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Abstract

The history of a metal’s handling is imprinted on the material, due to the microstructure
evolution happening inside, which is known to influence its macroscopic mechanical
properties. Predicting the microstructure using forming simulations can help to ad-
just industrial process parameters to obtain application favourable material properties.
However, due to the development of the microstructure being temperature, strain and
strain-rate dependent, its evolution might vary at points of different strain rates during
large deformations, even within an isotropic alloy composition. This is partly the case
because the deformation leads to an increase in thermal energy in the crystal system,
which in turn can lower the energy threshold for slip system activation. The presen-
ted work explains the physical effects of plastic deformation in polycrystalline metals
of isotropic chemical composition and applies a multiscale simulation approach, that
couples the evolution of the microstructure via the [Visco-Plastic Self-Consistent (VPSC)
mean-field model for texture simulations to a commercial [Finite Element Method (FEM)|
software. This method is computationally less expensive than typical [crystal plasticity]
(CP)FEMfmodels and allows simulating industrial scale metal forming processes together
with the developing microstructure. An optimization model is used to determine the
4 parameters per slip mode of the extended Voce hardening law, which is done for an
industrial 5754 (AlMg3) alloy at several constant temperatures by simulating
tensile tests and comparing them with measured force-displacement curves. Furthermore,
a method for estimating the slip system activation with temperature change is presented.
The macroscopic material behaviour of the investigated alloy was brought into good
agreement with the measurements of forces at constant temperatures by adjusting the
hardening parameters of the microstructure model. The aim of developing a model for
simulating temperature dependent industrial metal forming processes that depends on
only a few, easily determined material parameters was achieved and evaluated against
experimental results.
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Kurzfassung

Die innere Struktur eines Metalls ist das Ergebnis der durchlaufenen Prozesse und hat
einen grofsen Einfluss auf die Eigenschaften eines Werkstoffes. Die Vorhersage der Mi-
krostruktur mithilfe von Umformsimulationen kann helfen, industrielle Prozessparameter
anzupassen, um anwendungsfreundliche Materialeigenschaften zu erhalten. Da die Mi-
krostrukturentwicklung jedoch von der Temperatur, der Dehnung und der Dehnungsrate
abhéngt, kann sie bei groften Verformungen selbst bei einer isotropen Legierungszusammen-
setzung an Stellen unterschiedlicher Dehnungsraten variieren. Teilweise ist dies der Fall,
weil die Verformung zu einer Erh6hung der Wérmeenergie im Kristallsystem fiihrt, welche
wiederum die Energieschwelle fiir eine Gleitsystemaktivierung senken kann. Die vorliegen-
de Arbeit erklart die physikalischen Effekte plastischer Verformung in polykristallinen
Metallen isotroper chemischer Zusammensetzung und wendet einen mehrskaligen Simula-
tionsansatz an, der die Mikrostrukturentwicklung tiber das [Visco-Plastic Self-Consistent]
[VPSC)}Mittelfeldmodell fiir Textursimulationen mit einer kommerziellen
[Method (FEM)FSoftware koppelt. Diese Methode ist weniger rechenaufwendig als typi-
sche Kristallplastizitits-, eng. [crystal plasticity (CP)| [CPFEMFModelle und ermdglicht
die Simulation industrierelevanter Metallumformungsprozesse zusammen mit ihrer Mi-
krostruktur. Uber ein Optimierungsmodell werden die 4 Parameter pro Gleitsystem des
erweiterten Voce’schen Verfestigungsgesetzes fiir eine 5754 (AlMg3) Legierung
bei mehreren konstant gehaltenen Temperaturen bestimmt, indem Zugversuche simuliert
und mit gemessenen Kraft-Weg-Kurven verglichen werden. Weiters wird eine Methode
zur Abschitzung der Gleitsystemaktivierung bei Temperaturdnderung vorgestellt. Das
makroskopische Materialverhalten der untersuchten Legierung wurde durch das Anpassen
der Verfestigungsparameter des Mikrostrukturmodells in gute Ubereinstimmung mit den
Messungen konstanter Temperatur gebracht. Das Ziel, ein Modell fiir die Simulation
temperaturabhéngiger industrieller Umformprozesse zu entwickeln, welches von nur weni-
gen, einfach zu bestimmenden Materialparametern abhéngt, wurde erreicht und anhand
experimenteller Ergebnisse evaluiert.
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1 Introduction to multiscale Modelling

Simulations in material sciences provide a supporting role for understanding the underlying
physical effects in context with the material properties. Furthermore, simulations can help
in the development of new parts as well as evaluating the feasibility of new applications
for certain alloys. To correctly model a material’s behaviour, a theoretical understanding
of the processes happening inside is necessary. For metal-forming applications, it is well
known that the history of the metal’s handling is imprinted on the material, due to the
microstructure evolution happening inside. To make reliable material property predictions,
both the chemical composition and the microstructure needs to be accounted for |23].
However, for this thesis, a homogeneous distribution of the chemical elements is assumed,
as the focus is on the anisotropic behaviour that is the result of the microstructural
change due to crystal plasticity. Other, here neglected, processes that can influence
the microstructure include recrystallization and phase transformation [23]. While most
concepts of microstructural phenomena are formulated within a continuum approach,
which are on the mesoscopic length scale in the order of pm, the underlying mechanisms
take place on an atomistic level [23]. Table|l.1|provides an overview of the different length
scales.

Property ‘Atomistics Microstructure Continuum Mechanical Part

Length Scale ‘ nm pm mm m

Table 1.1: In multiscale modelling macroscopic properties, microstructure and atomistic
processes happen in different length scales. Table after [23].

For solving the multiscale problem in this thesis, two different theories are combined: A
mathematical mean-field model for calculating the microstructure evolution of statistical
representative grains inside a continuum deformation, that is computed via the
|[Element Method (FEM)| On the one hand, gives the capability of obtaining detailed
solutions on the mechanics of a deforming solid. On the other hand, [Visco-Plastic Selfy
|Consistent (VPSC)| model, which is the used mean-field model for the polycrystalline
relations, updates the microstructure and provides the resulting anisotropic response to
the solid body. This approach has proven to be more suitable for industrial multiscale
forming applications, due to the reduced computational resources required, if compared
to full-field [crystal plasticity (CP)|[CAFEMlmodels [1}, [16].

Following the motivation and the aim of this thesis in Section an explanation
of some important quantities and nomenclatures is given in Section [I.2] Starting from
the underlying crystallographic structure of a metal in Section [2.1] proceeding to the
resulting microstructural properties in Section [2.2] the underlying physical effects in




1 Introduction to multiscale Modelling

metal deformations are discussed. The observed macroscopic behaviours of ductile metal
aggregates are laid out in Section [2.3] The computational methods are discussed in
Section |3| and contain the use of for solving the |Partial Differential Equation (PDE)|
of the solid body deformation problem from Section Here, also the usage of the
program with its connection to the solver LS-DYNA® is explained,
together with the conceived method for providing hardening parameters for the thermo-
mechanical deformations. Results are presented in Section [4] with a discussion and outlook
provided in Section

This thesis was done in cooperation with the numerical simulation groupﬂ of the
Leichtmetallkompetenzzentrum Ranshofen (LKR)| GmbH, a subsidiary company of the
Austrian Institute of Technology (AIT)| GmbH, during an employment of the author. All
measurement data and computational equipment was provided by [LKR]}

1.1 Motivation and Aim of Thesis

This thesis deals with implementing and validating a method for providing temperature-
dependent hardening parameters for anisotropic microstructure modelling of a polycrys-
talline solid body aggregate. The aim is the numerical prediction of changes in the
microstructure during thermo-mechanical processing of Al-alloys, considering several slip
systems of a certain slip mode at different temperatures. The work done by the author
consists of a literature study concerning hardening laws, coding and adapting subroutines
in Fortran and the application of the developed code to simulate thermo-mechanical
treatment of aluminium alloys.

1.2 Definitions and Nomenclature

Some definitions and nomenclatures are scale independent and are defined preliminary
as they are used in the microstructure modelling as well as the macroscopic continuum
deformation. This includes the continuum configuration changes discussed in Section [I.2:1}
as well as the definitions of stress and strain in Section Note that throughout this
thesis index notation as well as sum convention over double appearing indices are used,
with 4, j,k,l,m € {1,2,3} referring to the three spatial coordinates, if not specifically
mentioned otherwise. Furthermore, no difference between co- and contravariant tensors is
regarded as an orthonormal basis system is always assumed. Tensors are printed bold
in text, with vectors in some images displayed using an arrow to empathize directional
behaviour.

1.2.1 Continuum Configuration and Deformation Gradient

The movement of a continuum in space is defined through the reversible, non-linear

mapping Equation (1.1),
x:=xz(X,t) (1.1)

'Link: https://www.ait.ac.at/en/research-topics/numerical-simulation (visited on 28/07,/2024)


https://www.ait.ac.at/en/research-topics/numerical-simulation

1.2 Definitions and Nomenclature

which assigns a material point P, that occupies at the initial moment ¢ = ty a spatial
position given through the position vector X, the current configuration position @. The
initial positions of the material form a reference or original configuration ¢C of a volume
Q the body is occupying. A snapshot of the material points taken later in time and give
a new configuration for the material points in 2, denoted by ;C [25, [11]. Inside a fixed
orthonormal global coordinate system, this means explicitly for the initial conditions

Equation (1.2a) and Equation (|1.2b)),

(X, ty) =1 X (1.2a)

&(X, to) =: Vo(X) (1.2b)

where Vi denotes the initial deformation velocity vector at each point. In a continuum
deformation, the deformation gradient tensor F is used to relate a pre-deformation
configuration of a solid body to its current one, Equation (1.3]) [25, [20].

. &Tz
- 0X;

Fij (1.3)

Considering u(X,t) giving the deformation vector, also used for the infinitesimal stress
and strain tensor definitions in Section [I.2.2] the change of a point from the reference
configuration Py to the current one Py is given by Equation (|1.4]).

z(X,t)=u(X,t)+ X (1.4)

Plugging Equation (1.4) into Equation ([1.3)), a connection between the displacement
gradient tensor H to the deformation gradient F can be derived Equation (|1.5),

aui

0X;
~—~—

'Hi]'

Fij = (Sij + (15)

where again X describes the points in the pre-deformation configuration, & the ones of
the deformed, u(X,t) the displacement vector and d;; the Kronecker delta, noting 1 if
i=jand 0if i # j [25]. Figure shows a general representation of the above described
quantities and their relationships between different continuum configurations that share a

1
common global reference system e?.
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Figure 1.1: Sketch of a deformation of a continuous body

The connections displayed in Figure[I.1]as well as the definitions laid out in Section[1.2.2]
are of high importance when dealing with the kinematics of the macroscopic solid body
deformation in Section [2.3.2] and the polycrystalline viscoplasticity theory outlined in

Section 2.3.11

1.2.2 Stress, Strain and Strain-Rate

Stress, strain and strain-rate (time derivative of the strain) are the basic quantities used
to describe the mechanics of deformation when a body transforms from one configuration
to another. Note that the stress and strain tensors are field terms defined for each point
in the solid body, using a fixed orthonormal reference frame. The explicit mention of the
spatial coordinates is omitted for better readability. The following definitions have been
taken and cross validated from [15, |10, 34, 7] to ensure consistency throughout this thesis.
Furthermore, the notation of formulae has been adapted where the need arose.

Stress o is the intensity of force F' = (F, Fy, F.)T at a point A — 0. Because the
definition of o contains a force, which is in itself a vector, and an area, nine components



1.2 Definitions and Nomenclature

are needed to describe the symmetrical Cauchy stress tensor o;; = 0;; as Equation ([1.6]),
(1.6)

where the indices 7, j noting the spatial coordinates {z,y, z}. If the stress is normal to
the area on which it acts, (0, oyy and 0), it is referred to as normal stress, that can
be either compressive or tensile. If the force is parallel to the area it acts upon (0., 0.4,
Oay,0zy, Ogz OF Oyy), shear stress is observed. Only six independent components o;; exist,
due the symmetry of . Three for the normal and three for the shear stress. To follow
usual notation in literature, normal stress components will be noted with just one index
0z,y,~ and shear stress ones by the letter 7 from here on forward.

There always exists a set of three axes 1, 2 and 3, called principal stress axes, along
which the shear stresses vanish. The three principal stress components o, are defined as
the roots o1, 09, 03 of the cubic Equation

02—110'5 —IQO'p—Ig =0 (17)

and are normal to the principal stress axes mentioned beforehand. In Equation (|1.7))
11, I, I3 are independent of the orientation of the axes and are therefore called the three
invariants of the stress tensor. In terms of the principal stresses, they are described by

Equation (|1.8]).

L =0,+0y+0,=01+02+03

Iy = —(0g0y + 0yo, +0.0,) + r§y + Ty2z + 72, = —(0109 4 0903 + 0301) (1.8)

2 2 2
I3 = 0,040, + 2Ty Ty:Tox — OxTop — OyToy — 02Ty = 010203

The linear 17 and quadratic Is invariants have particular physical significance for plasticity.
Another important stress definition is the deviatoric stress tensor o', that is defined
using the stress tensor of Equation (1.6 by Equation (1.9)),

O-z/‘j = O’ij — 51’ij (1.9)
where ¢;;, denotes the Kronecker delta and o, = %(01 + 09 + 03) is the hydrostatic
component of the stress. Note that the components of 0'2]- are not independent, as its
trace does disappear.

Strain ¢ or v is defined in the infinitesimal deformation theory, by the infinitesimal
strain de = dl/l, where the change in length dl over one dimensional length [ within a fixed
coordinate system in the material configuration is evaluated. This leads to the natural
or true strain ¢, describing the total deformation amount of the initial, pre-deformation

length [y, by Equation ((1.10)),
l1 l
£ 1= / de =1In <1> (1.10)
lo lo
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Conventional engineering strain ¢, on the other hand, describes the amount of extension
or contraction Al = [; — [y per unit original length or height [y, Equation (1.11]).

Al
e =

=7 (1.11)

The material displacement field u(z,t) = wu;e; gives a deformation vector u at each point
z in space at time ¢, where u; denotes the directional magnitudes of the deformation and
e; defines an orthonormal reference system for the observer. By assuming infinitesimally
small deformations, a symmetrical strain tensor field € can be expressed by the components

€ij, giving Equation ([1.12)).
1 8ul 8uj
= = 1.12
©ij 2 (856] + aﬂfz) ( )

Similar to denoting 7 for the shear components of the Cauchy stress tensor o in
Equation (1.6), the engineering shear strains +;; can be seen as the six off-diagonal
elements of €. They are explicitly defined by Equation ([1.13]) under the condition of i # j.

o Buz + 8Uj
Vi = 833]' axz

(1.13)

Strain-Rate ¢ = Al /lo is defined using the time dependent length change Al over length
lp and can be expressed using the gradient of the deformation velocity ; = Ou;/0t,
where u; = u;(X,t) shall describe the displacement field components of a spatial point
X at a time t. The symmetric strain-rate tensor for small strains can be written as

Equation (1.14)). ) )
. 1 (0w Ou
P 1.14
EU 2 <6$3 + 81’1> ( )




2 Theory of Metal Deformation

The theory section is split into two main parts. While Section [2.2] focuses on the
microscopic scale, Section [2.3] establishes a common ground for understanding plastic
deformations. Section [2.1] gives a brief introduction into the crystal structure of metals
and the definition of material defects, as they are the physical background for metal
deformations and texture changes. The order of Section to is set by going over
multiple orders of magnitude, starting from the atomic building blocks of metals leading
to the macroscopic deformation theory. In literature, the macroscopic and microscopic
length scales are commonly described together, as the theory of deformation and failure
is intertwined with the propagation of defects in the material.

Keep in mind that in this thesis, the topic of chemical inhomogeneities, i.e. local
changes in the type of atoms, as well as phase changes, are not considered for the plastic
deformation calculations. The microstructure from Section 2.2 is treated as anisotropic
regarding the orientation of the grain structure, but isotropic regarding the chemical
element distribution.

2.1 Underlying Physical Concepts

Atoms are the building blocks of solid matter. Their arrangement and type of binding can
lead to different material properties. For metals, the atom arrangements are described by
close-packing of equal spheres, which are a result of the strong metallic attraction the
atoms experience with each other. This model describes well a wide range of physical
material properties, including deformations and material defects. Most metals crystallize
either into [Hexagonal Close Packed (HCP)| [Face Centered Cubic (FCC)|or|Body Centered|
Cubic (BCC)| structures [6]. Typical metals in configuration are zinc, magnesium or
cadmium, in [BCC| alpha iron, vanadium or tungsten and in [FCC]| copper, aluminium or
lead [9].

