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Abstract

Sheet metal forming is one of the most important manufacturing processes applying in
many industrial sectors with the most prevalent, automotive industry. The main purpose
of that operation is to achieve the production of a desired formed shape blank, without
causing any material failures. The specimen should as well conforms to the appropriate
dimensions and tolerances, after reaching the unloading state. Over time, the automotive
industry is constantly investing in material optimization, aiming at achieving a high-
strength and reduced mass combination. As such, materials become increasingly complex,
since their microstructure changes, which results in non-linear properties as well as com-
plicated behaviors. Consequently, by aiming to improve the predictability, accuracy, and
quality of a study, finite element software is frequently used in such processes. These
simulation tools, conduct manufacturing operations analysis and after their results are
elicited, they are cross-checked with experimental tests and thereby extract precise con-
clusions concerning materials behavior. During this thesis, the sheet metal forming sim-
ulation of an experimental automotive specimen as well as its spring-back prediction will
be implemented by the finite element method. Initially, the related geometry, as well as
its corresponding forming tools, will be designed through CAD software and then they

will be imported in a simulation software through which an FEA analysis will be applied.



ITepiindm

«IIpocowdLwon ToApALOPPYWONG ETAAAOL xat neoBAedn sAacTixNg anogde-
TIONG KE XENOY NENELACUEVOY G TOLYEIWYY

H nopapdppwon petdhhou anotehel éva and o oNuavTiXoOTepa (01 XUTERY AT
OV o Beloxet egapuoyr| o TOAA0US Bropnyovixoic xXAdBoug Ye évay and ToUg To
otadedopévoug Ty autoxwvntoBounyavio. Kiplog otdyog tng anotelel n dropde-
POOT VO PETOANXOY EAdoUaTog o emtduunty| yewuetpla ywelc Ty mpdxinon
ACTOYLOV UALX0U, OTWS XL 1) CUUUORPOGT TOU HE TS RO HEASTNUEVES DL TUOEL
xot avoyés ool arnogoptiotel. Me tnv ndpodo tou yedvou o xAddog TNg auTo-
xwnrofounyaviog eTEVOUEL CUVEYMOS aTNY BEATIOTOROMON TV UAXOV TOU Yen-
owonotel, Vérovtag va emTUyEL GUVOLACUO UYNAAC avTOYAS EVE TapdhAnha Xt
uetwuévng palac. Etot ta vAwd yivovtar 6ho xou mo odvieta, eved petaSdihetan
1 xpodour| Toug, €YovTag »e anotéAeopa va epgavilouy un Yeruuxés WotnTeg
OTLC X APXETA TEPIMAOXES GUUTEPLPORES AT TNV ENEdepyaaior TOUG. LUVETMS
He andtepo oxond Ty Pehtinon e tpofiedudtntag, tne axpifetag dnmg xo e
TOLOTNTAC WAC UEAETNG, YENOHOTOLONVTAUL AOYIOULXY TENEQUCUEVLV GTOLYEIWY YLa
€100V £{doug ePupuoYES. AuTd Ta EpYUAEIN TPOGOUOLWOGEMY EXTEAOUY AVIAUGELS
TOV OUYXEXQIEVLV OLIBIXACLOY TApAYWYNS, EVEM OTNY CUVEYELL TU ATOTEAEOUA-
& toug epgaviloviar o exovixd TEPBIAROY XaL OLAC TAUEMVOVTAL UE AUTH TWV
TERAUATIXDV BOXOV, EEAYOVTAS PUE AUTOV TOV TEOTO OGO TO BUVATOV O AXEL-
B ouunepdopaTa OYETIXE UE TNV CUUTERLPORH TV UMXOV. TNV GUYXEXQUIEVN
epyaoio Ya mpocoponel 1 Sradixaocia XATAGKEVNS EVOS TELUUATIX0) VEDROU TTOU
xenowonoteitor otny autoxwnrofounyavio, onwg xo Yo ngoPiepiel 1 ehaotixy
EMAVAPOPE XATE TNV AMOPOLTION TOU PGk TNS UEVODOU TENEQATUEVLV G TOLYEIWV.
Apyxd Yo poviehormowmiel 1 xatdhAnAn yewuetpla Omwg xou o avtioToryo xo-
houmia St depwong, uéow Aoytouxo CAD, eve otn ouvéyela Ta GUYXEXPIUEVY
novtéha Vo tepaotoly og hoylouxd npocopoiwons FEA onol xo Yo egagpootet
GYETX avdAuoT.
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Chapter 1

Introduction

Sheet metal forming is widely used in many applications mainly in the automotive and
aerospace industry. It is a very popular manufacturing technique due to the high preci-
sion, mass production and short processing time that can be provided in a production
line. During recent years in automotive concepts, there is a high demand for light-weight
car bodies including fuel efficiency, aiming to reduce CO2 gas emissions and generally
environmental burden. Due to that, sheet metals such as high strength steels and alu-
minum alloys are becoming more important in the automotive industry but at the same
time, they require innovative simulation techniques, in the design and development
phase, as well as suitable processing chains. Some major negative consequences of those
materials occur due to their high strength values, such as low formability and spring-
back during unloading. Springback is a phenomenon with high importance in forming
applications where dimensional precision is a vital requirement since the final product
has to conform with the predefined engineering tolerances. During the unloading of the
manufactured part, the strains of the material change and as a result, the final compo-
nent dimensions are different than expected. Thus, the main target of finite element
simulations is to closely investigate and minimize that issue, by replacing the physical
tryouts from the virtual ones and improving the quality of the die design manufacturing

cycle. That’s why FEA has been already integrated into plenty of industrial applications

[11,2]



1.1 Scope and objective

The production of new parts in metal forming industry becomes more and more compli-
cated, as time goes by. As a consequence, the manufacturing processes are also getting
way more demanding, since many complex and small tolerances are requested. Therefore,
finite element software provides the capability of building realistic simulation models,
which contain complicated forming processes and are also capable of adapting to any
corresponding needs. Hence, several solution methods have been developed, having a
constant target of achieving the appropriate accuracy and computational efficiency of a
model, since both of them really essential requirements for an FEA simulation. The
primary objective of this study is to simulate the sheet metal forming procedure as well
as the springback effect, on an S-Rail geometry. The simulation will be solved, using
Explicit and Implicit methods, for the forming and the springback state respectively.
Consequently, the elicited results will be compared with the outputs of an already pub-
lished study, as well as the percentage error between them will be calculated. Last but
not least, a springback sensitivity of the model will be conducted, by modifying some

parameters of the simulation and then make comparisons between the elicited results.

1.2 Outline

This thesis will be organized as follows. In Chapter 2, an overview of the metal forming
theoretical background is given, by describing some different forming techniques. Subse-
quently, the properties of a material, its actual behavior as well as the possible failures
that can occur during sheet metal forming process, are indicated. Chapter 3 deals with
Finite Element Analysis, while it initially gives a theoretical overview concerning the
solving techniques, element and contact types that can be utilized during a simulation.
Afterward, it focuses on the methodology, as well as on the corresponding setup steps
which are followed to model a finite element analysis. In Chapter 4, we evaluate the
elicited results of the analysis after using two different materials, AL6111-T4 and HSS,
as well as by modifying some of the simulation parameters, we investigate the springback

sensitivity. In Chapter 5 the thesis conclusions are drawn.



Chapter 2

Theoretical Background

In this chapter, a quick overview of the metal forming theoretical background will be
given, by describing different forming processes. Subsequently, the properties of a mate-
rial, its actual behavior as well as the possible failures that can occur during sheet metal

forming process, will be indicated.

2.1  Sheet Forming processes

In modern industries, there are plenty of manufacturing processes applied in different
sectors as well as for different applications. The two most commonly used procedures
are, bulk metal forming and sheet metal forming. Bulk-Metal forming is the shaping of
bodies with concentrated mass, which also have the same size and dimensions in all three
orthogonal directions x, y, and z. On the other hand, sheet-metal forming is a forming
process during which bodies with large initial extensions in two directions and small
extension in the third one, such as a piece of sheet metal or steel plates, are deformed.
Thus, as one can see, there are a few differences between those two manufacturing form-
ing processes. By looking into more detail, during sheet metal forming a wide and thin
blank is formed against a die, something that makes it impossible for the workpiece to
be kept inside a closed dies configuration. The material in sheet metal forming is most

commonly subjected to tensile stresses, whereas in bulk-metal forming compressive



stresses are dominating. Due to the existence of tensile stresses in sheet-metal forming,
strong limitations occur from the aspect of possible workpiece shaping. As a consequence,
during that specific procedure due to tensile and compressive stresses as well, some fail-
ures such as necking, buckling, and wrinkling could appear. [3] However, sheet metal
forming is widely used in the manufacturing industry for plenty of applications as well

as is divided into many subcategories, which are mentioned below:

Stretching

During that forming process, spherical shell products including singly curved or even
doubly curved shapes can be manufactured, see Figure 2.1. At first, before the procedure
starts, the sheet metal should be clamped. During the forming operation though, the
punch is forced into the blank so as to deform the sheet metal over the punch face and
in parallel to reproduce the die shape on the specimen. Through that process, similar
products like in bending could be produced. However, since a higher amount of tension
exists inside the blank during that method, one can observe greater thinning of the metal
specimen. Apparently, due to those tensile stresses, the springback effect is significantly
reduced compared to bending procedures. That kind of manufacturing process is exten-

sively used when there is a need for strict geometrical tolerances for the final product.|[3]

Plate Gripper Die

1

Figure 2.1 Sheet metal forming by stretch forming. [3]



Deep Drawing

A large number of parts used in everyday life are produced through that forming process,
such as loaf pans and kitchen sinks. That procedure is implemented, by forcing a circular
or rectangular upper punch with rounded corners down into a sheet-metal blank. In the
meantime, the specimen is supported by the die and the upper blankholder at its cir-
cumference, under controlled pressure. The bottom die is hollowed at the center which
is slightly bigger than the shape to be formed, see Figure 2.2. During that process, it is
very important to maintain the appropriate contact pressure between the blankholder
and the bottom die, in order not to provoke any failures to the specimen. Such failures
could be the fracture of the bottom cup wall or wrinkling at the wall of the product,

while applying too much or lower than appropriate pressure, respectively.[3]

Initial: ‘ i Final:

Punch ‘
Blankholder '
Dig Plate '

:'Shaped
component

Figure 2.2 Deep drawing procedure. [3]

Bending

Bending is one of the most common methods used to change the shape of sheet metal
with the simplest example of that process, the straight-line bending, see Figure 2.3.
During that procedure, plastic deformation occurs only in the bend region while the
material away from that area in not deformed at all. In case the material is not ductile,
failures such as cracking may appear on the outside surface. Hence, something quite
challenging during that process is to obtain an accurate and repeatable bending angle.
4]



Figure 2.3 Straight Line bending [4]

There are various types of straight-line bending. In folding the workpiece is held steady
on the one side and on the other one the edge gripes between the movable tools that
rotate, Figure 2.4(a). In press brake forming the punch moves downwards and forces the
sheet into a vee-die, Figure 2.4(b). Through roll forming, bends are being done continu-
ously in roll strip, while in the corresponding machines a number of roll sets exist which
are partially bending the sheet and thus wide panels such as roofing sheet or complicated
channel sections can be easily manufactured Figure 2.4(c). Finally, flanging or wiping is
another technique during which a stamped part accommodates a bending on its edge
Figure 2.4(d). The workpiece is clamped on the one side and the flanging tool is moving

downwards to bend the sheet.[4]

A
(a)
_~
Rolls — Sheet
\
(c) (d)

Figure 2.4 (a) Bending a sheet in a folding machine. (b) Press brake bending in a vee-die. (¢) Section of

a set of rolls in a roll former. (d) Wiping down a flange. [4]



Now in case the bending is not implemented along a straight line, or the blank is not
flat, the plastic deformation is not only applying at the bent area but also in the adjoin-
ing sheet, see Figure 2.5(a). This could happen during shrink or stretch flanging. During
shrink flanging, the edge of the workpiece is shortened and the flange may buckle, see
Figure 2.5(b). Now during stretch flanging, the edge length must be increased and there-
fore splitting may appear, see Figure 2.5(c). [4]

Figure 2.5 (a) A shrink flange showing possible buckling. (b) A stretch flange with edge cracking. (c)

Flanging a curved sheet [4]

Stamping

Stamping operations convert coils of steel, received from the steel mill, into products.
The whole stamping configuration consists of a punch, a draw ring, and a blank-holder,
see Figure 2.6. The principles are more or less the same with stretch forming but the
outer edge or flange is allowed to draw inwards under restraint to supply material for
the part shape. Through that process, a large number of products are being formed and
used in various applications, such as auto body panels. In most cases, those parts after
being deformed, are assembled with other contextual products by welding, bonding or
mechanical fastening. Usually, by that forming process, the really high production rate
can be achieved since the tooling is well designed to produce vast quantities of parts
with good dimensional control. The design of the forming tools requires a good combi-
nation of skills and powerful computer-aided engineering systems. However, for making
conceptual designs and while trying to solve some issues, the complicated forming pro-

cedure can be broken down into basic elements and be simplified. [4]



Punch

Die

(c)

Figure 2.6 (a) Typical part formed in stamping or draw die showing the die ring, but not the punch or

blankholder. [4] (b) Section of tooling in a draw die showing the punch and binder assembly. [4] (¢) B-

Pillar manufacturing configuration (Designed by S. Spathopoulos)

2.2 Different High-Velocity Forming processes

High-Velocity forming contains all processes converting stored energy in a really short
time to plastic deformation. It can also be called impulse forming, high-energy-rate form-
ing or high-strain-rate forming. That general process could be subdivided into high-
velocity hydroforming, high-velocity mechanical forming and energy-based high-velocity
forming, see Figure 2.7. The strain rates of that process are within the range of 102 to
10* s~ or as well as into microseconds or milliseconds. Thus, the cycle times can vary
depending not only on the handling operations duration but also on the process prepa-
ration, which some times can be complex and time-consuming. High-velocity forming
has some great advantages. Some of those are firstly, the increased formability of the
metal which can be achieved in several material types due to high strain rates (hyper-
plasticity), the reduction of wrinkling and spring-back of the specimen, and last but not
least the possibility of using inertia locking mechanisms in tool design which allows

smaller-capacity presses to be utilized.[5]

Specimen
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Figure 2.7 Classification of high-velocity forming technologies. [5]

High-Velocity Hydroforming

That specific process could be used in many different forming methods, such as deep
drawing, stretch forming i.e., and the only forming tool required is a die since the punch
force is applied through a medium (solid, fluid or gas). During that process, the pressure
applied through the medium is not distributed in a continuous way uniformly. Actually,
the pressure impulse propagates through it with a velocity higher than sonic speed, which
is called shock wave. When that wave impulse hits the specimen, a part of the mechanical
energy is transferred to the workpiece and accomplish the forming procedure. The form-
ing range of the specimen depends on the pressure and pressure pulse duration which is
translated into the velocity of the process. Due to the fact that the blank moves really
fast, the tension from the shock wave that strikes on it perpendicularly usually produces
cavitation behind the specimen. From that shock wave method, the two processes we

are interested in, are electrohydraulic forming and explosive forming.

