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ABSTRACT

ANALYSIS OF DEEP DRAWING PROCESS BY USING HYPO- AND
HYPERELASTIC BASED PLASTICITY MODELS

Canbakan, Ilke Baris
Master of Science, Mechanical Engineering
Supervisor: Prof. Dr. Haluk Darendeliler

August 2019, 103 pages

Estimation of formability is important for sheet metal forming in order to get desired
results with minimum amount of experiments. This can be achieved by having a
proper constitutive model for the material that can estimate the behavior accurately.
In the context of this thesis, two inherently different type of constitutive models,
namely hypoelastic and hyperelastic based plasticity models are compared. For both
formulations, three different stress-strain relations were created having non-linear
isotropic hardening, non-linear kinematic hardening and a combined non-linear
isotropic and kinematic hardening adding up to total of six material models. Von
Mises Yield criterion was utilized in all six of these models and they were
implemented to a commercial finite element program as user material subroutine.
Comparison is made by three different deep drawing simulations which are

cylindrical, square and round bottom cup drawings.

Keywords: Hyperelastic, Hypoelastic, Plasticity, Finite Element



0z

DERIN CEKME ISLEMININ HiPO- VE HIPERELASTIiK TEMELLI
PLASTISITE MODELLERI KULLANILARAK ANALIZi

Canbakan, Ilke Baris
Yiiksek Lisans, Makina Miihendisligi
Tez Danigmani: Prof. Dr. Haluk Darendeliler

Agustos 2019, 103 sayfa

Bir sac malzemenin sekillendirilebilirliginin 6nceden kestirilebilmesi arzu edilen
sonuglarin deneme iiretimi sayisini en aza indirilerek elde edilmesini saglar. Bu durum
malzemenin davranisint dogru bir sekilde ifade eden bir biinye modeli ile elde
edilebilir. Bu tezde, farkli sekilde gelistirilen iki biinye modeli; hipoelastik ve
hiperelastik bazl1 plastisite modelleri karsilastirilmistir. iki temel formiilasyon igin de,
gerilme-gerinim denklemleri lineer olmayan izotropik peklesme, lineer olmayan
kinematik peklesme ve lineer olmayan birlesik izotropik ve kinematik peklesme igin
elde edilerek toplamda alt1 farkli model olusturulmustur. Biitiin modellerde von Mises
akma kriteri kullanilmistir ve modeller kullanict malzeme altprogrami aracilig ile
ticari bir sonlu elemanlar programina eklenmistir. Karsilastirma silindirik, kare ve yar1

kiiresel olmak iizere ii¢ farkli derin ¢cekme isleminin simiile edilmesi ile yapilmistir.

Anahtar Kelimeler: Hiperelastik, Hipoelastik, Plastisite, Sonlu Eleman
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CHAPTER 1

INTRODUCTION

1.1. Background and Motivation

Plastic (permanent) deformation occurs in materials after their yield stress is exceeded.
This phenomenon is common in industrial forming operations such as deep drawing
and leads to large deformations. To better predict material behavior during the plastic
deformation, use of a proper constitutive relation is crucial. There are extensive
number of constitutive models in the literature for large deformation ranges such as in
the case of these elastoplastic deformations. While these elastoplastic models boil
down to same expressions in the small strain regime, they are founded on completely
different plastic flow descriptions. Two of the more popular of these models are named

hypo- and hyperelastic based plasticity models.

Hypoelastic based approach is the earliest and most common approach when it comes
to large deformation analysis. It is based on the assumption of additive split of rate of
deformation tensor into elastic and plastic parts. This additive split first suggested by
Hill [1, 2] implicitly and then it is stated in a paper by Prager [3]. Its implementation
on numerical analysis is pioneered by Hibbitt [4] followed the need of incrementally
objective integration algorithms such as the popular Hughes-Winget algorithm [5].
Hypoelastic based plasticity models exhibit energy dissipation issues which leads to
residual stresses in elastic cyclic shear loading. This problem lead to development of

hyperelastic-plastic material models.

Hyperelastic based plasticity models are formed with assumption of multiplicative
split of deformation gradient into elastic and plastic parts which is first suggested by
a multitude of researchers including Eckart [6], Lee and Liu [7] and further

conceptualized by Freund [8], Rice [9]. Aforementioned problems with hypoelastic



based models do not emerge with hyperelastic-based models, since stress is obtained
directly from a free-energy potential. Its implementation as a numerical algorithmic
method is first suggested by Simo [10] and its use has been widened since. Nowadays
its implementation on anisotropic materials has been accomplished as well i.e.
Vladimirov [11,12]

1.2. Objective of the Thesis

Better prediction of outcomes of the industrial forming operations such as deep
drawing is key in reducing scrap materials and producing products that are close to
perfect. For this purpose, usage of a proper constitutive model gains utmost
importance. Keeping that in mind, the thesis aims to compare two inherently different
types of plasticity models being hypoelastic based and hyperelastic based models and

give a conclusion about their applicability to industrial forming operations.
1.3. Scope of the Thesis

The thesis compares isotropic hypo- and hyperelastic based plasticity models in their
application to a variety of deep drawing processes. The models have three variants for
isotropic hardening, kinematic hardening and combined isotropic and kinematic
hardening adding up to total of six models. The models use Von Mises yield criterion
with non-linear kinematic hardening of Armstrong-Frederick type [13] and isotropic
hardening of Voce type [14]. Material models were implemented to a commercial

finite element software by user material subroutine.

Verification of the models is done first, by comparing obtained results to Brepols et
al.’s [15] cylindrical cup drawing results using DP600 sheet metal properties. Then
using data for SS304 and DKP6112 three additional deep drawing operations are
simulated, cylindrical, square and round bottom cup drawing. Thickness strain

distributions obtained from these simulations are compared.



1.4. Outline of the Thesis

The thesis is composed of seven chapters. First chapter intends to give brief
information and background knowledge to the reader about hypoelastic and
hyperelastic plastic materials, as well as describing the aim of the thesis. Second
chapter focuses on giving information about work done previously on the subjects that
has similarities with the one in the thesis. Third chapter is where theoretical
background of the material models implemented is given. In fourth chapter, brief
information about finite element method used in the thesis is given and models formed
in commercial finite element analysis program is explained. Chapter five is composed
to give information about materials and determination of the material constants that
were used in material models discussed in chapter four. Chapter six contains all results
of the simulations done using the mentioned material models and after that chapter
seven mentions concluding remarks and future work to be done on the subject of the
thesis. One appendix is present in the thesis. It gives information about Newton’s
method that is used in finding the unknown update variables in the material models

implemented.






CHAPTER 2

LITERATURE SURVEY

This part of the thesis is composed to give information about previous work done
related to the thesis subject. Although there is substantial literature available on
comparison of hypo- and hyperelastic based plasticity models on its theoretical aspect
(i.e. Xiao [16]), there are far less examples on comparison of the models for their finite
element simulation performance. Some work done on numerical implementation of
these material models into finite element simulations are summarized in this section.
Since hypoelastic based materials are much more common and they form the
foundation of many commercial finite element programs for large deformations, this
section focuses on work done on comparison of hypoelastic and hyperelastic based

models and work done on implementation of only hyperelastic based models.
2.1. Comparison of Hypoelastic and Hyperelastic Based Plasticity Models

As an example of comparison of hyperelastic and hypoelastic based plasticity models
article by Chatti [17] can be given. In the paper a comparison of a hypoelastic based
plastic material referred to as hypoelastoplastic (HEP) to hyperelastic based plastic
material which is stated as elastoplastic (EP) is made in terms of their springback
predictions. Both materials were subjected to a shear test in which HEP material came
out to show oscillatory behavior for stress and strain for substantial amounts of
loading. Next a bending simulation is performed. No substantial differences are found
in the results, but EP material lead to superior computational time, around one fourth
of that of HEP material. Lastly, a thermoforming operation is simulated and quite
different results (up to 50%) for material thickness are found especially in the area
where there is high amount of plastic deformation. It is concluded in paper that EP



materials require less computational time and present more accurate results compared

to HEP materials.

In the work of Brepols et al [15], general comparison of isotropic hyperelastic and
hypoelastic based plasticity models is made using von Mises vyield criterion,
Armstrong-Frederick type kinematic hardening [13], and Voce type isotropic
hardening [14] for both cases. The implementation of material models to ABAQUS is
done using Umat interface. For hypoelastic model three different sub-models for three
different objective stress rates are compared. These objective stress rates namely are
Jaumann [18], Green-Naghdi [19] and logarithmic stress [20] rates. For hyperelastic
model Neo-Hookean type energy function is utilized. In the work, comparison of the
models regarding cyclic shear loading using one element model and regarding some
industrial forming operations are presented. For cyclic loading even though the
material model is only elastic there are residual strain values obtained for Jaumann
and Green-Naghdi objective stress rates which is expected since these rates does not
utilize a potential function for energy conservation. Three different industrial forming
operations are compared also in the paper. These are cup drawing, draw bending of a
sheet metal strip and thermoforming. Even though plastic deformations in these
operations are very high, results came out to be very close for each material model
which concludes that usage of hypoelastic or hyperlastic models for defining metal

materials in industrial forming operations does create much difference.