2.1.1 Crystal Structure

Before the atomic structure of materials was known, minerals were described with their flat
facets as the outstanding feature. Crystallographers classified the shapes and symmetry
of crystals into 32 point groups, or crystal classes, which themselves are based on 7
crystal systems. Namely, cubic, tetragonal, hexagonal, trigonal, triclinic, monoclinic
and orthorhombic |6, [7]. The primitive unit cells of the crystal systems are displayed in
Figure 2.1 with their lattice constants a, b, ¢ and angles «, 3,.
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Figure 2.1: Primitive unit cells of the crystal-systems

The modern conception defines an ideal crystal as an infinite, periodic arrangement
of structural elements. These structural elements of the lattice are called basis, which
can consist either of single atoms or more complex configurations. For a 3D point group,
where at least one point is fixed in space, there exist exactly 10 symmetry operations,
namely 1, 2, 3, 4 and 6-fold symmetry axes as well as their respective rotary inversion
axes, which are a combination of the rotational axes with a centre of inversion. The
set of symmetry operations that transform the crystal classes into themselves creates a
mathematical group. Assuming the spatial grid not to be bound by any stationary points,
the translational symmetry groups, glide mirror planes, screw axes etc., extends the 32
crystal classes to 230 different space groups |7]. Considering symmetry operations, note
that the basis does not need to have the full symmetry of the lattice. Taking the basis
to be of spherical symmetry, which is the highest one possible, only 14 different space
groups, the so-called Bravais lattices, exist [7].

Furthermore, it is important to recognize that due to thermodynamic laws, real crystals
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are never perfect. Some atoms will always diverge from their equilibrium positions in larger
structures, creating symmetry breaks in the lattice. Defects are normally classified by
their dimension. Vacancies and interstitial atoms are point defects, whereas dislocations of
lattice atoms are line defects and grain or phase boundaries are said to be of planar form [6].
Point, line and planar defects are briefly discussed with more detail in Section [2.1.1]

Planes and Directions

A plane consisting of multiple lattice points inside the crystal is referred to as a lattice
plane. The orientation of such a plane can be classified by the intersections with the
crystallographic axes. If these intersections are in the unit of lattice constants, each
plane is defined by three numbers, where crystallographically parallel planes are integer
multiples of these triples. This leads in crystallography to a reference system where all
parallel lattice planes are referred to by using the same triple, namely the Miller indices
(hk1) [7]. Their construction is done by Equation (2.1]), where the intercepts of the plane
with the cubic crystal axes are measured in multiples m, n and ¢ of the lattice constants
of each direction. Have m, n and ¢, together with their least common multiple r, been
determined, the multiplicative inverses 1/m, 1/n and 1/q are calculated. By multiplying
with 7, the Miller indices of a set of parallel planes are found. If no intersection with an
axis takes place, i.e.the plane is parallel to a surface plane of the crystal, the respective
inverse is set to zero [6].

(hkl)i=r- [;iﬂ (2.1)

In some lattices, the before mentioned method of plane identification can lead to
different Miller indices for equivalent planes. To address all equivalent planes in a crystal,
the notation {h kl} is used instead of (hkl). In a cubic reference frame, for example,
{100} would refer to all cubic sides with their respective parallel planes ((100), (010)
and (001)) even though the sets of Miller indices are not integer multiples from each
other [7].

Similar to crystallographic planes, directions in a crystal can also be identified via the
Miller indices [uvw], which are the set of the smallest integer numbers that create the
direction vector in reference to the crystal axes. The set of crystallographically equivalent
directions are noted by (uwvw) |6, [7]. To give a visual example, Figure [2.2| displays the
planes (100), (110) and (111) of a cubic crystal structure together with their respective
normal vectors [100], [110] and [111] in Miller notation.
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Figure 2.2: "Crystallographic planes" by Ott et al., |24], used under |CC BY 4.0.

Structural Defects

Defects in the crystal structure, are formed during crystal growth or introduced by
subsequent handling. They are most fundamental and also play an important role in
giving metallic materials their respective properties. For example, metals have favourable
conditions for many construction and load bearing applications, due to plastic deformation
being the result of crystal defect creation and movement through the materials |9} |6]. See
Section on more information.

Impurities are one kind of point defects and include single atoms of a different material
being deposited inside a crystal structure of another and are important for solid solution
strengthening. Taking them aside, there exist two types of structural point defects:
vacancies, as not occupied lattice places, and interstitial atoms. In metals, a vacancy
can be thought of as a surface near atoms jumping onto the crystal surface, leaving an
empty lattice space that is located inside the crystal through atom movements [6]. Such
faults are often thought to be separated by distances in the order of one thousand atomic
spacings and extend over volumetric areas of 100 to 1000 atoms [9]. If an atom is moved
to an interstitial lattice site, a point defect pair (Frenkel defect) is created. In the near
vicinity of a point defect, surrounding atoms are dislocated from their lattice space to
adapt for the misplacement [6]. The typical form of line defects, atom misalignments,
are commonly referred to as dislocations. Here, faults occur alongside a line where an
abrupt discontinuity of the lattice takes place. This can either happen in the form of an
edge or screw dislocation and is displayed in Figure 2.3] together with the Burgers vector
b and the dislocation line vector L, that follows along the line defect. In case of screw
dislocations b will be in parallel to L whereas in the case of an edge dislocation b will be
normal towards L |7].

The construction of b is done as follows: Are four lines drawn along the grid between
the lattice points A, B, C and D (see small upper image in Figure , they will close
when put together, so long as no line defect is present inside the loop. However, if an
edge or screw dislocation is present, because the loop was drawn around L, the difference
needed to close the loop is given by the Burgers vector, as Figure 23] shows. By defining
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the orientation of the loop, b will not only give the magnitude of the dislocation but also
the direction of the misalignment .

Burgers Vector b
Dislocation Line Vector L

Figure 2.3: "Burgers vector in an edge dislocation (left) and in a screw dislocation (right)"
by Martin Fleck, , used under |CC BY-SA 4.0.

In the most simple case of line defects, the dislocation line will run throughout the
whole crystal, from one surface to the other. Due to topological reasons, the dislocation
line L can never end inside the crystal. It can only change its direction. However, in such
a case, the relative orientation towards b will stay the same. This leads to the possibility
of fully closed dislocation lines inside the crystal system . Note, that dislocations are
not static and can move, which results in the plastic deformation. The force K on a
dislocation defined via its Burgers vector b and dislocation line L, under a stress matrix
o of Equation , is given by the Peach-Koehler relation in Equation I@I

K=(0-bxL (2.2)

The plane along which a dislocation moves is called a glide or slip plane, with the direction
of slip defined using the mentioned Burgers vector b, as Section lays out [6].

Planar defects include grain boundaries and stacking faults. While grain boundaries
refer to interfaces between volumes of same crystal orientations and are of high importance
in polycrystalline material (see Section [2.1.2 and [2.2.1)), stacking faults can change the
crystal order [7].

2.1.2 Single versus Poly-Crystals

The discussion of crystal structure in Section does make it clear that the inner
structure is of strong importance for the mechanical behaviour of materials. As a
result of solidification from the melt, most solid state materials have a polycrystalline
nature. This section shall lay out how single crystals differ from polycrystals. Details
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2 Theory of Metal Deformation

on the microstructure of polycrystalline materials can be described from a mesoscopic
perspective and is found in the follow-up Section Throughout Section [2.3] the theory
of macroscopic plastic deformation is briefly discussed based on the assumption of a
homogeneous, ductile continuum without talking about the inner physical structure.
However, to fully understand the mechanical properties of metals, the polycrystalline
nature of the aggregate still has to be considered.

Single Crystal

In a perfect crystal, the atoms are positioned in equilibrium at their lattice placement
within a periodic structure. Following current theory, the cohesive forces binding the atoms
together are such that a perfect metal crystal would withstand much greater applied stress
than is macroscopically observed. This discrepancy is attributed to faults in the lattice
structure, mentioned in Section 2.1.1] Regarding plastic deformation, it is important
to understand that dislocations can be seen as quasi-particles moving throughout the
crystal as relative displacements of the atoms, which are in the order of 1 or 2 atomic
spacings |9

Should plastic deformations only occur homogeneously, similar to elastic ones, the
crystal structure itself would have to change. This does not occur in nature, as it has
been verified by X-ray examinations that the crystal structure stays intact during the
deformation process. As a result, macroscopic deformations in single crystals can only
occur by moving crystal areas by integer multiples along crystallographic planes, named
slip- or glide-planes [6, 9] (see Section [2.2.2).

The overall shape change of a sample is the direct result of the positional movement
from individual atoms in the underlying crystal structure. During an ongoing deformation,
additional dislocations are being freed or created, whose movements result in an overall
strain. The macroscopically observed plastic strain being irreversible is attributed to
the trapping of dislocations at other faults, which are not mobile under the external
stresses. Free dislocations are progressively impeded by the local disordering of the lattice
at points where trapped dislocations accumulate. Note that the increase in potential
energy of the deformed crystal is only a small fraction of the work being done by the
applied stress, as the vast majority appears as vibrational energy of the atoms in or near
moving dislocations and is dissipated as heat in the crystal 9.

Polycrystalline Aggregate

A metal, in the commonly used form for structural parts, is a compact aggregate of
crystal grains with varying shapes and orientation, where each grain has grown from
a separate nucleus and is considered a single crystal by itself [9]. The grain structure,
refers to the arrangement of the grains in a metal, with a grain having a particular
crystal structure [3|, described in the preliminary Section One important aspect
of polycrystalline aggregates is the average size of the grains, as the grain size partly
determines the properties of the metal. For example, smaller grain sizes increase the
tensile strength and also tend to increase ductility [3].

12
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Another important feature of polycrystalline materials, and the main focus of this thesis,
is the orientation of the single crystallites towards the sample axes. While many technical
materials may be considered macroscopically isotropic if the orientations of these grains
are randomly oriented and their dimensions small compared to the sample as a whole, some
material properties are not just simple averages over all grain orientations. This is the case
because the single crystals themselves are anisotropic and exhibit directionally dependent
behaviour |7, [9]. For example, polycrystalline properties that can to an approximation be
seen as averages over the bulk structures, are the coefficient of thermal expansion or the
elastic moduli. For the analysis of plasticity this does not necessarily hold, especially if
the grains are larger compared to the sample and exhibit ordered orientations [9|. Further
differences in behaviour shown by polycrystalline aggregates compared to single crystals
are the result of the grain boundaries between the individual crystals, which are usually
one to three atom diameters in width [3]|. In these transition zones, the atoms take up
equilibrium positions between the normal position of the adjacent lattices and have as a
result higher free energy than the atom of the connected grains. As a consequence, they
are main agents of viscous flow, intercrystalline fracture and are a potential source of
dislocation generation but at the same time hindrances to the passage of others. Due to
being at the centre of stress concentration, a dislocation arriving at a grain boundary can
activate slip on a plane in a neighbouring crystal [9].

A sketch showing a polycrystalline surface and how it refers to the crystal structure
from Section is shown in Figure 2.4 below. The topic of crystallographic slip is
discussed in Section 2.2.2]

GRAIN

BOUNDARY MINUTE
INDIVIDUAL
CRYSTALS

()

Figure 2.4: "Grain and boundaries (a) Microscopic (b) Atomic" by US Department of
Energy, [3]. Public Domain.

Grain boundaries can also have a more direct influence. For example, re-crystallization,
that causes movements as well as the creations of new grain boundaries, which leads
to the de-hardening of deformed metallic bodies |9, 6]. While phase conversions and
re-crystallization are not in the main focus of this thesis and are not discussed further,
more information on grain orientations and their respective influence on the mechanical
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behaviour of metals, is provided in Section 2:2.1] and [2:2.2]

2.2 Microstructural Material Considerations

Most metals used in load-bearing applications have a polycrystalline structure. This
means that the aggregates are composed of a multitude of crystallites, called grains. The
crystallographic orientation of these grains refers to how the atomic planes in a volume of
crystals are positioned relative to a fixed reference frame and is called texture [26]. A
metal may be regarded as macroscopically homogeneous and isotropic when the crystal
grains forming the aggregate are distributed with random orientations. However, as a
result of being plastically deformed, the individual crystallographic directions of the grains
are rotated towards a common axis, producing a preferred orientation. A previously
isotropic material of randomly oriented grains has therefore become anisotropic, resulting
in its bulk material properties varying with the direction |6]. A preferred grain orientation,
in regard to the sample, can be further influenced by thermomechanical processes [26].
Figure [2.5] shows a sketch of how such a preferred orientation might look like on a 2D
surface. While in Figure 2.5h the arrangement of the grains is random in a way that no
preferred orientation of the metal sample exits, Figure [2.5b shows how grain-oriented
structure might develop in the [Rolling-Direction| of metal sheets [3].

(») (B)

Figure 2.5: "Grain Orientation (a) random (b) preferred" by US Department of Energy, |3].
Public Domain.

Microstructure-level information from a sample might be extracted experimentally
via different methods and measurement techniques. Even though the author of this
thesis did not perform any experimental measurements personally, one commonly used
technique for orientation mapping, [Electron Back Scatter Diffraction (EBSD)| shall be
mentioned here, as this was used to extract texture data used for the simulated sample.
[EBSD] microscopy can establish a direct link between the crystal orientations and the
microstructure. Measuring a grain orientation at each grid point allows obtaining a
crystallographic map, or texture map [26].
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2.2.1 Texture

As mentioned in Section[2.1.2] many material properties in polycrystals are texture specific,
ranging from its strength, ductility and toughness to a metal’s magnetic permeability
and electrical conductivity. While by classical definition a grain has a single distinct
orientation, in practice, a grain may vary in a continuous or discontinuous manner, termed
orientation perturbation. In particular, perturbations can appear near interfaces and in
deformed structures, reflecting the distribution of a strain |26].

To describe the crystal orientation and display a texture map, it was already mentioned
that a common global coordinate system must be defined as a reference for all grains in
the aggregate, like shown in Figure for a cubic crystal symmetry. The colour encoding
of such a texture map displaying 3D rotations is commonly done via an
based on the concepts of stereographic projections and the crystal symmetry of
Section It is shortly described throughout the following paragraphs.

Coordinate systems

Two right-handed Cartesian coordinate systems are required to describe grain orientations
in a polycrystal aggregate. While one relates to the crystal, the other one relates to the
sample as a whole. The axes of the sample are chosen according to important surfaces
or directions associated with the aggregate, which can be seen in Figure 2.6a] Relating
to a rolled product, the [Rolling-Direction (RD), as the name implies, describes the
direction along which the sample was rolled, while the [Normal-Direction (ND)|relates to
the thickness of the sheet metal. The [Transverse-Direction (TD)|relates to the width of
the sheet metal.

ND

Metal Sheet Forming Rolls
\ \» 7 e

N—

Pos __— Sample
e Cr}/;stal, grain
(b) "Coordinate systems of a rolled sheet" by

(a) Rolling of a polycrystalline metal sheet. Ott et al., |24, used under |CC BY 4.0.

Figure 2.6: Relationship between the sample coordinate system with the spatial axes
named |[Rolling-Direction (RD)| [Transverse-Direction (TD)| and [Normaly
[Direction (Nm to the crystallographic axes of a cubic single crystal.
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Note that the displayed reference systems in Figure [2.6] are used throughout this thesis
as crystallographic slip, described in Section [2.2.2] occurs in each grain and needs the
same cubic crystal axes ef, 3, from Figure [2.65]

In theory, the choice of the reference systems can be arbitrary, likewise to the sample
axes €7, 5, it is also convenient for the crystal axes to refer to the body it is describing by
making use of crystal symmetries. The crystal axes in the grain displayed in Figure [2.6b
are specified using the crystal coordinate system, noted by the Miller indices, and may
vary whether the metal is either of (both cubic) or type. In case of cubic
symmetry, the indices [100], [010], [001] form an orthogonal frame 26|, meaning this
can be easily adopted for the use of [FCC| metals like aluminium. Considering this, the
reference systems basis for the sample e} and crystal e shall be defined by Equation

and Equation ([2.3b)) respectively.

e 53 := {RD,TD,ND} (2.3a)

ess = {[100],[010],[001]} (2.3b)

Having the sample and crystal reference systems specified, an orientation can then be
defined as the position of the crystal coordinate system basis e with respect to the
sample coordinate system e} via Equation (2.4),

where R denotes the 3D rotation or orientation matrix, transforming from one orthonormal

system to the other. Its components R;; are constructed by the cosines of the angles «;;
between e; and e} leading to the rotation matrix Equation (2.5) [26].

Rij 1= COS (45 (2.5)

As the angles o;; of Equation are not independent of each other, a reduction of
variables can take place. Common rotation descriptor include Rodrigues vectors and
Euler angles, with the second one described below [26].