As for the electrohydraulic forming, the configuration consists of a capacitor that stores
electric energy as well as from a spark gap that is suddenly discharged. That energy
provokes ionization and vaporization of the fluid, which releases a shock wave and leads
to specimen deformation. During that process, electric energy is directly transformed
into mechanical. That method can be implemented with two setups, having different
discharge process. In the first one, the capacitor is discharged through a wire, while in

the second through a gap, see Figure 2.8.



Discharge through a wire Discharge through a gap

Vacuum
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Sheet workpiece [~
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Figure 2.8 Different setups used in electrohydraulic forming according to German patent DE 1806283. [5]

That operation finds applications in automotive and aerospace sectors as well as air-
conditioning technologies. Through that method, complex parts with small corner radii
and reduced spring-back effects can be manufactured. Apart from that, due to the load-
ing of the shock wave, wrinkling is prevented during conical pieces drawing. One can

observe some examples of manufactured products in Figure 2.9.

Reflector for street lamp
Material: EN AW 1085

Exhaust Gas Collector Part
(after forming and after cutting)
Material: 1.4301

Spherical cap
Material: 1.4301

Figure 2.9 Parts produced by electrohydraulic forming [5]

Now as for the second process, explosive forming, the shock wave can be initiated not

only through the detonation of high explosives but also propellant forming techniques
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such as gas forming. There are two techniques that could be followed during that process,
content operation and standoff operation. During the first case, one of the two workpiece
surfaces is covered with the explosive while the detonation wave velocity reaches the
workpiece in microseconds with very high speed. That process is usually applied when
high pressure is required but is rather unprecise which keeps it limited to thick plates
forming. Now as for the second, standoff operation, the die and workpiece are submerged
into, preferably, fluid or amorphous substance and the explosive is kept in some distance
from the specimen, see Figure 2.10. In fact, during that process, the shock wave is trans-
ferred through the fluid, and deforms the workpiece, while in parallel a gas bubble is
produced, expanding in lower velocity than the wave, and hence deforms the workpiece
once more. The pressure created during the process is significantly lower than the contact
operation, while it increases proportionally to the distance between the explosive and

the workpiece.

7

Pressure tank \' 7

Explosive — r
Workpiece 0
/ Blank holder
Vacuum
connection

(DI N NONNONNANNNNN N Die

(a) (b)

Figure 2.10  Process variations of explosive forming techniques. (a) Contact operation. (b) Standoff

operation [5]

That process can be used in various applications and is suitable to form parts with quite
complex geometries as well as materials with rather difficult formability under conven-
tional methods. The sheet thicknesses which can be accommodated by that method are
plenty and vary. The technologies applied to steel and aluminum are different as well as
for high-strength titanium alloys. Thereby, such a forming process is suitable for large
parts which cannot be manufactured with conventional methods, due to the insufficient

forces of conventional presses. [5]
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High-Velocity Mechanical Forming

During that process, presses with special systems which can provide relatively high ve-
locities up to 20 m/s, are commonly utilized. Since these operations are considered to be
essentially adiabatic, due to overcompensation of the temperature, there is some loss by
the heat generated through forming. In general, the forming operation is performed in
higher temperatures than the conventional process. Due to the high impact forces created,
the life of the tools is relatively short as well as the cycle times are low. Hence, this type
of method has been limited. The large variety of machines used for high-velocity me-
chanical forming can be subdivided into pneumatically-driven machines, explosively-
driven machines, and electromagnetically-driven machines. From all those referred, only

the third machine type still exists. [5]

Tool coil

Electrically con-
ductive surface

Workpiece
Initial geometry
Final geometry

Piston Current directions

| Punch | Workpiece

4 Kﬂing die
(a) (b)

Figure 2.11 (a) Principle of an electromagnetically-driven blanking press (b) Principle of the

electromagnetic compression process [5]

Energy-based High-Velocity Forming

The main manufacturing method which represents energy-based forming procedures is
electromagnetic forming. During that process, the sheet metal specimen is deformed
through forces applied with pulsed magnetic fields, see Figure 2.12. That forming type
has many advantages, a few of which are mentioned below. First of all, since the mag-

netic field represents an active tool, there is no need for medium in-between, and the
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forces are applied to the workpiece without mechanical contact. Thus, the process should
be performed under special conditions (in a cleanroom or vacuum) where the surface of
the workpiece will not be affected by external factors. Apart from that, obviously that
process is environmentally friendly since no lubricant is used, as well as no impurities
involved. This results in no need to clean the workpiece after the procedure is finished.
Subsequently, the ability to adjust forces through charging energy and voltage provides
high repeatability of the process without damaging even the brittle metals. The applied
forces magnitude, of course, depend on the formed material. Comparing to conventional
sheet metal forming, due to the fact that EMF uses only one forming-tool only the die,
there is a significant decrease in overall cost. Finally, something also important is the
fact that in several materials having high strain rates, higher formability achieved com-
paring to conventional quasi-static operations. On the other hand, EMF, of course, has
some disadvantages. To start with, due to the physics of this process, this technology
works only with high-conductive materials while it gets more effective, by increasing
conductivity and decreasing flow stress. In case the specimen conductivity is not enough,
there is a possibility of using the so-called drivers. However, before one proceeds in such
a way, it should be kept in mind that the cost will be increased as well as the handling
and positioning will be more difficult. Apart from the already mentioned, due to high
currents, high voltages and high magnetic fields, some safety aspects of the process and

the equipment should be considered. [5]
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Figure 2.12 Principle of the electromagnetic process during sheet metal forming. [5]
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2.3 Material Properties

Tensile test

Due to the easy performance, as well as for historical reasons, many familiar material
properties are based on measurements made through the tensile test. A typical shaped
piece, see Figure 2.13, is commonly used for that test which has initial dimensions of the
length [, width w, and thickness t,. A dragging force P is applied to the specimen and
by using an extensometer it measures the change in length Al =1 —1,. Sometimes a
transverse extensometer is used as well in order to measure the change in width Aw =
w — w,. During that test, load and extension will be recorded and after those values are

analyzed material properties diagrams will be created. [4]

Figure 2.13 Tensile test strip [4]

Load-extension diagram

The relationship between the load and extension values, mentioned above, are plotted
in the load extension diagram, see Figure 2.14. At the starting point, the extension is
elastic but that specific part of the diagram is so small that it cannot be easily seen.
This diagram gives some important information concerning the response of the material
to a particular process and more specifically is the extension of a tensile strip with given
width and thickness. One of the features extracted from that diagram is the initial yield-

ing load P, , during which plastic deformation begins. After that initial yielding point, a

Y’
region consists of uniform deformation and increasing load, follows. This occurs due to

strain-hardening. It is actually a phenomenon that appears in most metal alloys during
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the soft condition, through which the strength or hardness of the material increases with
plastic deformation. During the whole process, the cross-sectional area of the strip de-
creases as the length increases. When the strain-hardening effect is balanced by the rate
of area decrease, the load reaches a maximum P, and an actual point is reached. After

that point, uniformity of deformation ceases, a diffuse neck develops in the smaller sec-

tion of the specimen and it still continues until the piece fails. [4]

15}

Load, PkN

05}

D 1 1 | 1
0 5 10 15 20 25

Extension, Al mm

Figure 2.14 Load extension diagram for a tensile test [4]

At that specific failure point, the extension is Al and the total elongation of the

max

specimen can be defined by,

lmaw _ lO

True stress-strain curve

Before starting the development of modern data processing systems, in order to obtain
the engineering stress-strain curve, usually, the load is divided by the initial cross-sec-
tional area, A, = w,t, and the extension by [,. Although that type of curve is widely
used, there are two drawbacks that affect the reliability of its results. First of all, the

cross-sectional area decreases during the test, and consequently, the stress is
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underestimated and second, the engineering is not a satisfactory strain measure because
it is actually based on the original gauge length. In order to overcome these disad-
vantages, the forming processes studies are based on the true stress-strain curve. Those

values can be calculated as follows:

P
=t (2:2)

where A is the current cross-sectional area. True stress can be calculated form load-
extension diagram during the rising part of the curve, between initial yielding and max-
imum load, by keeping in mind that plastic deformation occurs while volume change

constantly as follows,

Ayly = Al (2.3)
and the true stress is
Pl
og=—— (2.4)
Ayl

If during a piece deformation, the gauge length is increased by a small amount of dl the

strain increment or the extension of per unit current length, i.e.

de = % (2.5)

In case of very small length extensions, where [ ~ [, the strain increment is nearly similar
to the engineering strain but for larger strains, there is a significant difference. If the
straining process continues uniformly in one direction, the strain increment can be inte-

grated to give the true strain, i.e.
Ll l
€:/d5:/—:ln— (2.6)
ol ly
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The true stress-strain curve calculated from the load-extension diagram is shown below

in Figure 2.15.
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Figure 2.15 True stress-strain curve calculated from the load-extension diagram [4]

A common way to approximately define this curve is to use the simple power law

o= Ken (2.7)

where the exponent n is known as strain hardening index and K is the strength coeffi-
cient. That empirical equation known as power-law or Hollomon’s law, see Figure 2.16
(a), is commonly used to describe the plastic properties of annealed low carbon steel
sheet. Those material properties will be accurate, except for the small elastic part at the

beginning of the curve. [4],[6]
An alternative commonly used law, known as Swift’s law given by

c=K(g, + £") (2.8)

where ¢, is called pre-strain or offset strain, see Figure 2.16 (b). This law will fit material
with specific yield stress. If the material has been hardened in any previous process, this

constant ¢, indicates a shift in the strain axis corresponding to this amount of strain [6].
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Figure 2.16 Empirical stress-strain laws fitted to an experimental curve, (a) Power-law, (b) Power-law

with initial strain. [6]

Anisotropy

A material having the same properties in any direction is called isotropic. Usually, most
industrial sheets show a difference in properties which depends on the direction that is
oriented. This type of variation is known as planar anisotropy. Furthermore, a difference
could exist between the average properties in the sheet plane and those in the through-
thickness directions. During tensile tests of a material that has the same properties in
all directions, there is an expectation of width and thickness strains to be equal. If they
are different, some anisotropy exists. In material which properties depend on direction,

the anisotropy state is expressed through Lankford parameter or anisotropy coefficient,

R="w (2.9)
€

which is actually the ratio of width strain,

£y =In— (2.10)
W
to thickness strain,
t
g, =In— (2.11)
‘ )

Frequently the thickness strain is measured directly, but there is a possibility to be

calculated from length and width measurements, using constant volume assumption, i.e.
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wtl = wytyl, (2.12)

or

1 _ ol (2.13)
ty, wl

Consequently, the anisotropy coefficient is indicated as follows,

(2.14)

In case the width change is measured during the test, R-value can be determined con-
tinuously and some strain variation may occur. The direction of the R-value measure-
ment is indicated by R, R, and R, for rolling, diagonal and transverse testing respec-
tively. In case these values are different, for a given material, the sheet is displaying

planar anisotropy and often described with,

Ry + Ryy — 2Ry5 (2.15)

AR = 9

which may be positive or negative but steels are usually positive. Now when the R-value
is different from unity, there is a difference between average in-plane and through-thick-
ness properties, something that is usually characterized by a normal plastic anisotropy

ratio, defined as, [4]

Ry +2Ry5 + Ry, (2.16)

R = 1
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Rate Sensitivity

On many material properties, the strain rate usually has effects that are neglected. How-
ever, if the speed of the punch v is increased, a small jump in the load may be observed,
as in Figure 2.17. This shows that the material has strain-rate sensitivity which can be

described by the exponent m in the following equation,

P £y
1P
g P,
o
- |
0 Al
Extension

Figure 2.17 Part of a load-extension diagram showing the jump in load following a sudden increase in

extension rate [4]

The strain rate is

(2.18)

M~ =

where L indicates the length of the parallel reduced section of the specimen. The expo-

nent m from the load and punch speed, before and after the speed change, denoted below,

[4]

m = 08/ s) (2.19)
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2.4 Material Behavior

Sheet deformation processes

We consider a workpiece Figure 2.18 with dimensions of length [, width w, and thickness
t. Hence the principal directions are also denoted as 1 along the length, 2 across the
width and 3 through the thickness of the workpiece. By applying a tensile force to the
specimen, the part will deform in every dimension by dI, dw, dt which actually trans-

lated across the length, the width and the thickness respectively.

Figure 2.18 The tensile-test workpiece subjected to uniaxial deformation [4]

The principal strain increments are given by the following equations,

de, = %, dey = #, dey = % (2.20)

It is well known that since during plastic deformation constant volume is maintained,

strain increments keep the following relationship between them,

d(lwt) = d(lywyt,) =0 (2.21)
and we obtain
dl % wt + dw % It + dt + lw = 0 (2.22)
or, dividing by lwt,
#+%+%:d51+d52+d€3:0 (2.23)
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That phenomenon is called the incompressibility condition.

In a typical sheet process, the workpiece deforms under non-zero membrane stresses o,
and o, comparing to the tensile test, that we investigate above, in which they are both
zero. The third stress o, , perpendicular to the surface of the sheet is usually quite small

and since we want to work on plane stress deformation we assume that is zero.