In the work of Careglio et al. [21] vicoplastic hypoelastic and vicoplastic hyperelastic
materials are compared. The hypoelastic based model is proposed by Ponthot [22] and
the hyperelastic based model is proposed by Garcia Garino et al. [23]. Three different
simulations tests with different viscoplasticity parameters from purely elastic to
elastoplastic is compared resulting in very good agreement of both models in many of

the cases.



2.2. Hyperelastic Based Plasticity Models

In the work of Vladimirov et al. [24], isotropic hyperelastic plasticity model is used to
predict springback of DP600 sheet metal strips in draw bending operation. The
material constants are determined through fitting material parameters to uniaxial test
data for only isotropic hardening, only kinematic hardening and combined hardening
models. Different parameters are found for different thicknesses of the specimen. Then
comparison between these models (isotropic, kinematic and combined) are conducted
for Imm thick specimen. Combined hardening model came out to be the best model
in prediction of springback by quite a margin. After this point using combined
hardening only, more simulations were performed for combination of different values
of bending radius (5mm, 10mm, 15mm) and sheet thickness (0.6mm, 1mm, 2mm).
Results came out to be pretty close to experimental data for most of the cases.
Simulations of S-rail forming and thermoforming operations were also performed and
compared with the experimental results which suggests excellent prediction of

springback by the hyperelastic-plastic combined hardening model.

In the work of Vladimirov et al. [25] again a hyperelastic plastic material model using
classical rheological Armstrong-Frederick [13] type kinematic hardening and Voce
[14] type isotropic hardening is utilized. The model is implemented to ABAQUS
through Umat. Different integration algorithm methods namely classical backward
Euler [26, 27, 28], modified backward Euler, second modified backward Euler and
exponential map algorithm are compared. Firstly, comparison of models in terms of
convergence efficiency is performed in which classical backward Euler algorithm
showed results that are quite inaccurate when time increment is increased. Exponential
map algorithm was the most accurate one with increased time steps. Further, a
comparison of springback estimation on draw bending of sheet metal strip is presented
with using different algorithms and again exponential map algorithm came out to be

the best integration algorithm to predict the springback.



Another work of Vladimirov et al. [11] is composed of derivation of an anisotropic
model for a hyperelastic based model. Again, kinematic hardening model used in
derivation is Armstrong-Frederick [13] type, whereas, yield criterion utilized is of
Hill-48 type. Derived mathematical model is implemented to ABAQUS through Umat
subroutine. Three different forming processes namely cup drawing, square cup
drawing and s-rail forming are simulated and the results are compared with
experimental data. Good correlation between experiments and proposed material

model is found.

Vladimirov et al. [29] this time proposed a ductile damage model for hyperelastic
anisotropic plastic material that uses same combined hardening model as in their
previous works. The model is implemented to ABAQUS and LS-DYNA through user
material subroutine Umat. Finite element simulation of Nakazima test [30] is
performed on different types of aluminum alloys and results are compared to
experimental tests. Finite element results show fair agreement of model with

experimental data in prediction of rupture failure.

Study of Wallin and Ristinmaa [31], presents a hyperelastic based kinematic
hardening model accompanied by von Mises type yield function. In the model plastic
velocity gradient is assumed to split into dissipative and non-dissipative parts
additively and non-dissipative quantities are introduced in the model which are
considered to be material constants. Time integration is done by exponential update
equations for different forms of deformation gradient associated with plastic flow and
kinematic hardening. As numerical examples, extension of a thin walled cylinder
under torsion, a notched specimen under cyclic loading and unsymmetric membrane
(Cook’s) subjected to cyclic loading are considered. In conclusion, effect of non-
dissipative quantities on the Cook’s membrane came out to be insignificant whereas,

integration algorithm used is commented to be a robust one.

Recently, Sanz et al [32] introduced a hyperelastic based anisotropic mixed hardening

model that uses logarithmic elastic strains with corrector instead of common plastic



ones in their evolution equations. Kinematic hardening used in the constitutive
equations differs from classical kinematic hardening theories that requires separate
integration of back stress tensor. This approach further explained by Zhang et al. [33].
The proposed model is implemented to commercial finite element program ADINA.
Four different finite element simulations performed (drawing of a thin circular flange,
cylindrical cup drawing, square cup drawing and s-rail forming). The results are
compared to the results of other proposed anisotropic plasticity models (i.e.
Vladimirov [11]). As a result, it is concluded that the model in the paper is comparable
to other models available, producing similar results and is suitable for usage in

simulations of industrial forming operations.






CHAPTER 3

THEROETICAL BACKGROUND

3.1. Elasticity

Numerous different models were proposed for modeling elastic deformation of
materials. Hypoelastic and hyperelastic models are among these and they are
commonly employed when deformations are large. This section gives information

about fundamentals of these two approaches.
3.1.1. Hypoelasticity

In continuum mechanics constitutive equations are needed to be frame indifferent
[34]. An objective rate of any tensor must be used in constitutive equations to satisfy

this need. This is true for stress as well. There arise hypoelasticity [35].

It is first suggested by Truesdell and Rivlin that this objective rate for stress is

dependent on current stress state and rate of deformation.
¥ = f(t, D) (3.1)

where T is an objective rate of Kirchhoff stress = and D is the rate of deformation
tensor. Considering elastic isotropic materials particularly, and assuming elastic
properties of the material remaining unchanged throughout the deformation process

constitutive relation for a hypoelastic material can be formed as follows [36]:
T=Atr(D)I + 2uD (3.2)

In this equation, A and u are Lame parameters. In a general form objective stress rate

is defined as:

~

=7T— Q1+ 10 (3.3)
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Q here is called the spin tensor and stress rate takes a different name for different
forms of Q. Two of the more common forms used as spin tensor are Jaumann rate [18]

and Green-Naghdi rate [19], given by following equations, respectively.
Q=w (3.4)
Q = RRT (3.5)

where w is skew-symmetric part of the velocity gradient and R is rotation tensor from

polar decomposition.
3.1.2. Hyperelasticity

When work done on the material by the stresses induced is only dependent on initial
and final states of the material (path independent), material is termed hyperelastic or
Green elastic. This leads to existence of a potential function, v. This function is called
as “stored strain energy function” or “elastic potential” [37]. It relates deformation to
stress through its derivative with respect to deformation gradient or any other

deformation measure. In general:

_ W
P=—C (3.6)

Here P is first Piola-Kirchhoff stress tensor. Elastic potential i should remain
unchanged during a rigid body motion, but F is dependent on the rigid body rotation

tensor R through polar decomposition:
F= RU=VR (3.7)

This shows ¥ should only be a function of stretch U or V. For this reason, most often

elastic potential function is described as:

Y =yY(FX),X) = P(C(X),X) (3.8)
where

C=F'F=U? (3.9)
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and X is position vector in initial configuration. Using this definition second Piola-
Kirchhoff stress tensor (§) can be defined as:

_ 00
S=2-- (3.10)

These are the most general equations for hyperelastic materials. When isotropic
materials are of concern, v is needed to be independent of direction. This brings forth
the requirement of 1 to be function of only invariants of C noted as, I, 1, I11¢. These

invariants are defined as:

Ic=tr(C)=C:1 (3.11)
lg=C:C (3.12)
I = det(C) = J? (3.13)

Then S can be defined through partial derivatives of these invariants as:

oY al, oy dll¢ oY dlll;
=2———472 2 14
s dlc dC + dll; aC + dalll; ocC (3.14)

and derivatives of invariants are found to be as follows:

dl¢
—_t_ 3.15
- = ! (3.15)

dall,
— =2 3.16
o C (3.16)

olle .
= - 3.17
¢ ~/°C (3.17)
These formulae lead to

S = ZIIbII + 4¢11C + 2]21l)IIIC_1 (318)

where Y, = oy /dl;, Y, =0y /dlle, Y = 0Y/olll;. Lastly, for the spatial
description, S will be pushed forward for getting the expression for Cauchy stress o

using

13



o = LFSFT (3.19)

Hyperelastic material used for the simulations in the thesis was of Neo-Hookean type

for which strain energy density function is defined as:

%[tr(C) —3]—uln [\/det(C)]

Y

(3.20)
+2{det() — 1 - 210 [Jaer©)))
4
which leads through 3.10 to
S=u(I-CcMH+ % [det(C) — 1]C! (3.21)

3.2. Plasticity

In this section constitutive models for describing plastic deformation for both

hypoelastic and hyperelastic based models are explained.
3.2.1. Yield Condition

Von Mises yield criterion in combination with isotropic, kinematic and combined

hardening is used for material models that are used in the context of this thesis.