Even though R relates the coordinate systems e} and e via Equation , it is
important to note that the specification of these reference systems are not usually unique
and a number of solutions to Equation might exist, depending on the symmetries for
both the sample and the crystal. Considering a crystal of cubic symmetry, like[FCC| means
that there exist 24 different solutions, due to the number of existing symmetry operations
for a cube. The full set of said rotation solutions can be obtained by premultiplying R;;
of Equation by each of the 24 equivalent orientations. As mentioned, each of the 24
rotations refer to the same orientation, meaning generally any can be chosen to represent
the texture. Often the selection of a particular crystallographically related one helps to
both facilitate representation and allows for further physical insight into the obtained
texture data [26].
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Euler Angles and Euler Space

It was mentioned that the rotation matrix Equation overdetermines the orientation,
as only three independent variables are needed. The most commonly used set of rotations
are given in Euler angles, which reside as coordinates in Euler space. The angles refer
to three rotations done in sequence. Different notations exist for them, with the most
prominent one being in the Bunge convention, formulated by the scientist of the same
name [26]. Here, the rotations occur in the following sequence:

1. ¢ rotates around e (NDJ), transforming and to ’ and
2. ® rotates on the new axis e{” (RD])

3. ¢2 rotates around e5” (NDJ)

with ¢1, ¢o and ® being the Bunge convention Euler angles. Analytically, these three
angles represent the rotation matrices R?* in Equation (2.6a), R® in Equation (2.6 and

R?2 in Equation (2.6b) [26].

cos¢p; sing; O

R% := | —sin¢; cos¢; 0 (2.6a)
0 0 1
1 0 0
R*:= [0 cos® sind (2.6b)
0 —sin® cos®
cos¢y sings 0
R% := | —singy cospy 0 (2.6¢)
0 0 1

The rotation matrix R from Equation (2.5)) is now linked to ¢1, ® and ¢9 by subsequently
applying the rotations in Equation (2.6) as Equation (2.7]) shows [26].

R=R".R®. R" (2.7)

Stereographic Projection and Inverse Pole Figures

The orientation of any 3D vector in a crystal, like a crystallographic direction or a plane
normal, can be described as a point on the unit reference sphere. Provided that the
sphere is attached to an external reference frame, the position of the pole on the sphere
also provides information on the crystallographic orientation, even though, the crystal
will still have one degree of freedom left. It can still rotate around its own axis [26].
The representation of the unit sphere into a 2D plane can be done via a stereographic,
equal-area or a gnomonic projection. Note that this thesis will work with the first type
of projection, as this is the one most commonly used in crystallography and metallurgy
alike, as it preserves the angular relationships in the crystal. The main application of
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such projections in texture analysis lies in the creation of [Pole Figure (PF)|and |[Inverse|
[Pole Figure (IPF)| maps, respectively |34} 26].

A crystal can be represented by a set of normals to their respective crystallographic
plane. To create a stereographic projection for representing a 3D angular relationship
on a plane, first a crystal of set symmetry is put in the origin of the unit sphere that
circumscribes it. Next, the plane normals in the crystal intersect the sphere at specific
points, called poles, and form a spherical projection, leading to the symmetry of the
crystal itself being carried onto said sphere. In particular, this means that the respective
reference sphere is being divided by the crystal symmetry planes into spherical triangles.
As implied, the amount of the so-called spherical unit triangles depends on the type
of crystal and may vary between 48, 24 and 8 for cubic, hexagonal and orthorhombic
systems, respectively. For a final step, to create a 2D representation, the spherical poles
are projected from the south pole of the unit sphere onto the bottom plane, creating the
stereographic projection from one half of the sphere for the [PF] The axes of [PFp are

typically taken to be of the polycrystalline aggregate er o3, ¢.g. RDINDITD] as predefined
poles of multiple crystals are plotted together [26].

The stereographic projection of the cubic planes onto the surface seen in Figure
can be accomplished by calculating the 2D coordinates pairs (X, Y") of the cubic crystal
planes {100} and {111}, using the projection formulae Equation (£2.8)),

(X,Y) ::< R > (2.8)

z4+1" 2+1

that use the Cartesian coordinate set (z,y,z). Figure displays a stereographic
projection for a cubic symmetry, containing an inlay for a typical [[PF] colour encoding.

It is often more favourable to use [PF] texture maps instead of representing the crystal
orientation in the specimen system by a [PEl They give the reverse relationship by
projecting one of the sample axes e} to the crystal ef. This leads to the texture as an
orientation of [RD] [ND] or [TD] being displayed in reference to a local grain’s crystal planes,
e.g. (111), (101) and (001) via a colouring. The rotation matrix R;; is then defined in
terms of the sample axe’s orientation [26]. Figure shows the stereographic triangles
created by the crystallographic planes projected through Equation onto the ej-ey
plane.
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Figure 2.7: Stereographic triangles of cubic crystal planes projected, with an colour
encoding, for projected sample axes onto the local crystals (111), (101) and
(001) planes.

2.2.2 Microstructure Evolution and Slip Systems

During the deformation of the polycrystalline aggregate, each grain will be affected by its
neighbours via interactions taking place across the grain boundaries. If adjacent grains
exhibit different crystallographic and morphologic rotation trends, it can be expected that
local stresses induced at grain boundaries will affect the slip activity inside the grain [34].
Further, note that grains oriented crystallographically favourable for deformation undergo
plastic deformation under load, which forces grains that are less favourably oriented to
carry a higher stress [§].

Section [2.2.2] and [2.1.2] established that plastic deformation of crystalline materials
occurs by atoms gliding along each other, keeping the crystal structure intact. Should
slip only occur on part of the plane, as a result from movement of dislocations through
the lattice, a boundary between the slipped and not slipped portions, which is called a
dislocation line, remains [10]. This means that the direction of dislocation movement
is defined by a set of crystallographic parallel planes and directions, called slip system.
To follow the nomenclature of in this thesis, a set of crystallographic equivalent slip
systems (e.g. the 12 slip systems {111}(110) in Table will be referred to as a
slip mode henceforth. Slip planes usually consist of the most densely packed atomic planes
in the crystal lattice, with the directions of slip being the crystallographic directions with
the shortest distance between like atoms . The most densely packed atomic planes
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2 Theory of Metal Deformation

and directions are listed in Table [2.1] for [Face Centered Cubid, [Body Centered Cubid and
[Hexagonal Close Packed| crystals. The amount of slip systems per mode is calculated by
multiplying the number of slip directions with the number of non-parallel planes [6].

crystal slip plane  slip direction non-parallel slip directions slip systems
planes per plane
FCC| {111} (110) 4 3 12
BCC {110} (111) 6 2 12
{112} (111) 12 1 12
{123} (111) 24 1 24
HCP! {0001} (1120) 1 3 3
{1010} (1120) 3 1 3
{1011} (1120) 6 1 6
{1122} (2113) 6 2 12

Table 2.1: Slip modes consisting of the most densely packed planes and directions with the
shortest atom distances for [Face Centered Cubic (FCC)} [Body Centered Cubic|
[BCC)| and [Hexagonal Close Packed (HCP)| crystal structures. Table after [6].

Reference Systems for Slip

In order to be able to assess, if a certain slip system in the crystal is active under an
applied load, the stress influence on a said slip system needs to be calculated and compared
to the threshold value needed to get the dislocations moving. As was mentioned before, a
slip system is defined via a direction of slip and the plane the slip occurs along. The slip
direction of the dislocation movement aligns with the Burgers vector b, which also gives
the magnitude of the slip. The slip plane, on which the dislocation movement happens, is
defined through the plane normal n, in the crystal reference system eS. This means a
reference system for the complete slip system efl is defined by Equation ,

< b
61}2 = {’b’,n} (29)
sl

where e completes the orthonormal basis. Now, the orientation of the slip system in
reference to the crystal axes is applicable, allowing for transforming tensorial quantities
like the stress afj Equation and strain afj Equation (1.12)) into the slip system sl.
This is shown in Equation for calculating the [Resolved Shear Stress (RSS)| 7% and
gives the Schmid-tensor m;; as a basis transformation [34]. As Section |1.2.2] explains, the
shear stress components in the stress tensor are commonly referred to via the letter 7.
Note sum convention and index notation.

ij
——

1
= Uls; = i(bmj + bjni) oy (2.10)
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Figure [2.8 shows a graphical representation of the above-mentioned procedure of the
basis transformation for the stress tensor in the single crystal reference system. Note, in
a polycrystalline material, many single grains are available in the aggregate, each one
experiencing a different stress tensor, dependent on its position in the sample geometry
and the direction of load. Refer to Section [3] for further information.

Tensile Axis

Figure 2.8: Slip system inside a single crystal.

Should only o§; be non-zero, Equation (2.10)) reduces to the well known form Equa-
tion (2.11)) by directly referring to the angles a, 8 between m, b and the tensile axis
respectively. The product of cosacosf is also sometimes referred to as the Schmid

factor |10, 35].
sl

7% = o§5 cosacos (2.11)
Note that in most crystals, slip occurs with equal ease forward or backward, meaning
+79 are equally likely to initiate a dislocation movement. An exception being [BCC
where the stress required to cause slip in one direction is less than that for the opposite
direction [10]. Another important property of the Schmid tensor derives from the normality
between b and n, as this defines the trace of the Schmid’s tensor to be zero, which leads
to the plastic strain associated with dislocation being incompressible [34].
To find out if a stress on a crystal initiates a dislocation movement in a slip system (sl),
the 79! needs to be compared with a threshold value, the [Critical Resolved Shear]
#! as mentioned. This critical condition required to accommodate plastic

deformation by activation of dislocation glide is given by the Schmid law Equation (2.12]),

active, if 751 = 791
(2.12)

slip system is < ) ]
in-active, if 7 < 7%
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with the case 75 > 7% being impossible as #3! is the maximal possible shear stress on the
current slip system [34].

Other Influences

The above paragraphs in Section [2.2.2] have only talked about crystallographic slip, as
this is the predominant process for plastically deforming metals and the one this thesis
is focusing on. Nonetheless, it has to be noted that there also exist other possibilities
of plastic deformation which also preserve the crystal structure. Namely, shape changes
through diffusion and mechanical twinning. While diffusion plays an important part in high
temperature creep, twinning is often of special importance at low temperatures |6]. The
investigated polycrystalline aluminium alloy in this thesis is deformed in a more moderate
temperature range and at low strain-rates. As a result of high stacking fault energy,
deformation twinning rarely occurs in polycrystalline and single crystalline aluminium [41].
No further explanation of these effects shall be given here. Non-Schmid effects for slip
that are the result of atomistic effects and important for materials [31, [39] are
neglected in this thesis as well.

2.2.3 Hardening on the Microscopic Scale

The increase of a material’s resistance towards further deformation at increasing internal
strain, as the macroscopically observed strain- or work-hardening is the result of internal
dislocation accumulation. Referring to Section|1.2.2¢ and € shall denote a one dimensional
stress and strain. Strain-hardening is divided into 4 different stages [27]:

Stage | describes that single crystals of close packed metals will deform on a single
slip system with little strain-hardening [27]. Experimentally it has been shown by
Fourie and Murphy in |5, that at a small but finite hardening-rate ‘é—‘;, an accumulation of
dislocation line length occurs, with the predominant storage mechanism being dislocation
dipoles. The first hardening stage is caused by storage of these dislocation dipoles as well
as multipoles on the primary slip system (see Table and known as easy glide, due
to the fact that large amounts of strain can accumulate without much hardening taking
place. The term here directly refers to the Schmid law Equation and Schmid
factor Equation for modelling, if dislocation movement in a slip system happens.
After a certain amount of strain, single crystals transition from a low hardening-rate to a
much larger one, entering the second stage of work-hardening, as dislocation activity on
secondary systems has started [27].

Stage Il was first characterized by an approximately linear stress-strain curve being
observed in the strain-hardening region of the stress-strain curve (see Figure , but
was later redefined as athermal hardening, through the high strain-hardening-rate, caused
by storage of dislocation tangles on multiple slip systems. It exhibits a self-similar scaling
behaviour of the dislocation substructure |27]. Note, that the hardening-rate here only
has a mild dependence on the strain-rate and temperature. However, it might vary by a
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factor of 2 with the single crystal orientation. Furthermore, it is important to note that
this high hardening-rate can still occur while a single slip system is supplying the imposed
strain, which means that a grain can be hardening in stage II, even while still deforming
macroscopically by single slip [27]. Athermal hardening also occurs in tensile tests of
(111) oriented single crystals which deform on 6 slip systems, in (100) single crystals
which deform on 8 slip systems and in polycrystals, where at least 5 independent slip
systems must be active in order to accommodate the imposed arbitrary strain |[27]. The
work-hardening-rate in stage II is essentially constant, with common theory describing it
by assuming the line length of stored dislocations per unit strain being proportional to
the reciprocal of the mean free path between existing dislocations [27].

Stage Ill is observed by a parabolic characteristic in the stress-strain curve that is
the result of a monotonically decreasing hardening-rate at increasing flow stress, until a
saturation stress, where no net-hardening occurs, is reached. In contrast to the athermal
hardening stage, stage III is highly temperature and slightly strain-rate sensitive. It
is associated with dynamic recovery, meaning the recovery or loss of dislocation line
length during plastic straining [27]. Due to the dynamic recovery, which is caused by the
reduction of the dislocation line length during straining, the hardening-rate gets lowered.
In polycrystalline aluminium at room temperature, stage III is the only observable stage
of strain-hardening, with the second stage being observed at lower temperatures [27].

Stage IV is caused by the accumulation of dislocation debris, which can be thought
of as a by-product of dynamic recovery and is associated with large strain-hardening.
The classical large strain metal working process is rolling of sheets [27] (see Figure .
Note, that while the onset of instabilities commonly observed at larger strain generally
results in a reduced load carrying capacity of the plastically deformed material, the fourth
hardening stage clearly increases the load bearing capacity. This is due to the fact that
large strain-hardening occurs without significant changes to the dislocation movement’s
obstacles, the transition of the strain-rate sensitivity from the third hardening stage to
the fourth is a smooth function of the flow stress [27].

To calculate the strain-hardening, that is observed for the macroscopic length scale
in Section a model giving the |Critical Resolved Shear Stress (CRSS)|for each slip
system as an incremental function of the applied shear in the crystal is needed. This[CRSS]|
can then be compared with the [Resolved Shear Stress (RSS)|calculated via Schmid’s tensor
Equation , for evaluating if a slip system is still active at a higher internal strain
by Schmid’s law Equation . The most physical approach, for describing the above-
mentioned stages, is by directly tracking the dislocation behaviour in the material [27, [34].
Here, the resistance of the four hardening stages are directly referred to by four explicit
additions to the [CRSS| regarding their different barrier mechanisms. The advantage of
this kind of modelling the strain-hardening is that it accounts explicitly for the thermal
activation of the dislocations, as well as the dependence of the yield stress on strain rate
and temperature. This direct approach has been successfully applied to a wide range of
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materials (Mg, Be, Zr, Ti, Al etc.) [34] and is usable for high strain-rate and temperatures.
For example, a dislocation based hardening model been used for [FEM}coupled impact
deformations calculations at high temperatures by Zecevic and Knezevic in [39], giving
accurate results for the predicted flow stress at high magnitudes. However, such models
need multiple fitting parameters, e.g. for dislocation interaction and annihilation, requiring
extensive experimental trials. This, and the thereby required focus on a single material,
alloy and heat treatment state, reduces the model versatility markedly.

Voce hardening law

The phenomenological Voce hardening law, named after the researcher that first described
it in [38], as |37] mentions, is used in this thesis to model microscopic hardening and
calculate the [CRSS Following, a sketch of the derivation for the three parameter Voce
hardening law is shown, which is based on the book chapter by Tomé et al. [34] of page
111 and following. The underlying concept here is that the dislocation density rate is the
sum of a storage and annihilation term of the dislocations. On the one hand, it is assumed
that the storage is inversely proportional to the mean free path of the dislocations before
they get stopped and stored (refer to stage II hardening). This mean free path itself is
taken to be inversely proportional to the square root of the dislocation density o. On the
other hand, the annihilation of the dislocations is taken to be directly proportional to
the density of the dislocations and to increase with the accumulated plastic deformations
until a steady state between the storage and annihilation of dislocation is reached. This
means no net-hardening will take place any more, reaching stage III hardening, which
leads to the dislocation density evolution Equation by a plastic strain e,

d
dif = k‘l\/é—kgp (2'13)

where k; and ko denote proportionality constants. Under the so-called Taylor-law Equa-
tion , the yield stress o is proportional to the mean free path between dislocations [34].
In Equation oo denotes an initial stress, p the shear modulus and « a constant.
Note, the Taylor-law holds over a wide range of dislocation densities ¢ with values of
« being between 0.5 to 1.0 and conceals much of the inherent complexity of detailed
dislocation theory [27].

o =00+ auby/o (2.14)

Equation (2.14)) leads to Equation (2.15a)) and calculating do/de by considering o = o ()
results in Equation (2.15b)) [34].

