. For
modeling blank, element size is chosen to be 2 mm. A constant 250 kgf
blank holder load is applied. The drawing is completed as punch travels 15
mm. Deformed shapes of blank at four different drawing depth are presented

below.
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b)

d)

Figure 5.3 Deformed shapes at a) 1mm b) 5mm ¢) 10mm d) 15mm drawing

depths
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5.3 Results for square cup drawing with blank—-holder (element

size 1 mm)

In this simulation, a square blank is drawn into a square cup. For
modeling blank, element size is chosen to be 1 mm. A constant 250 kgf
blank holder load is applied. The drawing is completed as punch travels 15
mm. Deformed shapes of blank at four different drawing depth are presented

below.
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Developed Code

Figure 5.4 Deformed shapes at a) 1mm b) 5mm ¢) 10mm d) 15mm drawing

depths
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5.4 Comparison of square cup drawing with blank holder case
with experimental results

Thickness Strain Distribution
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Figure 5.5 Thickness strain distribution along line connecting center of blank

and midpoint of side at 5 mm drawing depth
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Figure 5.6 Thickness strain distribution along diagonal line at 5 mm drawing
depth

67



Thickness Strain Distribution
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Figure 5.7 Thickness strain distribution along line connecting center of blank

and midpoint of side at 10 mm drawing depth
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Figure 5.8 Thickness strain distribution along diagonal line at 10 mm

drawing depth
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5.5 Results for circular cup drawing (element size 5 mm)

In this simulation, a circular blank is drawn into a cylindrical cup. For
modeling blank, element size is chosen to be 5 mm. No blank holder force is
applied in order to analyze wrinkling. The drawing is completed as punch
travels 15 mm. Analysis with the same conditions are conducted using PAM-
STAMP. Nodal point displacement results of developed code at the nodes

shown below are compared with the results of PAM-STAMP.

Figure 5.9 Orientation of circular blank with element size 5 mm
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Developed Code PAM-STAMP

b)

d)

Figure 5.10 Deformed shapes at a) 1mm b) 5mm c¢) 10mm d) 15mm drawing

depths
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Figure 5.11 Displacement of node 1 in x-direction for 5 mm element size
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Figure 5.12 Displacement of node 2 in y-direction for 5 mm element size
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Figure 5.13 Displacement of node 3 in z-direction for 5 mm element size
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5.6 Results for circular cup drawing (element size 3 mm)

In this simulation, a circular blank is drawn into a cylindrical cup. For
modeling blank, element size is chosen to be 3 mm. No blank holder force is
applied in order to analyze wrinkling. The drawing is completed as punch
travels 15 mm. Analysis with the same conditions are conducted using PAM-
STAMP. Nodal point displacement results of developed code at the nodes

shown below are compared with the results of PAM-STAMP.

Figure 5.14 Orientation of circular blank with element size 3 mm
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Developed Code PAM-STAMP
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Figure 5.15 Deformed shapes at a) 1mm b) 5mm c¢) 10mm d) 15mm drawing
depths
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Figure 5.16 Displacement of node 1 in x-direction for 3 mm element size
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Figure 5.17 Displacement of node 2 in y-direction for 3 mm element size
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5.7 Results for circular cup drawing (element size 2 mm)

In this simulation, a circular blank is drawn into a cylindrical cup. For
modeling blank, element size is chosen to be 5 mm. No blank holder force is
applied in order to analyze wrinkling. The drawing is completed as punch
travels 15 mm. Analysis with the same conditions are conducted using PAM-
STAMP. Nodal point displacement results of developed code at the nodes

shown below are compared with the results of PAM-STAMP.