For such kind of sheet plane processes, the relations between principal stresses are the

following

oy, Oy=aoy, 03=0 (224)

and for strains,

€1, €y = 681 5 €3 = _(1 + 6)51 (225)

where o and [ are the stress and strain ratios respectively. [7]

When external forces are subjected to a material body, it deforms. The way that body
changes shape, depends on the magnitude of load applied as well as its material. The
deformation types are elastic, viscoelastic and plastic. To start with, elastic is a reversible
and time-independent deformation. Then viscoelastic which is a reversible but time-
dependent deformation is increasing with time after load applies and starts decreasing
slowly after the load removed. Finally, plastic in which the deformation stays permanent.
Plasticity theories in general deal with stress-strain and load-deflection relationships for

ductile material or structures that plastically deform.

Plasticity can be approached in two different ways. The first one is a mathematical
theory which represents experimental observations as general mathematical formulations,
based on assumptions and hypothesis of experimental results. The second one is a phys-
ical theory that focuses on the investigation of plastic deformation at the microscopic
level while trying to explain how and why plastic deformation occurs. Concerning, the
plasticity mechanics, one should investigate the microstructure of the material as well
as its plastic flow and deformation mechanisms at the microscopic level, so as to be
understood in a better way. [8] Some fundamental elements of plastic deformation are

the following: Yield criteria, Material hardening, and Springback effect.

22



Yield Criteria

The yield surface is one of the most important concepts in material plasticity due to the
fact that it separates the elastic from the plastic region. It actually defines the stress
level beyond which plastic deformation occurs and also constitutes a very important
element for the strains. A yield criterion is basically the critical point where the defor-
mation state changes from elastic to plastic. The general formula which expresses the

critical point in a mathematical way is the following:

F=0 (2.26)

while elastic deformation exists when the equation is,

F<0 (2.27)

The yielding criterion varies based on the corresponding material type. As mentioned
during the previous chapter (2.3), isotropic is defined as the material whose properties
are the same in every direction while contrariwise anisotropic materials properties differ

with the orientation change.

In case the material studied is isotropic, yielding depends only on the principal stresses

magnitudes and yield criterion is expressed as follows,

F(0y,04,04) =0 (2.28)

On the other hand, for a fully anisotropic material, the initial yield criterion in terms of

principal stresses and principal directions n, ¢ =1,2,3 is expressed as follows,

F(oy,05,04,n1,n5,n5) =0 (2.29)

The equation above points out that both the intensity of stress tensor (principal stresses)
as well as its orientation (principal directions) are equally important for the anisotropy

yielding. [8]
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There are plenty of theories available for predicting yield conditions for both isotropic
and anisotropic materials. However, during that thesis, we will delve into details only
for the isotropic ones. Those theories are based on a different hypothesis about material
behavior and results in yield functions of different forms. For isotropic material, plastic
yielding depends only on the magnitude of the principal stresses and not on their direc-

tions. The most widely used isotropic yield models are Tresca and von Mises criterion.

(6]

The first, as well as the oldest one, is the Tresca yield criterion on which yielding occurs
when the greatest maximum shear stress reaches a critical value. During a tensile test

where 0, = 0, = 0 the greatest maximum shear stress at yielding is 7.,,, = 0,./2. Hence

rit.

in theory yielding will occur in any process when

Omaz. — Imin. — J_T (230)
2 2
or
Omaz. — Omin.| = Or (231)

The Tresca yield criterion in-plane stress can be depicted graphically through the hexa-
gon shown in Figure 2.19. The stress state at yield, as the stress ratio a change, is
indicated by the locus point P which is actually the hexagon. In the case of work-hard-
ening material, as oy increases the locus expands proportionally while if only instanta-

neous conditions considered, the flow stress remains constant. [4]

A 0o

P

—Ovy oy

v

01

Figure 2.19 Tresca yield criterion locus.
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The second theory is von Mises yield criterion which suggests yielding when the root-
mean-square value of maximum shear stresses, reaches critical value, see Figure 2.20.
During tensile stress at yield point, two of the maximum shear stresses will have the
value of o,/2 and the third one is equal to zero. Hence the criterion can be expressed

as follows,

\/712 +n2 7% \/2 (0r/2)? (2.32)
3 3

or

vV 2 (7-12 + T22 + 7-32> - O-T (2'33)

Substituting principal stresses for maximum shear stresses yielding condition can be

expressed also as

Or = \/1{(01 —03)? + (03 —03)° + (03— 09)%} (2.34)

Figure 2.20 Von Mises yield criterion locus.

Both above theories apply only to isotropic material, being a reasonable approximation

of experiments. Despite the fact that there are major differences in the mathematical

25



equations and methods that those criteria follow, the predicted stress values will nor-

mally not have a difference bigger than 15%. [4]

Now as for the anisotropic materials, since they are supposed to have anisotropy with
three orthogonal symmetry planes, in order to be accurately modeled plenty of yield
criteria have been developed by different research groups. Some of those are Hills criteria,
Hershey 1954, Barlat and Lian 1989 criterion, the Cazacu-Barlat criterion (Cazacu and
Barlat 2001), the Vegter criterion (Vegter et al. 1995), and the BBC (Banabic-Balan-
Comsa) criteria (Banabic et al. 2000). Currently, the most frequently used are Hill 1948,
Hill 1990, and Barlat 1989 (Banabic 2010).

Material Hardening

After yielding point, the materials are capable of resisting even further increase in load.
This happens due to the hardening of the material. Many models can be used to model
this effect and in the following section, some of the most commonly used in metal forming
calculations are given. One of the rather essential choices is whether to model the mate-
rial as isotropic hardening or kinematic hardening. In some cases, where the material
deformation can be regarded as monotonic, it is not necessary to be that concerned about
the hardening rule. However, in many cases, reversed deformation is present (this could
be bending and subsequent unbending) and here it can be of major importance to include

the correct type of hardening. [9]

To start with, regarding isotropic hardening, it’s a process that can be considered when
the material deformation is monotonous and proportional. Thus, the initial yield surface
expands in all directions uniformly (Figure 2.21). Under this assumption, the yield sur-

face can be expressed as follows

oy = oy + He?) (2.35)

where oy denotes the current yield stress, oy, the initial yield strength, H denotes plas-
tic modulus, which is defined as the slope of the non-linear part of the stress-strain curve
and €f, is the plastic part of the normal strain e;;. In fact, whether the material will

show true hardening, perfect plasticity or softening behavior depends on the plastic
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modulus value. If H > 0 the yield stress will increase, when H = 0 then it corresponds

to perfect plasticity and in case H < 0, softening character is exhibited. [10]

Saturation

Hardening

Sl 4

Initial yield Subsequent, expanded yield
surface surfaces after plastic deformation

Figure 2.21 Isotropic Hardening: Left: Uniform expansion of the yield surface in stress space with plastic
deformation. Right: Stress (o) strain (&) curve, representing an increase in the yield strength due to strain

hardening [10]

When a material undergoes non-monotonic deformations, the isotropic kinematic model
is not sufficient enough to describe its behavior. When the specimen removed from the
tools and elastic unloading appears one can observe that yield strength during compres-
sion is much smaller than yield strength in tension. That phenomenon which occurs in
metal plasticity is known as kinematic hardening or Bauschinger effect. In other words,
one could say that yield surface without its shape and size be changed, it translates by
moving into stress space and shifts to a value of «,; i.e. the second-order tensor or back

stress, see

f=floy ) = floy;—a;)—oy (2.36)

(a) (b)

Load point (1)

Initial yield .
. Subsequent, translated

surface ; :

yield surface

Load point (2)
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Figure 2.22 Bauschinger effect: (a) Schematic representation of the yield surface translation in stress
space with plastic deformation. (b) Stress (o) strain (€) curve, representing different yield strength in the

compressive regime and for monotonically increasing load [10]

Springback effect

Springback effect is considered as one of the most important issues in sheet metal forming.
Therefore, many studies have been done, aiming to eliminate its presence in every de-
formation process. The main reason why it actually appears is the over-stress of the
material beyond the yield strength in order to achieve the needed deformation. Upon
unloading in a stamping process there is elastic recovery, during which stress returns to
zero by following a path, parallel to the material elastic modulus, see in Figure 2.23.
Thus, after releasing the forming load one can observe that permanent deformation is
always less than expected and more accurately speaking spring-back is equal to the
amount of elastic-strain recovered when the tool is removed, which usually causes major
problems in the assembly. Due to that, FEA software not only contributes to forming
procedures predictions but also, they deal with simulations of spring-back results. This
is something absolutely mandatory and by using it at the model preparation stage, it
enabled a far better tooling design as well as saved a considerable amount of testing time
and financial cost.[11] Springback process is sensitive in many factors, such as material
variations in mechanical properties, sheet thickness, tooling geometry, processing param-

eters, and lubricant condition.
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Figure 2.23 (a) Springback phenomenon [8] (b) Sheet metal before-after elastic unloading.
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By looking into more detail, the whole process during unloading will be investigated.
When a sheet is bent up to a particular curvature, at some point the bending moment
is released and an unloading state starts, the elastic recovery causes the stress redistri-
bution which is actually the springback. During that phenomenon, a change in curvature

and bending angle occurs. The length of the mid-surface is

[ = pb (2.37)

This will not change during unloading since strain and stress in the middle surface are

both zero. From this, we obtain

[ (2.38)
P

By differentiating the equation above (2.38) in which [ = constant, we obtain

A0 A(1/p) (2.30)

0 1/p

Figure 2.24 Unloading a sheet that has been bent by a moment without tension.[4]

2.5 Material Failures in SMF processes

Types of Failures

In sheet metal forming, the process may be terminated at a specific point by a number
of events and the prediction of their limits is quite important. Each process has its own
limiting events and although it is not easy to judge from first sight which one is the

govern, it is usually one of the following, [7]

29



e Localized necking or tearing: At the starting point of tensile deformation, the process

is stable as well as homogeneous over the specimen. When the forming process reaches
a state in which a large number of strains localize in a small region of the workpiece,
the local cross-sectional area starts to decrease which results in a local neck. In case
the procedure continues, a great percentage of deformation will be concentrated on
that necking, and since it is rather an unstable state will eventually lead to the
tearing of the material. The main reason for facing that situation is the imperfections
of nearly all real materials, such as small local variations in dimensions and compo-

sition, which usually lead to stresses and strains local fluctuations.

e Fracture: In failure analysis, one can segregate ductile and brittle failure. In fact,
ductile is more or less common with tearing during localized necking in which mate-
rial experience high deformation before failure. On the other hand, brittle fracture
material is imperceptibly or even not deformed before fracture, which is characterized

by rapid crack propagation.

e  Wrinkling: It occurs when compressive principal stress exists inside an element and
results in buckling or wrinkling of the workpiece. This is called compressive instabil-

ity and resembles the buckling of a column.

Forming Limit Diagram (FLD)

The Forming Limit Diagram is a constructive concept which is used to characterize sheet
metal formability. Since material selection, tools design and tryouts are really important
for forming operations, it is considered as an essential tool for such processes. During
sheet metal forming procedures, severe strain-path changes are a high influence for form-
ing limits. Given that strain paths are not proportionally distributed, FLD is a really
useful tool in the sense that it helps to understand material behavior under complex
loading as well as contributes to the optimization of the die shape, aiming to avoid any

kind of material failure [12].

The Forming Limit Curve (FLC) is a limit through which the maximum strain combi-
nations that a metal blank can undergo are defined. That limit curve is constructed not
only by implementing a biaxial stretch test via a hemispherical punch but also through

a tension test to stretch the workpiece and simultaneously write down the major and
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minor strains, €, and e, respectively, before any type of failure occurs. These types of
strains can be measured through the use of grid circles near to a local neck of the de-
formed specimen. The procedure of measuring is implemented by marking a workpiece
with an initial thickness £, with a grid of circles of diameter d, or a square mesh of
height d,, , as shown in Figure 2.25(a). Then during the uniform deformation, those
marked circles will deform and obtain an elliptical shape of major and minor axes d,
and d, respectively. Given that the square grid is aligned with the principal directions,

it will become rectangular as shown in Figure 2.25(b).

to
4

Figure 2.25 A sheet element in (a) undeformed state of an element with a circle and square grids marked
(b) deformed state with the grid circles deformed to ellipses of major diameter dI and minor diameter d2.
[4]

By measuring the strains of many different strain paths FLC can be defined, which is
actually delineating the uniform straining boundary as well as the local necking onset.
By the way, in practice, there is a scatter in the measured necking strains which actually
means that one should consider a band rather than a single curve of those failures to

occur.

One of the most important factors which affect the Forming Limit Curve (FLC) is the
strain-hardening index n. The n changes proportionally with the height of the curve, so
when the index decreases the height of the curve also decreases. During forming processes
in which biaxial stretching is required to deform the workpiece, it is common for fully
annealed metal to be used which means that the sheet material has high n. Unfortunately,

materials with high strain-hardening index usually have low initial strength. One of the
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strengthening processes that can reduce n and make forming much more difficult is cold-

working. [7]

&4
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Figure 2.26 Difference of Forming Limit Curve (FLC) with high and low strain hardening exponent n.

[7]

There are some other factors that are also affecting FL.C, but not in the highest possible
percent. First is rate sensitivity which although it doesn’t affect the strain while tension
reaches the maximum, influences the rate growth of a neck by delaying it. Apart from
that, FLC is also affected by ductile fracture, inhomogeneity, and anisotropy but in a

different way and percentage. [4]

The Forming Window

Sheet metal forming processes can be limited by various events such as local necking
and tearing. Except for the already mentioned, something also possible to occur is a
fracture of a ductile sheet at a necked region or before necking appears. Different limi-
tations include sheet wrinkling under compressive loading. Something important to be
mentioned is that sheet can only be deformed by tensile forces, so one of the principal
stresses must be positive, or nearly zero. Considering all those factors, creating a forming
window in which plane stress sheet forming is possible, seems to be really useful, see
Figure 2.27. Note that the compressive limit where major tension reduces to zero is
displayed at the strain path of 3 = -2. The wrinkling limit is only shown as a region in

the second and fourth quadrants since is not completely a material property. That
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diagram is only for visual help because it has been noticed that in case strain hardening
index n, reaches a low value, forming window gets really narrow. In general, it is common
for strengthening processes to reduce sheet strain-hardening. Hence one of the sheet
metal forming challenges is to invent procedures that would be able to deform strong

materials and simultaneously permit safe straining even though the narrow window. [4]

Fracture Tearing

Wrinkling -
—s e .
T~

A2
Compression

* Eo

Figure 2.27 The forming window for plane stress forming of sheet [4]
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Chapter 3

Finite Element Analysis

This chapter deals with FEA, while we will initially give a theoretical overview concern-
ing the solving techniques, element and contact types that can be utilized during a
simulation. Afterward, we will go through the procedure of preparing a sheet metal
forming and springback simulation, as well as we will go into detail concerning the cor-

responding simulation setup steps that are followed.