0= (U_U())g (2.15a)

aub
do  2(0 —o0p)do
de  (aub)? de

Placing the derivations of Equation (2.15)) into the assumptions of Equation (2.13)) results
in a differential equation for the hardening rate by describing the evolution of the flow

(2.15b)
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stress o with plastic strain e Equation ([2.16])

do apb o — og
— =k —k
e T2 2

= k| — kyo (2.16)

where k] and k) denote the so-called Kocks-Mecking parameters. The differential Equa-
tion can be solved by using the exponential ansatz. After setting as boundary
conditions an initial yield stress o|.—o = 09, an initial hardening-rate %\5:0 = 0O and a
saturation stress o|.—inf = 09 + 01, the three parameter hardening law Equation is
obtained [34].

o(e) = 00 + o1 (1 ~exp (_590» (2.17)

01

This Voce hardening law Equation now gives the flow stress o as a function of
accumulated strain €. An extension to the three parameter hardening law Equation
was proposed by Tomé et al. in [35], called the extended Voce law, that is assumed to
apply to the hardening of each individual slip system (sl). It includes an additional
parameter to account for the sustained hardening in stage IV for large strains, rather

than simple saturation [34, 35]. Equation (2.18)) is characterized by an evolution of the

threshold stress 7! (CRSS) with accumulated shear strain 4 in each grain,

| e

where T' = Y [7*] is accumulated shear in the grain, 7§ the initial threshold stress, O
the initial-, @ﬁl the asymptotic-hardening-rate and 7'81 + 7'1Sl the back-extrapolated flow
stress. The extended Voce law reduces to Equation (2.17) in case of O3l = 0 [34].

Considering the possibility of self and latent hardening, a coupling coefficient hsbS"
empirically accounts for the obstacles that the dislocations in a slip system sl’ pose to the
ones in slip system sl. The increase of the threshold stress A7, due to shear activity
A~ can be calculated incrementally by Equation ,

sl
90

=+ (7' + ofT) [1 —exp <—F —
T

=S d%SI sl,sl’ sl
ATI;:dTZthAw (2.19)

sl’

where d7%!/dI is given by the derivative of Equation . A conventional hardening
response for a slip system is observed for 75! > 0, 71 > 0 and Oy > ©; > 0, which means
an increasing flow stress at decreasing hardening-rate, tending to linear saturation. An
example on how conventional hardening for a slip system described by Equation

might look is provided in Figure [34].
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Figure 2.9: Conventional hardening example of extended Voce hardening law. The evol-
ution of the threshold stress 7 in a slip system is given as a function of the
accumulated shear I' in the grain.

One advantage of the extended Voce hardening is that it gives a straightforward
connection between the macroscopically observed hardening in a stress-strain curve and
slip systems. For polycrystalline materials, the overall hardening that occurs can be
defined as a weighted average over all grains [34].

2.3 Macrostructural Material Considerations

The mechanical behaviour of materials encompasses the response of materials to external
forces in general. This includes mechanical testing to determine material properties as well
as plasticity and the treatment of several modes of failure [10]. Theory of plasticity is the
name given to the mathematical study of stress and strain in plastically deformed metal
solids under constant strain-rates. For handling time-dependent aspects, i.e. non-constant
strain rates, a generalization of the plastic theory within the strain-rate-sensitive range,
called viscoplasticity, can be used [15]. In the following Section [2.3.1} a dive into the topic
of polycrystalline viscoplasticity with the [Visco-Plastic Self-Consistent (VPSC)tapproach
is provided, that is used as the material model for the solid deformation calculations of
the sample in Section [2.3.2] This model, based on self-consistent homogenization of single-
crystal viscoplastic behaviour, is used to provide a texture-sensitive material response
inside the solid body deformation boundary problem solved by [Finite Element Method]
by giving the polycrystalline relationship between stress and the corresponding
plastic strain-rate response [28|.
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2.3 Macrostructural Material Considerations

The stress-strain relation, that can be macroscopically obtained via a tensile test of a
sample or read-out from the sample deformation simulation, is explained in Section [2.3.3

2.3.1 Polycrystalline Viscoplasticity Model

The model used in this thesis for calculating viscoplastic stress-strain-relations of polycrys-
talline metals is the [VPSC| approach, that was numerically implemented by Lebensohn
and Tomeé in 18|, which is based on the principles of |Visco-Plastic Self-Consistent| theory
for polycrystal deformation developed by Molinari et al. in [22| (Lebensohn et al. [17]).
In the underlying assumption, [VPSC] treats each grain as an inhomogeneity inside a
[Homogeneous Effective Medium (HEM)| This leads to a linear interaction equation to
relate stress and strain rate in the grain with the overall stress and strain of the [18].
Due to the local position of the grains being neglected in [VPSC]| the geometry of the
polycrystalline aggregate is not regarded. To address this, Seguardo et al. [28] extended
the approach into a material model for use in solid body [FEM]| deformation calculation.
Later adaptations, made by Zecevic et al. [39], even allow for the use in high-strain-rate
deformations, which was verified for impact simulations of tantalum. In the mesoscopic
[VPSC] approach for use in [FEM] a polycrystal is being defined at each of the solid body’s
material points [28]. For detailed technical information, on how this model interacts with
the [FEM] calculations, see Section [3.3]

The [VPSC| model allows for predicting texture development for arbitrary deformations
of crystalline materials. As mentioned, it calculates active deformation modes present
in each grain independently of one another by only evaluating their active contribution
to the overall material behaviour [18]. Mathematically, this mean-field polycrystalline
model, describes the microstructure evolution by imposing a velocity gradient £ over
the [HEM] representing a polycrystal. Following, an induced velocity gradient over each
grain is calculated. Note, the grains themselves are not defined at an atomistic crystal
level, but at a mesoscopic scale, by a weighted, ellipsoid with varying orientation and
shape inside the [34]. A detailed mathematical outlay about the theory on is
provided in the book by Tomé et al. [34]. The following paragraphs contain the important
constitutive relations for using the adapted approach of [28] as a material model
for the viscoplastic stress-strain relations of a solid body deformation provided by the

theory in Section [2.3.2]

Viscoplastic Relations

[VPSC] implies that the single-crystal relations in the polycrystal can be expressed in
terms of the Cauchy deviatory stress tensor o’ and the viscoplastic strain rate &y,. By
considering a grain at each material point & of the polycrystal, the rate sensitive approach
of crystal plasticity gives Equation for the non-linear relation between &, and
o’. The sum in Equation runs over all Ny slip systems (sl) from all slip modes,
where m® is the Schmid tensor and 4% the local shear rate of the corresponding the slip
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system [28].

Ng1
Epl(@) = > m(@)5 () (2.20)
sl=1
Equation can be extended to the explicit form of Equation , by the
751 := 3" A7 incrementally calculated from Equation , a normalization factor 7,
and the so-called rate-sensitivity exponent n. The conditions of Equation for a
X € R denote the sign function, to take the polarity of the mechanisms into account |28
34]. Note, that Equation would also consider all the mechanical twinning systems,
however as mentioned in Section [28], they are neglected as a deformation mode
for the simulations in this thesis.

Nt mi(z) : o' ()| \"
Evp(T) =9 Z m®l(x) <| (@) : o )|> x sgn(m®(x) : o' (x)) (2.21a)

sl=1 ?Sl(m)
-1, ifX <0
sgn (X) := <0, fx=0 (2.21b)
1, ifxX >0

Linearization Scheme

The numerical implementation of [VPSC|offers different choices for the linearization. While
Seguardo et al. |28] used an affine linearization, the simulations in this thesis worked
with an effective-n approximation (an adaptation of the secant linearization scheme) for
explicitly setting a parament n®f. The relevant relations are as follows:

Assuming the same rate-sensitivity n for all slip systems, gives Equation for the
viscoplastic compliance M8" and Equation for the back-extrapolated strain-rate
€% & As mentioned, the viscoplastic strain-rate per grain £8' is given through a grain
average by Equation [17,|34]. Note M 8" to be a tensor of rank four.

Nal sl, gr sl, gr sl, gr . o/ gr n—1
. m> s Q@ m™ m> s o
ME" =4, E P ( e ) (2.22a)
sl
b =0 (2.22b)

A linear approximation is assumed for the strain-rate € and stress o’ between each
statistical-representative grain (gr), through Equation (2.23)),

e8 = M o' (2.23)

via a linearized viscoplastic compliance tensor M8" and a back-extrapolated strain-rate
€08 of said grain |17, 34]. Note that évof)gr, defined by Equation (2.22b)), describes a

'secant’ linearization [34], while the constitutive equations in Segurado et al. |28 use an
0, gr

‘affine’ linearization for €y},
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The aforementioned statistical grain (gr) represents the set of grains with same crystal
orientation, inside a statical compatible neighbourhood in the polycrystal [28]|. The index
(gr) in msh 8", 75h & and €3, henceforth denote average values of the quantities m(x),
7l(z) and é,,(x) from the statistical grain of associated orientation and hardening
state |28, [34]. The behaviour of the linear heterogeneous medium can be homogenized
similarly at the polycrystal level. Linear Equation relates the effective quantities
of the polycrystalline strain-rate €7} and deviatoric stress o'P* by a secant viscoplastic
compliance tensor M P* of an a priori unknown [HEM] that represents the behaviour of
polycrystal (px) |28, [34].

ey = MP*: o'P* (2.24)

Interaction Equation Localized Behaviour

Local deviations of the grain averages to the quantities (i.e.: '8 := 0’8 —og’'P* and
e¥ —ew €P¥) can be calculated via an interaction tensor M, by Equation ([2.25]) [28].

¥ =_—M.5'® (2.25)
The tensor M , as noted by Equation ([2.26]), is dependent on the symmetric viscoplastic
Eshelby-tensor S#'(M PX) of the grain, which is also a function of the secant viscoplastic
compliance tensor M PX. Equation (2.26) includes an adjustable effective parameter n°f
and the identity matrix I. |17, |34].

M = (1 — &)=L ger . prex (2.26)

The secant linearization Equation (2.27a}), relates the polycrystalline deviatoric stress
o'P* to the one a grain is exhibiting 0’8" via a stress localization tensor B8, which is

defined in Equation (2.27b)) [34].

o'8 = B¥% :o'P* (2.27a)

B = (M® + M) : (M™+ M) (2.27b)

Equation (2.28]) gives the relation between the average magnitudes of deviatory stress
o'P* and the strain-rate €y, of the grain. It can be derived by using the stress localization
Equation (2.27al) in Equation (2.23)) [28]. Again, note the linearization scheme from

Equation (2.22]).
€8 =M?® :B% :o'> (2.28)

Volumetric averages, noted by (-), can now be taken, while the condition that the average
of the strain-rates of the statistical-representative grains over the polycrystal has to
coincide with the macroscopic quantities, i.e.: Equation (2.29)), is enforced [28].

eX = (e¥) (2.29)
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2 Theory of Metal Deformation

Self-Consistent Equations and lterative Approach

The self-consistent equations for the polycrystal relation tensor M PX are obtained via
Equation (2.30]), by averages over all statistical representative grains |28|.

MP* .= (M#® : B®") (2.30)

All relevant relations are calculated for each grain at each polycrystalline material
point of the solid body deformation problem. While the standard [VPSClmodel can be
started with either an imposed strain-rate, an imposed stress or even mixed boundary
conditions, the adapted version for use in [FEM]is designed for stress-imposed boundary
conditions only, resulting from a strain increment on the element. In this framework, a
calculation starts with the uniform initial stress guess ¢’/8" = ¢’P* for the grains
by taking the finite element trial stress for o/P*. Starting the initial guess of 0’8", the
corresponding initial guesses for £2; and M 8" can be obtained via Equation and
Equation (2.22a)). Following, initial guesses for the polycrystal interaction tensor MP* are
obtained as averages over the local ones. Together with the applied stress, the initial guess
for the polycrystal strain rate €[}, Equation , as well as the symmetric Eshelby tensor
S is obtained |17, |28]. The ellipsoidal shape of the statistical grains and the viscoplastic
tangent stiffness is updated, with details here provided by Lebensohn et al. in [17].
Subsequently, the interaction tensor M and the localization tensor B are updated by
Equation and Equation respectively. These tensors are used to obtain a new
estimate of M P* by solving iteratively the self-consistent Equation . If convergence
is achieved on M P*, a new estimate for average grain stresses o’8" can be obtained by
the localization Equation . If the recalculated grain stresses are different from the
input values (within a certain tolerance), a new calculation is started until convergence is
reached [17, [28]. After the iterative procedure, the average shear rates 4° & of the slip
system (sl) in each grain (gr) are calculated by Equation (2.31)),

sl, gr /gr
:sl,gr _ ‘m ‘o | sl, gr . _/gr
Y =70 <7—sl,gr X sgn (m o ) (231)
where 4, is a normalizing factor, m®» & the Schmid tensor, ¢’8" the deviatoric stress and

75L &% the current for slip system activation. Note that the increase of the is
calculated by the iterative formulation in Equation . It makes use of the time step
At dependence noted in Equation for the change of the shear strain A+ in slip
system sl’ [28]. Refer to Section for details.

A =5 At (2.32)

Together with this model simultaneously accounts for the strength of the actual
deformation mechanisms active at single-crystal level, the polycrystalline character of
the aggregate microstructure and its evolution with deformation under specific boundary
conditions applied to the sample, as Seguardo et al. mentioned in [28|. Details on the

implementation of [VPSC] inside the [FEM}solver are provided in Section after the
explanation of [FEM]|in Section [3.2]
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2.3.2 Solid Body Deformation

For solving a boundary value problem of a solid body deformation via as described
in section [3.2] the kinematics of the sample body in space has to be considered. The most
general problem is the result of rigid body motion and an independent deformation |25]. For
the following explanation, the problem is simplified and assumed to be only deformation
at constant strain rate.

To describe this mathematically, consider a homogeneous, isotropic, elastic body
whose material points in the current positions «, occupy a domain Q C R3, inside
a boundary R that is separated into two parts. The first one Rq is fixed in space,
meaning points on R are not displaced, while the second one Rs is exhibiting a surface
load f9(z) = (f7, f5, f5)". Furthermore, the body shall be acted upon by a volume
load fB(x) = (f&, f2, f8)T. For solving the deformation problem, the displacement
u(x) = (u1,u2,u3)’ of the points in their current configuration from their reference
configuration under the loads fP and f° is searched. By assuming the body to be
linearly elastic and that the deformations are small, the following [Partial Differentiall
[Equation (PDE)|(2.33]) holds for the stress-tensor field o(x) of Equation and the
small strain-tensor field e(u) of Equation ([L.12),

0
01 = Ao 53+ ey (u) (2.33)
oxy,

where £ and A are positive constants and d;; is the Kronecker delta [11]. Now to consider
the equilibrium of the forces inside () as well as the boundary conditions on R.

Equilibrium Forces and Boundary Conditions

In a rectangular Cartesian coordinate system, the equilibrium equations under a volume
load f? inside the domain Q is given by the equilibrium Equation , over the local
spatial derivative 0/0x; of the tensorial stress field 05, as defined by Equation [11].
Note again sum convention and index notation, i.e. sum over ¢, j from 1 to 3.

0oij

Y
oy fi7,in Q (2.34)

7

The boundary conditions of the elasticity problem, as defined in the beginning of Sec-
tion are given by Equation (2.35a)) and (2.35b)) for their respective boundaries R 2,

U; = 0, on Rl (235&)

oinj =: f, on Ry (2.35b)

where n; are the components of the outward surface normal [11].
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Applying Green’s Theorem

The |Partial Differential Equation (PDE)| (2.33]) together with its boundary conditions of
Equation (2.35) and the equilibrium condition from Equation , can be rewritten as
the integral Equation by the following steps.

Considering v to be an arbitrary deformation u that satisfies Equation , then
Equation holds, due to the symmetry of o and the definition of € for small
strains |[11]. Note that indices can be rearranged due to the summation.

1 8% 81)]' B’Uj

aijeij('v) = 5 (O-ijﬁl‘j + Uij% = Jij% (236)

Using Equation (2.36) together with Green’s theorem gives Equation (2.37)) for the

boundary value problem, where n; are the components of the surface normal to the

boundary R [11]. In the following integral equations, d.S and dV shall denote infinitesimal
surface and volume elements, on the boundary R or in the volume 2, respectively.

61)]- 80‘@'
€0 _ » —_ iU _ . 2.
/Qajsj(v)dv /Qajaxi dV /Rajn v;dS v v dV (2.37)

Green’s theorem

Rearranging Equation (2.37)) results in Equation (2.38]), by considering the equilibrium
condition of Equation (2.34) for the body forces f7 inside the domain Q [11].

/Uijé?z‘j(v) dV:/—aaij v; dV+/ oijniv; dS (2.38)
Q o Ox; ”
——
P

The boundary integral over R can be considered to only have a contribution from
R2 by enforcing v; = 0 along R, as this directly enforces the Dirichlet boundary of
Equation (2.35a]). This means the boundary integral can be expressed by the surface loads

f° on Ry of Equation (2.35D)), resulting in Equation (2.39) [11].
/ aijei]-('v) dV = / fZB’UZdV + fl-svi ds (239)
Q Q Re
Considering that the divergence of the deformation v to be the trace of the strain

tensor e(v) gives Equation (12.40)).

