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ABSTRACT

DESIGN AND IMPLEMENTATION OF AN INCREMENTAL SHEET FORMING
PROCESS FOR BENDING OF HIGH STRENGTH THICK STEEL SHEETS

Cetin, Barig
M.S., Manufacturing Engineering
Supervisor : Assist. Prof. Dr. Eren Billur

Co-Supervisor : Assist. Prof. Dr. Besim Baranoglu

February 2018, [04] pages

As a specific section of armored combat vehichle industry, hull production, for many
case, has a production step for bending of ultra high strength steels (UHSS). This
bending operation is generally performed by means of high tonnage press brakes in
air bending condition. The steels in hull production have very high tensile strengtht
values compared to conventional mild steel such as 1250 MPa or even higher. These
strength levels absolutely require high bending forces, undoubtfully. On the other
hand, incremental sheet forming process has been recently implemented in metal
forming industry which is mainly based on the gradual and local excitation of plastic
deformation. This new generation technique has some advantages such as increasing
the formability, eliminating the complex tool requirements and reducing the form-

ing forces reasonably. In this study, basically the potential of incremental forming



process in force reduction is investigated. A new incremental bending process is pro-
posed, simulated and experimentally verified within the scope of the study. Through
the wide range of data obtained from the simulation and experimental efforts, some
optimization could also be conducted on the process parameters. Briefly, the results
of the incremental bending of UHSS plates are compared with the conventional air

bending operation.

Keywords: Incremental sheet metal forming, incremental bending, high strength

steels
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YUKSEK MUKAVEMETLI KALIN CELIK PLAKALARIN ADIMSAL
BUKULMESINE YONELIK YENI BiR PROSES TASARIMI VE UYGULAMASI

Cetin, Baris
Yiiksek Lisans, Imalat Miihendisligi
Tez Yoneticisi : Yrd. Dog. Dr. Eren Billur
Ortak Tez Yoneticisi : Yrd. Doc. Dr. Besim Baranoglu

Subat 2018 ,[04] sayfa

Zirhli muharebe araci iiretiminin 6nemli bir alt islemi olan govde imalatinda ultra
yiiksek mukavemetli celiklerin (UHSS) biikiilmesi 6nemli bir iiretim asamasidir. Bu
biikme iglemi genellikle havada biikkme kosulunda (air bending) yiiksek tonajli abkant
preslerde gerceklestirilmektedir. Govde iiretiminde kullanilan ¢elikler, 1250 MPa gibi
geleneksel yumusak celiklere kiyasla ¢ok yiiksek kopma mukavemetlerine degerle-
rine sahip olabilmektedir. Bu mukavemet seviyelerinin dogal bir sonucu olarak yiik-
sek biikme kuvvetlerine ihtiya¢c dogmaktadir. Diger yandan, yeni nesil bir imalat yon-
temi olarak adlandirilabilecek olan, plastik sekil degistirmenin adimsal olarak uygu-
lanmasina dayanan adimsal sac sekillendirme yontemi, son donemlerde metal sekil-

lendirme endiistrisinde kullanilmaktadir. Bu yeni teknik, sekillendirilebilirligin artti-

vii



rilmasi, karmagik kalip tasarimlarina olan gerekliligin ortadan kaldirilmasi ve sekil-
lendirme kuvvetlerinin 6nemli 6lciide azaltilmasinda bazi avantajlara sahiptir. Bu tez
calismasinda temel olarak adimsal sekillendirme prosesinin biikiim kuvvetinin azaltil-
mas1 lizerindeki potansiyeli arastirilmigstir. Tezin kapsami igerisinde yeni bir adimsal
biikme prosesi Onerilmis, proses sonlu elemanlar yontemi ile benzetilmis ve deney-
sel olarak dogrulanmistir. Benzetimler ve deneysel ¢alismalar sonucunda elde edilen
datalar iizerinde yapilan calismalar sayesinde bazi proses parametreleri de optimize
edilmistir. Bununla birlikte, adimsal biikme islemi, konvansiyonel havada biikme is-

lemi de ile karsilagtirilmistir.

Anahtar Kelimeler: Adimsal sac sekillendirme, adimsal biikkme, yiiksek mukavemetli
celikler
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CHAPTER 1

INTRODUCTION

In the hull production of armored combat vehicles, there are three main steps of the
process chain. These are laser cutting, bending and welding respectively. As a first
step, the hull material which is generally supplied as large-sized plates are trimmed
buy laser cutting to the desired dimensions. Then, the plates are bent with respect to
the technical drawings. For most of the cases, assuring the dimensional tolerances
of the design after bending is a challenging task due to the technical difficulties such
as high spring-back tendency which often necessitates some trial and error efforts in
prototype production. And finally, the bent plates are transfered to welding workshop
in order to obtain the hull assembly. Unlike the automotive or heavy-duty machinery
industry, the materials used in armoed combat vehicles have larger thicknesses and
dimensions. The thicknesses of the UHSS plates may reach up to 25 mm in certain
cases. Moreover, the length of the plates to be bent can also exceed 8 meters. As it
could be easily predicted in bending of such thick and long UHSS plates, high pres
tonnages are compulsory. The example designs of a hull assembly and a bottom plate

are illustrated in Fig[I.1]

As an aforementioned fact, assuring the desired dimensional tolerances which are de-
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Figure 1.1: (a) An example of hull design (b) An example of bottom plate design

fined in the technical drawings is a compelling task in general (see Fig[I.3). The first
challenge is the high spring-back tendency of UHSS. The characteristic of UHSS is
high R, and UT'S which means to be capable of exciting more elastic strain compared
to mild steels. Since the whole elastic strain will be recovered when the loading di-
minishes, high strength levels cause higher spring-backs (see Fig[I.2). This tendency

is also a wide research field in forming of AHSS on which many scientific groups are

focused [13, 4, 3]

-

Figure 1.2: Increase in spring-back phenomena by the increase of strength

As could be seen in Figll.T| and Fig[I.3| the bending axis is often a straight line for
plates to be bent. Therefore, bending in general is a simple one stroke operation.

This simplicity of the bending operation enables the usage of press brakes instead

2
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Figure 1.3: An example angle tolerance of a bent UHSS plate

of more complex machinery such as conventional hydraulic or mechanical presses.
On the other hand, as shown in Figl[I.T] the length of bending axis could reach up
to 8 meters which introduces an important constraint for the operations. In a more
detailed manner, in case of bending with press brakes, the bending axis is perpen-
dicular to the uprights of the press. As a consequence, the all length of the plate to
be bent should be located between the uprights of the press a priori to the operation.
Therefore, for bending operations of hull production, not only high tonnage but also
large table dimensions are needed for the desired operations (see Fig[T.4). Thus, a
novel bending operation which is an alternative to decrease the bending force and ta-
ble dimensions is needed to provide enormous benefits for industrial applications of

UHSS bending for hull production.

1.1 Aim and Scope of the Study

As mentioned before, one or multi-axes bending is one of the basic operations in the
production of armored combat vehicles. This process cannot be performed unless

there is high tonnage and large-sized press which in general leads to high investment

3
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Figure 1.4: A 2500 ton capacity press brake with 9100 mm table length

costs. For most of the cases, it is also very difficult to find sub-contractors which has
such high tonnage capabilities even this bending operation is outsourced. Therefore,
any effort which aims to decrease the bending force may create an alternative to use
conventional press brakes whose tonnages are nearly 250 tons in defense industry. On
the other hand, regrading the general tendency in hull design, it is very likely to have
thicker plates in short term. This fact obviously results in higher and higher bending
forces. It could be possible in near the future that 2500 T'on capacity press brakes
will not be sufficient enough in bending of UHSS plate to be used in hull production.
For that purpose, it is found to be important to investigate whether it is necessary to
design an alternative and novel bending method which will enable UHSS bending
operation with lower tonnage preses. The novel bending method could also easily be
implemented to the subcontractors since low tonnage press brakes can fairly be found

in many small-scale companies unlike high tonnage, large-sized press brakes.

More particularly, it is crucial to be able to perform all critical production operations

in-house for defense industry. Even if the cycle times would be fairly longer, any

4



service which is purchased from outside have more risks compared to in-house pro-
duction. These risks can be related to confidentiality policy, requirements of end user
certification or even some critical quality issues. As a result, it could be stated that
the presence of an alternative production method which could decrease the bending

force of UHSS plates has definitely some strategical advantages.

Furthermore, the incremental sheet metal forming process (ISMF) emerges as a more
flexible and cost-effective manufacturing alternative, especially for low volume pro-
duction. The incremental sheet metal forming method is based on the principle of
applying force locally and gradually in the sheet metal and changing the excitation
point over time to achieve the desired permanent plastic deformation (see Fig[I.5)).
ISMF produces significantly less die / tool costs than the conventional forming meth-
ods, and it also decreases the pay-load needed for the operations. In other words, low

tonnage presses or machines could be used in ISMF for specific applications.

Figure 1.5: A representative of dieless incremental sheet metal forming process

The main purpose of this project is to re-design the bending operation so that the
process can be carried out with a lower tonnage press (preferred press brakes like

230 tons capacity), using alternative sheet metal forming principles, as an alternative

5



to the double-sided bending process for hull production of armored vehicles. A de-
scriptive information is illustrated in Fig[T.6 For this purpose, the dies for press brake
application are re-designed to try to develop a manufacturing system in which plate

bending can be carried out perpendicular to the conventional bending axis of the press

brake (see Fig[I.6).