3.1 Time Integration schemes

During the recent years, the Finite Element method is considered as a powerful analyt-
ical tool which can compute the solution of a continuum problem by reducing it to a
system of an algebraic equation, [13]. By using that tool, combined with a powerful
computer configuration, one can establish as well as solve governing equations for com-
plex systems in a very effective way. The finite element method was initially developed
in order to simulate problems in structural mechanics [14]. However, it was soon recog-
nized that it can be equally applied in various types of engineering as well as in modeling

of fabrication processes. When a fabrication process like sheet metal forming with high
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deformation is being modeled, the evaluation of the stresses, strains, as well as the con-
tact issues must be considered. One major advantage of FEA is the fact that it can be
applied to a wide range of engineering problems and adapt to any corresponding needs.
However, some basic requirements that an FEA engineer should keep in mind and follow
while modeling a simulation are the following: simplicity, accuracy and computing effi-
ciency. During sheet metal forming, finite element analysis software, contributes in the
efficient design of the tooling. Thus, one can observe that is really cost and time effective
than making real trial and error experiments. The main target of such software is to
make predictions concerning the material behavior of a blank subjected to plastic defor-
mation as well as the elastic unloading. Afterward, the forces, stresses, and strains should
be evaluated and in parallel one should consider, whether is feasible for a simulated

product to be manufactured in reality.

Methods

As mentioned above, during recent years, the finite element method (FEM), has gained
much popularity in both the research and industrial sectors. In the meantime, several
algorithms with various computational costs have been developed, providing different
ways of simulation depending on the complication, the user needs as well as the problem
nature itself, see Figure 3.1. Thus, in case one would like to solve a problem in the

appropriate way, the advantages and disadvantages of those algorithms should be well

understood.
NONLINEARITY >
1 year 10 sec 1 sec 0.1 sec 0.01 sec 0.001 sec 0.0001 sec
[
Creep Static/Dynamic Quasi-Static Drop Ballistics Detonation &  Hypervelocity
Blast Impact
A & N
J b L
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Figure 3.1 Problem time magnitude for Explicit and Implicit FEA methods
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Implicit method uses an automatic incrementation strategy, to solve a large system of
equations. It requires a lot of storage and CPU time but has certain advantages, some-
thing that, of course, depends on the type of analysis. One of the major advantages is
the unconditional stability of that particular method. However, it can encounter some
difficulties while trying to reach convergence on a complicated 3D model. As the reduc-
tion of the time increment continues, the computational cost in the tangent stiffness
matrix is dramatically increased and causes divergence. Local instabilities cause force

equilibrium to be difficult to be achieved.

Explicit method is frequently used, by aiming to overcome the implicit method difficul-
ties and it has a great advantage of being easy and straightforward. Since external and
internal forces difference, defines the nodal acceleration values at every time increment
starting point, unbalanced forces don’t exist and also there is no need to generate stiff-
ness matrix. As long as those unbalanced forces do not exist, the explicit method is not
facing any convergence problems. The main disadvantage is that it is stable under spe-
cific conditions as well as the maximum time increment is extremely small. That condi-
tional stability means that time increment should be less than the critical value. That
value can be approximated by the smallest time needed for an elastic wave to cross one
element. Usually, the technique followed to solve that problem and decrease computa-
tional time is mass scaling. Through that method, the mass of material is artificially
increased and also the critical time increment does. Although this type of method is
basically meant to be used for short transient and dynamic problems, it can be also used
for quasi-static but the inertia effects should be small enough to be neglected. Now as
for the CPU cost, it depends on the size of the FEA model and how complicated is the
model which is simulated. For instance, the implicit method is much more effective and
faster in small problems but on the other hand, explicit is relatively better in the more

complex ones which include larger and finer meshes.

In general, sheet metal forming as well as springback FEA simulations, have been inves-
tigated by various researchers. Therefore, we can conclude that both explicit and implicit
methods can be used for such processes. The most commonly used, effective, as well as
efficient procedure is to simulate the dynamic deformation of the blank through the
explicit method and then use the implicit one for the elastic unloading. In case spring-
back is simulated through the dynamic explicit scheme, dynamic oscillations will appear

on the blank and as a consequence, the final static shape of the workpiece will not be
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achieved. However, there is a possibility for those oscillations to be suppressed by using
artificial damping but again the entire procedure remains pretty much inaccurate and
unreliable. Hence, that combination of both Explicit & Implicit methods seems to be the
optimal choice, since only the advantages of both schemes are kept and used efficiently
by switching from one scheme to the other at the appropriate time point during the
simulation. In particular, the dynamic explicit code is used only for the deformation
phase in order to avoid implicit code’s convergence problems and after the forming part
finishes, the analysis changes to implicit method automatically in order to implement

the spring-back process in a static way. [8],[15],[16],[17],[18]

In order to get into more detail regarding those two techniques, the mathematical back-

ground behind both Explicit and Implicit methods will be displayed

Mathematical approach

When working with a set of equations which depends on time, there is a need for making

a time discretization of 0 =t, <t; <t, < <ty =T with time steps k, =1, —t,_;.
In sheet metal processes, there is the interest of solving the following equation

KU+ CU+ MU = F (3.1)

where U are displacements, K linear elastic forces, C damping forces, and M inertia

forces.

By discretizing at time ¢, , the equation (3.1) will be as follows

Mz, 1 + Cyy + [(Tpyy) = fO(ty1) (3.2)

where f? are internal forces and f¢ are external forces.

In order to solve the equation, integration should be considered first. Before continuing

into the solution procedure, one should consider the following simplified equation (3.1)
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Mii= fe— fi — fd (3.3)

where f¢ are damping forces.

As mentioned above there are two methods by which an FEA problem can be solved.
Through the first numerical scheme, explicit method, the next time step is calculated by
using only already known quantities form previous steps. However, during the implicit
method, an equation is solved by using the current latter state, which is unknown. Those

two methods can be mathematically expressed, considering equation (3.3), as follows,

Explicit Upyae = f(Utr Drtv {;Tta Ui_as> ) (3.4)

Implicit Uyar = f(Ut+Ap Uprar, Up, ) (3.5)

It is obvious that the implicit method is much harder to be implemented as well as it
takes more computational effort. That happens, due to the required inversion of the
matrix K from equation (3.1). Accordingly, it means that the larger the deformation,
the bigger the matrix as well as the computational cost. However implicit have some

advantages over the explicit as for its numerical stability and accuracy.

As noted previously, although the explicit method is computationally fast it faces some
problems with numerical stability, that’s why it is said to be conditionally stable. That
actually means that its solution behavior is not good for too large values of the time

step, At . Thus, the chosen time step should be for sure less than the critical time step,

A A
At < min, <i> = min, Te (3.6)
Co E.
Pe

where ¢, is the material speed of sound and Az, is the smallest sized mesh element.
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During the implicit method though, since unconditional stability exists, it means that
in practice a larger step can be used. Of course, that should fluctuate in between rea-
sonable limits and avoid choosing arbitrarily large steps because otherwise high-fre-
quency content in the solution may be lost. Hence, the implicit solver is meant to be
used primarily in low-frequency problems in which time dependence is not really im-

portant for a solution. Those are static and structural problems. [7]

3.2  Analysis Verification

As mentioned in the previous section, one of the main advantages of implicit method is
its unconditional stability. However, not only its computational cost can dramatically
increase but also it can encounter some difficulties while trying to reach convergence on
a complicated 3D problem, like in sheet metal forming where models are subjected to
large non-linear deformations. Hence, in order to overcome those difficulties, the condi-
tionally stable explicit method is used. Although this type of method is usually imple-
mented into short transient and dynamic problems, by applying loads slower, in order
to minimize the inertial effects, it can also work for quasi-static analysis. However, by
that technique, not only the termination time but also the computational load increases.
Hence, in order to minimize that problem, some techniques like time scaling and mass
scaling are used, which are actually increasing the loading speed as well as the mass of
the elements, respectively. The main target of quasi-static analysis is to apply loads as

fast as possible but still having a quasi-static response.

Quasi-Static Approach

It is known that the time increment size is the main reason for affecting the applicability
of explicit solutions. Thus, in case one wants to complete an analysis that lasts T seconds,
N increments will be performed from the program and each one of them will consist of

t seconds duration. The duration of each increment, ¢, is calculated as follows,

P 2 (3.7)

w

max
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where w,,, ... is the highest system eigenvalue.
Hence the total number of increments N is provided by 7'/t. Due to the fact that a large
number of increments actually provoke high computational load, one can try to decrease
the CPU time by reducing the total simulation time 7" or by increasing time increment
t. [19]

Time Scaling

The first alternative to reduce the computational load is by decreasing the total analysis
time T'. This can be achieved by applying loads as well as boundary conditions over a
shorter period of time. Such a process may be termed as “time scaling” or “load factor-
ing”. One way to achieve such a simulation behavior is by increasing the velocity of the
forming tool. Nevertheless, that approach can easily give erroneous results if the speed
of the process is increased a lot. That happens due to the fact that, as the velocity
increases, the kinetic energy of the moving tool is also increasing. Thus, some inertia
dynamic effects would be introduced and influence the solution. However, since it is not
easy to predict at which level that effect would become significant, there are two ways

to make estimations:

The first one, and rule of thumb is to set a limit on the kinetic energy to be less than
5% of the internal strain energy. By this, one can make a rough estimation and observe

if the problem has a quasi-static behavior or not.

As for the second way, an also good estimation of the actual amount of load that can be
increased is to examine the structural response of the components. This can be achieved
by determining the lowest natural mode M of the structure by using an implicit solver.
During most quasi-static processes, the deformation of the component occurs over a time
period which is much larger than the lower natural mode period. Thus, it is possible for
a quasi-static solution to be obtained by increasing the loading rate, provided that time
over which load is applied, is much longer than the period of the lowest natural mode.
The main advantage of that process is the fact that the mass properties of the structure

are not changed so mass-dependent loads and forces don’t have to be scaled. [13],[19]
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Mass Scaling

The second option could be followed to reduce the computational cost during a quasi-
static explicit analysis, is the increase of the stable time step . This can be normally
achieved, by increasing the material density and at the same time artificially reduce the

elastic sound speed. Such a procedure is known as “mass scaling”.

However, the kinetic energy rises while mass scaling increases, like in time-scaling. Thus,
there is also a limit to the amount of increased mass, in order to avoid inertial effects.
That limit is in fact, that kinetic energy should be less than 5% of the internal strain

energy.

One significant advantage of that approach is that the rate at which material is loaded
is not affected by changes in the mass density. Hence, rate-dependent material properties
can be included. [13],[19]

Apart from the time and mass scaling methods mentioned above, the analysis can also
be verified by checking the force equilibrium between the applied loads and reaction
forces. In case we need to implement a quasi-static analysis, the magnitudes of the ap-
plied loads and the reaction forces should be equal. Since the difference between load
and reaction are the inertial forces, such an equilibrium can confirm that there no dy-

namic effects appear inside the simulation.

Energy balance and Energy ratio

Except for the quasi-static verification, an analysis should be also checked from the
energy point of view. In general, if the analysis runs properly, the energy curves of the
model should be smooth without having any unexpected changes, as well as the energy
balance should hold. Thus, concerning system energy conservation, one should investi-

gate the energy ratio of the model.

Before delving deeper into detail, we will take a look at some basics. In general, the total

energy in FEA is expressed from the following energy types,

Etotal = Ekm + Ei7lt + Ehouv’ + Eslid + Edamp + Ewall (38)
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where I/, is kinetic energy, F,

, is internal energy, I, is hourglass energy, E;,;; is
sliding energy, E,,,,, is damping energy and F,,;, is rigid-wall energy. Now as for the

ratio, it is expressed from the equation below,

: _ Etota (t>
ratio(t) = m (3.9)

where E is the initial kinetic energy (all other initial energy is zero) and W external

work.

In order to confirm that energy conservation exists, the actual value of the energy ratio
should be equal to 1. Now if that value is greater, it means that there is some energy
generation inside the system which could impose dynamic effects as well as simulation
instability. Nevertheless, we should keep in mind that in complex systems it is common
to have a few divergences of the ratio, so it cannot probably reach exactly the value of
1.

3.3 Element Types

Various element families exist, and each one of them is used for a different type of FEA
problem, see Figure 3.3. Thus, the two principal element types, as well as the most
popular for sheet metal forming analysis, is the solid and shell-type elements. Those

choices have been made after discretizing the huge amount of variations in each category.

The first one, standard and simplest to understand, is the eight-node solid element
sometimes also called “brick element”. The incompressibility of that element, something
really important for plastic deformation, has provoked its wide use in plenty of structural
applications, including bulk-forming. Despite its wide use, there is a major disadvantage
during sheet metal forming with that kind of element. This disadvantage occurs due to
the fact that usually a number of elements are required through the thickness of the
blank, particularly to accommodate spring-back analysis, which results in an enormous

number of degrees of freedom and consequently to huge computational time.
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Additionally, their spring-back response is not satisfactory due to their high stiffness.
Something that improves the whole situation and at the same time provides better bend-
ing behavior, is the use of quadratic (high-order) elements with the only consequence
that they add further DOF which means more computational load. The difference be-
tween a linear, first-order element, compared to a quadratic, second-order element, can

be seen in Figure 3.2.