Figure 5.19 Orientation of circular blank with element size 2 mm
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Figure 5.20 Deformed shapes at a) 1mm b) 5mm c¢) 10mm d) 15mm drawing
depths
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Figure 5.21 Displacement of node 1 in x-direction for 2 mm element size
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Figure 5.22 Displacement of node 2 in y-direction for 2 mm element size
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Nodal Point Displacement
z-direction
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Figure 5.23 Displacement of node 3 in z-direction for 2 mm element size
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5.8 Results for circular cup drawing (element size 1 mm)

In this simulation, a circular blank is drawn into a cylindrical cup. For
modeling blank, element size is chosen to be 1 mm. No blank holder force is
applied in order to analyze wrinkling. The drawing is completed as punch
travels 15 mm. Analysis with the same conditions are conducted using PAM-
STAMP. Nodal point displacement results of developed code at the nodes

shown below are compared with the results of PAM-STAMP.

Figure 5.24 Orientation of circular blank with element size 1 mm
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Figure 5.25 Deformed shapes at a) 1mm b) 5mm ¢) 10mm d) 15mm drawing

depths
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Figure 5.26 Displacement of node 1 in x-direction for 1 mm element size
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Figure 5.27 Displacement of node 2 in y-direction for 1 mm element size

83




Nodal Point Displacement
z-direction

‘—Code — Pam-Stamp

Displacement (mm)

T T T T
« N < 0
© N o0 o

1.1
2.1
3.2 7
4.2
5.3 7
10.5 7
11.6 7
12.6 7
13.7 7
14.7 7

0.0

Punch Progression (mm)

Figure 5.28 Displacement of node 3 in z-direction for 1 mm element size
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5.9 Results for square cup drawing (element size 3mm)

In this simulation, a square blank is drawn into a square cup. For
modeling blank, element size is chosen to be 3 mm. No blank holder force is
applied in order to analyze wrinkling. The drawing is completed as punch
travels 15 mm. Analysis with the same conditions are conducted using PAM-
STAMP. Nodal point displacement results of developed code at the nodes

shown below are compared with the results of PAM-STAMP.

Figure 5.29 Orientation of square blank with element size 3 mm
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Figure 5.30 Deformed shapes at a) 1mm b) 5mm ¢) 10mm d) 15mm drawing

depths
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Figure 5.31 Displacement of node 1 in x-direction for 3 mm element size
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Figure 5.32 Displacement of node 2 in y-direction for 3 mm element size
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Figure 5.33 Displacement of node 2 in z-direction for 3 mm element size
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5.10 Results for square cup drawing (element size 2mm)

In this simulation, a square blank is drawn into a square cup. For
modeling blank, element size is chosen to be 2 mm. No blank holder force is
applied in order to analyze wrinkling. The drawing is completed as punch
travels 15 mm. Analysis with the same conditions are conducted using PAM-
STAMP. Nodal point displacement results of developed code at the nodes

shown below are compared with the results of PAM-STAMP.

Figure 5.34 Orientation of square blank with element size 2 mm
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Figure 5.35 Deformed shapes at a) 1mm b) 5mm ¢) 10mm d) 15mm drawing

depths
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Figure 5.36 Displacement of node 1 in x-direction for 2 mm element size
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Figure 5.37 Displacement of node 2 in y-direction for 2 mm element size
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Figure 5.38 Displacement of node 2 in z-direction for 2 mm element size
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5.11 Results for square cup drawing (element size 1mm)

In this simulation, a square blank is drawn into a square cup. For
modeling blank, element size is chosen to be 1 mm. No blank holder force is
applied in order to analyze wrinkling. The drawing is completed as punch
travels 15 mm. Analysis with the same conditions are conducted using PAM-
STAMP. Nodal point displacement results of developed code at the nodes

shown below are compared with the results of PAM-STAMP.