Qo dij€ij(v) Oy Oom

oxy. - a?, 0xm

Equation (2.40)) can be used together with Equation (2.33) (multiplied by €;;(v)), to
obtain Equation (2.41]) from Equation (2.39)),

/ [)\M&vm +,U6ij(u)5ij(v):| dv = / flodV + | ffvids (2.41)
ol OxiOrm, 9 Ro

a(u,v) L‘(I))

(2.40)
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where A\ and p are constants, defined through the modulus of elasticity and the contraction
ratio of the elastic material [11].

Equation is the starting point to obtain the terms a and L for the variational
form of the energy functional in Equation (3.11), for the [Finite Element Method (FEM)|
described in Section [11]. For considering polycrystalline aggregates at the material

points using the [VPSClapproach, see Section [3.3.1]

Note, generally plastic incompressibility is assumed, when simulating solid body de-
formations. By considering all volume changes of €2 to be reversible, the determinant of
the deformation gradient F is constant for a plastic deformation step [25, [20]. Therefore,
together with mass conservation, the plastic incompressibility assumption leads to a
constant global material mass density [20].

Considering Anisotropic Material using coupled

Equation is the integral reformulation of the [Partial Differential Equation|(2.33))
that describes a static configuration change at no specified length scale for the material
points of a solid body in space (refer to Section under the set boundary conditions.
A detailed outlay on computationally using Equation to obtain a solution for [Partial
[Differential Equation|(2.33)) using is provided Section However, in Section [2.3.2]
no information was defined about any inner structure of said body. As this thesis uses a
multiscale approach for calculating the microstructure evolution and the resulting material
response to the deformation, such information still has to be coupled to the configuration
change. The mathematics for using [VPSC] for the material responses is sketched in
Section [3.3] with a technical overview of the interaction between the [FEMlsolver and the
microstructure model seen in Section [3.3.3

2.3.3 Stress-Strain Curve Evaluation

From the stress and strain definitions in Section it becomes already apparent that
those two are deeply connected with each other for a said material. In case of small strains,
the deformation is elastic and reverses if the load is removed. At high enough stresses, a
non-recoverable plastic deformation occurs [10], which is also explicitly seen by looking at
a typical one dimensional stress-strain curve for a ductile material, as Figure [2.10] provides
for aluminium. There, the [Ultimate Tensile Strength (UTS)|is defined at the highest value
of the engineering stress, and for ductile materials describes the point where the necking
starts. Typically, the onset of plastic deformation is associated with the first deviation of
the stress-strain curve from linearity. However, as more accurate strain measurements
lead to an earlier detection of non-linearity, the elastic limit is usually given via an offset
yield strength oy. Here, the idea is that if the material had been loaded to this stress
and afterwards been unloaded, the stress-strain path of unloading would follow along a
straight offset line, which results in a plastic strain of e = 0.2% [10]. The has been
marked in Figure together with the point of material fracture as well as the regions
of material necking and strain-hardening, mentioned in Section [2.2.3]
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Figure 2.10: Typical stress-strain curve of an aluminium sample, measured at .

The area under the curve of Figure gives information on the elastically and
plastically absorbed energy. Experimentally, the usual way to acquire a stress-strain curve
like shown in Figure is by measuring tension of a rod (tension test) or compression
of a short cylindrical block (compression test) and tracking the deformation at an applied
load [9]. Details, on how these experiments are commonly performed can be read in
literature (e.g. [10,[6]) but are omitted in this thesis. Further note, that this thesis focuses
on the plastic region of material deformations.

While the elastic region exhibits a linear relationship between stress and strain, as
Hook’s law describes, it can be observed in Figure that at [Room Temperature (RT)|
the metal’s resistance to further deformation increases. This process is dependent on
the previous history of plastic strain, leading, under some assumptions, to the degree of
hardening being a function of the plastic work. For the mathematical description of this
strain- or work-hardening, on a macroscopic scale, isotropic material might be assumed.
The total plastic work per unit volume during a finite deformation is then calculated
as an integral of the stress taken along the strain path [9, [15|. For the derivation of
such isotropic hardening, found in [9], it is further considered that the elastic part of the
total external work is recoverable elastic energy. Note that the assumption of isotropic
hardening is not always true for a real metal, since the plastic yielding depends on the
distribution of microscopic internal stresses, and these themselves on the strain history.

The scalar, effective plastic strain quantity €‘fff is defined by Equation through
the integral over the time ¢, where the plastic strain rate tensor €, is given by the difference
between the total strain rate tensor € to the elastic one &g. In terms of the non-principal
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strains, s‘f)ff can be expressed by Equation (2.42b)) [10, [20].

t1 9
el = /t 360t Epdt (2.42a)
0

Ep =& — &ql (2.42b)

The Von Mises or effective stress o is a function of the applied stresses that determine

if yielding (i.e. plastic deformation) occurs [10, [20]. In terms of Equation (2.43]), where
0z, are the diagonals of the stress tensor o, whose the off-diagonals are denoted using
Tay, Tyz and 7. Refer to Section [I.2]

1
ol = E\/(UI —0y)? + (0y — 02)* + (02 = 02)* + 6(72, + 7. + 72,) (2.43)

A deeper look into the topic of strain-hardening is provided under Section where
dislocation density terms are taken to derive the extended Voce hardening law used to
describe polycrystalline hardening in this thesis.
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3 Computational Methods, Equipment
and Material Data

The deformation calculations of the sample geometries are done by the proprietary
[FEM}software LS-DYNA® | which is a program originally developed for stress analysis
of structures subjected to a variety of impact loading [19] and is in use at for
metal forming calculations. The theory relevant for this macroscopic deformation of the
sample is provided in Section with the details regarding the plastic deformation
computation, laid out in Section LS-DYNA® enables the use of custom
[Material Model (UMAT)| for calculating material responses. This makes it possible to
use a material model that takes the stress responses of polycrystal aggregates and their
microstructure evolution into account. To calculate the polycrystalline behaviour in this

thesis, an adaptation of the [VPSC]|[18] standalone program, VPSCHFEM| developed by

Seguardo et al. in 28] is used. The underlying theory of this approach was briefly outlined
in Section 2.3.1]

Note that calculating the microstructural polycrystalline response and the total sample
deformation by different programs, separates the needed in-/output into two different
sets of data. Microstructural information, like the Voce hardening parameters, their
slip modes and the initial polycrystalline texture, are provided directly to
while the sample geometry (or mesh) as well as the applied deformation path is given
in LS-DYNA® input files. Figure schematically displays the steps that have been
taken for each of the simulations shown in Section [4] The first step, Data Acquisition,
was done by colleagues at the [LKR] and included the macroscopic material tests as well as
microstructural [Electron Back Scatter Diffraction (EBSD)| measurements and preliminary
texture optimizations through a clustering technique. These preparations were needed to
obtain the Voce parameters that correspond to certain temperatures for the slip mode
by running an optimization algorithm to fit the [FEM] coupled [VPSC] simulations to the
measurement data. Details on these topics are listed in Section [3.4.2

Data Acquisition

VPSC/LS-DYNA Input

Calculation Principle

Output

- Experiments - Texture Data - Continiuum - Stresses at strain
- Texture - Voce values deformation increment
simulations #| - Applied deformations - Voce - Changes in texture
interpolation - Additional
- Grain response microstructural
calculations results

Figure 3.1: Workflow for the multiscale simulations.

Technical information regarding the linking of VPSCFEM] as an [UMAT] for LS-DYNA®
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can be read in Section [3.I} with additional numerical information regarding [VPSC{FEM]
in Section [3.3

3.1 Technical Details

The olver LS-DYNA® is a proprietary software, that is only available as a pre-
compiled solver. For providing a custom material routine, the [UMAT]is needed to be
a precompiled binary by being either a shared object (.so) or a dynamic link library
(.dll) [19]. is being provided as a shared object through a precompiled module,
which was created from [LKR]'s version of VPSCFEM] by using the Fortran compiler ifort,
with instructions given by a Makefile. At execution, LS-DYNA® takes the shared object
file from a provided directory and links it to the current execution. This method provides
a flexible approach by having a binary executable only installed once [19]|. Figure
provides a schematic of the dependencies.

UMAT Package

LS-DYNA libraries Source Code Makefile External Compiler
as shared object (.s0) (ifort)

v

I compile to module I

!

.' object.so I

Figure 3.2: Technical connection between [UMAT|and LS-DYNA® as laid out in more
detail within the LSTC user-manual |19].

Simulations were done on [LKR]s HPE Blade Cluster for numerical simulations, which
is a 64 bit Linux system running on 16 ProLiant BL460c Gen9 Blades, each consisting
of 16 Intel® Xenon® CPU E-2667 v4 at 3.20 GHz and 132 GB RAM. Parallelization of
the LS-DYNA® solver is accomplished using the platform-MPI standard. LS-DYNA® as
well as [VPSCHFEM] are written in the programming language Fortran. Evaluating and
presenting the results was achieved via the programming language Python3. The graphical
representations of the mesh geometries are displayed using the program LS-PrePost®
version 4.9. The optimization were controlled using the analysis tool LS-OPT®, version
7.0.2.
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3.2 Finite Element Method (FEM)

The [Finite Element Method (FEM)|is a general technique for numerically solving differ-
ential and integral equations in science and engineering. Like in any numerical method
for solving a [PDE] the basic idea is to discretize the given continuous problem that has
infinitely many degrees of freedom to obtain a discrete problem or system of equations
with only finitely many unknowns [11]. One numerical method for solving [PDEs is the
[Finite Difference Method (FDM)| where the discrete problem is obtained by replacing
derivatives with difference quotients involving the values of the unknown variable at
specified finitely many points. In contrast to [FDM] the [FEM]| discretization process
is fundamentally different. In the starting point is a reformulation of the given
differential equation as an equivalent variational problem. More specifically, the solution
u of the boundary value [PDE] is also the solution of a minimization problem and the
subsequent variational problem [11]|. For basic cases of elliptic a minimization
problem in the form Equation needs to be solved for u,

Find u € V such that F(u) < F(v)Vv eV (3.1)

where V is a given set of admissible functions, F' : V — R is a functional and R the
set of real numbers. Often the arbitrary test functions v € V represent a continuously
varying quantity, like a temperature or displacement, in a deformation problem. F(v) is
the total energy associated with v and a solution to the [PDE]in question is obtained as a
function in V that minimizes the total energy of the considered system. The variational
formulation is said to be a weak formulation of the boundary value [PDE] and its solution
u to be the weak solution of the [PDE] as it is not eminently clear that w is also a classical
solution to the [11].

Due to the dimension of V being infinite, the general problem can still not be solved
exactly. To obtain a problem solvable by computational methods, the idea of is
to replace V of Equation by a finite-dimensional subset Vj,, consisting of simple
functions that only depend on a limited number of parameters, which is equivalent to a
large (non)linear systems of equations [11]. Usually V;, C V is chosen, meaning v € Vj,
automatically implies v € V, which corresponds to the classical Ritz-Galerkin method,
where the functions in V), are piecewise polynomial. A more general start than from a
minimization problem for the variational problem is provided by the so-called Galerkin
methods. The choice of the finite element subspace Vj, is essentially the choice of the
finite element discretization |11].

3.2.1 Continuous Problems of Elliptic Type

By considering an abstract formulation of the [FEM] for elliptic problems, it is possible to
give a unified treatment to many problems in mechanics and physics, including the solid
body deformation problem that was discussed in Section[2.3.2] [11].

Let V be a Hilbert space with a scalar product (.,.)y with a corresponding norm
|| - ||v. Suppose a(.,.) to be a bi-linear form on V x V that is symmetric and continuous.
Furthermore, a shall be V-elliptic. Together with a linear form L on V that is also

39



3 Computational Methods, Equipment and Material Data

continuous, Equation (3.2a)) then notes the abstract form of the minimization problem
written in Equation (3.1)). More precisely, Equation (3.2a)) searches for an element u € V
that satisfies the minimization criteria of a functional F' given through Equation (3.2b]) [11].

F(u) = E;nei%fl F(v) (3.2a)
P(v) = %a(v, v) — L(v) (3.2D)

Equation searches for a u € V via an abstract formulation of the variational problem.
The proof of the equivalence between minimization Equation and the variational
Equation can be found in literature, e.g. the book by C. Johnson [11]. It states that
a unique solution u € V only fulfils Equation , if u satisfies Equation as well.

a(u,v) = L(v)Vv eV (3.3)

3.2.2 Ritz-Galerkin Discretization

For computational purposes, a continuous domain €2 within its boundary R has to be
discretized. By defining a number of M nodal-points (nodes) n;, {2 can be meshed into
N non-overlapping finite elements by connecting the nodes accordingly, e.g. resulting
in three-dimensional brick or triangulation elements representing the domain. A finite
element k is uniquely defined by the nodes located on (or within) its boundary, where
each node has an associated, so-called shape function |15} [11].

As was mentioned in the beginning of Section [3.2] the discretization by the Ritz-Galerkin
method, takes a finite (M-dimensional) subspace V, of V. Considering {¢1,...,onm} to
be a basis for Vj, gives any v € Vj, the unique representation of Equation ,

M
V= (3.4)
j=1

where 7; € R. Typically, piecewise polynomial and globally continuous functions are
chosen for V. An example being to define Vj, as a space consisting of all continuous
functions that are affine on every element and vanish on R by Equation (3.5)).

pj(ni) = dij (3.5)

where 0;; denotes the Kronecker delta and 4,j € [1, M]. The parameters, to describe
v € V}, can then directly be chosen as the values v(n;) of v at the current node n,,

i.e. setting n; = v(n;) in Equation(3.4) [11].
Using a Ritz-Galerkin discretization, the form of the minimization problem Equa-
tion (3.1)), is directly given via Equation (3.6)), for the boundary value in question |11].

Find uy, € V}, such that F(up) < F(v)Vv € Vy, (3.6)
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Following the arguments of Section [3.2.1] the discrete form of the equivalent abstract
variational problem Equation (3.3)) can be written as Equation (3.7),

a(up,v) = L(v) Vv € Vy, (3.7)

which is solved for a up € Vj for obtaining a solution of the discrete minimization
problem in Equation (3.6) [11]. Continuing, as v in Equation (3.7 needs to hold for any
arbitrary test function it is replaced with any basis function ¢; of its unique representation

Equation (3.4)), creating the equivalent Equation (3.8) [11].

Using the linear representation of uy, by the basis {¢; Z]\i 1 of Vj, and & € R, displayed in
Equation (3.9)), gives the variational problem through Equation (3.10a) [11].

M
up = Zfz’% (3.9)
i1

Equation (3.10a}) can be rewritten as matrix Equation (3.10b)), by using the components
l; and Cj; of the vector I and the positive deﬁniteﬂ matrix C respectively |11]. C is a

M x M matrix, of elements Cj; = a(p;, ¢;), while £ and [ are M-vectors with elements
& = up(n;) and l; = (f, ;).

M
> alpi,05) & = L(w;) (3.10a)
ce—1 (3.10b)

If Equation is applied to an elasticity problem, C and I are referred being the
symmetric stiffness matrix and the load vector respectively. In practice, the elements in
the stiffness matrix are computed by summing up the contributions C}, of all N different
elements k, where C}, is the so-called element stiffness matrix for k, consisting of the
components ay(p;, ¢;). Correspondingly, the same is done for the global load vector I,
where [}, is the load vector of element k. This process is called assembling of C' and I [11].
The solution {&}M, of the linear system of equations from Equation now needs
to be calculated computationally, using different variants of the Gaussian elimination or
iterative method.

3.2.3 Application to Elasticity

For the elastic problem of a solid body deformation, the functional F' in Equation (3.2b))
represents the total potential energy, given via the terms %a(v, v) and L(v) of the internal
elastic energy and the load potential respectively. This means that in mechanics, [FEMs

!i.e. all eigenvalues are greater 0 [12]
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conditional Equation corresponds to the principle of minimum potential energy,
while the variational reformulation corresponds to the principle of virtual work [11].

It can be seen from the balance Equation , that the full energy functional Fdef for
the continuum deformation described in Section is then given by Equation . Fol-
lowing, bold letters are again used to indicate that v = (v, v2,v3)T and w = (uy, uz, u3) "
note displacement vector ﬁeldsﬂ Note index notation and sum convention.

Flef = 1/ Uij(v)fij(’v)dV—/ fPodvV — [ fPuidS (3.11)
2 Q Q R
a(v,v) Lz:;)

However, Equation is actually an intermediate step to obtain the variational
formulation of the equilibrium Equation from the deformation |[Partial Differeny
tial Equation| (2.33) problem, with its boundary conditions listed in Equation (£2.35).
Section |2.3.2| directly closed with the variational Equation that is used to obtain
the deformation through computational means by solving Equation through the
presented, discrete approach from Section[3.2.2] The solution at the Dirichlet boundary
for the [PDE] is directly given by the set value on the boundary.

3.3 VPSC as UMAT

Originally, VPSCHFEM] is an adaptation of [VPSC] for use as an [UMAT] model for the
software ABAQUS® that was developed by Seguardo et al. |28] and later extended

by Zecevic et al. [39, 40| into a multipurpose general material model that is also able to

calculate high-strain rate impacts. In an adapted version of the extended ABAQUS®
[VPSCHFEM] version by Zecevic et al. is used, where a tailored interface converts the values
of the microstructural calculations into an LS-DYNA® [UMAT| compatible format.