Many variations of a standard brick element have been introduced, with main target to
provide coarse meshes without locking (artificial stiffness in certain modes of defor-
mation). On the other hand, these numerical corrections are often introducing the oppo-
site phenomenon, hourglassing, which is a non-physical low stiffness during a certain
deformation. Despite those tries of optimization for coarse meshes, the computational

load for processes like sheet metal forming stays enormous. [20]

Linear Element Quadratic Element
(8-node brick) (20-node brick)

Figure 3.2 Linear vs Quadratic element

By the way, the element type which is mostly used for sheet metal forming analysis is
the thin-shell element or simple shell element. Those elements, are mainly based on a
thin-shell theory version, which makes stress and strain assumptions throughout a body.
Their shape might be triangular or quad, with the second more frequently used. Those
elements don’t have any real thickness, so one should keep in mind the important aspect
of the clearances between the die faces which could occur a problem. It is common for a
shell element that the assumed strain varies through-thickness for evaluating stresses
and deformation but usually, the through-thickness stresses are ignored. The shell ele-
ments' advantages for metal forming as well as spring-back analysis are much more
convincing than those for solids, which are conditionally used for research. Some of the

conditions under which solids are frequently utilized are, the critical die clearances, two-
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sided contacts, important through-thickness stresses and specific R/t ratios (less than 5
or 6). Apart from those exceptional conditions mentioned above, there is no reason to
use solid elements since shells are much more efficient, as well as they provide better

results in sheet-forming simulations. [20]

Figure 3.3 Shell element

3.4 Contact Types

During the contact modeling procedure, there are two sides “master” and “slave”. The
first one is usually considered as a rigid geometrical surface and the second one as flexible,
respectively. A contact occurs, through sets, parts, nodes or segments, if there is a pos-
sibility of penetration of a slave node to a master segment. By that procedure, after
identifying which locations should be checked for this penetration, a contact is being set.
21)

MASTER

Figure 3.4 The master and the slave side of a configuration. The software is investigating the model to

find possible penetrations between the slave side through the master side of the contact.
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At every time step, penetration is searched by using plenty of different algorithms. It is
common for the contacts search, to be implemented through the penalty method. In case
a penetration detected, a force proportional to penetration depth is applied and tries to
eliminate the penetration. That contact force is expressed by the following equation

F,=kxx, (3.10)

where k is the contact stiffness.

The contact stiffness is calculated in a different way for solids and for shell elements.

sfxKxA sfxKxA
d V/A

For shells is given by & = and for solids k& = where sf is the scale factor,

K is the bulk modulus, A is the segment area, d is the segment diagonal and V the

underlying element volume.

MASTER

Figure 3.5 The slave side has penetrated inside the master side with a distance of @,,, and thus a force

will apply in order to eliminate that penetration.

There are two common ways through which one can treat contacts, the first one is
NODE TO SURFACE and the second is SURFACE TO SURFACE.

During the first one, NODE TO_ SURFACE, discrete nodes impact the surface. In this
case, master side is defined by segments and slave by nodes. Only the nodes of the slave
side are checked for penetration. Looking into a more detailed way, in Figure 3.6, no
contact is detected at the same point, since only the slave nodes (blank nodes) are

checked for penetration.

46



No contact information \

Figure 3.6 NODE_TO_SURFACE contact type [7]

On the other hand, during SURFACE TO_ SURFACE, a surface impacts a surface,
see. Now both slave and master sides, are defined by segments and since that contact
type is symmetric, both slave and master nodes are checked for penetration. By looking
into more detail, in Figure 3.7, a reaction force starts applying only when the tool node

penetrates the blank. [7]

Contact force from tool penetrating \.

the blank surface \

Figure 3.7 SURFACE_TO_SURFACE contact type [7]

3.5 Simulation Methodology

For a simulation setup, one should follow a number of steps through which the prepara-

tion, solving, as well as evaluation state will be implemented.

Initially, the design of the model configuration is implemented, and then the rigid tools
including the workpiece, are imported into the FEA software pre-processor. The next
step is to set-up the mesh and then import material of the FEA model, to define the

contacts in between the model parts, the boundary conditions such as loads, velocity,
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etc. as well as the elastic unloading phase. After preprocessing finishes, the FEA solver
starts to run the simulation. When the analysis reaches termination time, the solution
is imported into the post-processor in order to start evaluating the output results which
are usually stresses, strains, possible material failures, and springback. In case the results
are sufficient, there is no need for modifications so consequently, the validity of the
model is confirmed. Therefore, one should proceed to present their values as well as a
number of important graphs. On the other hand, if the results are not satisfying, one
should return to the FEA model setup, do some modifications to the parameters and
rerun simulation. That process should be repeated until decent results are extracted.

The whole procedure is summed up and described in the flow chart, Figure 3.8, below:

3D Geometry
CAD Design

1
1
1
Geometry Input to
FEA FEM software

i

Pre-Processing

i

Simulation
execution

H

Post-Processing

!

Valid

Results
presentation

Figure 3.8 FEA model methodology flowchart
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3.6 Simulation Setup

Finite element analysis software has been widely used to simulate sheet metal forming
processes. Choosing the appropriate FEA module to accommodate a specific forming
simulation is something essential. There are plenty of FEA modules that cover a wide
range of simulation capabilities. The actual choice depends on the current problem status
as well as its complexity. The simulation set up is a really important procedure that
could easily affect the accuracy of analysis by differentiating the generated output data
results. Thus, one should take care of all the input parameters as well as the solver

method that will be used. The steps followed during an SMF simulation are the following:

e CAD geometry input
e Meshing

e Material definition

e Contacts definition

¢ Boundary Conditions
e Spring-back setup

e Simulation execution
e Analysis verification

e Results evaluation

All those steps can be grouped into 3 sections which are: Pre-processing, Simulation

execution, and Post-processing.

Pre-Processing

During a simulation, the pre-processing step is the most important one, due to the fact
that before starting with a solving task, it is crucial to be prepared in an appropriate
way in order to achieve the desired results. Thus, it is the part where most of the work
is being done as well as the decisions made at that stage, will represent and affect the

simulation outputs in a high percent.
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CAD Geometry input

SRAIL geometry is a quite realistic test that shows all the difficulties typically found in
a car part [22], and it is commonly used in automotive industries as a benchmark. After
the 3D modeling of S-Rail rigid tools and blank configuration is finished, Figure 3.9 (a),
the assembly geometry is positioned in an optimal way, so as to get prepared for the
numerical analysis. This can be implemented directly through CAD software or by using
the corresponding GUI provided by the FEA. However, the first alternative is much
easier to be used. The S-Rail geometry is designed based on mechanical drawings Figure

3.9 (b) from [23] in order one to be capable of making comparisons between those two

models.
TY
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(a) (b)

Figure 3.9 (a) Geometrical assembly configuration of the S-Rail forming process. This is a much more
realistic test which shows all the difficulties typically found in car part (b) S-Rail mechanical drawing

from [23]

As mentioned above, before the geometry is imported into the FEA model, some things
should be checked. First of all, the tolerances and clearances between the tools and the
blank should be checked and additionally one should confirm that all of the parts are
aligned, with respect to the horizontal and perpendicular axis. Consequently, the tools
should be positioned in an optimal distance, so as to maintain the sheet metal in between
without touching one to another. This happens in order to reduce the displacement of
the tool during analysis, as well as to make the solution computationally efficient. After
the geometrical check is finished, the whole assembly is converted into a step file, which

is a file format designed for geometry exchange between different CAD and FEA software.
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Subsequently, the 3D model is imported into the commercial FEA software by using a

specific GUI module, which will accommodate the simulation.

Meshing

Generating a good mesh in an FEA model is one of the most important but at the same
time difficult tasks during the set-up of simulation, see Figure 3.10. Before proceeding
to that step, we have to make sure that everything from the design point of view has
been modeled properly in order to eliminate possible geometry issues which can cause

difficulties during the simulation.

A

Figure 3.10 S-Rail forming tools and blank meshing into FEA software

In general, a fine mesh is the main target in order to be able to achieve high-quality
results. However, that type of mesh consists of a large number of elements, that result
in increased computational load. Thus, the optimal solution is to generate a mesh that
can provide accurate results but still avoid really small elements that can affect the
computational time. A technique that can be utilized in that specific case, is the mesh
refinement which will be implemented only in important regions such as in areas with
high curvature and leave the insensitive regions with a less detailed mesh. Each one of
the assembly parts should be meshed in a specific way as well as with different element
sizing depending on the actual accuracy needed from the user. For instance, something
that is commonly used in tool meshing, as a rule of thumb, is that every 90 deg curvature

of the model should consist of five elements.
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Apart from the technique that will be used for the meshing of the model, another im-
portant point that should be considered is the element type of the mesh. Regarding the
rigid tools, since they are not subjected to large non-linear deformation, the type of
element used for the mesh is not so important for results accuracy. On the other hand,
the blank should be meshed with caution, due to the fact that it can affect the elicited
results of our model. As for the rigid tools, the solid element is used for the meshing of
punch, die, and blankholders. Now concerning the meshing of the blank, as mentioned
also in section 3.3, it is common for most of the sheet metal forming simulations to use
shell quad elements. It has been proved that shell elements are more convincing as well
as more efficient for such forming and springback processes, so they can provide better
results in sheet forming simulations, [7],[24]. The only disadvantage of that element type

is that it doesn’t have any real thickness, so the through-thickness stresses are ignored.

In case a better accuracy through blank thickness is needed, some different shell formu-
lations can be used. These are solid-shell elements. By using that specific element type,
the accuracy of the model improves since the integration points through the thickness
of the simulated blank are increased. Consequently, the degrees of freedom, as well as
the computational load, are increasing as well. The corresponding research [23], which is
used to compare the results from our analysis, utilizes a solid-shell element type. However,
in our case after some trials with solid-shell types of elements, we observed that it is not
possible to execute deformation and springback simulations with the optimal mesh re-
finement because of the limited computational resources as well as due to our analysis,
Explicit + Implicit, configuration type (Indication from the FEA software, that the
upper RAM usage limit should be increased, in order to be able to implement the spring-
back simulation of our complex problem. That upper limit couldn’t be increased, due to
software keyword restrictions during that specific type of analysis). A coarser mesh will
also affect the plane stress-strain results of both deformation and springback states in
our model. Thus, we eventually selected to use the normal shell element for meshing our
blank, which of course will decrease the through-thickness accuracy but since the mesh
can be finer than the one with solid-shell elements, it will provide better stress and

strains results of the surface plane.
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Material definition

Proper material selection is really important to acquire accurate simulation results. In-
side the FEA model, both rigid and flexible parts will be used. The tools are considered
to be rigid bodies on which material doesn’t need to be assigned. On the other hand, the
material selection of the workpiece is mandatory. During our simulation, since the elic-
ited analysis results will be compared to the already existing values of [23], similar ma-
terials should be used. The materials utilized in the research mentioned above, are
AL6111-T4 and High Strength Steel (HSS). In order to import the material inside the
FEA analysis, we will first model the elastic region by using the following parameters:
Density p, Young modulus F, and Poisson ratio v, while for the plastic region, a non-

linear isotropic hardening function will be utilized. The hardening function is the follow-

ing,
ay(ﬁa) =0,,+ Q(1 — exp(—Pk)) (3.11)
where o, is the initial yield stress, ) is the maximum change in the size of the elastic

range and [ is the rate of change of elastic range size. The values of those parameters

are provided in Table 1.

Material p (g/em?) E (N/mm?) v oy, (N/mm?*)  Q (N/mm?) §}
AL6111-T4 2.7 69000 0.33 161 207 9.74
HSS 7.85 206000 0.3 355 260 9.79

Table 1 AL6111-T4 and HSS material elastoplastic properties

The material model will be used for that analysis, is *MAT PIECEWISE LIN-
EAR_PLASTICITY (*MAT_024). Considering those material properties already pro-
vided and the stress-strain curve displayed below, see Figure 3.11, the Ultimate Tensile
Strength actually reaches 368 MPa for AL6111-T4 and 615 MPa for HSS.
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Figure 3.11 Stress-Strain curve for AL6111-T4 and HSS material

Contacts definition

One very important section of the analysis is contact modeling. In case a simulation fails,
plenty of the times the error can often be related to problematic contacts. There are
many types of contacts in FEA software but only some of them are commonly used in

sheet metal forming analysis.

First of all, the type of contact used between the forming tools and the blank is frictional,
while the friction coefficient for AL6111-T4 is p, = 0.10 and for the HSS is p,. = 0.11.
Concerning the contact properties, as mentioned also in section 3.4, there are two ways
mostly used to treat contacts. However, when the mesh from the master side (forming
tools) is finer than the one from the slave side (blank), there are possibilities of blank
penetrations inside the rigid tools. In case of such a condition, it would be much better
to use SURFACE_TO_SURFACE contact even though is more computationally costly.
In our case, the rigid tools mesh is refined in each tool curvature with 4-5 elements over
the radius, so it gets finer than the mesh of the blank in those specific areas. Thus, we
will use the SURFACE TO SURFACE contact type in order to avoid penetration

issues. [25]
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Boundary conditions

When the meshing of the geometry is completed, the next step is related to the boundary
conditions setup. After positioning all the assembly parts in an optimal way and arrange
all the pre-processing stages mentioned above, one should take care of the rigid tool
constraints, the applied loads, as well as their motions which are used to perform the
sheet metal forming processes. Despite the fact that the procedure is quite straightfor-

ward, some details should be considered beforehand.

First of all, we will take a look at the tool motions. Generally, it is better for a tool
movement to be expressed by forces, but due to the fact that they are usually unknown,
users are compelled to use prescribed tool motions. Hence, in our simulation, the “punch”

movement will be expressed by velocity.