Figure 5.39 Orientation of square blank with element size 1 mm
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Figure 5.40 Deformed shapes at a) 1mm b) 5mm c¢) 10mm d) 15mm drawing
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Figure 5.41 Displacement of node 1 in x-direction for 1 mm element size
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Figure 5.42 Displacement of node 2 in y-direction for 1 mm element size
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Figure 5.43 Displacement of node 3 in z-direction for 1 mm element size
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5.12 Comparison of square cup drawing case with experimental
results

Thickness Strain Distribution
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Figure 5.44 Thickness strain distribution along line connecting center of

blank and midpoint of side at 4 mm drawing depth
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Figure 5.45 Thickness strain distribution along diagonal line at 4 mm

drawing depth
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Figure 5.46 Thickness strain distribution along line connecting center of
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blank and midpoint of side at 10.5 mm drawing depth
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Figure 5.47 Thickness strain distribution along diagonal line at 10.5 mm

drawing depth
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5.13 Simulations with changing blank holder load

In these simulations, a square blank is drawn into a square cup. For
modeling blank, element size is chosen to be 1 mm. Changing blank holder
force is applied in order to analyze how wrinkle number change with
increasing force and at what force level wrinkling occurrence stops. The
drawing is completed as punch travels 15 mm for all simulations. Applied
blank holder forces are 25 kgf, 50 kgf, 100 kgf, 150 kgf, 200 kgf and 215 kgf.
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Figure 5.48 Deformed shapes at 15 mm drawing depth for a) 25kgf b) 50 kgf
c) 100 kgf d) 150 kgf e) 200 kgf f) 215 kgf
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CHAPTER 6

DISCUSSION

In this study, a finite element program is developed to analyze the
wrinkling behavior in deep-drawing operations. Tool and blank geometry are
needed to be input to the program. The program calculates the
displacements of nodes of blank. Using these displacements, incremental,
total and effective strains are calculated. According to constitutive laws,
incremental, total, deviatoric, mean and equivalent stresses are found in post
calculation phase. Results of nodal displacements are rearranged to be
displayed in ANSYS.

The program is tested for square and circular cup drawing with
different finite element meshes. The results are compared with both
experimental findings and the results of the commercial program PAM-
STAMP. Comparison with PAM-STAMP is based on nodal displacement
values, whereas the experimental results are compared according to the

strains in thickness direction.

All simulations are carried out using 2 symmetry. Appropriate
boundary conditions are applied at symmetry planes. The material properties
for simulations are chosen to represent the material properties of stainless
steel used in the experiments. These values are presented by Senalp [40]

according to conducted tests during his Ph.D. study.
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A total of 11 runs are conducted, 4 for circular cup drawing, 4 for
square cup drawing and 3 for square cup drawing with blank—holder. 4

different element size is used for meshing: 1 mm, 2 mm, 3 mm and 5 mm.

Considering the results for circular cup drawing, it is observed that as
element size decreases, solutions of both developed code and PAM-STAMP
converges. As represented in Chapter 5, results obtained are in good
agreement with the commercial program. In all mesh types, this agreement
can be observed, however, with decreasing mesh size the results become

closer to converging values.

In square cup drawing, however, the run performed with 5 mm
element size did not give reasonable results. The main reason for this is
thought to be the coarse mesh. 5 mm element size is very big to simulate the
behavior of material. Actually, this can be understood observing the figures
of 3 mm element sized mesh results. Even with this mesh size, sharp
corners take place in blank. Therefore it can be deduced that for simulation
of square cup drawing using such tool geometry, 5 mm element size is much
larger than suitable. The same conclusion can be reached for square cup

drawing with blank—holder using same element size.

The results for square cup drawing with other element size, however
are seem be in good agreement with result obtained from PAM-STAMP
simulations. As in the circular cup drawing case, the results converge to

same values as mesh size decreases.

Moreover, the results of developed code for square cup drawing are
also compared with the experimental results. This comparison is based on
thickness strains. The experimental values are available for two cup heights,

6 mm and 7.5 mm. The thickness strains are measured along the line
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connecting the center of blank and midpoint of side, and along the diagonal

of blank for both cup heights.

In this comparison, the effect of mesh size on the results can be
observed easier. As the mesh size decreases, the results of developed code
become much closer to the experimental values. The results are in good

agreement especially for element sizes 2 mm and 1 mm.