3.3.1 Localized Kinematics and Rotations

The [VPSC| material model of Section [2.3.T] is devised to work under the small-strain
approximation of finite deformations. Following, a linear decomposition of the polycrystal’s
total strain increment Ae can be performed by defining an elastic Ae and viscoplastic

Aey, part, giving Equation (3.12) [28].
Ae := Agqg + Aeyyp (3.12)

The relations for the elastic and plastic share of the incremental strains Ae to an
incremental overall Cauchy stress Ao is given by Equation and Equation ,
where C denotes the stiffness-tensor at the polycrystalline material point |28]|. Both
strain increments Aeg and Aey;, are calculated within the VPSC| approach, as it also
considers the criterium of yielding for the elastic limit, meaning the model gives a total

%ie. vyu € [V(Q))3, with V denoting a Hilbert space for the bounded domain  of the body |11]
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strain increment of a polycrystal, by being only provided the total stress increment Ao
the solid body deformation sample is locally exhibiting |28].

Aegg :=C7': Ao (3.13a)

Aeyp, = Aeyp(Ao) (3.13b)

Defining a rotating local coordinate system given by the unit vectors e, with a € {1, 3},
allows for calculating the polycrystalline behaviour, as described in [28]. The rotational
evolution of the unit vectors e, is given by Equation (3.14)) and needs to be accounted

for by the FEM}model,
Ca =0 en (3.14)

where w is the total rotation-rate of the polycrystalline material point |28|. Integrating
the rotation-rate in a time increment of At gives an incremental rotation matrix AR for
rotating the local reference system from time ¢ to a future point in time ¢ + At. R*At in
Equation denotes the rotation matrix from the local coordinate system’s original
orientation at time t( to its current orientation of basis vectors e!tA at time t + At, as

Equation (3.15b)) shows [28].
R"A' .= AR-R! (3.15a)

ehtA = RITA . elo (3.15b)

Similar to the strain increment of Equation (3.12)), the local velocity-gradient L is
decomposed into elastic L and viscoplastic L}, components by Equation (3.16).

L:=La+ Ly (3.16)

The gradients L, Lyp, are defined by Equation (3.17al) and Equation (3.17b)) respectively,
by making use of the strain rates €|, €y, as well as total rotation-rate of the polycrystalline

material point w [28].
Lo =€ +w (3.17a)

Lyp = Eyp (3.17Db)

For convenience, Seguardo et al. [28] assigned the full rotation rate w to the elastic part
of the velocity gradient via Equation .

Assuming the plastic strains to be much larger than the elastic ones, the deformation
can be considered to be isochoric, i.e. the determinant of the deformation gradient F is
constant |28|. Refer to Section m The polycrystal elastic stiffness and the viscoplastic
strain increment are calculated by the means of the VPSC| approach, in the system of
the rotated basis e,. In order to express these magnitudes in the global reference system
eigl introduced in Section R!At ig needed. Explicitly, this means that the strain
increment Ae for the solid body deformation is obtained by rotation Equation from
the strain increment in the local coordinate system eP*, which the [VPSC| approach has
calculated through the means given in Section [2.3.1}

Ae = (RtJrAt)T . AePx. RtJrAt (318)
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Finally, the stress [0 P¥|r expressed in the rotated axes e,, that needs to be given at
each time step t+ At for the [VPSC|approach, is calculated from current stress o the

model provides at time ¢ for the element in question, via Equation(3.19) [28]. The Cauchy
stress deviator o”, first introduced in Section can be obtained via Equation (1.9)) from
the stress tensor o.

(o PX]FAL = RITAL (g + C 1 ([Aé — Aéyp|AL)) -(RTANT (3.19)

E

Note that while this approach theoretically allows for non-constant strain-rates &, the
simulations in this thesis are not time-dependent as a constant global strain is applied,
which was mentioned in the beginning of Section [2.3.2] Nonetheless, may the strain-rate
still vary locally from element to element due to the sample geometry and the applied
direction of loading.

3.3.2 Element Stiffness Matrix

The following discussion for the element stiffness matrix notation by Segurado et al. |28|
focuses on the small-strain notation. However, Segurado et al. note that this is also
applicable for finite deformations by replacing the small-strain variables with their large-
deformation ones in the localized rotated system e, discussed in Section [3.3.1

A polycrystal (px) shall be defined at each finite-element k, each inside a localized
rotational system [e,];. Note, Section has mentioned the global stiffness matrix
to be calculated iteratively over each element k. The load increment is controlled by
the time and after the deformation problem has been solved at time ¢, the solution
for the next increment requires the polycrystal to provide a tangent stiffness matrix
C’,zg := Ao /Agy, in order for the model to compute an initial guess for the nodal
displacements at t + At [28]. The predicted strain increments for each element are the
initial guesses for the localized calculation, together with the stress [o!]; and
the internal state variables, i.e. orientation [R!TA? orphology and the hardening

state of each statistical representative grain in the [HEM| [28]|. The stress [o px]gm in

the localized rotational system, used for the [VPSC] calculations of Section which
obtains local microstructure evolution and the polycrystals stress response, is calculated
by Equation . The choice of the elastic stiffness C}, for the current polycrystal (px),
i.e. the current element k, consisting of the statistical representative grains (gr), is obtained
by the elastic self-consistent estimate of Equation ,

Cy = ([CF : [BET)) ! (3.20)

where C’kgr and Bkgr are the elastic stiffness and stress localization tensors of the

grains (gr) |28]. Finally, the tangential stiffness the [VPSClbased [UMAT] provides to the
model is calculated by Equation ([3.21)),

CE=[C;! + AtM P! (3.21)

where M P¥ is the result for the polycrystal relation tensor, calculated by Equation (2.30)),
that has achieved convergence.
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3.3.3 Overview UMAT-FEM Interaction

Figure [3.3]| provides a graphical representation, both of the dependencies between the
VPSC and the[FEM]framework of LS-DYNA® that were discussed in Section
Furthermore, Figure clarifies that and LS-DYNA® need independent micro- or
macrostructural material information. For example: crystalline properties and slip modes
are provided for VPSC| while the mesh and boundary conditions are needed for [FEM]

Accordingly, the [UMAT] and the [Finite Element Method (FEM )| solver both produce
separated output as well.

thermal / mechanical microscopic
input texture input
. - Euler angles,
LS DYNA@ - Grain shape,
A - Elastic stiffness,
Start time - Slip systems,
L ()
timestep t-1
—timestep t

—— timestep t+1

— ()

End time
v

Figure 3.3: VPSCHFEM]| as [UMAT| with Voce hardening law inside the macroscopic

simulation.

3.4 Material Data and Reference Systems

The material used was a industrially produced [ENJ[AW}5754 cold rolled metal sheet with
a thickness of 1.5 mmJ| This alloy consists of an aluminium basis, with a small amounts
(2.6 % to 3.6 %) of magnesium [13].

3acronyms stand for [European Norm (EN)|and [Aluminium Wrought (AW)|

45



3 Computational Methods, Equipment and Material Data

3.4.1 Reference Systems and Samples

The choice of the reference systems discussed in Section [If and Section [2| can be arbitrary.
For the material measurement, multiple tensile test specimen were cut-out at an 45° rota-
tion around [ND]in the RDITD] plane of the rolled aluminium sheet sample. Analytically,
the tensile specimen’s local coordinate system ef;s273 is therefore directly related to the
metal sheet sample by applying the rotation matrix R(45°), defined by Equation ,
onto €7, 5. Figure 3.4| displays a sketch of the rolled metal and the position of the cut-out
tensile test specimens, as well as a mark on the cross-section of the specimens that were
[EBSD}measured. For details regarding the mechanical tests as well as the [EBSD] refer to
Section [3.4.2]

Metal Sheet

TD
Simulated Geometry
—————— @1 RD

|

EBSD Cross Section

Clamped Area During Tensile Test

Figure 3.4: Sketch of cut-out for the tensile tests from the rolled aluminium sheet, with
[EBSD}measurements performed at sample cross-sections, as was done by

LRT

3.4.2 Material Tests and Measurements

All material measurements were done by personnel at [LKR] with minimal involvement of
the thesis author. Processed texture data was provided for the simulations in this thesis,
together with the flow stress curves of the tensile tests. Below are given some details
on the testing and measuring, as well as the data manipulations that had to be done
beforehand.

The Mechanical Testing composed of uniaxial tensile tests at a controlled constant
strain-rate & of 0.01s~! using a DIL805A /D /T quenching and deformation dilatometer,
with specimens being deformed until fracturing occurred. Tensile tests were taken for
pre-set specimen temperatures T of 100 °C, 150°C, 200 °C and 250 °C as well as at
[Temperature (RT)|. Temperatures were regulated by a hollow inductive heating and
cooling coil during the testing, with cooling being accomplished by directing nitrogen
through the interior of said coil directly onto the specimen. Current specimen temperature

46



3.4 Material Data and Reference Systems

was recorded by the DIL805A /D /T during the tests through a soldered thermocouple,
mounted onto the middle of the tapered specimen part. The uncertainty of the temperature
measurements are given by the standard deviation of the recorded temperature in every
time-step. An additional tensile test at a pre-set constant strain-rate of 0.01s~! was
carried out to provide the reference data referred to as verification experiment later in
Section [4] where the specimen was first heated up and during the tensile load and linearly
cooled down from approximately (250.2 + 0.4) °C to (60.5 +0.9) °C in 29.2s and
was observed after 21.9s at (106.0 +0.9) °C. Figure displays the experimental setup
of the temperature controlled tensile tests, with one of the specimen shown in Figure
and the complete configuration before initiating the tests in Figure [3.50]

]
9mm

(a) Specimen (b) Heating/cooling coil with specimen and thermocouple

Figure 3.5: Pre-deformed tensile test 5754 specimen (a) with setup for temperat-
ure controlling inside DIL805A /D /T (b).

The EBSD Measurements of the samples were taken in the cross-section in the middle
of the sample, by a Tescan Mira 3 field emission scanning electron microscope, operated
with an acceleration voltage of 20kV at a working distance of 20 mm, using the highest
settable beam intensity. Images were taken using a velocity [EBSD] camera from EDAX
utilizing a view-field of (500 x 370) pm? at a step-size of 0.25ym. The texture data were
exported as grain files using the software OIM analysis version 8.6, after a performed
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clean-up using the NPAR routine and one iteration of grain dilatation with a grain
tolerance angle of 5°, a minimum grain size of 2 px and a neighbour confidence index
correlation with a minimum value of 0.1. One such measurement was taken of a pre-tensile
specimen, with the obtained textures rotated to be in-plane of the metal sheet, [RDJTD]

3.4.3 Pre-processing of Texture Data

To ensure a correct interpretation of the measured @ data, some pre-processing steps
are required. First, the measured sample coordinate axes of the metal sheet deviate slightly
from the manufacturing process directions (RD] [TD|and [ND)) due to sample preparation
and the measurement setup. This was corrected by symmetrically aligning the pole
figures around the 45° axis using the alignment algorithm described in . Afterwards,
to minimize computational costs, the 3221 identified individual grain orientations were
reduced to 104. This was done by using the clustering algorithm developed by Theil in [33]
and the subsequent work for texture [EBSD] data (using a cluster radius of 0.4). It
was demonstrated in , that about 100 grains are sufficient to represent a texture of
a[F'CC| crystal aggregate. This same initial texture was used for all presented simulations
and was applied to all elements in the sample geometry. Below, Figure [3.6a] shows the
[[nverse Pole Figure (IPF)rmap measured of a initial, non-deformed tensile specimen, by
projecting the [Normal-Direction] to the local crystallographic planes. Figure [3.6b] and
Figure display the [Pole Figure (PF)| of the full measured texture and the reduced
one provided for the simulations respectively. Note, each of the grains in the [PFk to have
an assigned weight, corresponding to the area such (clustered-)orientations occupy on the
[PF}map, which is not shown here.

SR o~ . - t t
t‘ = K : l y o 4}" ‘_ P i ‘-13353)—-625 111 001
4 - T ts

(b) of original, aligned texture

111

(a) map of projected @l (es®) (c) of reduced input texture

Figure 3.6: |[EBSD| orientation (texture) map of 5754 tensile specimen cut-out
(a), together with the of the original (b) and the representative clustered

texture (c), each showing the projected poles of crystallographic planes {001},
{110}, {111} to the e{5-el® plane.
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3.5 Voce Support Points Optimizations

As support points for the temperature interpolation, Voce hardening parameters that best
describe the macroscopic material behaviour at a certain fixed temperature of the tensile
tests were searched. For this purpose, VPSCHFEM] simulations of the tensile tests were
run under the supervision of the probabilistic analysis tool LS-OPT® version 7.0.2 for
varying Voce values. By iteratively comparing the load/(force)-displacement curve of the
tensile specimen with the data obtained from the corresponding simulations, a parameter
set 79, 71, 6p, 61, of the single active [FCC|slip mode is obtained at each temperature, that
best describes the observed macroscopic stress-strain curve for the provided initial texture.
The main steps of the optimization included: First, an estimated set of start parameters
was defined manually, then LS-OPT® run 8 LS-DYNA® tensile test simulations, using the
[VPSCHUMAT] with varying combinations of Voce values, obtained via a linear metamodel
sampling. After completion, each of the resulting load-displacement curves were compared
to the tensile test measurement data with the [Partial Curve Mapping (PCM)| algorithm.
For the optimization, the |Leapfrog Optimizer for Constrained minimization (LFOPC)|
algorithm, with the default values given in LS-OPT® was chosen. After the first iteration,
new estimations of parameter combinations were provided for another round of 8 LS-
DYNA® runs. The termination criteria was set, if either the discrepancy d fell below
the value of 0.0010, when comparing load-displacement curves or if a maximum number
of 3 such iterations has been executed. Finally, a verification run was executed with the
best fitting estimate of the Voce parameters, which is based on the values screened in
the iterations beforehand. The starting parameters for the optimizations as well as their
constraints were manually set in the beginning according to experience from previous runs.
A brief summary regarding the optimization approach used, is laid out in Section [3.5.1

3.5.1 Optimization Method and Curve Discrepancy

The beginning of Section mentions the settings used for the optimization tool, whose
implications are briefly outlined in the following paragraphs. Note, more detailed informa-
tion regarding the inner-workings of the analysis tool LS-OPT® to be found in the User’s
Manual by Stander et al. [32].

in LS-OPT® refers to the [Leapfrog Optimizer for Constrained minimization|
algorithm by Snyman [30], a gradient method that generates a dynamic trajectory path,
from any given starting point, towards a local optimum |32} |30]. The leap-frog refers to a
method that seeks the minimum of a function consisting of n variables by considering
a particle in a n dimensional force field. The potential energy of the particle at point
x(t) is taken at a time ¢, as a function f(x), which needs to be minimized. Therefore,
the method requires the solution of the equations of motion for a particular particle with
initial velocity and position. An approximated trajectory of the particle is following
computed by using the so-called leap-frog (Euler-forward/Euler-backward) method |29,
30]. The constraint to the optimization problem is included by a penalty function that
needs to be minimized.
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was chosen because it preserves the arc length. It can compare two curves of
unequal geometric length and hysteresis but ignores noise by mapping one the points of
one curve onto the other [32|. In more detail, calculates the volume/area between
a curve a and a longer one, a’. The volume between a and d’ is taken as a measure of
the discrepancy d. LS-OPT® calculated d by first sentimentalizing a and @’ into pieces,
defined as a straight line connection between two consecutive points, which means a curve
consisting of m points results in m — 1 segments [32]. For each segment i, a segmental
length 5; calculated is calculated, that is scaled and normalized regarding to the shorter
curve a. A curve segment ¢ on a then corresponds to a segment ¢ on a’ of same length.
Through the resizing of segments 7 from a’ the individual mismatch errors, i.e. pointwise
distances 0;, between the scaled points and normalized point pairs (X,Y") of curves a
and a’ are calculated by Equation . The volume component v; of each segment is
following calculated by Equation . Summing v; up over all m points, gives a total,
normalized curve mismatch error for the discrepancy d(a,a’) between the two curves a

and a’ by Equation ([3.22d)) [32].

5i=V(X' = X)2+ (Y —Y)2 (3.22a)
v — % B 1= 0; i € [2,m] (3.22b)

d(a,a’) = Z v (3.22¢)
i=1

Note, mismatch errors much lower than one are said to be expected, for reasonably
matching curves [32].