The actual amount of velocity increase varies in each simulation and it basically depends
quite a lot on the 3D model’s details, such as the material, blank thickness, geometry
size, etc. A general recommendation that will provide better results and eliminate dy-
namic effects, is to use a trapezoidal velocity, see Figure 3.12. By using that velocity
profile, during the start of the procedure, the tool will hit the blank in a smoother way,

as well as the tool speed will be reduced at the end of the simulation. [26]
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Figure 3.12 A trapezoidal punch velocity profile [26]

During a simulation, the computational load depends on the actual speed of the tool
which is usual in reality to be rather slow. Slow tool velocity corresponds to large end

time and as a consequence to increased computational load. Thus, as also mentioned in
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section 3.1, time-scaling is something that is usually implemented in such processes and
aims to numerical load reduction. However, such an increase in simulation velocity can
possibly introduce dynamic effects which can result in the continuous moving of the
blank due to inertia and as a consequence to output data distortion. Hence, the specific
technique should be used with caution and only if these problems referred above are
neglected. Now, in our case, targeting to reduce the numerical load, time-scaling will be
used and thus the “punch” velocity of the analysis will be increased. Thus, the tool speed
will rise from 5 mm/s (punch velocity used in [23]) to 468 mm/s, see Figure 3.13. That
velocity increase has been established after making the appropriate verifications to con-

firm that no dynamic effects appear.
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Figure 3.13 Trapezoidal punch velocity profile used during analysis with max velocity V=468 mm/s

Apart from the velocity setup, something also important to be considered, are blank-
holder forces (BHF), see Figure 3.14. That part of the model is used in order to stabilize
the workpiece during the forming procedure. One should be cautious while applying BHF,
because either being larger or smaller than needed, they can cause some problems by
generating material failures to the specimen and reduce the quality of the results. In our
case since we will make a comparison with some already existing results from research
[23], the BHF values will be preserved the same, as in the corresponding simulations

with which a comparison will be made.
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Figure 3.14 Blankholder forces applied to the specimen (S-Rail assembly cut section)

Springback setup

There are various ways of simulating springback using both explicit and implicit algo-
rithms but it is common for the standard explicit dynamic method to be avoided in that
specific process because it can easily cause dynamic oscillations. Since our main target
is to obtain a static spring-back solution without any dynamic effects, the static implicit
method will be chosen instead of the explicit one. However, by getting into more detail,
there are more than one different implicit spring-back methods but at this specific study,

the seamless method will be used.

During that method, the forming analysis procedure begins with an explicit method until
full deformation is reached. When the dynamic part finishes, there is a switching point
where the analysis changes seamlessly, in an automatic way, to implicit spring-back
simulation. During the spring-back setup, the user should define the retained bodies and
all of the other remaining bodies will be deleted after the simulation reaches the switch-
ing point. Usually, during that type of simulations, the retained part is the sheet metal
blank, based on which the spring-back will be studied. On the other hand, the bodies
which will be deleted, are rigid tools such as punch, die, and blank holders. Then, apart
from the already mentioned, the contact interfaces which were used during the explicit

blank forming state, are also deleted from the model. [27]
Now in order to be able to run that implicit springback simulation, one should set up

the process by using software integrated keywords that are actually applied to the solver

through a specific feature called keyword snippet. Those keywords provide access to a

o7



flexible and logically organized database, containing a number of functions working on

the backstage of the FEA software so as to prepare and activate the simulation.

To start with, as mentioned above the implicit springback phase begins after the forming
simulation reaches the end time. Thus, in order to specify the actual point in time, until

when the forming simulation runs as well as Implicit analysis starts, we utilize the key-
word *CONTROL_TERMINATION. The default choice is 2.0*ENDTIM. [28]

After the termination time is defined, the next step is to determine the constraints during
the springback phase. While the static springback phase is simulated, the part must be
constrained by defining a number of essential boundary conditions in order to avoid rigid
body motion. The main reason for constraining the metal blank is to avoid inertial effects
in the static analysis which could result in blank moving as a unit in space without
deforming. Hence, the part should be constrained in six directions which means in the
three translations and three rotations. These constraints define a reference point of the
blank which remains fixed when spring-back deformation occurs as well as ensures that
the stiffness matrix is non-singular. Since all the displacements of the workpiece are
measured relative to that specific constrained point, it is necessary to be chosen correctly
in order not to affect the sprung piece shape. A typical method to select the appropriate
constraints is described in Figure 3.15 and recommends to select three points which are

well separated from each other and far from edges.

Figure 3.15 Diagram showing the constraint nodes location for a typical springback model. Through
node A, all of the translational body motions are constrained and then by containing nodes B and C the

rigid body rotations are eliminated as well. [27]
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It is obvious that many possible boundary condition combinations can be used so as to
eliminate the rigid body motion. Through that example, one simple method to define
the minimum possible constraints is presented. However, one should pay attention to
the number of constraints because in case more than appropriate are implemented,
springback deformation can be suppressed or altered [29]. Hence, these boundary condi-
tions of the spring-back phase can be added via the *INTERFACE SPRING-
BACK_ SEAMLESS keyword. [29]

By aiming to make the springback results more accurate, a non-linear solver must be
used. Usually, the elastic unloading simulation converges without difficulty. However, in
some specific simulations springback is particularly difficult to be computed due to non-
linear deformation, dynamic material response or numerical simulation errors. Hence
multi-step spring-back simulation is automatically invoked which means that the spring-
back deformation is divided into smaller, easier to manage, steps. The keyword *CON-
TROL_IMPLICIT GENERAL is used to activate implicit method as well as to choose
the desirable time step size. Afterward, in order to be able to select between linear or
non-linear analysis types and in parallel define the convergence tolerances, *CON-
TROL_IMPLICIT SOLUTION keyword should be used.

The applied load in a springback simulation results from the initial stress in the metal
specimen, which due to rigid tools removal is no longer in equilibrium. For challenging
spring-back problems, the load must be applied slowly over several steps, in order to
make the non-linear spring-back more manageable. This could be achieved by artificial
stabilization, which is a method that distributes spring-back response into several steps.
During that method, the motion of the sheet nodes is restricted by using artificial springs.
As solution proceeds, the stiffnesses of the springs are reduced and step by step more
spring-back is allowed to the model. Once the termination time is reached, springs are
completely removed and unrestrained spring-back is allowed. That happens only when
the solution is about to finish, otherwise some artificial stabilization will remain inside
the model and results will not be accurate. That procedure is be activated through the
use of *CONTROL_IMPLICIT STABILIZATION keyword. [27]

Finally, in case convergence problems occur, for guiding the solution to the termination
time as quickly as possible, the automatic time step control is used. This is activated
through *CONTROL IMPLICIT AUTO keyword by which it actually retries steps
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persistently in places where the equilibrium search has failed until the termination time
is reached. [26]

Simulation Execution

Once everything is ready and all boundary conditions are set up properly, it is time to
execute the analysis. As mentioned above, the analysis consists of two phases, the explicit
deformation, and the static implicit springback. When the first phase reaches the termi-
nation time, the software switches automatically to the second process which is elastic

unloading.

Post-Processing

After the simulation solution process finishes, post-processing and results evaluation are
the following steps. In general, as in every simulation process, also in sheet metal forming
analysis, there is a high interest in evaluating the whole procedure by checking some
important results. Although after a simulation solution there is a large number of out-
comes that can be evaluated, in reality only a few of them can raise the interest, such
as stresses, strains, thickness reduction and forming limit diagram. Additionally, during
metal forming simulations, it is essential to evaluate the springback effect as well, which
is a really important part of the analysis. Nevertheless, before reaching that state, it is

mandatory to make some verifications concerning the behavior of the model.

Analysis verification

First of all, in order to confirm that no artificial effects are introduced into the simulation,
the quasi-static behavior of the model is verified. During that process, the kinetic/inter-
nal energy ratio, as well as the equilibrium between the loads and reaction forces of the
tools and blank, are investigated. In case the ratio value is less than 0.05 and an equi-
librium between the loads and reaction forces of the model exists, respectively, there is

first good feedback concerning the model behavior.

Subsequently, we proceed in the quality estimation of the analysis by checking the punch

force/stroke curve of our model. As such, we can observe whether the force applied from
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the punch to the specimen during the tool traverse is reasonable, through which we can
confirm if the pre-processing state of the model is defined properly. In the case of unre-
alistically large forces or extreme behaviors, some issues may occur. Usually, that kind
of problem appears, due to the fact that tools are set to traverse more than the normal
distance and a through-thickness compression on the blank is achieved. However, some-

times those large reaction forces could also imply a problematic geometry.

Last but not least, an evaluation of the model energies is implemented. During the final
step, in order to check that the simulation runs sufficiently, we evaluate the energy
conservation of the model. This can be accomplished by checking if the model’s energy
ratio is equal to 1 or really close that value especially when complicated models are
simulated. If so, it means that our model satisfies energy conservation and no additional
energy is generated. In case the energy conservation does not hold, then one should check
if any contact issues exist. Additionally, by looking into the energy summary plot, the
internal energy of the model should be for sure much bigger than the kinetic and all of

the energy curves should be smooth without any steep parts and jumps.

Results evaluation

After the analysis verification of our model, we continue with the investigation of the
stresses, strains in order to confirm that the values presented are reasonable. Then we
proceed in evaluating the actual state of the blank and detect any possible failures after
the deformation such as cracks, risk of cracks or wrinkles. The most common way to
detect such material weaknesses is to evaluate the thickness reduction plot. By taking a
look into the thickness reduction percentage of the formed blank, one can take a first
impression concerning the most vulnerable areas of the specimen. However, in order to
acquire more detailed and accurate results, the Forming Limit Diagram and the strain
distribution plot should be considered. Subsequently, after the forming process evalua-
tion finishes, the next important step is the springback effect assessment. To quantify
springback, we consider some section cuts on the specimen, along which the elastic un-

loading prediction is implemented.

Thus, if the analysis meets all of those conditions mentioned above, one could say that

it runs properly and the elicited results should be pretty much accurate.
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Chapter 4

Results

In this chapter, the elicited results from the simulations modeled in the previous section
will be presented, while considering the S-Rail analysis results from [23] and make a
comparison between them. Those models will be compared, in order to define the actual
error percentage between them. The first simulation run will be implemented by using
as a material, Aluminum 6111-T4 and after that, we will run a second analysis by using
an HSS. Afterward, we will make some modifications to our simulation model parameters
in order to implement a springback sensitivity evaluation. In order to carry out the
simulation, a commercial FEM simulation software will be used and in combination with
some python customization tools, a connection with LS Pre-post will be established for

visualization purposes.

4.1 AL6111-T4 material

During that section, we will implement FE analysis by using AL6111-T4 and BHF equal
to 10KN. Then the elicited forming and springback results will be compared with the

corresponding outputs from research [23].
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Analysis verification

Initially, the actual behavior of our model will be investigated, in order to confirm that

our elicited results are not distorted from dynamic effects.

Quasi-static behavior

After the analysis termination time is reached, one should verify if the analysis has a
quasi-static behavior. The two main verification approaches are: Kinetic/internal energy

ratio and Force equilibrium.

As for the Kinetic/internal energy ratio, it’s a first rough estimation of the simulation.
In case the ratio is less than 0.05, one can define that dynamic effects don’t impact the
simulation results. In our case, as can be seen in Figure 4.1, the kinetic/internal ratio is
nearly zero except for the steep increase between 0 and 0.0044 sec which reaches a
maximum of 1.652. Of course, the ratio equal to 0.05 cannot be true for the whole
analysis but should hold for most of the time, which is the fact is followed in our analysis
plot. As such, it seems that we receive good first feedback concerning the quasi-static
behavior but it is not of course enough since some other parameters should be also

investigated.
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Figure 4.1 Kinetic/Internal energy plot

Now regarding the second verification approach, we have to check the Force equilibrium
between the punch and the metal specimen, in order to acquire a better understanding

of the overall model behavior. As already known, in a static analysis there are no inertial
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effects, so an equilibrium between the applied load and the reaction forces exist. Now as
mentioned already, in quasi-static analysis, since the actual difference between a load
and a reaction is the inertia forces, an equilibrium between those two should exist and
confirm that the simulation has the desirable behavior. Even though that method is
adequate to show if our analysis has the needed behavior, sometimes there can still be
local effects that don’t show up in global force balance. Hence, one should increase the
simulation termination time and after that, check the new extracted results to see if any

changes appear.

In the beginning, the forces with initial termination time equal to t=0.08 sec will be
studied and afterward, we will double the end time t=0.16 sec in order to confirm that
the simulation maintains the desirable behavior. We should keep in mind that by in-
creasing the termination time and keeping the same tool traveling distance, the velocity
will be decreased. Hence, at the first simulation, the tool moves with a velocity of V =

468mm/s but in the second one, the velocity decreases to V = 231mm/s.

By investigating the punch and reaction forces of our first simulation with ending time
equal to t=0.08 sec, see Figure 4.2, we can observe that the difference between them is
really small, nearly negligible. As such, we can understand that almost all the energy
produced from the punch is received from the blank without important losses. Hence, by
considering those results one can say that no inertial effects should be present inside our

model.
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Figure 4.2 Punch and resultant force of model with initial termination time t=0.08sec
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However, as mentioned previously, due to the fact that some inertial effects may not
appear during that force balance, we will evaluate a second run of the exact same model
with the only difference of doubling the end time (t=0.16 sec). So, by taking a look at
our new load/reaction forces plot, see Figure 4.3, we can observe again a similarity
between them. Therefore, after a second confirmation, one can definitely claim that the

model has a quasi-static behavior, so no dynamic effects should show up.
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Figure 4.3 Punch and resultant force of model with termination time t=0.16sec

Punch Force/Stroke assessment

In order to make a quality estimation of the analysis, a comparison of the punch forces
and punch displacements of our model can be made, based on the corresponding results
of [23]. As we can observe, the experimental values of the punch force vs displacement
diagram in Figure 4.4, are within a minimum of 21 KN and a maximum of 27 KN (EB
2.07 is dismissed). The research simulation achieves a force curve laying in between those
two borders with a maximum of ~ 23-24 KN. Now by taking a look in our punch force
vs displacement curve, it reaches a maximum of 29.6 KN. In parallel, by observing the
overall path of our analysis curve one can define that it is offset with an average of 3.8
KN nearly all of the punch motion, compared with the simulation curve of [23]. Last but
not least, the actual percentage error between the max value of our plot curve and the

upper border of the experimental values is nearly 9.6 %.

Something also important to be pointed out, is the instability of our initial curve in

comparison with the one from [23], possibly due to some higher frequency oscillations,
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which are generated due to the dynamic analysis method. Since those are not useful for
the evaluation of the results, we can filter them and make the curve smoother. This
could be done, by using a Butterworth filter of 100Hz through which we allow only lower

frequencies to come through.
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Figure 4.4 AL6111-T4, BHF=10KN, Punch Force vs Punch stroke comparison between analysis and

[23] results.