Figure 1.6: A representative of incremental bending process in press brake

ISMF processes are also quite flexible compared to conventional methods, regrading
to the changes in dimensions, bending angles and axes, and etc. All of these modifi-
cations which could be the case in any time of the design or even during service life
of the vehicles may require the renewal of the whole bending dies which is a time-
consuming process. On the other hand, in the case of ISMF, the desired results may

only be obtained by altering the process parameters in bending process.

Finally, similar to the recent trend of automotive industry, the quantity of variants
have also been increasing for armored combat vehicles. For a specific project, there
may exist armored vehicles with remarkably different designs, i.e. materials, dimen-
sions, bending angles. It is expected that the result of this thesis study will provide a
much more practical method to be used in hull production for different projects eas-
ily. Besides, the proposed new incremental bending process will be a method which

can be easily put into operation on low tonnage press brakes with less die investment

6



instead of high tonnage ones. In that sense, it is also expected that an advantageous

method will be realized in terms of process simplicity and applicability.

1.2 Introduction to the Theory of Bending

Bending of plates as previously mentioned is a vital process in manufacturing indus-
try. From a general point-of-view, bending of plates is the plastic deformation of the
work piece over a bending axis, aiming to create the desired final geometry. For pure
bending case, where the bending moment is constant (without any dependence on the

location) bending may produce a very small change in sheet thickness.

Bending operation may differ from the other metal forming processes in such a way
that the bent materials have always both tension and compression zones within the
material. And generally, these two specific zones are separated by the neutral axis
which means the axis where no deformation is occurred [1]]. In other words, the length
of the neutral axis remains the same during the whole bending operation. One side of
the neutral axis material is in tension, but the other side of material is in compression.
The magnitude of tension or compression increases as the distance from the neutral
axis increases. A representative sketch is shown in Figl[l.7] where R is the bending

radius, r is the radius of the neutral axis and ¢ is the thickness of the plate.

Bending processes differ in many cases with respect to the deformation mode. The
size, the thickness of the bent plate and the design of the dies which are directly
dependent on the bend angle and bend radius are important factors. These factors all
have a straight forward influence on the plastic strain value exerted on the materials.

In other words, they effect the formability or the possible fractures which may occur
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Tensile Zone

Neutral Axis R ’

Compression Zone

Figure 1.7: A representative of pure bending operation

during the bending process.

The strain values on the plate could be calculated by the following formulas:

(L—=Lo) =z%x0 =z
= =i a0

ef:m<é>:h(i+l):hﬂ%+l) (1.2)

In many bending operations, especially for the UHSS, the max. strain values that
can be reached by the bending operations lies below 0.10. Therefore, for these small
plastic strain values, the direct approximation could also be employed for many cases.
From plasticity point-of-view, the following approximations can be used for small
strain regime whereas this approach would not be a good assumption anymore for

moderate strain zone.

€ R €y (1.3)

€~ (1.4)
T

To simplify the calculations, the neutral axis is accepted as the mid-plane of the plate.
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Actually this assumption is not entirely correct since the neutral axis slightly moves
toward the compression zone. The basic factors which cause this shift are (i) the
elements are thickened in the compression zone, (ii) the true compressive strains are
greater than the tensile ones. However, for the specific cases where the bending angles
are not so much narrow, i.e. the strains are relatively low, this mid-plane assumption

is reasonable. Then, the formulation of the true strain can be simplified as follows:

t

A 1.5
2x R —1t (15

€z

This basic formula is often used for the estimation of the bendability. Most of the
steelmakers gives sufficient information about the bendability of their products by
indicating the R/t values in the technical data sheets. Nevertheless there also exists a
general formula which couples the percentage total elongation of the steel to the max.

strain occurred in the bending operation. Thus, Eq[I.6]could be presented as follows:

= ! (1.6)

As a graphical representation, the following figure is proposed by Hosford and Cadell

which uses the aforementioned principles:

1.3 Introduction to the Theory of ISMF

The idea of incrementally forming sheet metal with a single point tool, called ‘dieless
forming’, was patented by Leszak [6] well before it was technically feasible. There

have been many studies, which have lead to the present situation [7, 18, 9, [10]. In
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Figure 1.8: Bendability of metals(recreated after[1])

these researches, it is commonly observed that incremental sheet metal forming that
allows manufacturing components without development of complex tools in com-
parison with stamping process, improves the formability due to the shear-dominant
characteristics of the process and finally decreases the forming forces [11]. Related to
the necessary forming forces, Azauzi et al. [12]] showed that tool geometry and tool
path design are significantly dominant on the forming forces. Furthermore, forming
forces are slightly lower than the experimental values, but results are reasonably sat-
isfying [13]]. In other words, the predicted forming forces correspond well with the
experimental values in incremental sheet metal forming [14]. It should also be taken
into account that ISMF is not a conventional sheet metal forming where the plane

stress assumption is valid. An example experimental set-up of ISMF operation is

displayed in Figl[T.9

In other words, 3D stress state exits in ISMF which is similar to the proposed incre-
mental bending process. Like ISMF, the proposed incremental bending operation in

this thesis study, is a process that must be evaluated differently from a sheet metal
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Figure 1.9: An experimental set-up of ISMF

bending process. For sheet metal forming, it is assumed that the stress state is two-
dimensional (plane stress case). Actually this assumption loses its accuracy if the
thickness is high (3 mm or more) while, plane stress assumption is significantly close
to the reality when sheet thickness is low (1 mm or less). However, in such a specific
case of incremental bending, a 3D stress state is valid which leads to bulk forming
conditions rather than sheet metal forming. For that reason, the process proposed
in the project, which is envisaged as the sheet bending process, is actually a plate
bending-like bulk forming process. It has been shown in many studies that incremen-
tal sheet metal forming process includes a 3D stress and strain state characteristics
and the forming limits are considerably higher than sheet metal forming processes
[10} [15]. From the proposed bending method to be designed within the project, the
expectation is to reduce the bending force without sacrificing the quality requirements

on surface topology.

The ISMF process is mostly used in experimental or industrial studies aiming to re-
duce or eliminate the necessity of complex tool geometries or increase the formability
of the materials. In literature, there is not any study dealing with decreasing the force
of UHSS plate bending operation by incremental forming/bending process. As in our

thesis study, any similar efforts focusing on UHSS bending with implementation of
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angular and linear increments cannot be found. However, Maatta et al. have stud-
ied the incremental bending of UHSS where the increments are defined only in the
angular regime [16]. Their conclusion is that the incremental bending could reduce
the min. bending radii, hence increase the formability for certain steel grades [16].
Vaisanen at al. also investigated increasing the bendability of UHSS plates with the
use of elastic dies. The study succeeded in minimizing the min. bending radii by

utilizing elastic lower dies but the required force is increased by 50% [[17].
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CHAPTER 2

MATERIAL CHARACTERIZATION STUDIES

In metal forming processes, the mechanical properties of the material to be formed
(i.e. flow stress or stress—strain curve) greatly influence the operation, the metal flow
and the hardening of the material. Therefore, as a first step, the accurate determination
of the flow stress is of paramount importance in process simulation by means of FEM
[18,19]. There are several possible methods or test options for determining the flow
curve of the materials. It could be stated that apart from the standard tensile test, the
other methods necessitate some more complicated set-ups and computations. Even
some digital image correlation (DIC) applications which dominantly increase the cost
of the experiment may also be compulsory for some cases. Conventionally, tensile
test 1s used to determine flow stress curves. However, tensile test data is limited
to small amount of strain (in general max. 0.25) due to plastic instability [20, 21].
Consequently, for most of the metal forming simulations, the flow curve which is
obtained by tensile test is extrapolated because the equivalent strain value generally
exceed the instability limit of the tensile test during real operating conditions. This
approach (extrapolation of the flow curve) generally introduces certain amount of

error into the computational calculations as can be seen in Fig[2.1][22]].
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Figure 2.1: A representation of the extrapolation of flow curve in DP600 steel

Despite its limitation on maximum obtainable strain values, standard tensile test is
commonly used because of its low cost and ease of accessibility. There is another
important point that well-defined testing standards such as EN ISO 6892-1 and tech-
nical recommendations exist for many years for standard tensile test. Moreover, even
conventional tensile test machine can generate elongation versus force data in any
software formats such as *.csv, *.tra and etc. Thus, these data may easily be treated
by the well-known formulas (Eq. in order to determine the
flow curve of the materials where e is the engineering strain, € is true strain, o is

engineering stress and F is the Young’s modulus:

(L — Lo)
= —F 2.1
e="p @.1)
e=In(l+e) (2.2)
F

=0 2.
"= (23)
Owe = 0 % (1 +¢€) 2.4)

O_rue

€true plastic — € — < tE, > (25)
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With the help of these formulations, the flow curve can be computed as the graph of
true plastic strain versus true (effective) stress. Just after the determination of the flow
curve, necessary curve-fitting operation is straightforwardly applicable to the data so
as to calculate the necessary fitting parameters. The graphical explanation of this

process is illustrated in Fig[2.2]

1200

=3
S
S

©
S
1=

Engineering Stress [MPa]
S [}
s 3
3 3

N
=3
=3

o

o

2 3 4 5 6 7
Engineering Strain [%]

1100

=)
=3
=3

True Stress [MPa]
©
8

800

m— Flow curve data
------- Curve Fit

0.02

. .
0.04 0.05
True Plastic Strain

L
0.03

0.07

il

True Stress [MPa]
[=2]
8

1200

=)
=3
S

@
S
S

N

S

S
T

N

1=

S
T

L L L
0.03 0.04 0.05

0.08
True Strain
1150 T
1100
& 1050
=)
@ 1000 [
173
I
& 950
]
£ 900
850

800

L L
0.04 0.05
True Plastic Strain

L L
0.01 0.02 0.03

L
0.06

L
0.07

Figure 2.2: Determination of flow curve parameters for ADI material

By means of proper data processing and curve-fitting techniques, it is possible to
obtain the flow curves with a reasonable amount of uncertainty. As previously men-
tioned, the major drawback of this method is the relatively small max. achievable

strain of standard tensile test due to the necking. This inhomogeneity phenomena is

explained in Table[2.T]and Fig[2.3].