Von Mises yield criterion is based on distortion energy induced in the material due to
deformation. It suggests yielding of the material occurs if distortion energy per unit

volume of the material exceeds that of a tensile test specimen of that material. [38]
The condition is described by the equation:
Q):\/]_é—o'yzo (3.22)

where J; is the second invariant of the deviatoric stress tensor and oy is yield stress

of the material, and @ is the yield equation. J; is defined as

[(011 = 022)% + (011 — 033)% + (022 — 033)°] (3.23)

+ (0, + 041 + 053)

N -

J2 =

14


https://www.engineersedge.com/material_science/von_mises.htm

Yield surfaces for 3-D and 2-D cases are shown in figures 3.1 and 3.2, respectively.

von Mises

yield surface o

P
6
6>

~\ hydrostatic axis

)

von Mises
yield curve

nplane (deviatoric plane)
01+ 0+ 03=0

Figure 3.1 Von Mises yield surface in 3-D [39]

a2

Ty

7y

Figure 3.2. Von Mises yield surface in 2-D [39]

15



3.2.2. Hypoelastic Based Plasticity

In hypoelastic based plasticity, rate of deformation tensor D is assumed to be

additively decomposable into elastic and plastic parts
D = D¢ + DP (3.24)

This additive separation of rate of deformation tensor is starting point of classical
theories of elastoplasticity for finite deformations. It is an extension of additive

separation of elastic and plastic strains that is applicable in small strain regime. [16]
e=¢g°+¢v (3.25)

This additive decomposition is backed up by additive decomposition of work

increment into elastic (reversible) and inelastic (irreversible) parts. [40]

Then stress can be formulated in a corotational frame by the following

¥= C:De (3.26)
Leading to
¥=€:(D-DP) (3.27)
Here C is fourth order elastic modulus tensor [41]. ":" operation is called double

contraction and between a fourth (B) and second order tensor (C). For example,

Equation 3.26 can be shown in indicial notation as %;; = C;;x; Dy,
Yield condition requires:
d=d(r,a) =0 (3.28)

where a is any other variable that ® can be dependent on. Using the flow rule

described below D? can be found.

DP = )'/E (3.29)
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In this equation y is the plastic multiplier. Second part of the equation involving partial
derivative of yield function & with respect to stress is true for associative flow rules.

In other flow rules ® should be replaced with an appropriate plastic potential function.

Together with these equations Kuhn-Tucker conditions which are shown below should

be satisfied to define the material’s plastic deformation.
y >0, P <0, yo® =0 (3.30)

In the aforementioned equations, commonly « is effective accumulated plastic strain

and y is defined as:
y=a=2¢&" (3.31)

The effective plastic strain denoted as &, is defined as:

= f & (3.32)

3.2.2.1. Hypoelastic Isotropic Hardening Model
For hypoelastic isotropic hardening VVoce model is used [14]. The model has the form:
oy = + Q(1— e F¥) (3.34)

Here Q and S are material parameters to be determined from uniaxial test data of the
specimen and oy is the initial yield strength. This formula leads to yield function of

von Mises type:

o= \Elt’l — e +Q(1—eP)| =0 (3.35)

Where 7’ is deviatoric part of the Kirchhoff stress tensor defined in indicial notation

as

17



T =1—- § (Tii) (3.36)
and term |t’| defined as

IT'| =y (@): (z)T (3.37)
Double contraction between two second order tensors B and C such as =? is defined

in indicial notation to be A = B;;C;;, where A is a scalar and, also from using Equation

jr
3.30 plastic flow rule can be specified as:

0o 37
DV =y— =7y |= (3.38)
4 ot \/;Ir’l

Along with these equations, Equation 3.27 for determination of the stress completes

the definition of hypoelastic isotropic hardening model.
3.2.2.2. Hypoelastic Kinematic Hardening Model

For kinematic hardening von Mises yield function is defined as:

O = \/éh" —al— (o)) =0 (3.39)

where « is defined as back stress. Again, through Equation 3.30 flow rule is found to
be:

foLe) 37 -«
P=y—=1y |= 3.40
D 4 ot y\/; T — «af (3.40)
Kinematic hardening is defined to be of Armstrong-Frederick type [13]. Update

equations for back stress is given by:

3 " —
ﬁ=]’/—cr 2 ba (3.41)
T’ — al
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“v” symbol above a implies that update equation for back stress is also defined in
corotational frame. ¢ and b in Equation 3.41 are material constants related to
Armstrong-Frederick [13] type kinematic hardening. Again, with the use of Equation

3.27 hypoelastic based kinematic hardening model is fully defined.
3.2.2.3. Hypoelastic Combined Hardening Model

As in the case of isotropic hardening, using Voce [14] model, yield function is found

in the form:

P = ﬁ v —al - [00 + Q(1 — e~F)] = 0 (3.42)

Evolution equations for plastic rate of deformation (D?) and that for back stress (X)
are same as those for kinematic hardening that are given in the Equations 3.40, 3.41

respectively.

Finally, model is completed again with the usage of Equation 3.27 which defines the
Kirchhoff stress.

3.2.2.4. Algorithmic Implementation

Stress rate used in the constitutive equation must be objective (satisfied by the use of
corotational stress rate) and also constitutive update is needed to be performed on a
rotation free frame. To achieve that Equation 3.27 is to be rotated to such a frame by
a proper orthogonal rotation matrix denoted here as A for fixed X. A is defined in
terms of any spatial skew symmetric tensor, Q, that is used in corotational stress

formulation [27]

A=QA (3.43)
AT¥A = C: (ATDA — ATDPA) (3.44)

Defining the rotated tensors as:
ATtA=%  A'DA=D, A'DPA=DP? (3.45)
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ATEA in equation is actually 7 which can be shown as in the box below
# = ATTA = ATTA + ATtA + AT7A = AT(i + AATT + TAAT)A  (3.46)
Using 3.3, 3.46 and proper orthogonality of Q it can be shown that

AT(t + AATT + TAAT)A = AT (i — QT + TQ)A = AT(¥)A (3.47)

So, the following equation is obtained
t=c: (D-DP) (3.48)

From now on notation n + 1 is used for material property for current time step and n

for previous time step. Using backward Euler Integration, below equation is reached.
Fog1 =%, +C: (Dpyy — DY) (3.49)

It should be noted that to rotate t,, to rotation free frame the rotation tensor from the
previous time step, A,, should be used. For other tensors in the equation A, should

be used.

After constitutive update is performed the properties must be returned back to current
configuration, i.e. they should be multiplied from left with A,,,;and from right with

AT, which gives
Tn+1 = An+1AILTnAnA$1+1 + C: Dy — C: DZ+1 (3.50)

The A,.1ALT,A,AT,, term that appears in the update equation is already provided
at the start of each step as the old stress so in ABAQUS/VUMAT one does not need
to account for rigid body motion. The objective stress rate used is the Green-Naghdi
rate by default [42].

A ATT,ALAT L + C: D, term appearing in the Equation 3.50 is named trial
stress. This stress is obtained by assuming D in the step to be purely elastic. It will be
shown as %74 after this point. This term is then corrected by the term — € : D,

which makes sure the stress is on the yield surface.
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This 74! is compared with oy at the beginning of the increment. If ¢ > T7i¢!
yielding has not occurred and material is within the elastic limit so, 7,,; = &4 If
o > Tt js not satisfied it is said that material has yielded and stress has to be
corrected to be kept on the yield surface. This is where plastic update equations are

used.

Using Equations, 3.40, 3.41, 3.50 for the combined case update equations are obtained
as

. 3T,.,—Q
T —girial _ e Ay |2 nt+i n+l (3.51)
n+1 n+1 V4 2 |T;l+1 _ an+1|

where Ay is incremental change in plastic multiplier. Similarly starting with Equation

3.41 update equations for back stress are obtained.
3/ T«
Anyq = A AT, ALAL L + Ay _<CM — ban+1> (3.52)
2 Th+1 — an+1|

For the implementation of the constitutive formulation to ABAQUS/Vumat it can be
said that term A, ;AT a,A,AT,, is also provided by the program when components

of back stress is stored as a state variable. Update equation for equivalent plastic strain:
& . =& +Ay (3.53)

and finally yield equation

3 )
P = \/; Tt — @paa| — (a& +Q(1- e—ﬂfﬁn)) =0 (3.54)

These equations complete the definition of hypoelastic-plastic combined hardening
model. Specifying &, to be the dependent variable and six elements of (ty4, 75,
T3z, T12, T23, T31), Six elements of a(ayq, @y, 33, @1, 3, @31) and Ay to be

the independent variables. These equations provide 13 equations for 13 unknowns (6
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equations from Equation 3.51, 6 equations from Equation 3.52 and yield equation

3.54) which are to be solved using Newton’s method (See Appendix A).

For isotropic hardening case back stress a is not defined so, Equation 3.52 is not used

and 3.51 and 3.54 are updated as follows, respectively:

Tuan =TT - €1 Ay [T (3.55)
® = \E [Thaal = (o0 + @ (1 - e7Peher)) = 0 (3.56)

Equation 3.53 is the same for isotropic hardening.

For kinematic hardening only the yield Equation 3.56 is changed in the manner

showed below.

D = \E |Th1 — Apiql — 019 =0 (3.57)

It should be noted that for metals, elasto-plastic volume changes are so small that

Kirchhoff stress is almost equal to Cauchy stress. [15]
T=0 (3.58)

Because of that reason in all the equations above Cauchy stress can be used directly

instead of Kirchhoff stress
3.2.3. Hyperelastic Based Plasticity

Hyperelastic based plasticity assumes multiplicative split of deformation gradient into

elastic and plastic parts as [43]
F = FEFP (3.59)

The split can be shown schematically as in Figure 4.3. This separation leads to
definitions of elastic and plastic right Cauchy-Green tensors:

ce = FeTFe (3.60)
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cP = FPTFp (3.61)

dx

dx

Figure 4.3 Schematic view of multiplicative split of deformation gradient [37]
Elastic potential referred to as Helmholtz free energy function has now two parts.
Related to elastic deformation, ., and elastic part of the plastic deformation due to
hardening y;,,.-q. Hardening part can be further split into other parts depending on the
hardening model. Elastic part is only dependent on elastic part of right Cauchy-Green

tensor.