The results obtained for square cup drawing with blank—holder are
also compared with the experimental findings. The comparison is made at
two cup drawing heights, 5 mm and 10 mm; and based on the thickness
strain values. The values are measured on the diagonal line and the line
connecting center of blank and midpoint of side on the experimental part.

The appropriate values are considered from the developed code.

To find the necessary blank holder load to prevent wrinkling, several
simulations are carried out with changing blank holder load. At the end of 6
simulations, it is find that a blank holder force of 215 kgf is enough to prevent
wrinkling. The blank holder forces used in these simulations are 25 kgf, 50
kgf, 100 kgf, 150 kgf, 200 kgf and 215 kgf. For loads of 25 kgf and 50 kgf, it
is observed that 4 wrinkles occur, where the amplitude is less for the latter
load. For loads 100 kgf and 150 kgf, wrinkle number increases to 8, and
again for the higher load amplitude is smaller. For load of 200 kgf, wrinkle
number becomes 16. For load of 215 kgf, no wrinkle occurs. The number of

wrinkles and magnitude of amplitude with increasing force is as expected.

The results are in good agreement with the experimental values. As
the mesh size decreases results converge to the same values, and become
closer with the experimental findings. Especially, the results of 1 mm nodded
mesh seem to be very accurate. However, the results for all meshes catch

the general trend line seen in the experiments.
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Although the numerical solutions obtained from the developed code
seem to be in good agreement with both the experimental results and PAM-
STAMP solutions, there are small discrepancies between them. There may
be several causes for this. One of them is the friction model used. The
Coulomb friction model is used, and it is taken constant everywhere.
However, in the experiments it may not be possible to lubricate the all
surfaces properly. Another reason may be the material model. The

mechanical properties of materials is not possible to be modeled perfectly.

Experimentation procedure can be another factor for the differences
between the numerical solutions and the experimental results. If there is a

little misalignment of the punch, this results in nonsymmetrical parts.

There may also be some reading errors during the measurements on

the drawn parts. This is one of the main reasons for discrepancies.

In spite of these effects, the solutions obtained by developed code
seem to simulate the real conditions well enough. All cases are in good
agreement with both experimental results and simulations of commercial
program PAM-STAMP.
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CHAPTER 7

CONCLUSION

As a conclusion, the study based on explicit formulation of time step
integration for the analysis of deep drawing operation is successfully
finished. The explicit finite element code is generated using C++
programming language. Axisymmetric blanks are defined using quadrilateral
shell elements with 4 nodes and 5 d.o.f s at each node. Dynamic equilibrium
equations with the given boundary conditions are constructed. Gaussian
quadrature technique is used for numerical integrations. Isotropic elasto-
plastic material model with Von Mises yield criterion is used. Updated
Lagrangian formulation is adopted to calculate displacements. Stresses are
related to strains by constitutive laws. Contact algorithm is developed using
penalty function method. The analysis is made for deep drawing of square
and circular cups without the blank-holder. Results are compared with the

available experiments and results of commercial program PAM-STAMP.

The behavior of sheet-metals for large strain and large displacement
can efficiently be modeled with the developed code. Wrinkling experiments
conducted by Senalp [40] yield very similar results with the numerical results
obtained from the developed code. The thickness strain variations obtained
from the experiments and from developed code are in good agreement. The
program can also simulate the metal forming operation with blank holder
force application. The results obtained for drawing case with blank—holder

applications are also in good agreement with experimental findings.
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CHAPTER 8

SUGGESTIONS FOR FUTURE WORK

Throughout the study it is observed that some of the areas can further

be investigated and developed:

> Wrinkling as a function of blank holder load can be attempted.

> Effect of drawbead on wrinkling can be investigated.

> Investigations on nonsymmetric workpieces can be conducted.
> Different element models can be developed.

> Residual stress prediction can be attempted.

> Anisotropy can be included in material modeling.

> Strain rate effect can be taken into account.

> Redrawing of the parts can be considered.

> Remeshing can be applied.

> Variable blank holder load can be applied.
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