3.5.2 Interpolation at Temperature Change

The Voce values are provided for the different slip modes, through a new input file of
name given in the s main settings file (vpsc7.in). This additional microstructural
input file is phrased at the [FEM}software’s call of the [UMAT] and contains a set of Voce
values 79, 1, 6y and 01 at a given temperature T'. Each set refers to an indexed slip mode,
which consists of multiple crystallographically equivalent slip systems, as explained in
Section These Voce values are used as support points to linearly interpolate for
any occurring temperatures, that might not have been especially provided, in-between.
Information regarding the slip systems are given in the crystal properties file of [34]
and any there defined hardening parameters are ignored in the [CRSS| calculation, as they
are superseded by the temperature Voce value list of the new input file. The input data
file for the Voce values needs to conform to the schema depicted in Figure Note,
the range of the given temperature Voce values is expected to be set accordingly for the
material and specific problem to be simulated. Similar to [VPSC| the implementation
expects one such file for each phase in the polycrystalline material.
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3.5 Voce Support Points Optimizations

- Lines starting with $ will be ignored as comments

- One Voce value block is read in per slip system

- Fach block beginning must be marked with *

- The order of slip systems must be the same as given in the single
$ crystal properties file, that is named in vpsc7.in

$ The support point block consist of the follwing structure:

*slip mode 1

temperature tau0 taul thetO thetl

temperature tau0 taul thetO thetl

©“ H H P

*slip mode 2

Figure 3.7: Required format of input file for Voce parameters of slip modes at certain
temperatures.

For handling the Voce value support point blocks, a Fortran type was developed, where
an instance of the type is initialized for each provided Voce parameter input file.

3.5.3 Calculating the CRSS

The [CRSS| calculation is an adaptation of the implemented extended Voce hardening law
subroutine used by [VPSC| However, instead of the same Voce values being supplied for all
slip systems of a certain slip mode of a polycrystal at a phase, an interpolation for each of
the 4-Voce values is done first: Between two provided temperature Voce values of the input
file (see Figure as support points, a direct linear interpolation takes place to obtain an
estimated Voce hardening for a slip mode. The linear interpolation gives estimated values
s (TF), wH(TF), 051(T*) and 051(T*) for a slip system (sl) at temperature T* of the
current element k. The idea is for the grain average flow-stress curve, of the polycrystal
to describe the materials behaviour approximately, if a texture-evolution and a tensile
test measurement had taken place at this exact temperature. Afterwards, the usage of
the [CRSY] follows the same procedure, as was originally implemented in [VPSC| Another
important difference to the original [VPSC| implementation is that the calculation of the
is done directly by Equation , using the new estimated values, instead of
the original incremental approach by Equation . It further is noted, that therefore
latent hardening through A*"!" is not considered. Should the temperature of k fall below
or exceed the temperature range of the Voce support points given for the slip modes, the
highest /lowest temperature set given is used, to proceed with the calculation and
a warning message is logged. To prevent memory corruption if multiple instances of the
[CRSY] calculation are called in the parallelized environment and to enable easier further
expansion, the interpolation calls are embedded directly into the data type that hold the
information provided by the Voce value input file of Figure i.e. an object-oriented
programming approach was chosen.
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3 Computational Methods, Equipment and Material Data

The new system of Voce value handling is enabled by a flag in the LS-DYNA® input files
that is passed down to the [UMAT]call. The new method is used for the cooling simulation
but not the optimizations simulations, as they are meant to be at fixed temperatures.

3.6 Simulation Input

Section is dedicated to the input data relevant for LS-DYNA® while Section [3.6.2]
lists the microstructural information needed for the [VPSCI[UMATI calls.

3.6.1 FEM Simulation

The global coordinate system for elng 3 was set to be the one of the tensile specimens
(efz,g), i.e. it was rotated by 45° around for the tensile axis to face in the x-direction

(elgl). This becomes apparent if Figure of the sample cut-out and Figure of
the simulated geometry are compared and allows to provide the initial texture of the
material from the cross section as described in Section [3.4.2] after the pre-processing
of Section [3:4.3] has been done. Because the upper and the lower part of the tensile
specimen are hold firmly in place by the tensile test machine (clamped down areas in
Figure , the mesh needed to reflect the reduced degrees of freedom for these areas.
This was done by simulating only the free-standing part of the specimen and applying
corresponding Dirichlet boundary conditions. No displacement was set to occur for all

nodes on boundary area Ry, i.e. they were fixed in space (— ug = 0)

Displacement
Boundary Ry

W

Anisotropic Material
(VPSC Polycrystals)

Global Coordinate System elgl:) 3

Figure 3.8: Simulated geometry using [VPSC| with boundaries and measurements.

However, to avoid unrealistic transitions of textures changes in the elements of the
boundary nodes, which would result from the reduced degrees freedom for said nodes, only
the middle top (z,y = 0 with u; » = 0) and bottom nodes (z,y, z = 0 with u; 23 = 0) had
additional boundaries applied, allowing small movements of the clamped specimen part.
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3.6 Simulation Input

A constant velocity boundary condition, set by a displacement vector ug in x-direction, is
applied at time tg,;, on the boundary surface elements of R,;. Equation , defining
ug, is given by the assumption that most of the deformation is going to happen at the
thinnest part of the specimen, which had a pre-deformation length Iy = 10 mm along the
tensile direction (elgl). The 1D true strain €; = In ZOZJO“ Y occurring through a deformation

of length [y by u, is given by Equation (3.23) through the 1D strain-rate & = %,

t1
€t:1nl0+u —/ édt (3.23)
lO to

where the true strain in the time from £y to £ is searched. Partially integrating Equa-
tion (3.23)) and noting ¢ to be constant, i.e. % = 0, leads to the current displacement w1,
which is applied along the tensile direction. Following, Equation (3.24]) gives the vector
ug at the simulated time tg,, = t1 — to,

lo-exp (¢ - tgsim) — lo
Uq(tsim) = 0 (3.24)
0

where ¢ is set to 0.01s™! for fitting the applied controlled constant strain-rate of the
tensile tests.

Solely the polycrystalline VPSC{UMAT] was responsible for the anisotropic material
behaviour. For obtaining the Voce support points, fittings of the load-displacement curves,
as described in Section [3.5] were done for the 5 tensile tests of controlled temperature.

As a verification simulation, a uniaxial tensile test simulation was afterwards repeated
for the case of non-constant temperatures. By linearly decreasing the temperature of
the tensile specimen experimentally at each time step and setting it for the simulation,
the proposed method interpolated corresponding Voce hardening values for the current
element temperature at each time step. Note, the verification specimen was assumed to
be at uniformly cooled, as was done for the verification experiment of Section [3.4.2] Exact
hardening parameters were interpolated from the provided support points, obtained from
the optimizations. The verification simulation modelled the verification experiment until
the time of occurring [UTS] i.e. before the start of necking. Refer to Section [2:3.3]

The mechanical time step size for simulations performed by the optimizer was set
to At = 0.3s. However, due to the instabilities observed in the verification run of the
Ts = 250°C case, the same material parameters were used to rerun the tensile test
simulation using the in the end obtained values for 79, 71, 6 and 6; (refer to Section ,
with a time step size of At = 0.1s. For the verification experiment simulation of the
cooled tensile test, a fixed linear temperature decrease at every mechanical time step
of At = 0.3s, starting from 250.2°C and ending at 106.0 °C was applied uniformly to
all finite elements for 21.9s. The same mesh of 2490 hexahedral linear elements and
boundary conditions were used for all simulations.

53



3 Computational Methods, Equipment and Material Data

3.6.2 VPSC Input

The input provided isotropic hardening, i.e. k""" = 1 for all of the 12 {111}(110)
slip systems (sl) of when referring to Equation . An effective rate sensitivity
exponent neg = 10 was set. The single crystal elastic constants C1; = 107.3 GPa,
C12 = 60.08 GPa and Cy4 = 28.3 GPa were used for all simulations, which were taken
from [36] and correspond to their determined values for pure aluminium at 300 K (26.85°C).
The initial texture consisted of 104 weighted grain orientations obtained from the pre-
processing, described in Section |3.4.3

The Voce parameter constraints for used by LS-OPT®, were roughly prede-

termined from previous optimization runs.
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4 Results

Section gives an overview of the full measurement data sets of the tensile tests, which
were used as reference for the simulations done. Following, Section [£.2] provides the
results for the Voce parameters as well as their application to the case of non-constant
temperature. Finally, Section [£.3 lists additional results from the [FEM}simulations,
directly comparing the different simulation cases with each other.

4.1 Tensile Test

Figure[4.1a]shows the fully measured force(load)-displacement curves by the DIL805A /D /T
at [Room Temperature (RT)| while Figure to Figure display the measurements
at a corresponding pre-set temperature T of the specimen. In the verification experiment
for the hardening parameter estimation, the tensile test was performed under a linear
cool down. Figure [4.1f] gives the load curve of the verification experiment and the current
specimen temperature at the corresponding displacement.

1000 1000 1000

x UTS x UTS x UTS
800 800 8004
z z z
= 600 =~ 600 =~ 600+
54 5 54
E E z
= = —
= 400 = 400 = 4004
e ] S
200 200 2004
0 0 0
0 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4 5
Displacement (mm) Displacement (mm) Displacement (mm)
o o
(a) (b) T, = 100°C (c) Ty = 150°C
1000 1000 1000
x UTS x UTS 250
800 800 800
—~ —~ —~ 200
z z z
= 600 = 600 = 600
= = = 150 —
= 400 = 400 = 400 &
z z z
200 200 200 . 100
x UTS ~ .
0 0 0 —:- Temperature T'
0 1 2 3 4 0 2 4 6 8 0 1 2 3
Displacement (mm) Displacement (mm) Displacement (mm)
_ o _ o . . .
(d) Ts =200°C (e) Ts = 250°C (f) Verification experiment

Figure 4.1: Force-displacement curves at different temperatures at a constant controlled
strain rate of 0.01s™!, with marked [Ultimate Tensile Strength (UTS)|
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4 Results

All tensile test specimen were uni-axial loaded until fracture occurred. However, as
reference data for the simulations of Section loading is only considered until the [UTS]
has been reached.

4.2 Simulation Result Validation

Section lists the results from the optimizer LS-OPT®. Section focuses on the

simulation of the non-constant temperature to model the verification experiment.

4.2.1 Fitting of Load Curves

Regarding the optimization strategy, the following approach was chosen for the presented
results: First, the values 7y, 71, 69 and 6; were evaluated independently for the @,
Ts = 150°C and 250°C cases. Afterwards, the model for the [RT| case was reused to
estimate Voce values for T = 100°C. For the T = 200 °C case, the obtained Voce values
from 250 °C to 150 °C were set for the constraint boundaries.

Following, Table provides the corresponding average temperature T of the specimen
during the tensile test, i.e. the temperatures the Voce values (19, 71, 0o, 61) were actually
optimized for. The fluctuations of T are noted by the standard deviation of the time
measurement series. discrepancies d, calculated by LS-OPT® for comparing the
simulation result to the corresponding measured load curve, are listed in Table as well.

T T (°C) 70 (MPa) | 71 (MPa) | 6y (MPa) | 6; (MPa) d

23.7£0.2 80.20 73.98 746.45 23.25 0.0030
100°C || 100.3£0.9 79.49 72.28 732.72 32.40 0.0010
150°C || 150.3 £ 0.7 73.14 68.63 682.75 28.10 0.0002
200°C || 200.2 £ 0.4 66.80 49.32 551.59 13.97 0.0001
250°C || 249.9+04 57.48 28.80 457.18 8.47 0.0080

Table 4.1: Obtained Voce support points of the best fit and discrepancy d.

Figure includes the load-displacement curves of the pre-set specimen temperatures
T, in Figure to Figure up to the beforehand marked [UTS] The optimized curves
of the verification run shown in Figure [4.2] are the result of the tensile test simulations
done with the in Table listed Voce values (79, 71, 0o, 61). The simulated tensile force
F; is given by the total force of the R nodes in the tensile axis direction. It is important
to note, while all tensile test simulations through LS-OPT® have been performed with
a mechanical time step of At = 0.3s, this discretization proved to be too coarse for
the Ts = 250s case. A jump in the force(load)-displacement curve is observed in the
verification run in this case, which lead to the tensile test simulation being repeated with
a step size of At = 0.1s, shown here, using the same Voce values.
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4.2 Simulation Result Validation

1000 4 Measured for RT
Optimized for RT
—— Measured for T, = 100°C
800 === Optimized for Ts = 100°C
—— Measured for T, = 150°C
=== Optimized for Ty = 150°C
600 —— Measured for T, =200°C
= === Optimized for Ty = 200°C
\: —— Measured for T, = 250°C
R 400 === Optimized for T, = 250°C
— = Recalculation for Ty = 250°C
using At =0.1s
200 1
0 -

T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Displacement (mm)

Figure 4.2: Total force F), over all fixed nodes in tensile axis from best fitted simulations,
compared with the strain-hardening loads from tensile test measurements.

Scaling the obtained Voce parameters of Table [4.T]to their respective set for the [LFOPC]
algorithm (displayed in Figure |4.3) provides an impression whether the parameter space
was set large enough and how the different constraints compare.

o RT T, = 100°C T, = 150°C T, = 200°C T, = 250°C

o0
L
n
n
n
n

0.6

0.4

Scaled to respective constrained space

o
!

0.0+

0 T 6 60 To T Oy 0 To T Oy 0 To T Oy 0 To T1 6y 0O,

Figure 4.3: Optimized Voce values for the constant temperatures optimizations via LS-
OPT®, scaled to their respective constrained spaces.
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4 Results

Table [.2] shows the correlation matrices of the optimized variables as calculated by LS-
OPT®. The dependencies are extracted from the simulation results of the 24 simulations
done by the 3 optimization iterations, i.e. 24 different sets of Voce values sampled in
the constrained spaces of Figure are evaluated for each optimization case. Refer to
Section [3.5] The correlations between 7y, 71, 09 and 6; refer to the influence changing one
Voce parameters had on both the calculated PCM] discrepancy d and on estimated values
for the other parameters. Note, on the one hand, that the correlations are symmetric,
and on the other hand, that the correlations between a variable with itself are equal to
1. The defined constrained spaces for [LFOPC] give different variations of sampled sets
between the optimization cases.

1 90 91 d T1 90 91 d

0 0.02 —0.01 0.03 —0.54 || o 0.07 0.00 —0.04 —0.29

I 0.10 —0.11 —038 | n 0.07 0.08 —0.43

6 —0.15  —0.31 || 6 0.04 —0.01

6, —0.24 || 6, —0.24
(a) [RT]and T, = 100°C (b) Ty = 150°C

1 90 91 d 1 90 91 d

| —0.07 —0.01 0.05 —0.36 || 7o 0.05 0.03 —0.04 0.09

T 0.02 —0.06 —0.17 |7 0.00 0.05 0.63

6o 0.07 0.10 || 6o —0.02 0.40

6, —0.26 || 6, 0.05
(¢) Ty = 200°C (d) T, = 250°C

Table 4.2: Correlation matrices for the Voce values 1y, 71, 0y, 61 and their influence on the
discrepancy d for the corresponding measured force(load)-displacement
curves. Calculated by LS-OPT® using all performed tensile test simulations
of the optimization iterations.

4.2.2 Application of Interpolation Method

The cooling simulation and the verification experiment had a controlled/pre-defined
steady temperature decline from 250.2°C to 106.0°C over a time of 21.9s. For each
temperature change, a new set of Voce parameters was provided to the [UMAT] This
was done by linearly interpolating between the Voce support points listed in Table
which leads to a reevaluated at the corresponding T' by Equation . Refer to
Section [3.5.2] The Voce support points are plotted together with the currently estimated
values in Figure [£.4]
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4.2 Simulation Result Validation

® Support points - Interpolated values of cooling simulation
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Figure 4.4: Voce value sets (19, 71, 0o, 01) estimated for cooling simulation between
support points (Table at temperature 7', plotted for every 5th evaluation.

Due to the controlled strain rate, the cooling in the verification experiment leads to
a specific temperature 17" at each displacement. Equation correlates the linear
temperature decrease directly to a displacement reached at the simulated time step.
Therefore, cross plots between temperature at displacement can be created and are
displayed in Figure for both the experiment and the cooling simulation. The
force(load)-displacement curve of the simulated cooled tensile test are displayed together
with the measured one of the verification experiment in Figure [£.5b] As is done in
Figure the tensile force F, of the simulation is given by the total force of the Rq
nodes in the tensile axis direction.
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4 Results

] —— Specimen Temperature Experiment 411003 °C
240 4 ===~ Simulated Cooling "l: A 80
1000 1 150.3 °C 1
220 3°C 70
800 1
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1201 Tensile Load from Verification Experiment | 30
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(a) Temperature T of cooling experiment at  (b) Force(load)-displacement with estimated and
displacement and set T in simulation. fitted values of 79 and ;.

Figure 4.5: Comparison of data from verification experiment (cooled tensile test) and the
corresponding simulation using the interpolated Voce hardening values.

The [CRSS| for the slip systems is reevaluated using a different Voce hardening parameter
set at every temperature change. To highlight this, Figure [£.5b] includes the support
points for 79 and 7 of Table and the interpolations done in between.