Y = l/Je(Ce) + Yhara (3.62)

Clausius-Duhem inequality which is an extension of the second law of
thermodynamics to continuum mechanics is to be used in derivation of hyperelastic

plastic model. It is stated as below:
—p+585: €20 (3.63)

where § is the second Piola-Kirchhoff stress tensor. Regardless of the hardening

method used, Equation 3.63 can be written as
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oo 1,
—(ace;c +¢ham)+55= C>0 (3.64)

Using Equations 3.9, 3.59, 3.60, 3.61 right Cauchy-Green tensor € = FTF can be

written as
C = FPTceFp (3.65)
and
ce =FrTcpr?! (3.66)

and taking its derivative using product rule gives:

ce=Fr PPt 4 FPTCRPT 4 P TR (3.67)
Making use of
FPFP~t = (3.68)
) Ly L) (3.69)
Gives
frt — _pp-lppppr-1 (3.70)

and from that it can be found that
T — _ppTppT pp-T (3.71)

Plugging in equations 3.70 and 3.71 into Equation 3.67 together with Equation 3.66

gives
ce = —Fp TP ce 4 ppTCFPTY - cefp Tt (3.72)

FPFP~" term in the above equation can be defined as plastic spatial velocity gradient

and denoted as LP .

So, Equation 3.72 becomes
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c¢=—LP"ce + FPTCFPT! — CcoLp (3.73)

Putting this equation into Equation 3.64 and rearranging gives:

oy r o _r. -1, kil 1
aee i VPTC — e PP CRY T 4 o COLP 4 oS C — Ynara (3.74)
>0

It should be noted here that v is an isotropic function of €¢ [25] that ensures symmetry
of the product €¢(dy/aC¢) besides €C¢ and dy /0 C¢ so that skew symmetric part of
the velocity gradient LP produces zero when it goes into a “:” operation with

C¢(0y/0C®). This leads to below simplifications.

oy oY oY
ge COLP = C° =i P = C° - DP (3.75)
oY ot 0 T oY

pT re e . Jp! — (e - DP 3.76
Spe P CE = Coo i P = Co oD (3.76)

Also, since both 9y /€€ and C are symmetric the middle term in Equation 3.74 can
be written as:

W Fr~T¢cFr~t = pr~! 1 9

—-T
5 3C° —FP7":C (3.77)

Applying Equations 3.75, 3.76, 3.77 to Equation 3.74. Clausius Duhem inequality

takes the form:

oy -\ 1. oY
p—1 p—T\.2
(s 2F" S F ) 2c+<zc ace> —, =20 (3.78)

Term 2C°¢(dy/0C¢) is a stress like quantity and it is called Mandel stress. It will be

shown as M from now on. Using [25]

oy  _
p—1 p—T 3.79
S =2F 5 - F ( )

Clausius-Duhem inequality reduces to:

M: Dp - lphard = 0 (380)
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This equation can be satisfied when flow rule is selected as:

9D

i 3.81
Yy (3.81)

pr =

3.2.3.1. Hyperelastic Based Plasticity with Isotropic Hardening Model
When only isotropic hardening is concerned Equation 3.62 becomes as follows:

Y =1 (C) + 50 (EP) (3.82)

Then Clausius-Duhem inequality gives:

- (alpe . Ce + al/jiso

e
: ) 425 > 3.83
ace 9P €)+zs ‘28 (3:83)

Following a similar procedure as in the previous section, after simplifications the

equation given below is reached.

L\ 1, ) oY,
_ =1 %% pp T):_ ( e_); p_ IWiso op 3.84
(s 2FP S F SC+(2C° 55 ):DP ———FeP =20 (384)

To achieve analogous isotropic hardening type to that of in the case of hypoelastic
based isotropic hardening model, this model is of VVoce type isotropic hardening as

well. For this reason, v;,, is selected as [25]:

—peP
Wiso = O <5p + 8 ; > (3.85)

Von Mises type yield equation at the intermediate configuration becomes:

® = \EIM’I — [ +Q(1—eF")] =0 (3.86)

where M’ is the deviatoric Mandel stress tensor. Then using Equation 3.81, flow

equation in the intermediate configuration becomes

26



3 m

Note here that tensors M and M’ defined previously are in the intermediate
configuration. Considering convenience for kinematic hardening, which is to be
mentioned in the upcoming part, constitutive updates will be performed in the
reference configuration. So, tensors M and M’ should be pulled back to reference

configuration with utilizing the equation below.
C? = 2FPTpPFP (3.88)

Introducing Equation 3.87 and definition of M into Equation 3.88.

CP =2 E)-/FpT M FP =2 Eyﬂ (3.89)
2 |M’| 20 Y (YT

where Y’ is the deviatoric part of non-symmetric stress like tensor Y which is defined

as

=<
I

CS (3.90)

And yield equation in terms of Y is

3 _
o = \E Y (Y)T - [of +Q(1—ePF)| =0 (3.91)
with selection of i, to be of Neo-Hookean type as

W, = %[tr(Ce) — 3] - In[/det(c?)|

1 (3.92)
+ Z{det(C"’) —1-2In [\/det(Ce)]}
S can be determined using 3.79 to be
A
S=pu(cP ™t —c )+ > [det(C)det (cP™") — 1]C? (3.93)
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After S is determined Cauchy-stress can be found using Equation 3.19, which is

defined under the elasticity part.
3.2.3.2. Hyperelastic Kinematic Hardening Model

According to [44], plastic part of the deformation gradient F? is needed to be split into
additional two parts named as plastic elastic and plastic inelastic parts which creates

an additional intermediate step of kinematic hardening in deformation.
FP = FPeFPi (3.94)

Helmholtz free energy function and Clausius-Duhem inequality takes the following

forms:
Y = P (€C°) + Py (CPe) (3.95)
e - Wkin ., 1 :
_ : ZTkin ) 42§ € > 3.96
(aCeC+ane C)+25 C>0 (3.96)

This time using the definition
CPe = (FPe)T FPe = (FPi)~TCP(FPi)~1 (3.97)

and separation defined in Equation 3.94, an equation similar to 3.73 is obtained as

below
CPe = —(LPi)TCPe + (FPi)~TCP(FPi)~1 — CPeLP: (3.98)
where, LPi is defined to be
LPi = FPi(FPi)~1 (3.99)

Putting Equation 3.99 into Equation 3.96, the term — (91, /9 CPe): CPe gives

aallc)";l:l . (LP)T CPe — aal’l;’;l: . (FP)~TCP(FP)~1 + a(;'l;_’;il : CPeLPi  (3.100)

First and third terms in the above equation are simplified to

alpkin .
2(CPe v . DPi (3.101)
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where DPi is the symmetric part of LPi. A similar stress like quantity to M emerges

here which is defined as

M,;, = 2CPe —22 lp"”‘ (3.102)

Middle term in Equation 3.100 found out to be

l;bkln
e

l'bkm

FPi)-TCp(FPi)~1 = —QFPe
JGONIGON — e

—rkin (gpeyT. pp (3.103)

That is reached with use of symmetry of the tensors dy,,;,,/dCP¢ and CP and the

identity that is introduced in the following equation
C? = 2FPTDPFP (3.104)

So, Equation 3.96 can be reassembled with this information to give

0 1.
(S—ZFP - IPFP‘T) —C

ace 2
[zce ~oe — 2FP % (Fpe)T] . DP (3.105)
+ 2(Pe X w’“” :DPi >0

Term 2FPe (01, /0CPe)(FPe)T is defined to be the back stress in the intermediate
configuration shown as a‘™. Simplifying the Clausius-Duhem inequality with the

definitions of M, M,;, and a'™.
(M — a'™): DP + M,;,: DPi > 0 (3.106)

To satisfy the inequality the evolution equations are determined to be [25]

3 Ml mt'
DP =y o — (3.107)
'—a
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ks (3.108)
DPt =7 |57 Mkin

where M, is the deviatoric kinematic Mandel stress tensor. Lastly, yield function of

von Mises type is defined as

- ﬁw —amt| — g =0 (3.109)

As M is defined in the plastic intermediate step and M,;, is defined in the plastic
inelastic intermediate step all equation should be pulled back to reference

configuration to be updated which provides the following set of equations

a = FP lqintpp~T = 2 Fp~1ppe w"‘” ——o (FPe)TFP ™"
o (3.110)
= 2(FP) 7 S (PP
Using Equations 3.106 and 3.109
1 int’ 1P
P ER S Rl S P R (3.111)
2 |MI _ aint’ 2 Y’ (YI)T
This time Y is defined to be
Y=CS-CPa (3.112)
Pulling back DPi with
CPi = 2(FP)TDPiFPpi (3.113)
- 3b , _ _13b, _
CPi = Zj;z(Fpl)TMkianl = Zy\/;EYkinCpl (3114)
where Y, is defined to be
Yiin = CPa (3.115)
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Yield function of von Mises type takes the form

b = \/é/Y’: (YDT - (62) =0 (3.116)

Y, is again of Neo-Hookean type and can be taken as in Equation 3.92. So that
expression for S is the same as that for isotropic hardening which is given in equation

3.93. For determination of a free energy potential y,;,, is selected to be [15]

Wi = — [£7(CPe) — 3] —%ln [det(cvo)] (3.117)