Nevertheless, this limitation of the standard tensile test could be overcome with the
new advances in DIC techniques. In MFCE, there is Aramis GOM system, which

is embedded to the Zwick tensile test machine. With the help of this system, the
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inhomogeneous strain field could be determined after necking. Then, for the specific
area of the max. strain, effective stress could also be computed. The system basically
uses the assumption that the most critic region carries the constant percentage of the
total load [23]. Therefore, one may easily obtain the flow curve up to the high strain
values. Thanks to the Aramis GOM system, the complex DIC algorithms are run by
the software automatically and then the result of true strain vs. true stress curve is

directly reported for the user.

Table 2.1: Stress and Strain State Comparison Before and After Necking in Tensile
Testing

Stress State Strain State
Whhio necli ur‘liforrrll un‘iform.
one-dimensional | three-dimensional
during nécking non-'unifor.m lf)cal .
three-dimensional | three-dimensional

(a) (b)
Figure 2.3: (a) DIC image before necking (b) DIC image after necking

In this project, the UHSS are characterized firstly by Aramis GOM measurements
which enable the determination of the flow curve up to high strain values such as
0.40. Although the max. achievable strain values in plate bending operations is low,
it is concluded by the project team that it has always more benefits to have flow curves
in wide ranges of strain values (In order to explain this fact in a more detailed manner
a comparison is made in Fig[2.4) for TMCP steel. The results of tensile tests will be

presented just after Section 2.1.
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Figure 2.4: A comparison of standard tensile test and DIC with Aramis GOM for

Armor Steel-1

2.1 General Information of UHSS Used in Experimental Studies

UHSS steels plates can be classified under two sub-groups. The first group includes
the steels which are produced by thermo-mechanically controlled processing (TMCP)
such as S700 MC, S800 MC and etc. TMCP steels are produced in accordance with
EN 10149 and EN 10025-4 standards. The second group is the quenched and tem-
pered (QT) steel. In general, QT steels are associated with EN 100025-6 standard and
moreover, armor steels could be treated as a specific sub-family of QT steels. Their
production mostly contains accelerated quenching operations which is engaged to the
rolling line after which tempering is also performed with integrated continuous lines.
As it could be predicted, armor steels have approximately 100% martensitic micro-
structure. Small amount of retained austenite often exists in the micro-structure. Due
to this specific micro-structure, UTS of some armor steels can exceed 2000 MPa
which is an enormous strength level compared to conventional mild steels. There is

also an important issue that the armor steels in general have low-tempering tempera-
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Table 2.2: Approximate Mechanical Properties of Studied UHSS

Approximate | Approximate | Approximate | Thickness
YS (MPa) UTS (MPa) TE (mm)
Armor Steel-1 1000 1150 12% 12
Armor Steel-2 1100 1400 10% 20
TMCP Steel-1 700 850 12% 10

tures compared to other heat treated steels like cold work tool steels. Consequently,
during any manufacturing process like laser cutting, welding and etc., the heat that
will be exposed to the process can lead to a new tempering and hence may reduce the
level of strength guaranteed by the producer of the armor steels. For example, in the
case of Armox 500T, which is an armor steel conforming to MIL DTL 46100 stan-
dard, the manufacturer has stated that the strength values in the product specification
may not be available if the material is exposed to temperatures higher than 170 °C

[24]].

In this project, two armor steels with different thickness values and one TMCP steel
have been used for the experimental studies. These UHSS are selected with respect to
their common usage in the hull production. In other words, they are widely and com-
monly used steel materials at FNSS which are subjected to plate bending operations.

The brief information on their basic mechanical properties are provided in Table

The differences between mechanical properties of Armor Steels and the TMCP Steel,
as listed in Table[2.2] is due to the composition and microstructure differences. TMCP
steel production involves controlled hot working and micro-alloyed compositions. At
the TCMP production route, the initial hot working is carried out at regularly (conven-
tionally) used temperatures (i.e. 170 °C), but the final reduction pass is carried out at

temperatures lower than the conventional routes. The final hot working may continue
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down to temperatures below the lower critical temperatures Ars. This processing
route involves plastic deformation at lower temperatures, which promotes grain re-
finement. Some TMCP grades, cooling after final reduction pass is accelarated by
water cooling, to refine grains further. Moreover, this practice also produces fine
and evenly dispersed precipitates. Fig[2.5]shows the optical micrograph and Fig[2.6|
shows the scanning electron micrograph of the TMCP Steel-1 used in this study. The
rolling direction is clearly visible in the optical micrograph. The micrographs were
taken from the rolling direction - normal direction (RD-ND) plane. The finer grain
structure of the TMCP Steel is more clearly visible in Fig[2.6] which shows that the

grains are smaller than 5 microns.

Figure 2.5: Optical micrograph of TCMP Steel-1 (100x)

Armor steels, including the ones used in this study, are produced by quenching and
tempering (QT). After hot rolling, those steels are austenitized, quenched and finally
tempered between 200 — 600 °C. During quenching the fastest cooling rates are ob-
tained at the surface of the steel plates; whereas the interior regions cool slower.
The composition of the QT plates are selected depending on the section thickness

of the plate and the cooling capacity of the lines. The alloying elements that im-
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Figure 2.6: SEM micrograph of TCMP Steel-1 (3000x)

prove the hardenability are added to ensure producing martensite even at the slowest
cooled core of the plate. The tempering temperature is selected depending on strength
and toughness requirements. For armor steels, toughness requirements have priority,
therefore higher tempering temperatures are preferred. The QT process produces
mainly tempered martensite microstructure, in addition some retained austenite as
well as some lower bainite is also acceptable. Fig[2.7] shows the optical micrograph
and Fig[2.§shows the scanning electron micrograph of the Armor Steel-1. The rolling
direction is as clear as the TMCP steel; however both micrographs clearly show a re-
fined microstructure. Moreover, the SEM micrograph shows very fine and evenly
dispersed carbide precipitates which indicates that the steel has been tempered at a

relatively high temperature.

2.2 Tensile Tests of Studied UHSS Plates

As it is explained in the previous sections, the material data is obtained from Aramis
GOM system as true stress and true strain curve. The all set of data list could also

be extracted as *.cvs file. An example result of the tensile test is shown in Fig[2.10]
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Figure 2.8: SEM micrograph of Armor Steel-1 (3000x)

Then, by using Eq[2.5]and processing true stress and true plastic strain data, the flow
curve parameters are determined for TMCP Steel-1. At this point, it is necessary to
state that there is sufficient flexibility in defining the flow curve for FEA software.
The user can define complex equations or even data point sets for the constitutive be-
havior. However, the main objective of this study is to define the flow curve as simple
as possible (preferably by Hollomon equation) by assuring reasonable success of re-
gression at the same time. More specifically, R? > 0.95 is accepted as the acceptance

criteria in M at Lab software. The result of the curve-fitting with respect to Hollomon
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equation Eq[2.6]is listed in Table2.3] For any case that Hollomon equation is not suf-

ficiently appropriate, other alternatives could also be employed. For instance, Fig[2.9|

show another alternative solution.
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Figure 2.9: Tensile test results of Armor Steel-3
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Figure 2.10: Tensile test results of TCMP Steel-1

Regarding the determination of the flow curve parameters for TMCP-1 steel in rolling

direction, Fig is prepared to explain the computation process. The R? value of

this curve fitting operations was 0.9589.

Regarding the

computation of yield stress, there is always some ambiguity. As it is

stated in the literature, the yield strength is not unique in recognition that the plastic
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Figure 2.11: Determination of Hollomon equation parameters of TMCP-1 in rolling

direction

Table 2.3: Flow Curve Parameters of TMCP-1

TMCP-1 | K n YS (MPa)
RD-1 1081 | 0.0851 774.62
RD-2 1093 | 0.0938 778.68
RD-3 1091 | 0.0902 770.24
TD-1 959.6 | 0.0628 736.15
TD-2 1036 | 0.0897 | 697.74
TD-3 1091 | 0.1088 697.82

deformation in metals due to dislocation flow is not a singular event but a diffuse
process [25]. In order to avoid ambiguities in determination of the yield strength, the
most commonly used convention is to use a pre-defined offset strain of 0.2% (Ry.
approach). However, in this 2,9, approach, the data used for the calculation is the
elastic strains which are very small values (few microns) and may contain some un-
certainty due to the stick/slip effect which may occur on the onset of the loading.
Thus, some more sophisticated and precise approaches also exist in sheet metal form-
ing applications in determining the yield stress. For instance, the extrapolations of
the flow curve to the zero true plastic strain value [19] can be applied. An example
of the extrapolation operation is illustrated in Fig[2.12]and the YS values in Table[2.3

are computed by this extrapolation method. This more specific computation of yield
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stress is considered more accurate for determining yield surface.
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Figure 2.12: Determination of YS by extrapolation of flow curve for DP80O0 steel
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The tensile test results of Armor Steel-1 is also shown in Fig[2.13] As it can easily be
seen, the results of rolling direction and transverse direction correspond each other.
Therefore, it is decided that the flow curve in rolling direction would be sufficient
for the simulation studies. The same methodology is also performed to determine
the flow curve parameters of Armor Steel-1. The parameters obtained and the curve-

fitting graph is illustrated in Fig[2.14]
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Figure 2.13: Tensile test results of Armor Steel-1 with DIC system

