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Abstract

Open cell aluminum foams present an attractive class of materials that are applied in many
engineering disciplines ranging from automotive, naval and aerospace industry to biomedical
applications. In order to design engineering structures composed of foams, a detailed experi-
mental and numerical investigation of their mechanical properties is necessary. The structure
of metal foams consists of a complicated stochastic distribution of pores which requires an im-
mense labor effort to generate a suitable finite element discretization. The finite cell method
is a combination of the fictitious domain approach and high order finite elements. Due to the
fictitious domain approach the finite cell method has shown to drastically simplify the mesh
generation process. Motivated by this promising property we employ the finite cell method
and enhance it in order to investigate the mechanical behavior of aluminum foams.

The following topics are addressed in this thesis:

The starting point for any numerical investigation is the discretization of the geometry. A
realistic geometric model of metal foams can be provided using voxel models stemming from
computed tomography scans. Such models are of course not free from artifacts. In order
to achieve automatic mesh generation for voxel-based models, algorithms known from
computer graphics will be applied to remove these artifacts. In addition voxel models will
be modified numerically for example by the application of a thin coating to the metal foams.
The effect of the coating on the homogenized elastic properties will be examined using the
window method. In order to accelerate the homogenization procedure Aitken’s A2-method
will be applied in this context.

To study the buckling and the finite elastoplastic deformations of cell walls the finite cell
method will be extended by a hyperelastic based von Mises plasticity model which makes use
of the multiplicative split of the deformation gradient into its elastic and plastic contributions.
By employing this model different structural levels of the aluminum metal foams will be ana-
lyzed under large deformations. A focus here is on the investigation of single pores that
serve to find the microscopic material properties of the aluminum by combining experiments
and simulations on pores. Finally computations of larger foam samples will be carried out
aiming to find a representative volume element and to verify the material parameters obtained
by single pore experiments and inverse computations.

Two different contact formulations based on the penalty method — one for sticking and one
for frictionless contact conditions — will be introduced and investigated by comparing their
results to the analytical solution derived by Hertz. The self-contact of metal foams will
be modeled using sticking contact formulation and finally applied to a single pore to show the
influence of self-contact on the load displacement curve.
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Zusammenfassung

Offenporige Aluminiumschaume reprasentieren eine interessante Art von Materialien, die in
vielen Bereichen wie dem Automobilsektor, der Luftfahrtindustrie und der Medizin Anwen-
dung finden. Um Bauteile, die aus Schdumen bestehen, zu entwickeln, sind detaillierte Un-
tersuchungen ihrer mechanischen Eigenschaften notwendig. Die Struktur von Metallschdumen
besteht aus einer komplexen stochastischen Verteilung von Poren, und es erfordert einen ho-
hen Arbeitsaufwand eine geeignete Finite Element Diskretisierung zu erstellen. Die Finite Cell
Methode ist eine Kombination der Fictitious Domain Methode mit Finiten Elementen hoher
Ordnung. Aufgrund des Fictitious Domain Ansatzes kann die Finite Cell Methode den Vernet-
zungsaufwand drastisch vereinfachen. Motiviert durch diese vielversprechenden Eigenschaften
wurde die Finite Cell Methode angewendet und erweitert, um das mechanische Verhalten von
Aluminiumschdumen untersuchen zu koénnen.

Folgende Themengebiete werden in dieser Arbeit behandelt:

Der Anfang einer jeden numerischen Untersuchung stellt die Diskretisierung der Geometrie
dar. Ein realitatsgetreues Voxelmodel von Metallschdumen kann mit Hilfe eines Computerto-
mographen erhalten werden. Solche Modelle sind nicht frei von Artefakten. Um eine automa-
tische Vernetzung von Voxel-basierten Modellen zu erreichen, werden Algorithmen, die
aus der Computergrafik bekannt sind, angewandt. Zudem werden die Voxelmodelle numerisch
modifiziert, zum Beispiel durch das Aufbringen einer diinnen Beschichtung. Der Effekt der
Beschichtung auf die homogenisierten elastischen Eigenschaften wird mittels der Window
Methode untersucht. In diesem Zusammenhang wird die Aitken’s A%-Methode angewandt, um
die Homogenisierungsprozedur zu beschleunigen. Um das Ausknicken und die finiten elasto-
plastischen Deformationen der Zellstege zu untersuchen, wird die Finite Cell Methode mit
einem hyperelastisch basierten von Mises Plastizitdtsmodell erweitert, welches auf der multip-
likativen Unterteilung des Deformationsgradienten in einen elastischen und einen plastischen
Anteil beruht. Durch Anwendung dieses Modells wird der Metallschaum auf unterschiedlichen
strukturellen Ebenen unter grofien Deformationen untersucht. Ein Hauptaugenmerk hier ist
die Untersuchung einzelner Poren, die dazu dienen die mikroskopischen Materialeigenschaften
des Aluminiums mittels Vergleich von Experiment und Simulation zu bestimmen. Schlie§lich
werden die Rechnungen auf grofiere Mikrostrukturen ausgedehnt, um Reprisentative Volumen
Elemente zu ermitteln und die bereits an den einzelnen Poren ermittelten Eigenschaften zu
verifizieren.