1 a

which gives a through Equation 3.110 to be
a=z[cry - e (3.118)

These equations define hyperelastic kinematic hardening material together with the
equation for second Piola-Kirchhoff stress defined as in Equation 3.95. After all the
parameters are calculated Cauchy stress can be again found by pushing forward the

second Piola-Kirchhoff stress using Equation 3.19.
3.2.3.3. Hyperelastic Combined Hardening Model

Hyperelastic combined hardening model is very similar to kinematic hardening model.
There is an additional term for Helmholtz free energy function and that brings an
additional term into Clausius-Duhem inequality. Free energy function:

Y = Pe(€) + Prin(€P) + Py (€7) (3.119)

Clausius-Duhem inequality:

9 1.
(s- 2Fp_1—¢Fp_T>: =¢

; oce 2
+ [zce agje — 2FPe % (Fpe)T] : DP (3.120)
+ 2cpealcp—p"em:npi —%ép >0
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Equations 3.93, 3.111, 3.118 are valid for combined hardening only the yield function
changes to be in the intermediate configuration

3 . ! —
® = ﬁ'M' —am| [0 + Q(1— e FF)] = 0 (3.121)

and at the reference configuration

® = \/é Y (Y)T = [of + Q(1 — e7#%)] (3.122)

These equations define hyperelastic combined hardening material completely.
3.2.3.4. Algorithmic Implementation

First, an explanation for algorithmic implementation for combined hardening will be
made. At the beginning of the step material has to be checked for yielding, so first C

is assumed to be fully elastic
C=cC° (3.123)
c? =1 (3.124)

Then a trial stress $t"¢ is calculated using Equation 3.93. This trial stress is used to

find Y from Equation 3.112 and put into yield function 3.121 for yield check similar

. E 7. NT - g . .
to the hypoelastic case. If o, > \ﬁ,/Y : (Y)T is satisfied, yielding has not occurred

and found value for $t"% is to be used for S, if not, plastic update equations should

be used.

For integration backward Euler method is used, so equations for C? and CPi can be
updated by using Equations 3.111 and 3.114. From now on tensors obtained in the
previous time step is to be shown with a superscript n and that belong to current time

step is to be shown with a superscript n + 1.
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/ p
Chir =Ch + ZA)/\/g PninCnts (3.125)
2V (V)T

. . 3b_, ;
Cfl:-l = Cﬁ‘ + ZAV\/;Z Ykinn+1cfl+1 (3.126)

Then the yield function can be obtained from 3.122 as:

¢ = \E\/Y;H-l: (Y;’l+1)T - [019 +Q (1 - e_ﬁéf‘“)] (3.127)

and update for equivalent plastic strain is performed in the same manner as in the

hypoelastic case
e =& + Ay (3.128)

Ay, components of the symmetric tensors €2, ., €% . are selected to be the update
variables. s‘fl’ﬂ is a dependent variable since it is directly related to Ay through
Equation 3.128. Equations 3.125, 3.126, 3.127 and 3.128 completely define
hyperelastic combined hardening material producing 13 equations for 13 unknowns.

These set of equations can again be solved using Newton’s Method (Appendix A).

Considering ABAQUS/Vumat, for updating stress equation ¢ = J~*USUT should be
used instead of @ = J"1FSFT since it is stated that the rotation is already taken into

account by the program automatically. U is the stretch tensor defined in Equation 3.9.

For isotropic hardening case, Y is defined through Equation 3.90 and Equation 3.126
is omitted. Update variables are C ., and Ay giving a total of 7 equations for 7

unknownes.

Lastly for kinematic hardening, only the yield function needed to be changed as

follows:
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3
e = \/;\/Y;l+1: (Yni)T — 0y (3.128)

Equations 3.125, 3.126 and 3.12.7 are still valid giving again 13 equations for 13

unknowns to be solved.
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CHAPTER 4

FINITE ELEMENT METHOD

Finite element method is a common method encountered in analyzing engineering
problems. It is a numerical approach that solves differential equations arising from
physical problem, approximately [45]. Generally finite element method is applied onto
bodies by subdividing them into smaller and simpler regions which are referred to as

mesh.

The problem is solved by formulating the equations for each of these sub-elements
(mesh) and combining the solution after, rather than solving the problem for the whole
geometry in one go [46]. This method greatly simplifies the solution since these
elements have much simpler geometry (tetrahedron, hexahedron etc.) than the whole

structure.

Two different basic approaches in finite element method are present, linear and non-
linear methods. Linear methods are applicable when there is a linear relation between
stress and strain is present. For example, in elastic deformation of metals modulus of
elasticity is used to describe this linear relation. On the other hand, when deformations
are large (geometrical non-linearity, material non-linearity), or system has kinematic
constraints (contact non-linearity) non-linear solution methods are applied to solve the

problem

Generally, a linear finite element problem can be solved in four steps which are
presented in Figure 3.2. Firstly, differential equations describing the problem are
formed. These equations involve boundary conditions as well which describe the
behavior of the model at the boundaries. Obtained equations are referred to as “strong
form” of the governing equations which are than simplified into an equivalent set of

equation that is called “weak form”. This “weak form” is composed of integral
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equations which are more convenient for finite element approach than “strong form”
equations. After “weak form” is obtained, finite element approximation is applied to
these equations that make way for transforming the problem into a set of linear

equations.

Governing Differentieal Equations + || Weak form of Governing Equations

Boundary Conditions (strong form) which are equivalent to the strong

. 2

Plugging of approximations into the )| Introduction of finite element

weak form equations to obtaine Y| approximation

linear set of equations to solve for

Figure 4.1 Solving steps of a linear finite element problem [46]

4.1. Method Used in the Thesis

In the thesis commercial finite element program ABAQUS/Explicit (Version
2016.HF.2) is used to simulate axisymmetric cylindrical cup drawing, square cup
drawing and axisymmetric round bottom cup drawing processes. Since deep drawing
processes involve large amounts of plastic deformation, which is highly non-linear in
nature, formulation used is based on non-linear solution method of ABAQUS software
(NLGEOM (geometric nonlinearity effects) option selected as on) ABAQUS/Explicit.

ABAQUS/Explicit uses direct integration of equation of motion considering inertial
effects. It uses explicit integration central difference integration rule (forward Euler,
dynamic integration method) with lumped element mass matrices. Equation used to
calculate local acceleration at the nodes is based on Newton’s Second Law of Motion

and is as below [42].

ity =M (P =Dl (4.1)
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Here 1ii is acceleration, M is lumped mass P is external load vector and I is internal
load vector. The value of acceleration is used to calculate velocity of the node at the
current time step through integration from previous time step from which

displacements are calculated.
A stable time increment is calculated by ABAQUS/Explicit depending on the effective
size of the smallest element in the model using the following formula.

At = — :
- 42)

where L, is effective element size and ¢, is current dilatational wave speed of the
element. The problem is solved explicitly by discretizing the simulation time into these
small time steps which are also updated during the simulation as well.

The hypo- and hyperelastic, isotropic, kinematic and combined hardening models are
implemented to ABAQUS/Explicit by use of material subroutine called VUMAT.
Microsoft Visual Studio 2010, in combination with Intel Parallel Studio 2015 are
linked to ABAQUS 2016.HF2 for compilation of subroutine codes written in Fortran

coding language.
4.2. Finite Element Models

Models of cylindrical, square and round bottom cup drawings are formed within the
finite element package ABAQUS. Considering the isotropy of the models cylindrical
and round bottom drawings are modelled axisymmetrically, whereas one fourth of the
square model is modelled due to symmetry conditions. Punch, holder and die are

modelled to be rigid parts.
4.2.1. Cylindrical Cup Drawing

Two different cylindrical cup drawing simulations are performed. The first one is to
verify the model using the parameters taken from work of Brepols et al. [15].
Parameters of the second one is taken from Cogun’s study [47]. All of these values

are presented in the table below.

37



Table 4.1 Cylindrical cup drawing parameters

Brepols et al. [15] Cogun [47]
Punch diameter 50 mm 50 mm
Punch shoulder radius 5 mm 4.5 mm
Die opening diameter 52.8 mm 53 mm
Die shoulder radius 5 mm 13.5 mm
Blank diameter 100 mm 110 mm
Sheet thickness 1 mm 1 mm
Friction coefficient 0.02 0.06
Blankholder force 5 kN 55304 900N

DKP6112 500 N

In figures 4.2 and 4.3 assemblies of the models of cylindrical cup drawing can be seen.
Both of them are modelled axisymmetrically. Punch, holder and die are modelled as
analytical rigid, whereas blank is formed with quadrilateral elements having type
CAX4 having 372 elements in the simulations that uses the parameters of Brepols et

al. [15] and 220 elements in the ones using Cogun’s [47] parameters. Both models

have four elements through thickness of blank.

Figure 4.2 Cylindrical cup drawing assembly and mesh of the blank with parameters
of Brepols et al. [15]
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Figure 4.3. Cylindrical cup drawing assembly and mesh of the blank with parameters
of Cogun [47]

4.2.2. Square Cup Drawing

Parameters for square cup drawing is taken from the work of Cogun [47] again. They

are presented in the table below.