Similary, tensile tests for Armor Steel-2 are also conducted with Gom Aramis optical
system. The results of these tests are displayed in Fig[2.15] As it can easily be
seen, the results fairly correspond with each other. Therefore, it is decided that the

flow curve data of RD-2 could be applied for the simulation studies. The flow curve
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Figure 2.14: Determination of Ludwik equation parameters of Armor Steel-1

Table 2.4: Flow Curve Parameters of UHSS

Yo K n

TMCP Steel-1 0 1081 | 0.0851
Armor Steel-1 | 910.8 | 751.3 | 0.5855
Armor Steel-2 | 1346 | 1479 | 0.9891

parameters are obtained by using Ludwik equation fit to the experimental data. The

parameters obtained and the curve fitting graph is illustrated in Fig[2.16]
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Figure 2.15: Tensile test results of Armor Steel-2

In sum, the computed flow curve parameters of the designated steels are tabulated in

Table2.4] where Yy, K and n are the parameters which are defined in Eq[2.7]

0= Yot K xe" @.7)
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Figure 2.16: Determination of Ludwik equation parameters of Armor Steel-2

2.3 Yield Surface Definition

In tensile testing where the loading is only one-dimensional and more specifically
where the stress tensor has only one non-zero value, plastic deformation (yielding)
occurs when the uni-axial stress exceeds the yield stress. However, this is actually an
idealized case since there is multi-axial stress state nearly for all of the metal forming
operations. This more complex yielding condition is treated with phenomenological
(approximating the experimental data by analytical functions) theories called yield

criteria or yield surface definition [26]].

Yield surface definitions can be divided into two groups as isotropic or anisotropic
(quadratic, non-quadratic and etc) ones. For bulk metal forming operations, i.e. where
the stress state is three-dimensional instead of plane stress condition, it is more proper
to assume an isotropic material behavior. In other words, the polycrystalline struc-
tures, under the condition that there is sufficient amount of grains that are randomly
oriented exhibit isotropic behavior [27, [28]]. Regarding this fact, thick UHSS plates
are accepted as isotropic materials. Therefore, isotropic Von Mises yield criterion is
used during the FEA simulations of plate bending. This criterion can be formulated

as follows: material passes through elastic to plastic state when the elastic energy of
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distortion reaches a critical value which is independent of the stress state [29, 26]. It
is first proposed by R. Von Mises in 1913 [30]. This yield surface could be described
with Eq[2.8]in principal stress plane where oy is the uni-axial yielding stess in 1st

principal direction

[(01 —02)2+(02—03)2)+(03—01)222*052/ (28)

As it can be concluded from Eq[2.8] for plane stress case where the o3 = 0 then Eq.

converts to Eq2.9]and Eq2.10|

(01 — 09)* + (02)* + (—01)* = 2 % 05 (2.9)

0] — 01 %0y + 05 =0y (2.10)

According to this definition of Von Mise’s yield surface, the studied UHSS are pro-
cessed and for the better understanding of the definition, Fig[2.17]is created for the
2D case. While using Von Mise’s equations, the yield stress is calculated as described
in Fig[2.12] Then, the material constitutive behavior is accomplished by implementa-
tion of the flow curve to the yield surface. It could also be stated that the input of flow
curve and Von Mise’s yield criteria will be sufficient for FEA to run the non-linear

numerical simulation of plate bending operation.
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Figure 2.17: Von Mise’s yield surface of studied UHSS in 2-D stress state

2.4 Definition of the Hardening Rule

The simplest way to define the hardening of a material is to assume an isotropic
hardening case where the yield surface protects its shape without any change but it
expands. When this hardening model is applied with Von Mise’s yield criteria, the
hardening could be defined just with a yield surface and a flow curve as in Fig[2.18]
Another important point is that the isotropic hardening assumption relies on the fact
that the yield stress does not change in tension and compression directions, which is

an acceptable approach for sheet or bulk materials.
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Figure 2.18: Definition of the isotropic hardening case of Armor Steel-1
On the contrary, if the cyclic loading condition is valid, in other words, the stress state
changes into tensile to compression or vise versa the estimation of yield stress gets

more complicated due to Bauschinger effect. Thus, in such cases, kinematic harden-
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ing models are usually engaged for FEA analysis. In other words, the kinematic be-
havior of the yield surface plays an essential role since it is indispensable to describe
the Bauschinger effect, i.e., the material’s answer to the multiple tension-compression
cycles to which material points are submitted during the forming process[31]. A com-
parison of isotropic and kinematic hardening is illustrated in Fig[2.19] Especially in
the studies regarding the precise prediction of spring-back, kinematic hardening for-
mulations are deeply investigated. Yoshida and Uemori have also performed many
researches on the subject and proposed some material models which are currently

implemented to some commercial FEA sofware [32,(33) 134} 35]].

Flow Rule: Work-Hardening

We will apply the flow rule to three types of work-hardening:
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Figure 2.19: Schematic description of isotropic and kinematic hardening [2]]

More particularly, the proposed Yoshida—Uemori material model (YU model) com-
bines the work hardening principles of isotropic hardening and kinematic hardening,
enabling it to comprehensively describe the Bauschinger effect and work hardening
that occur in metal during cyclic large plastic deformation. Thus, the YU model has
been incorporated into several simulation software packages, such as the M AT — 125
material model in LS-DYNA and the Yoshida kinematic hardening model in Pam-

Stamp [36].

However, even the isotropic-kinematic hardening may not be effectively enough to
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account for more general non-proportional loading [37]. It is possible to define non-
proportional loading as the case where the principal stresses do not maintain constant
directions and constant ratios. In the experimental researches for non-proportional
loading [38}, 39, 40, 41, 42], including tension after pre-tension or shear after pre-
tension, the cross-effect is often observed. For the description of complex deforma-
tion behaviors which can be faced with in non-proportional loading, the association
of kinematic hardening and distortional hardening provides further refinement[37].
Furthermore, homogeneous anisotropic hardening (HAH) model is also proposed by
Barlat et al. [43|44,45]. The HAH model provides a modular frame-work for the de-
scription of anisotropy, Bauschinger and latent effects, either independently or com-

bined in an arbitrary manner [46]].

To conclude, this complex hardening models are not implemented to numerical analy-
sis since the conventional and incremental bending processes are considered as mono-
tonic loading case. This monotonic loading assumption is investigated in Chapter 3]
For the FEA analysis in this study, isotropic hardening approach is used. This deci-
sion is made by taking into account that isotropic hardening, in which only the yield

surface changes its size, is reasonably effective for monotonic loading cases [37].
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CHAPTER 3

FINITE ELEMENT ANALYSIS STUDIES

The plate bending simulations are modeled in MSC Marc software by using the same
geometry of the die and punch sets which are used in experimental studies. MSC
Marc is a non-linear based FEA software which especially focuses on implicit time
integration solutions. There is always the issue of spring-back in the case of bend-
ing and especially incremental bending. Therefore, the implicit time integration is
thought to be optimum and/or proper method. However, as a general rule of thumb,
it could also be suggested that in order to simulate stamping processes, an explicit
method, which is conditionally stable, is generally thought to be the most adapted.
Such an algorithm presents the advantage of being non-iterative while, the contact
configuration evolves rapidly, and the conditional stability is not a disadvantage since
time steps must be small enough anyway for an accurate computation. Yet, during the
spring-back simulation, an implicit method, which is iterative, presents the advantage
of unconditional stability [47]. Still, there is some effort in the literature which deals
with combined explicit and implicit time integration coupling with stamping opera-
tions in order to benefit from the advantages of the both [47, 48, 49]]. However, in the

current thesis study, implicit time integration method is preferred as a single alterna-
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tive. For that purpose, MSC Marc software is used as implicit solver option (Fig[3.1]
and Fig[3.2)is shown to demonstrate the environment of the simulation).
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Having made this decision, the following issues are investigated and/or optimized in
FEA studies which are significantly dominant on the predicted bending force:

e The type of elements in FEA

e The quantitiy of elements to be used in the direction of thickness

e The success of the symmetrical modeling

In the following sections these issues will be discussed respectively.
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3.1 Element Type in FEA

Thanks to the simple geometry of plates to be bent, the mesh structure could all be
created by brick elements which have several advantages in numeric computations.
Brick elements are actually hexahedron shaped elements. More specifically, a hexa-
hedron is a polyhedron with six faces, eight corners and twelve edges or sides. It is
topologically equivalent to a cube or a prizm. Hexahedral elements, as a general rule
of thumb, can be accepted as assuring high precision compared to tetrahedrons. Be-
sides being more accurate, the hexahedral element presents other advantages. Meshes
consisting of hexahedrons are easier to visualize than meshes consisting of tetrahe-
drons. In addition, the reaction of hexahedral elements to the application of body
loads corresponds more precisely to loads under real-world conditions. The eight-
node hexahedral elements are therefore superior to tetrahedral elements for finite ele-

ment analysis [50].