4.3 Additional Simulation Results

Figure Im to Figure lr(ier' display a contour plot of the effective plastic strains sgﬂ, defined
by Equation (2.42a)), at the first simulated state of the deformation. The colour scaling is
provided in Figure Figure to Figure display a contour plot of the effective
plastic strains at a later state. The time tg, may vary slightly due to the set variable time
step size, depending on solution convergence. The respective colour scaling are provided
in and Figure and Figure Note, following plots for Ts = 250°C in Section [4.3
show the At = 0.1s simulation.

Following, the Von Mises stress Egﬁ, given by Equation , is displayed per element
in the contour plots of Figure to Figure for the first printed deformation step,
while Figure [£.7g] to Figure show a later state. Again are respective colour scales
provided in Figure [f.71 and Figure [£.7]

Note that the VPSC|[UMAT] calculated the material stress response for the [FEM]
provided strain in each element. Refer to Section [2:3.1] and Section [3.3:2] for details.
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4.3 Additional Simulation Results
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Figure 4.6: Effective plastic strains 5gﬁ resulting from Voce values obtained for pre-set

temperatures Ty and [Room Temperature (RT)|after first plotted state (a-e)
and after appr. 10s (g-k). Respective colour scales in (f) and (1).
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Von Mises Stress (MPa)
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Figure 4.7: Von Mises stress (effective stress) o°ff resulting from Voce values obtained

for pre-set temperatures 7T and after first plotted state (a-e) and after

69 appr. 10s (g-k). Respective colour scales in (f) and (1).



4.3 Additional Simulation Results

The texture evolution in Figure [£.8)is shown by the average grain orientations of the
[VPSClpolycrystals defined in each element, using the [[PF] colouring in Figure which
is the direct result of the weighted average crystal orientation from the reduced texture
seen in Figure [3.6d of Section [3.4.3] The initial configuration used in all simulations
is represented in Figure [{.85 To highlight the change in the microstructure from the
different temperatures, Figure to Figure display the evolution at the simulated
time tgim of the lowest temperature tensile test optimization result , while Figure
to Figure show the evolution at the highest pre-set temperature (75 = 250°C). A
texture evolution for an intermediate temperature (75 = 150 °C) is provided in Figure
to Figure [4.80 Figure [4.8¢, Figure [£.8h] and Figure [4.8k] show the corresponding last
simulated time step. Due to the [UTS| occurring at different displacements in Figure
the total displacement of the simulation had to be set accordingly, via adapting the
total simulated time tgy,. This leads to the last deformation step being performed at
tsim = 16.8s and 10.3s for [RT] 75 = 150 °C and 250 °C respectively.

ts

i: (111)
ets
p H
(001) (101)
(a) colouring (b) Initial orientation configuration
(¢) [RT} teim = 2.1 (d) RT] toim = 4.2 (e) [RT] toim = 16.8s

(f) Ty = 150°C, tym = 3.3s  (g) T = 150°C, tym =425 (h) Ty = 150°C, tm = 16.8s

(i) Ts = 250°C, tgim = 3.38 (§) Ts = 250°C, tgm = 4.2s (k) Ts = 250°C, tgim = 10.3s

Figure 4.8: Average grain orientation of polycrystals at certain deformation steps,
represented by an colour encoding (a). Change of the average crystal
orientations from the initial configuration (b) over the simulated time for
(c-e), for Ty = 150°C (f-h) and for T = 250°C (i-k).
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per [FEM] iteration £55V and the average CPU-time per deformation time step At (EX{?U)

iter
of the presented simulations. While the optimization runs were done using 4 nodes
consisting of 16 CPUs each, the cooling simulation was done using 12 such nodes. For the
recalculation of Ty = 250 °C, only 2 nodes were available. One MPI-process was started

per used CPU.

Table F shows the total (rounded) CPU-time t{}V as well as the average CPU-time

T At || tCPU(s) 1PV (s) 1SPY(s) || No. nodes  CPUs

0.3s || 33664 152 601 4 64
100°C | " 34366 155 614 " "
150°C | " 21258 96 380 " "
200°C | " 17050 96 397 " "
250°C | " 16 600 97 461 " "

" 0.1s || 71681 117 664 2 32

Cooled | 0.3s || 12820 41 176 12 192

Table 4.3: Total used CPU time ttcolt)U of simulation runs, respective average per iteration
fgSrU and deformation step fng, as well as the available number of nodes and

the corresponding number of CPUs for simulations presented.
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5 Discussion

The discussion is divided into two distinct parts for the simulation results. Section [5.1
focuses on LS-OPT®’s performed simulations, while Section discusses the
method developed in this thesis for approximating a plastic deformation of changing
temperature. A final conclusion an outlook is provided in Section

5.1 Constant Temperature Cases

In Section the results for the optimizations regarding the agreement of the best
macroscopic material responses with the tensile test data is discussed, while Section [5.1.2]
focuses on the simulated influence of the microstructure evolution. The load-displacement
curves of the experiments at and 100°C (Figure and Figure display
macroscopically observable serrated load responses, which are a common feature in [EN]
[AW}5754 alloys [2]. This strain-path and temperature dependent material behaviour is
known as[PLC|effect. Microscopically, the [PLC|effect is the result of Mg atoms interactions
with mobile dislocations or other obstacles [2]. The temperature dependence of the [PLC]
effect is visible when comparing the load curves of Figure and Figure [£.TD] with the
ones at higher temperatures (Figure to Figure . This behaviour of the serrated
load response also occurs in the verification experiment, when the specimen cooling has
reached approximately 125 °C, shortly before the (Figure .

However, the [PLC] effect is not predominant texture dependent and is therefore neither
considered in the derivations of Section [2.3.1] nor modelled in the simulations presented.

5.1.1 Optimization Results

For the constant temperature cases, Voce hardening parameters have successfully been
calculated using the optimization approach laid out in Section The obtained values
result in force(load)-displacement curves, which describe the behaviour of the measured
load-displacement curves well up to the [UTS] This can be seen qualitatively in the direct
comparison of Figure[4.2) with the measurements as well as quantitatively by the calculated
[PCM] discrepancy d listed in Table The biggest discrepancy of d = 0.0080 is given by
the result for the T = 250 °C case, which is observed due to the unstable stress responses
the [UMAT] provided for the softer material in some finite element cells of low strain,
leading to difficulties for the optimization procedures. As seen in Figure lowering
the deformation time step size from At = 0.3s to 0.1s leads to a much smoother total
load response on Rg’s nodes. A similar issue is observed in Figure in the optimization
curve of the Ty = 200°C case for the displacement between 0.01 mm to 0.50 mm, which
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5 Discussion

can be reduced with smaller deformation time step sizes. However, the comparison with
the measurement data shows the lowest discrepancy d of 0.0001 for T = 200 °C, closely
followed by Ts = 150°C with d = 0.0002.

Otherwise, the Voce values for [RT]and Ts = 100 °C seem to have been overestimated, as
the simulated force(load)-displacement curves display stiffer material behaviour than meas-
ured. This is applicable in Figure 1.2 as well and leads to the corresponding discrepancies
of 0.0030 and 0.0010 in Table As the material load response of the [ENJ[AW}5754 tensile
specimens was very similar up to the (compare Figure to Figure the 24
tensile test force-displacement curves (3 iterations x 8 individual tensile test simulations)
were used to obtain the Voce value estimate for T = 100°C. Refer to Section for an
explanation of the optimization routine. While the fitted support points of 7y, 7, 8y for
and T = 100 °C, display an expected slight downward trend, if compared to the other
temperatures in Figure [1.4] 6; for [RT]is unexpectedly lower than what was estimated for
Ts = 150°C and 150 °C. The correlation matrix in Table [.2] for the [RT] and Ty = 100 °C
case, shows 01 to have the lowest influence on the discrepancy, if compared to 7y, 7 and 6.
Such is expected, as referring to Equation , 01 describes the asymptotic behaviour
of stage IV hardening, which becomes more dominant in higher strains. Nonetheless,
the hardening parameters give a material behaviour of subsequently decreasing hardness,
i.e. lower load bearing capacity, at higher temperatures, which is observed in Figure [.2]
for both the tensile test data and the simulation results. The difficulties the optimization
faced for these two temperature cases is the result of the serrated load responses from
the before mentioned [PL(] effect, which were not modelled but might still distort the
discrepancy calculations. The problem becomes apparent if considering the 8, values of
23.25 MPa and 32.40 MPa for [RT] and T = 100 °C respectively, still lead to very similar
force responses in Figure [£.2]

Further investigating the correlation matrices in Table [£.2] shows expected dependencies
of the Voce values with each other as well as with the obtained discrepancies. However,
due to the differently set sampling boundaries for the [Leapfrog Optimizer for Constrained|
minimization (LFOPC)| LS-OPT® calculated varying correlations between the Voce
parameters. Still, some expected dependencies can be readout. For example, 79 and 6y
are mostly independent of each other, as one models the initial [CRSS| and the other nearly
linear behaviour of the stage I "easy glide" hardening. Furthermore, a comparatively high
correlation within each case can be seen between 7 and 61, which gives the height and
tangential slope of the asymptote in the extended Voce hardening law in Equation .
This asymptote models the highly temperature dependent stage III hardening and the
transition to stage IV. Refer to Section [2.2.3] on the physical effects behind the mentioned
stages of strain hardening.

The choice of the constraints used for LFOPC| can be evaluated and compared between
each optimization case, if the obtained Voce values are scaled to their respective sampling
spaces. Such is provided in Figure which shows them well within the set ranges for
all temperatures. Attention is drawn in particular to the rescaled results for Ty = 200°C,
as its boundaries were not pre-estimated from previous simulations but directly set
to the narrow bandwidths given by the fitted values of Ty = 150°C and 250°C, even
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resulting in the closest match with the measurement curves and the lowest [PCM] value
of Table As not to introduce a bias into the fitting, comparatively much larger
constrained spaces were used to sample the values for the independent optimizations of
[RT] 75 = 150°C and 250°C.

5.1.2 Interpretation of Strain-Stress Responses

The influence of the crystal orientation of [VPSC| polycrystals defined in each finite element
has on the distribution of the macroscopic material responses is visible in both the contour
plots of the effective plastic strain for the first printed deformation step in Figure
to Figure and after appr. 10s in Figure [.6g] to Figure [£.6K] It can be recognized
by the propagation of the strongest strains along a 45° diagonal to the longitudinal
direction (tensile direction) throughout all the different temperature cases. By comparing
the von Mises stress distributions over the increasing temperature after approx. 10s in
Figure f.7g| to Figure [£.6K| it can be observed that the different set of Voce parameters
indeed lead to lower yield stress, i.e. softer material, due to lower resulting [CRSS| for
the [FCC] slip mode, as these are the only material specific parameters which have been
changed in the different temperature cases. Furthermore, they are directly responsible for
the [UMAT] stress responses to the [FEM] model. Refer to Section [2:3.I] and Section [3.3] on
the mathematical details on how the stress responses calculated by [VPSC| are included
into the [FEM]| formulation. As expected, comparing the plastic stresses in Figure
with the plastic strains in Figure [4.0] for the same simulated time steps, the increase
in temperature leads to an decrease of Von Mises stresses, which is compensated by an
overall increase of the plastic strains, i.e. stronger plastic deformation.

Concerning the texture evolution, it becomes apparent that the tensile specimen
geometry was simulated with a tensile axis rotated —45° off [RD] by taking note of the
developing distribution of the average crystal orientations in Figure Furthermore, as
all the other parameters of the VPSCHFEM] coupled simulation were kept the same, the
difference in the microstructure evolution for the highest temperature case (Ts = 250 °C),
seen in Figure to Figure [£.8]] compared to the lowest investigated temperature
(RT|~ 23.7°C), seen in Figure to Figure , is the direct result of the different
sets of Voce hardening values (Table .

5.2 Temperature Interpolation

Using the proposed change of certain microstructural material parameters by only estim-
ating the increase of the [CRSS] did successfully result in a load response behaviour similar
to what was observed in the verification experiment of constant cooling, if simulation and
measurement data in Figure [.5D] are compared. While giving a first proof of concept,
some larger issues still persist.

First, general deviations from the measurement: The simulated force in tensile direction
did not completely match the one obtained from the verification experiment. At a
displacement of about 0.5 mm, a jump can be seen in the load response. This is not
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completely unexpected, considering the specimen had a temperature of about 220°C
at this deformation (see Figure . Such an instability should occur, as the curve of
Ts = 250°C for At = 0.3°C had a jump in the force response at this same displacement
as well and the cooling simulation was performed with the same time step size. The
deviation of the calculated force response to the measurement between the displacements
of 1.5 mm to 2.5 mm does correspond with the largest deviation of the measured specimen
temperature from linearity, leading to a higher hardness being calculated in this region
than was measured. In the end of the cooling simulation, numerical instability occurs, as
the calculated force response seems to fluctuate for a displacement larger than 2.0 mm.
This, however, seems to be an issue specific to the FEM}lmodel or used solver, as such
behaviour was seen for some of the 24 combinations of sampled hardening parameters of
the [RT] case, which used the classical [VPSC| Voce implementation, as well. Reruns of such
simulations suggest adapting the convergence test performed by the iterative method
of the solver for assembling Equation . A promising fix for the problem
of unstable load responses seems to be to change the convergence criteria from a total
displacement increment ratio evaluated over the entire simulation, to a ratio evaluated
only over the current time step. This is controlled by setting the LS-DYNA® keyword
DNORM |19, Volume IJ.

Second, latent hardening: Unlike the stepwise calculation with Equation ,
latent hardening cannot be considered by directly implementing the continuous Voce
hardening of Equation . This does not seem to be a problem with the investigated
[EN][AW}5754 sheet metal using only one slip mode, but might be a problem for different
alloy compositions.

Third, elastic constants: The single crystal plasticity is temperature dependent |36|
but the elastic behaviour at [RT]| was set fixed for all simulations. However, as mentioned
before, this does not seem to be the main cause of the discrepancy of the measured and
simulated force(load)-displacement curves in Figure and Figure m

5.3 Conclusion and Outlook

In this thesis, the coupling of the [VPSC| material model to a commercial [FEM}solver,
as used by [LKR] is described in detail. Microscopic material parameters for calculating
strain hardening of a polycrystalline 5754 (AIMg3) metal sheet are determined
and validated against tensile test results. The influence of the microstructure evolution on
the plastic deformation is discussed. An extension to the calculation method of the [CRSS]
using the classical 4-parametric Voce hardening law, is presented and applied to a linearly
cooled tensile specimen. The resulting macroscopic material responses of said method
were evaluated against measurement data. An application of the extended method for
other deformation cases might be feasible, which would give a method depending only on
4 parameters per slip mode and temperature for fast simulating large thermo-mechanical
industrial metal forming problems.

Further adjustments and investigations into the [FEM] convergence criteria for the
coupled microstructural [UMAT| with LS-DYNA® are currently outstanding, to avoid
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fluctuations in the macroscopic force responses. Improvements in the optimization routines
might be obtained, if the dependencies of 7y, 71, 8¢ and 61 on the stages of work hardening
are considered more dominantly in the sampling for the optimization iteration. A physical
informed sampling algorithm, which also considers the texture evolution explicitly in
certain elements, could be promising.

Concluding

1. A robust method for determining microscopic material parameters for polycrystalline
strain hardening using the Voce hardening law was presented.

2. The influence of temperature on the plastic deformation was realized via adjustment
of slip mode activation energies (i.e. |[CRSS) in a polycrystalline aggregate.

3. A new method for using [VPSCHFEM] which will be useful for thermo-mechanical
industrial metal forming problems was introduced and evaluated.
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Acronyms

AIT Austrian Institute of Technology.

AW Aluminium Wrought. [i [v]

BCC Body Centered Cubic. [ix] [7]

CP crystal plasticity. [i [}

CRSS Critical Resolved Shear Stress.

EBSD Electron Back Scatter Diffraction. [xi [14] [37] A6H4§|
EN European Norm. [ [v] i, [45} [47] (48] [65] [66}, [6S]

FCC Face Centered Cubic. [ix]}, [7] [16] [49, b4 67}
FDM Finite Difference Method. B9

FEM Finite Element Method. [l [v] ki [I 2} 24} [26] 27 [30} BT}, 33] 37 [A1}45] (A9, 50
(52} [53} [601 [64} [65], [67}69]

HCP Hexagonal Close Packed. [ix} [7]

HEM Homogeneous Effective Medium. [27], [29] [44]

IPF Inverse Pole Figure. [48] [63]

LFOPC Leapfrog Optimizer for Constrained minimization. [49]
LKR Leichtmetallkompetenzzentrum Ranshofen. [46]
ND Normal-Direction. [46]

PCM Partial Curve Mapping. [ix} [49] [67]
PDE Partial Differential Equation. 33,

PF Pole Figure. [xi
PLC Portevin-LeChatelier.
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Acronyms

RD Rolling-Direction. [67]
RSS Resolved Shear Stress.

RT Room Temperature. B3]
TD Transverse-Direction. [46]

UMAT User Defined Material Model. [671
03]

UTS Ultimate Tensile Strength. B3 7] [63] 65}, [66]

VPSC Visco-Plastic Self-Consistent. M 28] [30]
H9 (4 [60} 63} 67169
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