Table 4.2 Square cup drawing parameters

Punch dimensions 40 x 40 mm
Punch edge radius 4.5 mm
Punch shoulder radius 10 mm
Die opening dimensions 42 x 42 mm
Die shoulder radius 4.5 mm
Blank dimensions 80 x 80 mm
Sheet thickness 1 mm
Friction coefficient 0.06
SS304 900 N
Blankholder force DKP6112 500 N

Figure 4.4 shows the simulation setup of the square cup drawing process. Punch,
holder and the die again modelled to be discrete rigid. The blank in the model is
deformable, 3-D and discretized by 4096 linear hexahedral elements of C3D8R type
having four elements in the thickness direction.
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Figure 4.4. Square cup drawing assembly

4.2.3. Round Bottom Cup Drawing

Assembly of the round bottom cup drawing simulation can be seen in Figure 4.5. The
setup is quite similar to that of cylindrical cup drawing having punch, holder and die
modelled as analytical rigid elements. Blank has the same mesh as in the cylindrical

one. Parameters of the set up taken from [47] are given in Table 4.3.

Table 4.3 Round bottom cup drawing parameters

Punch diameter 50 mm
Die opening diameter 53 mm
Die shoulder radius 13.5 mm
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Blank diameter 110 mm

Sheet thickness 1 mm
Friction coefficient 0.06

SS304 1400 N
DKP6112 900 N

Blankholder force

Figure 4.5 Round bottom cup drawing assembly and mesh of the blank

41






CHAPTER 5

MATERIAL DATA

To verify the model implemented in ABAQUS/Vumat cylindrical cup drawing results
of Brepols et al. [15] are used. Material data used in the study is for DP600 sheet metal
and it is from the work of VVladimirov et al. [24]. Furthermore, two additional material
data, namely SS304 and DKP6112 are used in the thesis. Information related to this is
taken from Cogun’s study [47].

5.1. Determination of Material Constants

In this part procedure for determination of material constants is explained. Hypoelastic
based plastic material model is used for fitting the data and same constants is used for
both hypoelastic and hyperelastic based analysis. This procedure is carried out in
MATLAB R2017a.

5.1.1. Isotropic Hardening

Voce type isotropic hardening model [14] has only two constants Q and . To
determine the set of constants Q and £ are varied between a certain range and they are
used in the yield equation given in 5.2. Strain values taken from average uniaxial data
are used together with Q and S in Equation 5.2 to find estimated true stress (o,4;)
values. Then these estimated true stresses obtained are subtracted from those taken

from uniaxial data (Uexp) to find the error in the estimated value (o,,,). Since there

is only uniaxial loading

E_'p = 811 (51)
Oest = 0y +Q(1 — e‘ﬁép) (5.2)
Oerr = Ogst — Oexp (53)
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Q and B that give the least amount of error is to be determined next. This is done by
finding root mean square (rms) of the error. Dataset that results in the least rms value
is selected and used in the material model. For n number of data points rms is defined

as:

o Jcaew k) (o)’ 6.4

where ¢ is error for n" data point.
5.1.2. Kinematic Hardening

For non-linear Armstrong and Frederick type kinematic hardening [13] there are two
constants to be determined; b and c. A similar procedure to isotropic hardening case
is followed, however, this time, even though there is loading only in one direction,
there are back stress components in every primary coordinate direction. This results
in having four unknowns (o,s:, @11, @22, @33) to be determined at each step for the

guess of b and c. Through Equation 3.36

2
61,1 = §Uest (5'5)
1
Oyp = O33 = _§Uest (5.6)

and by using update equation of back stress for hypoelastic kinematic hardening

(Equation 3.41) three equations is formed as:

3 O-’ —a11
a4 = alln + AV\/; <Ch — ba11> (57)

3( 035 =z
Upy = a22n + A}/ E(CW - bazz (58)
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3 O3z — 33
a3z = a33n + A]/\/; <Ch - ba33> (59)

In these equations quantities which are not labeled with subscript n belong to current

stepn + 1.

Note that Ay which is calculated from uniaxial data, is a known quantity for every

calculation step. It is defined for consecutive steps as
AYns1 = &4y — &5 (5.10)

and using yield condition

3
\/;|0';1+1 — Q| — 019 =0 (5.11)

These equations result in four unknowns (o4, @11, @22, a33) in four equations which

can be solved using Newton’s Method (Appendix A).

After o,, Is determined for the step a similar procedure as in the isotropic case is

followed to compare the value of it to that of o,,,,. Equations 5.3 and 5.4 are used for
kinematic hardening case as well. b and ¢ values whose rms value is the smallest

selected as material parameters.
5.1.3. Combined Hardening

Combined hardening requires four parameters (Q, 8, b, ¢) to be varied and determined
for the least amount of rms. For combined hardening case Equations 5.7, 5.8 and 5.9

can be used exactly. Only the yield equation is to be changed to

[ e R
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5.2. Material Properties and Constants

Elastic (Lame constants A and u) and plastic characteristics (yield stress o) of

materials were determined by uniaxial tension test. These are summarized in the table

below
Table 5.1 Elastic properties of materials
Yield Strength
. from Rolling Average Yield
Material A [MPa] u [MPa] Direction [MPa] | Strength (o)
0° 45° | 90°
DP600 140753.5 72509.4 325 - - 325
SS304 62470 79510 339 | 325 | 342 332.75
DKP6112 95210 53560 245 | 258 | 238 256

Data for SS304 and DKP6112 given in above table account for anisotropy in the
undeformed sheets caused by rolling operation implemented beforehand to give
material the desired thickness. These two materials show slight anisotropy and so they
can be modeled as isotropic, but this anisotropic data set must be converted into an
isotropic data set. To achieve this, equation given below is used.

Oge + 20450 + 09go

o = : (5.13)

This equation is applied to every point that determines the uniaxial stress-strain curve
of SS304 and DKP6112 that is direction dependent available in [47].

Constants that determine plastic characteristic of materials are given in the table
below. For DP600 sheet metal constants are directly taken from the study of
Vladimirov et al. [24], while for SS304 and DKP6112 they are determined through
procedure explained in section 5.1 together with average uniaxial data calculated by

using Equation 5.13.

Table 5.2 Plastic constants of materials

| Material | Hardeningrule | Q [MPa] | B[] | b[] | c[MPa] |
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Isotropic 420 20 - -
DP600 Kinematic - - 1.75 2750
Combined 215 8 12.5 2600

Isotropic 1190 2.2 - -
SS304 Kinematic - - 1.8 1765
Combined 1185 0.1 1.9 1685

Isotropic 200 11.7 - -
DKP6112 Kinematic - - 10.1 1665
Combined 150 3 15 1490

Comparison of the uniaxial experimental data with the models formed by using the
parameters determined for three hardening models for SS304 and DKP6112 are
presented in figures 5.1 and 5.2.

1200
1000
& 800 P
2 il
2 il
600 _
§ g —@— Experimental
w P
g 400 ,«/ Isotropic
'_ 4
Kinematic
200 Combined

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45

True Strain [mm/mm]

Figure 5.1 Fit of material models to experimental data for SS304
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Figure 5.2 Fit of material models to experimental data for DKP6112
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CHAPTER 6

NUMERICAL RESULTS

In this part of the thesis numerical results obtained by using the material models
discussed in Chapter 3 will be presented. Firstly, a verification of the model is done
by comparing the prepared model to a similar one from the literature. After that a
general comparison of the different hardening models coupled with hypoelastic and
hyperelastic type material models is accomplished by using their punch force
estimation. Lastly, same models are compared in terms of their thickness strain
distribution for three different types of deep drawing operations namely, cylindrical,
square and round bottom with two different material types, SS304 and DKP6112.

6.1. Cylindrical Cup Drawing of DP600

Data used in this part is taken from the work of Brepols et al. [15]. Material properties
used in simulations are taken from the study of Vladimirov et al. [24]. For this section,
simulation of a cylindrical cup drawing process is made, by using DP600 material and
the dimensions of the die, blank and blank holder together are given in Table 4.1.

6.1.1. Verification of the Model

In this section, the results obtained by Brepols et al. [15] who used a combined
hardening model in their work are compared to the results obtained by the combined
hardening model that is developed in this study. Comparison of the results is made in
terms of punch force determined with respect to punch displacement during the
forming operation (Figure 6.1)
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Figure 6.1. Comparison of combined hardening results to results of Brepols et al.

[15]

Results obtained are very close to the results of Brepols et al. slightly overestimating

the maximum punch force. At most 2.5% difference in the results can be seen which

is achieved around 12 mm punch displacement. Nevertheless, these results confirm

the validity of the developed Vumat code.

6.1.2. Comparison of Different Hardening Models

In figure 6.2 below the results obtained by the developed model for isotropic,

kinematic and combined hardening models for both hypoelastic and hyperelastic cases

are given.
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Figure 6.2. Comparison of hypo- and hyperelastic models with combination of
different hardening models in terms of punch force estimation in cylindrical cup
drawing process

As it can be seen from the Figure 6.2 isotropic hardening model overestimates the
punch force compared to the combined hardening model, whereas, kinematic
hardening model underestimates it. There is almost no difference in results obtained

between hypoelastic and hyperelastic models.
6.2. Results of SS304

In this section numerically found thickness strain distributions of the deformed sheets
at different punch displacements are presented.