For the p-q convergence optimization, a benchmark study is accomplished for three
hexahedral elements which are defined in Marc software. The bending simulation of
Armor Steel-1 is modeled in the software and the predicted bending force is deter-
mined for Hex—8 (Element type 7), Hex—20 (Element type 21) and Hex—8 reduced
integration elements (Element type 117) respectively. The result of this benchmark

study is designated in Fig[3.3]

Furthermore, the three different type of elements are compared with respect to the
relative error each time increment by computing the average relative error as well.
The result of this analysis is shown in Fig[3.4, When the huge amount of computa-

tional cost of quadratic elements (Hex — 20) is taken into account concurrently with
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Figure 3.3: Prediction of bending force wrt three different element types of Marc

software

approximately 2% relative error, the concluding decision is made as modeling with
Hex — 8 elements. While resulting in this decision, it is also observed that there
is not so much computing time difference between Hex — 8 and Hex — 8 reduced

integration elements.
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Figure 3.4: Relative error of elements in bending force prediction
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3.2 Quantity of Elements in Thickness Direction

One of the most important parameters in the bending simulations of thick UHSS
plates, which is actually a bulk forming process, is the number of elements to be used
in the direction of thickness [51,52]. Simulation trials are carried out to determine
the number of elements in the thickness direction. The bending force is calculated by
using different quantity of elements in thickness directions and this effort is concluded
in the decision that eight (8) elements in thickness direction is the optimum solution
(precision and computational cost) for the problem. Therefore, the further simulations
are performed according to this finding which corresponds well with the industrial
applications with respect to the optimum point for precision and calculation time.

The following graphs shows the examples of comparison:
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Figure 3.5: Comparison of bending force wrt different mesh structures

The results of this specific optimization study are illustrated in Fig[3.5] Fig[3.6 and

Fig[3.7] The (%) relative error in bending force is computed with Eq[3.1| where m is
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the total quantity of the time increments and F'(4) is the bending force at the i incre-
ment of the operation and F'*(¢) is the bending force of the same time increment of
model which has 16 elements in thickness direction respectively. As it is obvious in
previous graphs, eight elements in thickness direction showed sufficient performance
in numerical analysis. With respect to Fig[3.6] it could be concluded that the model
with 8 elements in thickness direction, is nearly the onset of the asymptotic behav-
ior and it has approximately a relative error of 2%. On the other hand, it has huge

advantage in computational cost. For this reason, use of eight elements in thickness
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direction with equivalent aspect ratios is decided to implement in FEA models.

3.3 Verification of Symmetry Conditions

When plate bending operation is considered, it is reasonably stated that the process
is symmetrical. Therefore, 1/4 model approach is found to be optimum solution in
FEA studies. However, in order to investigate the possible effects of symmetrical
modeling, a comparison study is performed. In order to designate the symmetric

planes and full model data in FEA model, Fig[3.8and Fig[3.9)are prepared.

2nd symmetry plane

Plate 25*125*12

Figure 3.8: Symmterical modelling approach in MSC Marc

In the beginning of the FEA efforts, a full model and a 1/4 model are compared with

respect to predicted bending forces. The comparison is shown in Fig[3.10]

Like the element type comparison, a relative error graph is also created for symmet-
rical modeling. The average error is determined as 7.51% as seen in Fig which
is found to be reasonable by taking into account the computational advantages of

symmetrical modeling.

37



Plate 50*250%12

In conclusion, regarding the Sections 3.1, 3.2 and 3.3, it is concluded that 1/4 model
symmetrical approach with 8-node hexahedral elements is proper for the purpose of
the project. Moreover, eight elements in the thickness direction is also sufficient to
assure necessary precision amount. For further FEA analysis, this modeling strategy
is used for simulation efforts. By determining these main parameters with preliminary
FEA analysis, the final FEA models are prepared to provide the simulation data to
compare with experimental studies. In that step, some fine-tuning is also performed

to improve the simulation models. These were explained in the followings:

e Minimization of the noise in predicted force data. For this goal, two actions
are taken: (i) the die and punch sets are modeled in Marc software instead of
importing the *.7gs data (ii) segment —to — segment contact approach is used
instead of node-to-segment contact type. Fig[3.12]is created for the comparison

of the results.

e Some benchmark study is done for the friction model used in numerical analysis
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and moreover, the effect of friction coefficient is investigated.

As explained previously, symmetry boundary conditions are engaged for FEA models
. Furthermore, gravity load is defined for all of the nodes as another boundary con-
dition. And finally, the displacement of the punch is defined as y-position vs. time
data into the Marc software. The punch and die sets are assumed to be rigid body
in simulations. In other words, only the plates are modeled as deformable bodies in

FEA models.
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By means of this advanced FEA models, UHSS plate bending operations could be
simulated. Fig[3.13] and Fig[3.14] are prepared to illustrate the experimental set-up

and FEA model concurrently.

Eauvalent

Figure 3.13: Experimental set-up and FEA model of Armor Steel-1
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Figure 3.14: Experimental set-up anf FEA model of Afrr;or Steel-2

By means of this FEA models, bending forces are also predicted for the whole stroke
profile. The predicted bending forces with respect to the time increments are shown
in Fig[3.15] As previously discussed, this result is the prediction of the fine-tuned

FEA models. Thus, mathematical models of dies are engaged and surface to surface
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contact modeling is valid. Furthermore, this bending operations is performed for a

total of 30 mm stroke.
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Figure 3.15: Predicted bending force for Armor Steel-1 and Armor Steel-2

Armor Steel-1 has 12 mm thickness whereas Armor Steel-2 has a 20 mm thickness.
The average mechanical properties of these steels are listed in Table2.2] previously.
When the higher yield stress and thickness of Armor Steel-2 are taken into account,

the difference between the predicted bending forces are found to be reasonable.

In this step, a benchmark study is also performed for the coefficient of friction (cof).
Predicted bending force are re-computed according to different cof starting from
0.10, 0.15 and 0.20 respectively. The results are designated in Fig3.16] By imple-
menting different cof and friction models into FEA, bending force is changed max
4.5% which is found to be negligible. However, at this point, it could be stated that
the Coulomb bilinear friction model predicts higher bending forces than that of shear
bilinear model. This finding is reasonable since in the contact zones of the dies (ra-
dius zones), the contact pressure may reach high values which can lead to prediction
of high fictitious friction forces. Nevertheless, this over-assumption resulted in max

of 4.5% bending force. Then, to be more conservative, it would be proper to use
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Coulomb friction model by taking into account that the high contact pressure can
only be achieved in a very specific zone for the whole FEA model. By means of these
assumptions, Coulomb bilinear friction model was decided to be used with a cof of

0.15 for the further analysis.
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Figure 3.16: A comparison of cof and friction modeling wrt predicted bending force
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Thanks to the flexible structure of Marc software, punch position or velocity data
can be altered very easily so that some incremental bending simulations is quickly

performed with different theoretical stroke profiles (see Fig[3.17).
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Figure 3.17: A comparison for different increments in bending force of Armor Steel-1

These efforts exhibit important results regarding the tool-path design strategy. Some
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geometry changes in punch orientation are also studied in Marc software. An example

from these efforts is shown in Fig[3.18|and Fig[3.19
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Figure 3.19: A comparison for punch orientation in bending force of Armor Steel-1

As a last step, in order to verify the monotonic loading condition, a specific analysis is
performed. To do this observation, the nodes which are designated in Fig5.24]are ana-
lyzed during the bending operation.The first component (o) of Cauchy stress tensor
(CST) is plotted versus the time increment. As expected, the stresses are occurred in
a constant tensile and compressive trend which implies that the monotonic loading is
the case for the modeled plate bending operation. The detailed plot is illustrated in
Fig[3.21] When the global coordinate system is investigated, it can be realized that

o, 1s the major direction where the tensile and compressive strains are present.

Thus, the approach which is described in Chapter [2]is proved to be an optimum and
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proper assumption. In other words, since the plate bending operations is a deeply
monotonic loading case, the isotropic hardening behavior approach is a reasonable

assumption for this specific operation.

3.4 Determination of Spring-back from FEA Results

The bending force is computed through Marc software straight-forwardly. The sofware

can compute the force on the punch in y-axis so that this data could easily be plotted
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with respect to any scalar value like time increment, position of the punch and etc.
However the calculation of the spring-back from FEA data needs some more com-
plicated methods. For that purpose, a special MatLab script is created. This script
imports the coordinates of the nodes and makes necessary filtering and curve-fitting
operations to determine the angles. The benefit of the code is that when the BDC
(bottom dead center) data is imported, the spring-back can be calculated with respect
to the actual case. For better explanation of the M at Lab script, Fig[3.22]is created by

defining the synoptics of the calculation process.

Extraction of the coordinates of the nodes

Import of *csv file by MatLab Determination of the coordinates at FP

Determination of the inner-side nodes Linear curve-fitting for FP

Determination of the coordinates at BDC Determination of the angle in FP

Plotting the graphs

Writing the computed angles to
command window

Figure 3.22: Synoptics of the M atLab script which is created for spring-back calcu-

Linear curve-fitting for BDC

Determinanation of the angle in BDC

lation

The import of the script is the node data list which is extracted from Marc software.
More specifically, the coordinates of the nodes in pre-determined time increments
are extracted from the software. As a first step of the process, the scripts detects
the inner-side of the nodes by evaluating the y-coordinates. For that operation, a
threshold value is defined by the user so that the nodes which have y-coordinates
higher than the threshold value are pre-selected. An example analysis of the script is

shown in Fig[3.23] In this analysis, the angles are calculated with line fitting operation
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in MatLab as previously explained.

2500 . , : . . .
2400 At BDC: 121.93°

At FP: 133.37°
2300 Spring-back: 11.44°

2200

2100

2000

1 900 1 1 1 1 1 1
2200 2400 2600 2800 3000 3200 3400 3600

Figure 3.23: Output of the M at Lab script which is created for spring-back calculation
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CHAPTER 4

EXPERIMENTAL STUDIES

First lot bending experiments are performed at 80 Ton servo-press which is located at
MFCE. Within the first lot bending experiments, UHSS plates are bent with respect to
the conventional (one-stroke) and incremental bending conditions. Data of the exper-
iments are collected by the acquisition system of the servo-press and the operations
are recorded by digital camera. The description of the experimental set-up for the
servo-press is shown in Figlf.1 Before proceeding any further, some information

will be given in the following section regarding servo-presses.