Energy ratio and Energy balance

Now by looking into the ratio plot of our simulation Figure 4.5, one can easily define
that the energy ratio is 1 or really close to that value which means that our model
satisfies energy conservation and doesn’t generate any additional energy. Thus simula-
tion runs properly.
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Figure 4.5 Energy ratio plot
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In addition, we investigate the general energy plot, see Figure 4.6, which contains all of
the existing energies of our model. Since those curves are smooth without any jumps, as
well as the kinetic energy of the model is much less than the internal energy it is con-

firmed once more, that the energy conservation is adequate. [30]
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Figure 4.6 Energy summary plot

Forming process results

After receiving satisfying results related to both quasi-static behavior and energy con-
servation of our analysis, we will proceed to our actual post-processing results presenta-
tion. Our S-Rail model results will be compared with the existing plots and values from
the already published research [23] in which a common S-Rail study was conducted. In
that way, we can check if our analysis outcomes are meaningful. Thus, we will investigate
the effective stresses, the plastic strains and then we will compare them with the values
of research. Afterward, the thickness reduction of the metal sheet, as well as the FLD
and the strain distribution diagram will be evaluated, in order to show the failure and

thinning state of the model.
Before continuing with the comparison between our simulation and the results from [23]
we should go through a procedure of defining the similarities as well as the differences

between those two models:

First of all, as for the differences, one of the most important is the FEA techniques used

to solve the simulation. In research [23], both deformation and spring-back processes are
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simulated through the implicit method, whereas in our case, explicit analysis is used for

the deformation process and implicit analysis for the springback operation.

Additionally, there is also a difference concerning the velocity of the forming tool. The
constant traveling speed of the punch used in [23] is 5 mm/s while in our model is 468
mm/s. In fact, the higher velocity in our simulation targets to minimize the computa-
tional load. The elicited results were checked through verification techniques in the pre-
vious section, and as such, it was proved that no dynamic effects appear in our simulation

after that analysis speed increases.

Last but not least, one more detail which is different between those two simulations is
the element type used for the blank meshing. As mentioned in section 3.6, due to limited
computational resources as well as due to our analysis configuration type (Explicit +
Implicit), we used the normal shell-type element instead of a solid-shell type. This will
decrease the through-thickness accuracy of our model but at least we could have better
plane stress-strain results since we can achieve finer mesh by using the normal shell

element.

Apart from those differences stated above, everything else used in our simulation is the

same as in research [23].

Effective (Von-Mises) Stress

To begin with, the first step of the results’ evaluation contains the effective stresses of
our model before springback. By looking into Figure 4.7, the maximum effective stress
of our model is 317.5 MPa. This is lower than the material UTS, which is 368 MPa so
we are in a safe area without having possibilities of necking or even crack failures. In the
meantime, the max effective stress values of [23] reach 275 MPa, which results in a

percentage error of 15.4% between them.
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Figure 4.7 AL6111-T4, BHF=10KN, Effective von-Misses stresses plot before elastic unloading

Subsequently, the effective stress distribution after elastic unloading will be studied. As
can be seen from Figure 4.8(b), the max effective von-misses stress of our model reaches
238.8 MPa, whereas in [23], roughly estimating from the visualization plot, the max
stress is around 206.3 MPa. By evaluating and comparing those max stress values, the

approximate percentage error between them during that state reaches around 15.4%.
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Figure 4.8 AL6111-T4, BHF=10KN, Effective von-Misses stresses plot after elastic unloading

Effective Plastic Strain

After evaluating and comparing the effective stresses of the model, we should also inves-
tigate the plastic strain of the workpiece since is also a very important part. We can

observe that in our model, see Figure 4.9, we reach a maximum plastic strain of 0.2275
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instead of 0.207 that model from [23] displays. By evaluating and comparing those max

plastic strain values, the approximate percentage error between them is 9.9%.
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Figure 4.9 AL6111-T4, BHF=10KN, Effective plastic strain plot

Material Failures evaluation

To evaluate the simulation concerning the workpiece failures, one should refer to the
thickness reduction plot as well as the FLD and strain distribution diagram. Through
both of them, a good estimation can be made regarding the load that the specimen can

withstand until some cracks appear.

In fact, by taking a look at the thickness reduction plot below in Figure 4.10, we can
observe that the thickness is within a range of -7.65 to 7.75 % of the initial specimen
thickness, which is 0.92mm. From a first look, it seems that the material thinning is not
that high to provoke cracks on the metal workpiece. In order to confirm that this pre-
diction is right, we have to also study the FLD plot as well as the strain distribution

diagram.
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Figure 4.10 AL6111-T4, BHF=10KN, Thickness reduction plot

By taking a look at the FLD plot and the strain distribution diagram, Figure 4.11(a)(b),
we can get an idea about the amount of thickness reduction the material can withstand
before any cracks occur. From the first look on those plots, we can see that there is no
indication for cracks, not even for risks of cracks which is a very good sign. Such results
seem to be reasonable and by combining them with the low material thinning values,
the assumption made at the beginning is confirmed. Now apart from the specimen thin-
ning, something also important to notice is the negative thickness decrease or thickening.
By looking in our model, there are many wrinkled areas as well as many areas that tend
to wrinkle. If one checks again the thickness reduction plot Figure 4.10, it can be ob-
served that indeed most of the wrinkling failures occur where thickening is indicated.
However, to further investigate those results, we can detect exactly where those wrinkles
exist on the model, by observing the plain geometry in Figure 4.12. Hence, one can see
that some of the wrinkling areas indicated by the FLD, doesn’t even exist on the model
surface. So, one can conclude in the fact that forming limit diagram should be used with
caution when it comes to wrinkling evaluation because sometimes it can miss some of

those indications.
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Figure 4.11 ALG6111-T4, BHF=10KN, (a) Strain distribution plot in forming simulation, (b) Forming

Limit Diagram (FLD) plot
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Figure 4.12 AL6111-T4, BHF=10KN, Plain geometry with wrinkling indications

Springback prediction

After the forming process finishes, the next step is springback evaluation. The material,
as well as the BHF of the model, remains the same. To quantify springback, two path
lines J-D and I-E were considered, see in Figure 4.13 (a). One section cut will be applied
per corresponding path line. Afterward, along these section cuts, “before springback”
and “after springback” states will be plotted. Additionally, a comparison between the
“after springback” states of specimens will be made, based on the results of our analysis

and those from research [23], see Figure 4.13 (b).
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Figure 4.13 (a) J-D and I-E section cut paths (b) Blank displacement measurement, between “before

and “after” springback states. Implemented on both sides of each specimen’s section cut.

To start with, we will study the first section cut, along the path J-D. The material used
remains AL6111-T4 and the blankholder force as well, equal to 10KN. By looking into
Figure 4.14 (a), we can observe that the geometry of the blank changes after elastic
unloading in our analysis. Subsequently, in Figure 4.14 (b), a comparison between the
“after springback” states of both our analysis results and the ones from [23] simulation,
is implemented. As we can see, the displacement differences are 0.16mm and 0.26mm,

for the J and D section side, respectively.
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(a) (b)
Figure 4.14 AL, BHF=10KN, (a) Workpiece deformation before and after springback in section J-D

(b) After springback z-axis displacement comparison between [23] and Analysis.

74



Z [mm]

Afterward, we will investigate the second section cut, along the path I-E. By looking
into Figure 4.15 (a), we can observe again the displacement in our model between, “be-
fore” and “after” springback states. Subsequently, in Figure 4.15 (b), we make again a
comparison between the “after elastic unloading” states of our analysis and the corre-
sponding simulation from [23]. As we can see, the displacement discrepancies are 1.17mm
and 2.02mm, for the I and E section side respectively. One can observe that the dis-

placements along the I-E path, are larger than those along J-D.
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Figure 4.15 AL, BHF=10KN, (a) Workpiece deformation before and after springback in section I-E

(b) After springback z-axis displacement comparison between [23] and Analysis.

4.2 HSS material

In that section, the analysis will be conducted by using a different material, HSS as well
as a larger BHF equal to 200KN. Considering those modifications, as for the dynamic
deformation simulation phase we will investigate the possible differences between the
current and the previous analysis data, using AL6111-T4, because no plots are presented
for that specific state in [23]. However, as for the springback prediction, we will compare
the elastic unloading values of our analysis, with the corresponding ones from research

[23].
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Analysis verification
Initially, the actual behavior of our model will be checked, in order to confirm that our

elicited results are not affected by inertia.

Quasi-static behavior

As mentioned in the previous section, our explicit analysis should have a quasi-static
behavior which means that no dynamic effects should exist inside our model. Thus, after
the analysis end time is reached, one should investigate the model through the following

verification approaches: Kinetic/internal energy ratio and Force equilibrium plots.

For a first rough check of the model’s behavior, we observe the Kinetic/internal energy
ratio. We can see in Figure 4.16, that it is close to zero during most of the simulation
time, apart from the range between 0 and 0.005 sec, where a steep upward trajectory
appears and it reaches a maximum of 0.47204. Of course, the ratio cannot be equal to
0.05 for the whole analysis but it should hold for most of the time, which is the fact in
our analysis plot. As such, it seems that for the time being, we receive first good feedback
regarding the quasi-static behavior of our model. However, in order to be sure that

everything goes well, some more parameters should be also investigated.

SMF model: R = 5mm / BHF = 200 KN
‘ Mat Id

_A Punch
0.4 B Metal sheet

ay

0.3

0.2

kinetic/internal_ener

01|

0 =—2EB LA B | A B A B
0 0.02 0.04 0.06 0.08

min=0

max=0.47204 Time

Figure 4.16 Kinetic/internal energy ratio plot

As such, the second parameter which will be studied is the Force equilibrium between

the punch and the metal workpiece. As mentioned in the previous section, by looking
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into that specific plot, we will acquire robust feedback concerning the actual behavior of
our model. Even though that method is quite robust to show if our analysis proceeds as
planned, sometimes there can still be local effects that don’t show up in global force
balance. Therefore, after finishing with the initial forces equilibrium plot, the simulation
termination time will be doubled to evaluate the elicited results and see if there are any
important differences. Obviously since in the first simulation, the tool moves with a
velocity of V = 468 mm/s, by doubling the end time the velocity is reduced to V = 231

mm/s.

By starting with the investigation of the punch and reaction forces of the initial simula-
tion with end time of t=0.08 sec, we can see in Figure 4.17 that the difference between
them is really small, nearly negligible. By this result, one can understand that almost all
of the energy produced from the punch is received from the blank without important
loses. Hence, by considering those results one can say that almost certainly no inertial
effects are present inside our model. However, we have to verify through our last step

(doubling end time), to be sure that everything works peroperly.
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Figure 4.17 Punch and resultant force plot with initial termination time t=0.08sec

By reaching our last step, we will evaluate a second run of the exact same model with
the only difference of doubling the end time (t=0.16 sec). So, by observing our new
load /reaction forces plot Figure 4.18, we can say that they are pretty much similar. As
such, after the second check, we can definitely claim that the model has a fully quasi-

static behavior, without the presence of dynamic effects.
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Figure 4.18 Punch and resultant force plot with initial termination time t=0.16sec

Punch Force/Stroke assessment

In order to make a quality estimation of the analysis, the punch forces and the punch
displacements of our analysis model can be compared with the corresponding results
from publication [23], see Figure 4.19. As it is stated by the author of the research, the
values of the punch forces are four times bigger than those from the previous analysis
with aluminum. In addition, by looking into the experimental results of [23], the upper
border is 101 KN and the lower border is 85 KN (EB 2.01 and EB 2.07 are dismissed).
This is the actual experimental force range for that model, using HSS material. The
corresponding simulation from the research achieves a force curve laying in between the
experimental range with a maximum of ~ 95 KN. Now by taking a look into our analysis
plot curve, we can see that it reaches a maximum of 126 KN. In addition, one can
observe that during most of the punch movement, the curve is offset by an average of
27 KN. Last but not least, we calculate the error between our plot curve and the upper

border of the experimental curves and we extract a value of 23.5 %.

Apart from all those mentioned above, something which is also important to be pointed
out is the instability of our initial curve in comparison with the one from [23]. That
possibly happens due to some higher frequency oscillations, which are actually generated
from the dynamic analysis method. Thus, in order to filter those not useful high frequen-
cies and make the curve smoother, we use a 100Hz Butterworth filter and as such we

allow only lower frequencies to come through.
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Figure 4.19 HSS, BHF=200KN, Punch Force vs Punch stroke comparison between analysis and [23]

results.

Energy ratio and Energy balance

By observing the ratio plot of our simulation, see Figure 4.20, we can easily define that
the value is nearly 1 which means that our model satisfies energy conservation and no

additional energy is generated. Hence, the simulation runs in a proper way.

SMF model: R=5mm / BHF = 200KN
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Figure 4.20 FEnergy ratio plot

Subsequently, we present the general energy plot Figure 4.21, which contains all of the

existing energies in our model. Since those curves seem to be smooth without any jumps
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as well as the internal energy of the model is much higher than the kinetic energy, it is

confirmed once more, that the energy conservation is adequate. [30]
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Figure 4.21 Energy summary plot

Forming process results

After confirming that our analysis behavior is quasi-static as well as energy conservation
exists, we will continue with the post-processing results display. As mentioned at the
start of that chapter, during that simulation the only changes implemented to the model
parameters comparing to the previous analysis with AL6111-T4 is the use of HSS mate-
rial instead of aluminum as well as the increase of BHF which reaches the value of

200KN. Apart from those two, everything else is preserved the same.

Effective (Von-Mises) Stress

To begin with, the first step of results evaluation contains the effective stresses of our
model before spring-back. By looking into the values in Figure 4.22, the maximum ef-
fective stress of our model is 574.3 MPa. Of course, it is much higher than the corre-
sponding model with aluminum, which seems to be reasonable due to the different and
stiffer material but it is lower than the HSS ultimate tensile strength, 615 MPa, so we

are in a safe area without being afraid of any necking or even crack failures.
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Figure 4.22 HSS, BHF=200KN, Effective von-Misses stresses plot before springback.