6.2.1. Cylindrical Cup Drawing Results

In this section, the results obtained for different punch height in cylindrical cup
drawing of SS304 are given
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6.2.1.1. 20 mm Punch Displacement
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Figure 6.3. Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models (20 mm punch displacement, cylindrical, SS304)
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Figure 6.4. Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models (20 mm punch displacement, cylindrical, SS304)
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Figure 6.5 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models (20 mm punch displacement, cylindrical, SS304)
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Figure 6.6 Comparison of all of the results (20 mm punch displacement, cylindrical,
SS304)
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At 20 mm punch displacement hypoelastic based and hyperelastic based materials give
close results to each other. Slight differences in results can be seen towards the sheet
center for kinematic and combined hardening cases, but towards the mid and edge of
the sheets results become very close. Results come out to be similar to each other for
different hardening models as well. Again, small differences present towards to center
of the sheet.

6.2.1.2. 35 mm Punch Displacement
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Figure 6.7. Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models (35 mm punch displacement, cylindrical, SS304)
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Figure 6.8. Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models (35 mm punch displacement, cylindrical, SS304)
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Figure 6.9. Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models (35 mm punch displacement, cylindrical, SS304)
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Figure 6.10. Comparison of all of the results (35 mm punch displacement,
cylindrical, SS304)

Similar trends can be seen for 35 mm punch displacement except this time small
differences in the results obtained emerge towards the edge of the sheet for hypoelastic
and hyperelastic cases having combined and kinematic hardening models. In the case

of isotropic hardening results still does not differ even slightly.

6.2.1.3. 45 mm Punch Displacement
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Figure 6.11. Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models (45 mm punch displacement, cylindrical, SS304)
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Figure 6.12. Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models (45 mm punch displacement, cylindrical, SS304)

57



0,3
0,2

0,1

-0,1 —@— Hyperelastic Combined

-0,2 —®— Hypoelastic Combined

Thikness strain (mm/mm)

-0,3

-0,4
0 10 20 30 40 50 60

Distance from blank center (mm)

Figure 6.13. Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models (45 mm punch displacement, cylindrical, SS304)
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Figure 6.14 Comparison of all of the results (45 mm punch displacement, cylindrical
SS304)
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The results at 45 mm punch displacement is almost same as the results of 35 mm

punch displacement. Identical comments can be made for this case.
6.2.2. Square Cup Drawing Results

Thickness strain distributions of material models at different punch displacements for

square cup drawing of SS304 material is presented in this section.
6.2.2.1. 15 mm Punch Displacement - Rolling Direction

The results in rolling direction is presented in figures 6.15-6.18.
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Figure 6.15 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in rolling direction (15 mm punch displacement, square,
SS304)
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Figure 6.16 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in rolling direction (15 mm punch displacement, square,
SS304)
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Figure 6.17. Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in rolling direction (15 mm punch displacement, square,
SS304)
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Figure 6.18 Comparison of all of the results in rolling direction (15 mm punch
displacement, square, SS304)

For rolling direction, thickness strains estimated by hyperelastic and hypoelastic

models are in agreement throughout the sheet except some local deviations.

6.2.2.2. 15 mm Punch Displacement - Diagonal Direction
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Figure 6.19 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in diagonal direction (15 mm punch displacement,
square, SS304)
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Figure 6.20 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in diagonal direction (15 mm punch displacement,
square, SS304)
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Figure 6.21. Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in diagonal direction (15 mm punch displacement,
square, SS304)
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Figure 6.22 Comparison of all of the results in diagonal direction (15 mm punch
displacement, square, SS304)

In diagonal direction thickness strains estimated by hyperelastic and hypoelastic

models are in almost total agreement throughout the sheet.

6.2.2.3. 20 mm Punch Displacement - Rolling Direction
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Figure 6.23. Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in rolling direction (20 mm punch displacement, square,
SS304)
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Figure 6.24 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in rolling direction (20 mm punch displacement, square,
SS304)
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Figure 6.25. Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in diagonal direction (20 mm punch displacement,
square, SS304)
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Figure 6.26 Comparison of all of the results (20 mm punch displacement, square,
SS304)

At 20 mm punch displacement slightly more deviation in the simulation results of
hyperelastic and hypoelastic based models are present especially for isotropic and
kinematic hardening models around halfway distance from the sheet center to the edge
of the sheet.

6.2.2.4. 20 mm Punch Displacement - Diagonal Direction
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Figure 6.27 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in diagonal direction (20 mm punch displacement,
square, SS304)
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Figure 6.28 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in diagonal direction (20 mm punch displacement,
square, SS304)
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Figure 6.29. Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in diagonal direction (20 mm punch displacement,
square, SS304)
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Figure 6.30. Comparison of all of the results in diagonal direction (20 mm punch
displacement, square, SS304)

Again, better correlation between hyperelastic and hypoelastic based models exist in
diagonal direction of the sheet. Slight local differences at points 7 mm from center for
isotropic hardening models and at around 27 mm for kinematic hardening model can

be seen.

6.2.2.5. 25 mm Punch Displacement - Rolling Direction
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Figure 6.31 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in rolling direction (25 mm punch displacement, square,
SS304)
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Figure 6.32 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in rolling direction (25 mm punch displacement, square,
SS304)
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Figure 6.33 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in rolling direction (25 mm punch displacement, square,
SS304)
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Figure 6.34 Comparison of all of the results in rolling direction (25 mm punch
displacement, square, SS304)

Some little differences present for 25 mm punch displacement as well, between
hyperelastic and hypoelastic based models. Differences stand out towards the center
of the sheet for combined hardening models and towards the midway for isotropic and

kinematic hardening models.

6.2.2.6. 25 mm Punch Displacement - Rolling Direction

0,2

0,1

—@— Hyperelastic Isotropic

Thikness strain (mm/mm)

-0,1
—@— Hypoelatic Isotropic
-0,2
-0,3
0 10 20 30 40 50 60

Distance from blank center (mm)

Figure 6.35 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in diagonal direction (25 mm punch displacement,
square, SS304)
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Figure 6.36 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in diagonal direction (25 mm punch displacement,
square, SS304)
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Figure 6.37 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in diagonal direction (25 mm punch displacement,
square, SS304)

70



0,2 Hyperelastic Combined

Hypoelastic Combined

~
= 01 ; . / ‘
IS —®— Hyperelastic Isotropic =
€ (O
E —@— Hypoelatic Isotropic \
é 0 “=g=0
c —@— Hyperelastic Kinematic
©
2 01 & Hypoelastic Kinematic
a2 —AA—
g \
C
4 L
=
£ 02 N
-0,3
0 10 20 30 40 50 60

Distance from blank center (mm)

Figure 6.38 Comparison of all of the results in diagonal direction (25 mm punch
displacement, square, SS304)

In diagonal direction, closer results are obtained for 25 mm punch displacement as
well. Slight thickness strain differences emerge at around 15 mm distance from
midpoint for combined hardening models and around 27 mm distance for kinematic

hardening models.
6.2.3. Round Bottom Cup Drawing Results

In this section thickness strain distributions for round bottom cup drawing of SS304

material is presented.
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6.2.3.1. 25 mm Punch Displacement

0,1

—@— Hyperelastic Isotropic

@ Hypoelastic Isotropic

Thikness strain (mm/mm)
o
-

o
=
o
N
o
w
o
N
o
n
o

60

Distance from blank center (mm)

Figure 6.39 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models (25 mm punch displacement, round, SS304)
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Figure 6.40 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models (25 mm punch displacement, round, SS304)
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Figure 6.41 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models (25 mm punch displacement, round, SS304)
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Figure 6.42 Comparison of all of the results (25 mm punch displacement, round,
SS304)

Combined hardening and kinematic hardening models for hyperelastic and
hypoelastic based material models show pretty large differences towards the center of
the sheet for 25 mm punch displacement of round bottom cup drawing. Isotropic
hardening models are in perfect agreement.
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6.2.3.2. 45 mm Punch Displacement
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Figure 6.43 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models (45 mm punch displacement, round, SS304)
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Figure 6.44 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models (45 mm punch displacement, round, SS304)
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Figure 6.45 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models (45 mm punch displacement, round, SS304)
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Figure 6.46 Comparison of all of the results (45 mm punch displacement, round,
SS304)
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Even larger differences of results for combined hardening and kinematic hardening
of hyperelastic and hypoelastic based models exist at 45 mm punch displacement of

round bottom cup drawing.

6.3. Results of DKP6112

In this section cylindrical, square and round bottom cup drawing results of DKP6112

material is given.
6.3.1. Cylindrical Cup Drawing Results

Thickness strain distributions for cylindrical cup drawing of DKP6112 material for
15, 25 and 35 mm punch displacements are presented here.

6.3.1.1. 15 mm Punch Displacement
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Figure 6.47 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models (15 mm punch displacement, cylindrical, DKP6112)
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Figure 6.48 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models (15 mm punch displacement, cylindrical, DKP6112)
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Figure 6.49 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models (15 mm punch displacement, cylindrical, DKP6112)

77



Thikness strain (mm/mm)

0,1

0
—@— Hyperelastic Combined
—@— Hypoelastic Combined
-0,1 Hyperelastic Isotropic
Hypoelastic Isotropic
—@— Hyperelastic Kinematic
—@— Hypoelastic Kinematic
-0,2

0 10 20 30 40 50 60
Distance from blank center (mm)

Figure 6.50 Comparison of all of the results (15 mm punch displacement,
cylindrical, DKP6112)

At 15 mm results obtained for each hyperelastic and hypoelastic model seem to be in

agreement with each other.