(@) (b)
Figure 4.1: (a) Experimental die set (b) Set-up for image record
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4.1 Brief Information on Servo-presses

Servo motors have been used in machine tools since 1950’s. However, they were not

powerful enough to generate forces required in a forming press. Today, a servo press

can be built in 5 different ways:

A servo-hydraulic press may have conventional motor and the motion can be

controlled using a set of proportional (servo-hydraulic) valves.

Another way to build a servo-hydraulic press uses at least two servo motors (for

descending and return motions) and simple gear pumps.

The first servo-mechanical press was built by Komatsu in 1997 and had a ball
screw drive powered by a low torque high rpm servo motor [S3]]. These presses

are available up to 1000 ton force.

With the improvements in servo motor technology, low rpm high torque motors
have become available. The fourth method is to use crank, eccentric or knuckle
joint mechanisms without a flywheel but a high torque servo motor. This is the
most common servo press type. Since its inception, more than 1000 of these
presses are built. Currently, servo-presses over 2500 ton presses are available

[54].

The last method is to use linear motors. These are currently used in tensile test
machines and micro forming operations. Servo-presses up to 10 ton forces are

available since 2014 [55, [24]].
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4.2 Experimental Set-up of Bending of UHSS Plates

In this study, a Komatsu H1F-80 OS type servo press is used. The press has a knuckle
joint like mechanism with nearly 135 mm stroke. At full speed, it was possible to
achieve 37.5 spm (stroke per minute), however, the bending experiments are done in
low speed profile as the case of industrial operations. The press is equipped with a lin-
ear displacement sensor on the slide, a digital encoder on the crank and two load cells
located on two uprights. The maximum capacity of the press is 80tons. Notwith-
standing, if either of the uprights is loaded over 440 kN, the overload protection will
be activated. Data acquisition was carried out by using Komatsu’s Visual Inspection
System v2.2.2.0. By means of this specific system, the data of the experiments are
recorded by *.csv file. The *.csv files contain the data of force, crank position, crank

angle, speed, slide position and etc. An example of a result file is shown in Fig[4.2]

No. Shaft Angle | Crank Angle | Left Load | Right Load | Total Load | Slide Position
(degree) (degree) (kN) (kN) (kN) mm
1 323 0.4 0 0 0 132.562
2 323 0.4 0 0 0 132.562
3 323 0.4 0 0 0 132.562
4 323 0.4 0 0 0 132.562
5 323 0.4 0 0 0 132.562
6 323 0.4 0 0 0 132.562
7 323 0.4 0 0 0 132.562
8 323 0.4 0 0 0 132.562
9 323 0.4 0 0 0 132.562

Figure 4.2: An example of recorded files of the servo-press

This file is processed to obtain the force versus stroke profile of the specific experi-
ments. An example of the experimental force versus stroke profile of Armor Steel-1

(RD) is shown in Fig/4.3]

This data is crucial since it provides an extremely powerful tool for the comparison
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of FEA models and experiments. Hence, it serves as a powerful calibration tool.

For the experimental studies, several die and punch sets are designed and manufac-
tured as can be seen in Figlf.4] When the tools are designed, the real manufacturing
conditions are taken into account so as to provide a set-up which is similar to the real

workshop application.

o ; (n\\: » X
the experimental stud-

/ "*I,

Figure 4.4: Die and punch sets designed and mahufaétured.for

ies

Thanks to the CNC infrastructure of the servo-press, the stroke increments can be
adjusted with a high precision level. For each onset of the angular step, the stroke is

changed as intended with the help of the control panel. And finally, the linear step is
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Table 4.1: Experimental Design of the UHSS bending operations

Plate Total | Total
. . Increments | Increments
Dimensions Stroke | Feed ) )
in Stroke in Feed

(mm) (mm) | (mm)
Conventional Bending
TMCP-1 Steel 10 * 50 % 250 60.8 - - -
Armor Steel-1 12 % 50 % 250 30 - - -
Armor Steel-2 20 % 50 * 350 30 - - -
Ist Lot Incr. Bending
Armor Steel-1 12 % 50 % 250 30 50 14 5
Armor Steel-2 20 % 50 * 350 30 50 14 5
2nd Lot Incr. Bending
Armor Steel-1 12 % 350 % 350 21 160 3 9
Armor Steel-1 12 % 350 * 350 21 160 5 9

assured by the use of a digital caliper. The displacement of UHSS plates are applied

manually with a digital caliper.

However, for the second lot incremental bending experiments, where UHSS Plates
with dimensional size 12 x 350 % 350 mm are bent, the displacements are performed

with the help of a tape measure. Figl.5]is created to describe the methodology.

Figure 4.5: Adjustment of the linear feed in 2nd lot incremental bending experiments

To sum up, Tabled. 1] is constructed in order to describe the experimental design for

each UHSS plate respectively.
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4.3 Optical Scanning Studies

The bent plates are investigated by optical scanning techniques in order to detect
any possible difference between conventional (RD and TD) and incremental bending
processes (RD Inc. and TD Inc.). This investigation is carried out for RD and TD
samples aiming to provide a topological data. The set-up of the optical scanning

system is illustrated in Fig[4.6

More particularly, surface profile measurements were made with the PSARON 1000
metallurgical microscope analysis system. Pre-determined areas are raster-scanned to
obtain three-dimensional surface profiles. Depth measurement accuracy is 0.2 micrometer
and height differences up to 100 mm can be optically measured with this system, in
which the microscope objective is precisely moved in the axial direction (1 micron
movement accuracy) at a specified surface point. And the depth corresponding to the
best focus plane is determined by examining the image data acquired by the micro-

SCOpE camera.

On each of the plates (TD, TD Inc., RD, and RD Inc.), 8 * 10 mm square areas are
determined in the same region of the plates, and raster scanning is performed by a

Imm lateral movement (in x-y direction) to obtain the depth profile. Fig[.7] shows
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the surface profiles of the TD and TD Inc , while Fig4.§| shows the surface profiles

of the RD and RD Inc. specimens.
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Figure 4.7: (a) Optical scanning result of TD sample (b) Optical scanning result of

TD Inc. samples
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Figure 4.8: (a) Optical scanning result of RD sample (b) Optical scanning result of

RD Inc. samples

The profiles are shown both in two dimensions with the color-coded depth and in 3D.
For each plate, the depth values (z) were averaged over the x-direction. The depth
as a function of the distance y is delineated. The result of this analysis is displayed
in Fig[4.9]in order to explain the depth profile difference between conventionally and
incrementally bent specimens more clearly. When Figl4.9] is investigated, it could
be stated that the incrementally bent specimens show a similar behavior in RD and
TD direction such that the 2 component of the strain tensor is bigger than that of

conventionally bent specimens. However, this specific region where the equivalent
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strain is bigger, is limited to the upper-most section. And the Az value converges to
zero along to symmetry axis through the transition to compression compression zone

to tension zone.
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Figure 4.9: Averaged depth evaluation in y direction of the bent specimens
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Analysis of the Prediction of Bending Forces in Conventional Bending Pro-

cess

As described in Chapter @] the experimental studies are conducted in 80T Komatsu
servo-press by means of which the bending forces can be recorded. Initially, the con-
ventional bending operations are analyzed, i.e. the experimental values are compared

with the prediction of the FEA models. The first analysis regarding the TCMP Steel-1

is given in Fig[5.1]
5 T T
g ’ . _.‘; L2
!:. —
3
5 — Simulation
L = = = RD-1
g) ---------- RD_2
s (g | == TD-2
C
o)
m
............... fossenrensannernendransunsnssnnstsopsh e
30 40 50 60
Stroke [mm]

Figure 5.1: Comparison of experimental and simulation data for TCMP Steel-1
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In this figure one can detect two problems:

e Firstly, there is relatively high noise in experimental data. This could be a
result of the very low tonnage compared to the full capacity of the servo-press.
As expected, the data resolution of servo-press decreases when the force in

significantly low (<%10 nominal capacity).

e Secondly, there is also some noise in experimental data which may be caused
by the high stroke value applied in the operation. For bending of TCMP Steel-
1, a stroke of 60 mm is applied where the contact conditions are fairly forced.