The next step is the evaluation of effective stress distribution after springback. As can
be seen from the visualization contour Figure 4.23, the stresses of our model reach a
value of 420.1 MPa which seems to be logic since the value is lower than the one during

the deformation state.
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Figure 4.23 HSS, BHF=200KN, Effective von-Misses stresses plot after springback.
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Effective Plastic Strain

After evaluating and comparing the stresses of the model, we should also investigate the
plastic strain of the workpiece which is also a very important part. By looking into

Figure 4.24, one can observe that the maximum plastic strain of the model is 0.255.
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Figure 4.24 HSS, BHF=200KN, Effective plastic strain plot

Material Failures evaluation

To evaluate the simulation concerning the workpiece failures, one should refer to the
thickness reduction plot as well as the FLD and strain distribution diagram. Through
all of them, a good estimation can be made, concerning the load that the specimen can

withstand until cracks appear.

By observing the thickness reduction plot Figure 4.25, we can see that the thickness
fluctuates in between a range of -2.96 to 11.79 % of the initial specimen thickness, which
is 0.92mm. From a first look, it seems that the material thinning is not that high to
provoke cracks on the metal workpiece. Comparing with the previous analysis thinning
plot, we can see that the thinning value is increased since larger tensile stresses applied
to the specimen whereas thickening decreases, which actually means that wrinkling on
the specimen will also be less than the previous analysis. Nevertheless, in order to confirm
that those results are valid, we have to also study the FLD plot as well as the strain

distribution diagram.
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Figure 4.25 HSS, BHF=200KN, Thickness reduction plot

By evaluating the FLD and strain distribution plots in Figure 4.26(a)(b), we can get an
idea about the amount of thickness reduction the material can withstand before any
cracks occur. From a first glance to the plot, we can see that the results are much better
than those from the previous analysis since there are no cracks indications and signifi-
cantly reduced wrinkles. We can say that the difference between the two analysis results
concerning wrinkling reduction is reasonable due to the fact that the blankholder force
was increased. Generally, when BHF increases, the wrinkling phenomenon decreases.
Apart from that, to further investigate those results, we will take look into the plain
geometry of our model Figure 4.27, and see how the real geometry surface looks like.
Thus, we can observe also from the plain geometry model, that there are no wrinkles
anymore as in the previous analysis. However, in FLD there are again some spots where
wrinkling is indicated but in reality, by looking into the plain geometry no wrinkles exist.
Given that, through this example, it is confirmed for one more time that the FLD dia-

gram should be used with caution when it comes to wrinkling evaluation.
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Figure 4.26 HSS, BHF=200KN, (a) Strain distribution plot in forming simulation, (b) Forming Limit

Diagram (FLD) plot

Figure 4.27 HSS, BHF=200KN, Plain geometry without any wrinkling indications

Springback prediction

After the forming process finishes, the next step is springback evaluation. To quantify
springback, like in previous analysis, two path lines were considered, J-D and I-E, see in
Figure 4.13 (a). One section cut will be applied in each related path. Afterward, along
those cuts “before springback” and “after springback” states will be plotted. Last but
not least, a comparison between the “after springback” states of specimens will be made,

see Figure 4.13 (b), based on the results of our analysis and research [23].

To start with, we will study the first section cut, along the path J-D. The material will
remain the same as well as the blankholder force. By looking into Figure 4.28 (a), we
can observe that the shape of the specimen changes after springback. Additionally, in

Figure 4.28 (b), we make a comparison between the “after springback” states of

84



Z [mm]

Z [mm]

specimens, between our analysis and the corresponding values from [23]. As we can see,
the displacements have discrepancies of 0.35mm and 0.85mm, for the J and D section

side, respectively.

Z-AXIS DISPLACEMENT COMPARISON

""""" BEFORE SPRINGBACK )
AFTER SPRINGBACK Schwarze et al., 2011 W Analysis
5
4
S 3
£
N 1.62 1.62
1.27
1 . 0.77
-20 0 20 40 60 80 100 120 0
J D
X [mm] SECTION SIDES

(a) (b)
Figure 4.28 HSS, BHF=200KN, (a) Workpiece deformation before and after springback in section J-D

(b) After springback z-axis displacement comparison between [23] and Analysis.

Afterward, we will investigate the second section cut along the path I-E. By looking into
Figure 4.29 (a), we can observe the elastically unloaded geometry, compared to the initial
fully deformed shape. Subsequently, in Figure 4.29 (b), we implement a comparison
between the “after springback” states of our analysis and the corresponding one simula-
tion from [23]. As we can see, the springback discrepancies between the two models are
0.19mm and 0.42mm, for the I and E section side respectively. One can observe that the

displacements along the I-E path, are smaller compared to those along J-D.
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(a) (b)
Figure 4.29 HSS, BHF=200KN, (a) Workpiece deformation before and after springback in section I-E

(b) After springback z-axis displacement comparison between [23] and Analysis.

Considering the springback results above, one can claim that the overall springback with
HSS material and BHF=200KN, is much less than the previous analysis with AL6111-
T4 material and BHF=10KN. Therefore, as for the BHF, we can conclude that by in-
creasing the applying force, the springback is reduced and as for the material change, in

high strength steel there is less elastic unloading than in aluminum.

4.3 Springback sensitivity evaluation

Elastic unloading in sheet metal forming process is affected by a number of parameters
such as die radius, clearance, punch radius, blankholder force, sheet thickness, and ma-
terial. Hence, in order to observe springback sensitivity, we will modify some of those
parameters and in parallel compare the elicited results. The assembly model configura-
tion, as well as some of its parameters (blankholder force, punch radius and die radius),
are depicted in Figure 4.30. The springback will be investigated again along J-D and I-
E, as in the previous section, see Figure 4.13. During those simulations, in order to
measure the actual elastic unloading, the angles ©1, ©2, ©3, ©4 will be used, see Figure
4.31. Hence, the amount of springback will be calculated through the difference between

the angles before and after the elastic unloading state.
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Figure 4.30 S-Rail sheet metal assembly configuration

86



el e

- -

fez 94‘

Figure 4.31 Springback measurement angles

Effect of tools radius modification

First of all, we will investigate the elastic unloading sensitivity, during the punch and
die radii change. A number of FE simulations will be executed, where each one of them
will have a different radius, 4mm, 5mm, and 6mm. During those simulations, the mate-
rial AL6111-T4 will be utilized, the blankholder force will remain equal to 10KN and the
sheet thickness will also not change. As mentioned above in that section we are interested
in the quantitative change of springback through the specimen’s bending angles. There-
fore, it is can be observed that in both sections cuts J-D and I-E, as we can see in Figure
4.32 and Figure 4.33 respectively, by increasing the values of tool radiuses, the spring-
back of the workpiece increases as well. Hence we confirm the already stated in [16], [31]

and [32].
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Figure 4.32 AL, BHF=10KN, Comparison of springback between different tools radiuses through J-D

section path.
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Figure 4.33 AL, BHF=10KN, Comparison of springback between different tools radiuses through the I-
E section path.

Effect of BHF modification

In order to observe the effect of blankholder force (BHF) change on elastic material
unloading we will run FE simulations with BHF values of 5KN, 10KN and 100KN ap-
plied on AL6111-T4 metal workpiece with thickness if 0.92mm. The obtained results are
listed in Figure 4.34 and Figure 4.35, so by looking into more detail, we can detect that
elastic unloading decreases as the BHF increases in both section paths. Thus, we confirm
what is already mentioned in [33], [34] and [35]. This phenomenon is reasonable due to
the fact that when applying low BHF, punch induces mostly bending stresses in the
material whereas when the blankholder force increases, the stresses induced by the punch

become mostly tensile stresses. [32]
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Figure 4.34 AL, Thickness = 0.92mm, Comparison of springback between different blankholder forces

through J-D section path
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Figure 4.35 AL, Thickness = 0.92mm, Comparison of springback between different blankholder forces
through I-E section path

Effect of sheet thickness modification

Apart from the elastic unloading sensitivity in radius and BHF, elastic unloading is also
sensitive in sheet thickness alteration. Hence, in order to be able to study that phenom-

enon, we will run some simulations, using sheet metal specimens of gradually increased
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thickness of 0.92mm, 2mm, and 3mm, with a constant BHF equal to 10KN and AL6111-
T4 material. By looking into Figure 4.36 and Figure 4.37, we can clearly observe, that
while sheet metal thickness increases, elastic unloading is gradually decreased. Such be-

havior confirms what is already mentioned in [16] and [31].
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Figure 4.36 AL, BHF=10KN, Comparison of springback between different sheet thicknesses through J-
D section path
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Figure 4.37 AL, BHF=10KN, Comparison of springback between different sheet thicknesses through I-E

section path
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Chapter 5

Conclusions

During that thesis, a study concerning sheet metal forming deformation, as well as elastic
unloading was implemented. Initially, two analysis scenarios were conducted, using dif-
ferent materials, AL6111-T4 and High Strength Steel (HSS) respectively. Those results,
elicited from the dynamic deformation as well as from static springback, were compared
with some already existing analysis data, from research [23], aiming to calculate the
percentage error between those stress - strains values. Subsequently, a study regarding
the springback sensitivity on different parameters was also implemented. Given the al-
ready mentioned above, the conclusions deriving from the analysis models, are the fol-

lowing:

In the first analysis, using AL6111-T4 material and BHF=10KN, initially by evaluating
the forces and energies of the model, we confirm that no inertial effects exist. As for the
punch force/punch stroke plots we observe an error of 9.6 %. Subsequently, regarding
the deformation state, we notice that the percentage error reaches an average of 15.4 %
for stresses and 9.9 % for strains. In addition, as for the specimen’s thinning we detect
a thickness reduction in a range between -7.65 to 7.75 % which doesn’t seem to be
alarming. Furthermore, by looking into the Forming Limit Diagram and strains distri-
bution plot results, there are not any ominous indications since no cracks are detected

on the blank but only some wrinkling at some specific areas. Concerning the springback
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state now, by comparing the values of our analysis with the corresponding ones from
[23], firstly we observe in the J-D section cut that is quite small while reaching a maxi-
mum of 0.26mm in D side. On the other hand, by looking into the second section cut, I-
E, the springback difference increases and it reaches a maximum of 2.02mm on the E

side of the specimen.

As for the second analysis, using HSS material and BHF=200KN, by taking a look into
the forces and energies of the model, we can detect that there are no inertial dynamic
effects. First of all, as for the punch force/punch stroke plots, we detect an error of
23.5%. Now concerning the deformation state, due to the fact that no results data
provided from the [23] for that specific simulation, we cannot calculate any percentage
error. However, by evaluating the elicited data, we can notice that there are some rea-
sonable discrepancies, comparing to the first analysis with AL6111-T4, caused due to
the change of material as well as the increase of BHF. Furthermore, as for the specimen’s
thinning, we observe a thickness reduction in a range between -2.96 to 11.79 % which
seems sensible due to the BHF increase. Also, by evaluating the Forming Limit Diagram
and strains distribution plot, no cracks or risks of cracks are detected again, while wrin-
kling has been reduced a lot, something that seems to be logical due to the BHF increased
value. As for the springback state now, by comparing the values of our analysis and
those from [23], in the J-D section cut, we detect a maximum discrepancy of 0.85mm in
D side. Now in the I-E cut section, the difference is reduced while it reaches a maximum
of 0.42mm in E side.

In general, the percentage error range in most FEA models fluctuates between 0-20%.
The actual accepted error level depends on the complexity of the problems as well as on
the materials. As stated in [36], the error levels can be split as follows: For simple prob-
lems with linear/noble materials, the error should be less than 5% while, in case of

complex problems, using non-linear material it can reach values greater than 10%.

In our case, during the first simulation using AL6111-T4 material, we observed that
errors reach values of 9.6%, 9.9% and 15.4% at the deformation state. As for the spring-
back state of the model, the discrepancies between the two models reach values of
0.26mm for the D side and 2.02mm for the E side. Considering the fact that our analysis
is a complex shaped problem using nonlinear material, we can say that it is within the

corresponding error range.
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Now as for the second simulation with HSS, we observed an error of 23.5% between the
punch force/displacement diagram which is the only value provided during the defor-
mation state. As for the springback state of the model, the differences between the two
models reach values of 0.85mm for the D side and 0.42mm for the E side. Regarding this
analysis, the force/displacement error is rather big but at the same time, there is a good
agreement with small discrepancies between the springback plots. Since we don’t have
any other values from [23] to compare, we cannot express a more detailed opinion con-

cerning this analysis.

Additionally, a possible reason for those higher than expected error values could be the
fact that we used a different element type: shell element instead of a solid-shell element.
In order to confirm if this is the actual reason, something could be done in the future, is
to simulate that analysis by using solid-shell element type as well as better computa-

tional resources.

Regarding the springback sensitivity now, since elastic unloading is affected by chang-
ing some specific parameters, such as tools radius, blankholder force as well as sheet

thickness, we modify them gradually and after that, we compare the elicited results.

To start with, during the first FEM simulations we maintain the BHF equal to 10 KN
while in the meantime we modify the punch and die radiuses by giving them different
values of 4, 5 and 6 mm. Thus, it is observed that by increasing the tools radii, the
angles of the deformed specimen are also increasing in both section cuts (J-D and I-E).
So considering the above, we can easily conclude in the fact that the springback increases

while the rigid tools radiuses increase, as also stated in [16],[31],[32].

Afterward, we continue in the same philosophy but now we keep the tool radius constant
in 5mm and we change the BHF by giving values of 5, 10 and 100KN. Hence, by looking
into the elicited plots, we can see that as the BHF increases, the springback gradually
decreases. Considering the following literature [33],[34],[35] we can observe that blank-
holder force is a process that has the biggest influence in elastic unloading intensity.
Such behavior occurs, as stated in research [32], due to the fact that mostly bending
stresses are induced from punch to the material when BHF is low, while when blank-

holder force increases, the stresses induced by the punch become mostly tensile.
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Finally, in order to investigate the effect that the sheet metal thickness has in springback,
the radius is maintained equal to 5mm, the BHF equal to 10KN while we modify the
thickness of blank by giving values of 0.92, 2 and 3mm. Thus, as also stated in [16],[31],
we observe that the springback is progressively decreasing while the specimen thickness

increase.
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