6.3.1.
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2. 25 mm Punch Displacement
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Figure 6.51 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models (25 mm punch displacement, cylindrical, DKP6112)
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Figure 6.52 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models (25 mm punch displacement, cylindrical, DKP6112)
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Figure 6.53 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models (25 mm punch displacement, cylindrical, DKP6112)
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Figure 6.54 Comparison of all of the results (25 mm punch displacement,
cylindrical, DKP6112)

Again, slight to no difference in the results can be seen for 25 mm punch displacement

between hyperelastic and hypoealstic based models. Differences are slightly more

noticeable towards the center of the blank especially for combined and kinematic

hardening models.

6.3.1.
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3. 35 mm Punch Displacement
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Figure 6.55 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models (35 mm punch displacement, cylindrical, DKP6112)
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Figure 6.56 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models (35 mm punch displacement, cylindrical, DKP6112)
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Figure 6.57 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models (35 mm punch displacement, cylindrical, DKP6112)
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Figure 6.58 Comparison of all of the results (35 mm punch displacement,
cylindrical, DKP6112)

The results at 35 mm punch displacement resembles to that of 25 mm. Again, very
slight differences can be seen for combined and kinematic hardening models towards

the center and halfway of the blank, better agreement seen towards the edge.
6.3.2. Square Cup Drawing Results

Thickness strain distributions for square cup drawing of DKP6112 for different punch

displacements are given in this part.
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6.3.2.1. 15 mm Punch Displacement - Rolling Direction
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Figure 6.59 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in rolling direction (15 mm punch displacement, square,
DKP6112)

0,2

0,1 —@— Hyperelastic Kinematic

—@— Hypoelastic Kinematic

Thikness strain (mm/mm)

0 5 10 15 20 25 30 35 40
Distance from blank center (mm)

Figure 6.60 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in rolling direction (15 mm punch displacement, square,
DKP6112)
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Figure 6.61 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in rolling direction (15 mm punch displacement,
square, DKP6112)
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Figure 6.62 Comparison of all of the results in rolling direction (15 mm punch
displacement, square, DKP6112)

All models are in almost total agreement for all six of the models considering the

results for 15 mm punch displacement in rolling direction.
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6.3.2.2. 15 mm Punch Displacement - Diagonal Direction
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Figure 6.63 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in diagonal direction (15 mm punch displacement,
square, DKP6112)
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Figure 6.64 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in diagonal direction (15 mm punch displacement,
square, DKP6112)
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Figure 6.65 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in diagonal direction (15 mm punch displacement,
square, DKP6112)
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Figure 6.66 Comparison of all of the results in diagonal direction (15 mm punch
displacement, square, DKP6112)

In diagonal direction again all results in almost perfect agreement.
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6.3.2.3. 20 mm Punch Displacement - Rolling Direction
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Figure 6.67 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in rolling direction (20 mm punch displacement, square,
DKP6112)
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Figure 6.68 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in rolling direction (20 mm punch displacement, square,
DKP6112)
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Figure 6.69 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in rolling direction (20 mm punch displacement, square,

DKP6112)
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Figure 6.70 Comparison of all of the results in rolling direction (20 mm punch
displacement, square, DKP6112)

Good agreement between hyperelastic and hypoelastic based models exist in rolling

direction for 20 mm punch travel as well.
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6.3.2.4. 20 mm Punch Displacement - Diagonal Direction
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Figure 6.71 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in diagonal direction (20 mm punch displacement,
square, DKP6112)
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Figure 6.72 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in diagonal direction (20 mm punch displacement,
square, DKP6112)
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Figure 6.73 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in diagonal direction (20 mm punch displacement,
square, DKP6112)
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Figure 6.74 Comparison of all of the results in diagonal direction (20 mm punch
displacement, square, DKP6112)

Very good agreement between hyperelastic and hypoelastic based models seen at

diagonal direction of 20 mm punch displacement as well.
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6.3.2.5. 25 mm Punch Displacement - Rolling Direction
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Figure 6.75 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in rolling directions (25 mm punch displacement, square,
DKP6112)
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Figure 6.76 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in rolling directions (25 mm punch displacement,
square, DKP6112)
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Figure 6.77 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in rolling directions (25 mm punch displacement,
square, DKP6112)
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Figure 6.78 Comparison of all of the results in rolling direction (25 mm punch
displacement, square, DKP6112)

Good correlation between results can be seen for 25 mm punch displacement as well

except some individual local differences for all three hardening models.
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6.3.2.6. 25 mm Punch Displacement - Diagonal Direction
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Figure 6.79 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models in diagonal direction (25 mm punch displacement,
square, DKP6112)
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Figure 6.80 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models in diagonal direction (25 mm punch displacement,
square, DKP6112)
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Figure 6.81 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models in diagonal direction (25 mm punch displacement,
square, DKP6112)
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Figure 6.82 Comparison of results in diagonal direction (25 mm punch displacement,
square, DKP6112)

Agreement of hyperelastic based and hypoelastic based materials continues in
diagonal direction for 25 mm punch displacement as well.
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6.3.3. Round Bottom Cup Drawing Results

This section gives results of round bottom cup drawing simulation of DKP6112

material.

6.3.3.1. 20 mm Punch Displacement

0,1
€
€ 0
~
€
E o1
c
‘©
*;—; 0,2 Hyperelastic Isotropic
(%]
o Hypoelastic Isotropic
2 03
<
'_
-0,4
0 10 20 30 40 50 60

Distance from blank center (mm)

Figure 6.83 Thickness strain distributions estimated by hyperelastic and hypoelastic
isotropic hardening models (20 mm punch displacement, round, DKP6112)
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Figure 6.84 Thickness strain distributions estimated by hyperelastic and hypoelastic
kinematic hardening models (20 mm punch displacement, round, DKP6112)
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Figure 6.85 Thickness strain distributions estimated by hyperelastic and hypoelastic
combined hardening models (20 mm punch displacement, round, DKP6112)
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Figure 6.86 Comparison of all of the results (20 mm punch displacement, round,
DKP6112)

For 20 mm punch travel in round bottom cup drawing of DKP6112 material little to
no difference can be seen in the results. A difference can be seen at the exact middle
of the sheet due to a numerical discrepancy.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

The study in the thesis involves numerical comparison of two constitutive relations
that have distinct characteristics, namely hyperelastic and hypoelastic based plasticity
models. Three different hardening rules implemented to these material types being
Voce type isotropic hardening [14], Armstrong Frederick type kinematic hardening
[13] and a combined hardening model together with von Mises yield criterion. DP600
material is used only for cylindrical cup drawing simulation to verify material models
implemented by comparing the results to that of Brepols et al. [15] who used a similar
model in their work. Two additional materials, SS304 and DKP6112, are used in
simulations of cylindrical, square and round bottom cup drawing processes. Results

obtained lead us to following conclusions.

1. Punch force results obtained for cylindrical cup drawing simulation of DP600
material for hyperelastic and hypoelastic based plasticity models with
combined hardening show almost exact values to the ones of Brepols et al. [15]
who used combined hardening in their simulation as well.

2. Voce type isotropic hardening [14] model estimates a little higher maximum
punch force value, whereas Armstrong-Frederick type kinematic hardening
[13] estimates smaller one. Almost exact values were seen for hypoelastic and
hyperelastic based models regardless of hardening model in simulation of
cylindrical cup drawing of DP600.

3. For SS304, the simulations of cylindrical and square bottom cup drawing give
extremely close results for hyperelastic and hypoelastic based plasticity

models for the three hardening models. However, for round bottom cup
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drawing of SS304, simulation results sigificanly deviates from each other for
kinematic and combined hardening especially when extreme thinning of a
specimen is predicted.

4. For DKP6112 material, the results of the simulations of cylindrical and square
bottom cup of hyperelastic and hypoelastic based plasticity models match for
all hardening models. Round bottom cup drawing of DKP6112 produced
similar results for hypoelastic and hyperelastic based material models as well.

5. It can be said that, hyperelastic and hypoelastic based plasticity models give
almost the same results for isotropic hardening. However, for kinematic and

combined hardening, they may result in different deformed configurations.

As future work, it would be useful to compare the obtained simulations results with
experimental data and anisotropic yield criteria may be applied to further compare
these two fundamentally different material models. Different integrations algorithms

such as exponential map algorithm can be tried to improve results.
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APPENDICES

A. NEWTON RAPHSON METHOD

A system of n number of nonlinear equations (fi, f5, f5 ... fn) Which have n number

of unknowns (x4, x,, x5 ... x,,) can be solved using Newton Raphson method

£, (X, Xy 000, X, )= 0
f, (X, X5, X, )=0
[y, x5, %5 X)) = 204 %, : ) (A1)
f (X, %Xy X, )=0
Defining Jacobian of the system as:
o, oy
X, OX, OX,
JCe1, %2, X3 . X0) = | Bx, X, ox, (A.2)
of, of,  of,
| 0%, OX, oX, |

Let y, be initial set of guesses for the solution then improved set of guesses for

solution y; can be found using:

Y1i=Yo — (](3’1:3’2»3’3 ---J’n))_lf(Y1:J’2»3’3 V) (A3)

Solution can be found through this equation in an iterative manner to reach a desired

precision.
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