For this reason, it is found to be reasonable

For the solution of these problem, data filtering is applied in M atLab software. The

resulting graph exists in Fig[5.2]
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Figure 5.2: Filtered data for bending of TCMP Steel-1

As it can be observed from Fig[5.2] the Marc simulation under-estimated the bending
force with respect to the experimental data. However, it is also observed that the
predicted force has a precision which is under 10% relative error as designated in
Figl5.3
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Figure 5.3: Comparison of experimental, simulation and over-shoot data for TCMP

Steel-1

The same analysis is performed for Armor Steel-1. The comparison of the experi-

mental and FEA results are illustrated in Fig[5.4]
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Figure 5.4: Comparison of experimental and simulation data for Armor Steel-1

As in the case for TCMP Steel-1, the FEA analysis made a prediction of bending
force which is lower than the experimental data. For further analysis, 10% over-
shoot data of the FEA result is plotted to observe the relative difference between the

experimental and numeric data. This plot is illustrated in Fig[5.5
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Figure 5.5: Comparison of experimental, simulation and over-shoot data for Armor

Steel-1

Following the conventional bending analysis of Armor Steel-1, equivalent compari-
son is made for Armor Steel-2. The prediction of FEA and the experimental bending

forces are plotted in Fig[5.6]
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Figure 5.6: Comparison of experimental and simulation data for Armor Steel-2

As in the case for other UHSS plates, the FEA model performed an under-estimation
of the bending force compared to the experimental data. For better understanding of

the precision level, 10% over-shoot data of the prediction is constructed for Armor
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Steel-2 in Fig[5.7]
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Figure 5.7: Comparison of experimental, simulation and over-shoot data for Armor

Steel-2

By means of these efforts, the conventional bending operations of UHSS plates are
studied by means of predicting the bending forces. The outputs obtained from this

task could be stated as follows:

e For all three types of UHSS plates, the bending forces are under-predicted by
Marc software compared to the experimental force data which are obtained

from the servo-press.

e It is found to be interesting that for all of the cases, the precision of the nu-
meric results (the amount of the under-estimation) is approximately 10% of the

predicted bending force.

o When the uncertainty in the material data, the general assumptions used in con-
tact/friction modeling and the yield surface definition and finally the possible
numerical error of the non-linear analysis are considered concurrently, a global

error of 10% is accepted as reasonable. It should also be taken into account
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that there may also exist some error in the data acquisition system of the servo-
press. It should also be noted that the bending force formulation proposed by
the steelmaker is declared to have a precision of 20%. Therefore, the conducted
FEA models in this project would definitely increase the technical capabilities

in the prediction of the necessary forces regarding the bending of UHSS plates.

e Despite the fact that there is an error in the prediction of the bending force, the

overall trend of the stroke vs. force data can be caught well enough as explained

in5.8
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Figure 5.8: Stoke vs. force data of experimental and FEA analysis for Armor Steel-1

5.2 Analysis of the Prediction of Bending Forces in Incremental Bending Pro-

Ccess

The incremental bending process is also analyzed with respect to the measured and
predicted bending forces. For that purpose, the data acquisition system is all engaged
for each incremental bending operation and each data is recorded as a separate *.csv

file. For the case of the Armor Steel-2, total 60 bending steps are applied as described
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in the Chapter [d] The result is given in Fig[5.9]
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Figure 5.9: Predicted stroke vs. force data for incremental bending of Armor Steel-2

In Fig[5.9] The result of the FEA analysis is designated for the incremental bending
of Armor Steel-2. This graph is created for the designation of the stroke vs. bending
force data. However, it is observed that the data point set cannot present the extreme
points of the stoke profile (tool path) due to the optimum number of time increments.
Therefore, it is decided to construct the time increment vs. bending force graph for

this numerical analysis aiming to provide a better understanding of the issue as shown
in Fig[5.10]

The experimental data is obtained by data processing of the whole set of *.csv file
(see Fig[5.1T). Regarding this task, a methodology is proposed in such a way that

all the max. bending forces are determined for each of the deformation step. By this

methodology, the plots which are given in Fig[5.12] Fig[5.13|are created.

In Fig[5.12] the max. bending forces recorded for two specific specimens are desig-
nated with the stoke increment data in a more detailed manner. On the other hand,

Fig[5.13]is also exposed to assure the better description of the tendency in recorded
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Figure 5.10: Predicted stroke vs. force data for incremental bending of Armor Steel-2
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Figure 5.11: File set provided by the servo-press in incremental bending of Armor

Steel-2

bending forces. This tendency in the increase of bending force will be analyzed with

that of in the conventional bending process in following sections.

As a next step study, the experimental data is directly compared to the FEA results.
Related to this comparison, Fig[5.14]is created in a way that the max. experimental
bending forces are plotted on the FEA results. Like the cases in the conventional

bending analysis, the numerical results made an under-estimation.
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Figure 5.13: Experimental max. bending forces in incremental bending of Armor

Steel-2

Therefore, a 10% over-shoot curve is also plotted in Fig in order to perform a
judgment on the amount of the relative error. Similar to the conventional bending
analysis, the incremental bending numeric model showed an under-prediction which

is nearly 10% of the numerical estimation.

As an important benchmark between the conventional and the incremental bending

of Armor Steel-2, Fig[5.16] is plotted. In this figure, both experimentally obtained
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Figure 5.14: Comparison of FEA and experimental data in incremental bending of

Armor Steel-2
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Figure 5.15: Comparison of over-shoot data and experimental data in incremental

bending of Armor Steel-2

bending forces could be easily seen and compared.

The outputs obtained from the analysis of the incremental bending process could be

stated as follows:

e The bending force for each step (deformation increment) could be predicted
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Figure 5.16: Comparison of the conventional and incremental bending in for Armor

Steel-2

with nearly 10% relative error. As the case for the conventional bending efforts,
this accuracy level can be accepted as reasonable when all of the uncertainty

sources are taken into account simultaneously.

e The crucial observation regarding the first lot of incremental bending experi-
ments is that the bending force cannot be decreased for the novel method. On

the contrary, the bending force needs to be increased a little bit.

e The basic reason regarding the failure in decreasing the bending force is de-
termined as the insufficient localization of the deformation. From the general
point-of-view of incremental forming, the forming force could be decreased if
the plastic deformation localized into the vicinity of the contact zone. How-
ever, during the first lot of incremental bending experiments, it is observed that
the punch which has a length of 10 mm deformed nearly all of the UHSS plate
whose length is 50 mm for each increment. Fig[5.17]is created for the descrip-

tion of this specific problem. Normally, this phenomena gives rise to higher
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bending forces instead of lowering the necessary tonnage.
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Figure 5.17: Non-localization of the plastic deformation at 12 mm stoke, first incre-

ment

e The contact algorithms showed a more problematic behavior compared to con-
ventional bending simulations as accepted. For solution, the time increments
are decreased and/or the contact modeling is switched to node — to — segment

contact model.

With the guidance of these findings, it is concluded that it is compulsory to local-
ize the deformation in order to yield the benefits of incremental forming process in
decreasing the bending force. The possible two ways to satisfy that condition is to
() decrease the angular step (linear step of the stroke) or (i7) to minimize the punch
contact zone. The first solution is not that applicable since the stroke increment is
already relatively low in the first lot incremental bending experiments. And any at-
tempt to decrease the stroke increment to values like 0.50 mm 1s a theoretic approach
instead of an industrial one. Thus, it is decided to apply the second solution which is

minimizing the contact zone of the punch. However, in this task, the dimensional size
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of the UHSS plates are enlarged instead of minimizing the punch dimensions. It is
also not an applicable solution to use very small punches in bending operations with
presses due to the assembly constraints. Consequently, for the second lot incremental
bending operations, a punch with a length of 10 mm is used to process UHSS plates
whose dimensions were 350 * 350 mm. By means of this strategy, 10/350 value is
assured in deformation zone to overall length ratio which is sufficient in localization
of the deformation. This result is proved in first trials with this type of set-up as

indicated in Fig[5.1§]

Localization
of the deformation

Figure 5.18: Localization of the deformation with new proposed set-up

After the localization of deformations phenomena is detected by preliminary efforts,
second lot incremental bending experiment is conducted with Armor Steel-2. Figl5.19]

shows the experimental set-up and FEA model of this specific experiment.

For this bending process, a conventional bending simulation is performed and the
max. bending force is computed as 55.56 tons as in Fig[5.20] Concurrently, the data
of the second lot incremental bending of Armor Steel-1 is processed and Fig[5.21]is

constructed.

Fig[5.22]explains the bending forces provided by the incremental bending experiment.
As could be seen, the required bending force is decreased approximately 19% by the

incremental bending process which is a promising result. For the direct comparison of
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Figure 5.19: (a) Set-up of second lot incremental bending experiment (b) FEA anal-

ysis model of the equivalent conventional bending process
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Figure 5.20: Localization of the deformation with the new proposed set-up

the conventional and incremental bending of Armor Steel-1, Fig[5.22]is also created.

As a further step, a new incremental bending experiment is designed and performed
for Armor Steel-1. For this experiment, the quantity of the increments is increased to
5 from 3. In a more detailed manner, in the first trial of 2" lot incremental bending
experiment, the stroke values are 9, 15 and 21 mm. However, for the second trial, they
are arranged as 9, 12, 15, 18 and 21 mm. By means of this effort, the localization of

the plastic deformation was tried to be enhanced. Thus, it is investigated to obtain
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Figure 5.21: Bending force prediction of the conventional bending of the second lot

incremental bending operation
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Figure 5.22: Comparison of the second lot incremental bending experiment with the

theoretical conventional bending

a bigger reduction in bending force. The results are shown in Fig[5.23] Certainly,
Fig[5.23| reveals that the bending force could be decreased much more with smaller
increments or more localized deformations. The incremental bending with 5 angular
steps produce nearly 26% reduction in bending force. For the conventional bending
case, the bending force was 55.56 tons whereas it was 40.97 tons for the final-5 step

incremental bending experiment .
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Figure 5.23: Comparison of the all second lot incremental bending experiments with

the theoretical conventional bending.

The outputs obtained from the analysis of the second lot incremental bending process

could be specified as follows:

e The bending force could be decreased by the localization of the plastic defor-

mation as expected.

e The localization of deformation can be achieved by minimizing the angular step
(which is generated by the increment of the stroke profile) or the linear step
(which is generated by the feed of UHSS plate). However, the minimization of
the contact area of punch or increasing the dimensional sizes of UHSS plates

by keeping the same punch geometry can also be other alternatives.

e The forces which occur during the incremental bending operations could be
predicted with a reasonable precision level. This achievement enables the de-
sign alternative process according to the max. bending force available with the

present machine park of a workshop.

e With the help of new FEA models, the bending force could be tuned and more-
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over one can optimize the bending force and cycle time of the operation by

means of benchmarking among proposed simulations.

e The FEA models also enables the break-even point for incremental bending
process. In other words, the max. achievable decrease of the studied bending

operation may be determined by simulation efforts.

5.3 Anaylsis of the Prediction of Bending Angles

As explained in the Chapter [3| the bending angles at BDC and the final position are
calculated by a specifically created MatLab code. The main input of this code is the
node coordinates which are extracted from Marc software. By means of this method,
the angles are computed for Armor Steel-1 and Armor Steel-2 which are bent with

conventional and incremental bending processes. In order to provide a schematic

description, Fig.[5.24] Figl5.25|and Fig[5.27] are constructed.
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Figure 5.24: The predicted edge line of Armor Steel-1 in conventional bending

Regarding conventional and incremental bending simulations of Armor Steel-1, the

final angle of the plate shows a small difference which is an expected outcome. How-
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Figure 5.25: The comparison of conventional and incremental bending of Armor

Steel-1 wrt angles

ever, in order to observe that there is still a difference regardless of its magnitude, the

focused view of Fig[5.25]is illustrated in Fig[5.26]
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Figure 5.26: The comparison of conventional and incremental bending of Armor

Steel-1 (focused version)

Similar behavior is also observed for Armor Steel-2. Between the conventional and
incremental bending operations, the resulting bending angles were very close to each

other with respect to FEA analysis as indicated in Fig[5.27]
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Figure 5.27: The comparison of conventional and incremental bending of Armor

Steel-2 wrt angles

Having finished the determination of edges in FEA analysis, a simple linear curve
fitting operation is performed to compute the final bending angles. For that oper-
ation, the curved zone of the edge is eliminated. Than, the slope of the fitted line
is determined after which the angle can be directly computed with the arctangent

formulation. The aforementioned methodology is shown in Fig/5.28]
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Figure 5.28: Computation of the bending angle of Armor Steel-2 wrt FEA

On the other hand, the bending angles which came out from experiments are deter-

mined by digital image analysis techniques. For that purpose, a specific MatLab
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code is prepared which uses auto-thresholding approach to make a discrimination in
pixel scale. As the experimental specimens are painted, it is not so much hard to
separate the pixels of the specimen from background. Then, the bending angles are
computed with simple line fitting operation as like in the previous M atLab code. An

example of the line fitting operation with respect to the auto-thresholdig is displayed

in Fig[5.29]

Figure 5.29: Computation of the experimental bending angle of Armor Steel-1 (con-

ventional bending)

The same methodology is followed in computing the angles at BDC and final position
for conventionally and incrementally bent experimental specimens. And finally, all
the angles are determined which can be compared by the results of FEA analysis.

Some examples of image analysis are also shown in Fig[5.30]

(a) (b)
Figure 5.30: (a)Armor Steel-2 at BDC (b) Armor Steel-2 at final position

In order to evaluate all the predicted and measured angles of the numerical and ex-
perimental studies, Fig[5.31]is created. The spring-back values which are calculated

by subtracting the angles at final position from the angles at BDC are also displayed
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in Fig[5.31] For the incremental bending experiments, only the final angles are calcu-
lated since it does not make any sense to compute the angle at BDC for that specific
application. Since it is observed that the results of RD and TD samples are very sim-
ilar in Fig[5.31] only the results of one RD and one TD specimens are shown with
FEA predictions. For better explanation of the results, Fig[5.32]is also displayed as a

focused version.
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Figure 5.31: Comparison of the measured and predicted bending angles of Armor

Steel-1 and Armor Steel-2

As concluding remarks the followings could be stated:

o As expected, the FEA analysis made smaller predictions compared to the ex-
perimental results. However, the under-estimation of the spring-back is nearly
3.4% for Armor Steel-2 and 18% for Armor Steel-1. As the bending angle in-
creases, the amount of under-prediction also increases, which is a reasonable
outcome from apparent modulus point-of-view. Anyway, the precision of the

prediction is accepted as tolerablef for industrial applications.
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Figure 5.32: Comparison of the measured and predicted bending angles (focused

version)

e The prediction of the bending angle of incremental bending is worse than that
of conventional bending. FEA analysis predicts a bigger spring-back compared
to conventional bending whereas the experimental findings show the opposite
behavior. The spring-back decreases With the incremental bending process. At
this point, it is concluded that further investigations should be performed on
FEA models since it is expectable to have minor spring-back as in the experi-

ments.

5.4 Anaylsis of Optical Scanning Studies

As discussed in the Chapter @] the bent specimens are processed with raster scan-
ning techniques in optical measurement system. The system has a CNC controlled
table, so that the scanning operation can be performed automatically and straight-
forwardly. After having completed the scanning task, the 3D topological maps are

constructed for each specimen. Then, the data of the conventionally and incremen-
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tally bent specimens are analyzed concurrently. For that analysis, the mathematical
models of both specimens are subtracted from each other in order to provide a more

descriptive and visual data. The resulting figures of Armor Steel-1 are shown in

Fig533 and Fig 539
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Figure 5.33: Comparison of the optical scanning data of Armor Steel-1 (conventional

and incremental bending)
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Figure 5.34: Comparison of the optical scanning data of Armor Steel-1 in TD (con-

ventional and incremental bending)

Fig[5.33|implies that for the incremental bending operations the deformation can be
localized which actually explains the decrease of the tendency in spring-back. This

finding in optical scanning studies correspond with the experimental bending angle
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measurements. To make some quantitative comments, it could be concluded that in
TD specimens there is max. of 100 micrometer difference in z direction whereas this
value is found as 100 micrometer in RD specimens . Moreover, the overall tendency
of RD and TD specimens are quite similar. The Az value is max on the mid-zone and
then converges to zero. However, it is certain that the incrementally bent specimens
showed more spreading behavior in the most critical region (mid-plane) where the

strain is at max.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

Within the scope of this thesis study, three different UHSS grades are processed by
conventional and incremental bending processes. The results are compared between
each other and finally with the simulations studies. The following statements could

be made as concluding remarks:

e The forces in conventional and incremental bending processes are predicted
by non-linear FEA analysis and the prediction of the simulations are compared
with the experimental data. The results reveal that the FEA models can perform
predictions with a precision of 10%, i.e. the experimental data is in the range of
+10% of the predictions. This precision level is found to be sufficient for the
industrial applications when all of the uncertainties and numerical errors are

evaluated concurrently.

e It is possible to decrease the required bending forces with the new proposed
incremental bending process. This decrease could be tuned by altering the in-
crement steps in angular and linear components. However, any minimization of
increments definitely causes an increase in the cycle time. Therefore, a priori

to the real bending operation, it would be useful to make some optimization on
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the cycle time and the decrease of the bending force.

The benchmarks between the conventional and incremental processes brought
out that the degradation of the final topology in incremental bending approach

is in the range of negligible scale which did not cause any quality problems.

During the experimental studies, the linear increments are made with manual
operations which could not be the case for industrial applications. In order to
transfer the proposed incremental bending operation to macro-scale production,
it is compulsory to design a specific feeder system which should be embedded
to the press brake. It would be possible to control the feeder equipment with

the existing CNC infrastructure of a press brake.

The plane strain assumptions with a L/t ratio > 10 work quite well in bending
force prediction. This assumption extremely decreases not only the compu-
tational cost of the FEA analysis but also the time for the preparation of the
simulation model. From this point-of-view, in hull production where the L/t
ratios are significantly high, there is no need for 3D FEA modeling for UHSS
plate bending operation. The trial simulations showed that a plane strain as-
sumption of Armor-Steel-1 with a L/t ratio = 10 results in an average relative

error of nearly 2.30% as can be seen in Figl6.1]

The tensile tests with optical extensometer (Armais Gom system) provide true
strain vs. true stress data up to high strains such as 0.70 that is away over the
max. achievable strain values in standard tensile testings of UHSS. With this
new method, the flow curves of the studied UHSS plates could be obtained for
a large strain range which actually enlarges the present material data library of

FNSS.
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Figure 6.1: Verification of the plane strain assumption for Armor Steel-1 (L/t=10)

e The FEA models perform sufficiently well with Hex — 8 element which is
a linear element whereas the quadratic element ({ex — 20) results in a very
small difference with Hex-8 but causing a huge increase in the computation
time. The computaton time is 8 times bigger for quadratic elements Hex —
20. Therefore, Hex — 8 element and a quantity of eight elements in thickness
direction is decided to be a proper meshing strategy for the simulation of UHSS

plate bending for industrial applications.

e The cof values are not so much dominant on the bending forces as expected.
Therefore, implementation of generic values like 0.15 or 0.20 to the FEA mod-

els would be sufficient for industrial applications.

e As the studies in the literature, FEA software cannot compute the spring-back
very precisely and one of the major drawback in this result is the apparent mod-
uli phenomena [56, 57, 4]. Generally, in FEA analysis, the elastic modulus is
set to a constant value. However, during real forming conditions, the apparent
modulus decreases as the material exhibits plastic deformation. As an exam-

ple of decreasing loading and unloading apparent moduli of TWIP-980 steel,

81



Figl6.2]is displayed [58]].
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Figure 6.2: Apparent moduli of TWIP-980 steel wrt increasing true strain

As a consequence of constant elastic modulus assumption, the spring-back is
often under-estimated by numerical analysis. Therefore, it is concluded that
the prediction of the spring-back in UHSS plates with non-constant apparent
moduli approach would be a beneficial study which can generate significant
scientific contribution. This task is planned as a future work by the project

team.

e Related to MSC Marc software, the detection of the contact with segment —
to — segment method yields a smooth force versus stroke data. In other words,
node—to—segment contact method produce a noisy data than that of segment—

to — segment method.
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