Zwei unterschiedliche Ansétze zur Berechnung von Kontaktproblemen basierend auf der , Pe-
nalty“ Methode werden eingefithrt. Der erste Ansatz beschreibt ein Zusammenkleben der
Kontaktflachen (,sticking”), wohingegen der zweite Ansatz den reibungsfreien Kontakt zwis-
chen den Korpern beschreibt. Beide Formulierungen werden untersucht, indem die erziel-
ten Ergebnisse mit der analytischen Losung nach Hertz verglichen werden. Der Selbstkon-
takt des Metallschaums wird mittels der ,sticking® Kontaktformulierung modelliert und
schlussendlich auf eine einzelne Pore angewandt, um den Einfluss des Selbstkontaktes auf die
Last-Verschiebungskurve zu untersuchen.
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Glossary

Glossary

b Left Cauchy-Green deformation tensor.
C Right Cauchy-Green deformation tensor.
€ Engineering strain tensor.

F Deformation gradient.

E Green-Lagrange strain tensor.

H Displacement gradient.

€ Eulerian logarithmic strain tensor.

1 Spatial velocity gradient.

R Orthogonal rotation tensor.

U Right stretch tensor.

V Left stretch tensor.

D¢ Fourth-order elasticity tensor.

G Shear modulus.

K Bulk modulus.

1 Second-order identity tensor.

I Fourth-order identity tensor [;;x = ;10

I; Fourth-order deviatoric projection tensor I = Is — %1 ® 1.
Is Fourth-order symmetric identity tensor Ig,,, = % (0ir0j1 + 03105k ).-
o Cauchy stress tensor.

s Deviatoric stress tensor.

7 Kirchhoff stress tensor.

P First Piola-Kirchhoff stress tensor.

S Second Piola-Kirchhoff stress tensor.
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Notation

Tensors

Throughout this thesis different tensors of different orders are used. Besides the fact that
tensors are written with bold letters no further indication is made concerning the order of the
quantity. In most cases their order should be clear from the context.

Multiplications and contractions

Multiplications (contractions) of tensors are denoted by the dot operators () and (:). The
former is used for a single contraction, the latter denotes a double contraction of the related
tensors. The single contraction symbol for the multiplication of two tensors and a tensor and
a vector is omitted.

The dyadic product is represented by ®.

Indicial notation

In the indicial notation FEinstein’s convention is applied, meaning that whenever an index
appears twice in the same product, summation over the repeated index is implied.

Matrices

In a computer-based implementation tensors are transformed to vectors and matrices. Based
on the method for transforming matrices to vectors the computer-based implementation reads
different. In addition, the notation is not unique and it depends on the type of quantity under
consideration.

For the stress and the strain tensor it is common to apply Voigt notation. In the literature
different definitions of the Voigt notation can be found. Belytschko et al. [9], for example,
use a different notation than Wriggers [73] or Neto et al. [66]. Whenever the Voigt notation
is referenced in this work we follow the notation given in Wriggers 73] or Neto et al. [66]. For
symmetric tensors, for example, the stress tensor, the notation reads:

T
0'<:>[0m Oyy Oz Ogy Oys Um} ) (1)

For all other non-symmetric second-order tensors that are transformed into column vectors
we apply the following scheme:

11 12 13
21 22 23 | <= [11 12 13 21 22 23 31 32 33] . (2)
31 32 33
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Chapter 1

Introduction

1.1 Motivation

Many organic materials are formed by cellular structures. Bones, for example, consist of a hard
outer layer, called the cortical bone, and the cancellous bone on its inside which is a porous
open cell network; see Fig. Cork, which can be harvested from trees, is another example
for a cellular structure. Honeycomb structures, known from the nest of honeybees, also form
a cellular structure of hexagonal wax cells. The manifold properties of cellular materials such

a)
Figure 1.1: ongitudinal section of the humerus (upper arm bone) [1] and [b)| metal foam.

as these served as the blueprint for the development of metal foams.

A metal foam is a solid structure made of metals like aluminum, steel or copper; containing a
large volume of pores that can be either sealed (closed-cell foam) or interconnected (open-cell
foam); see Fig. [1.1b)|

By imitating cellular materials and using their metallic counterparts one can improve the
characteristics of many engineering structures. For instance, porous tantalum is used in or-
thopedics for knee arthroplasty Fig, artificial hip replacement Fig hip osteonecrosis
surgery or spine surgery. Prosthesis made of open-cell metal foams can be implanted into the
host bone. They allow the bone to grow into the metal which enhances the osseointegration
of implants. In addition, due to their low modulus of elasticity — close to that of subchondral



1.1. Motivation 6

and cancellous bone — they lead to better transfer of loads from the implant into the host bone
and minimize the stress shielding phenomenon [47, |49, 53].

Figure 1.2: Different applications of metal foams in orthopedics: @ Tantalum trabecular metal

tibial baseplate for uncemented total knee replacement and x-ray of implants osteointegration
[47] and @ Trident tritanium acetabular shell used in artificial hip replacement .

Another application area of metal foams is in the design of construction elements. An alu-
minum foam sandwich (AFS) is a sandwich plate made of two metallic face sheets and a metal
foam core made of an aluminum alloy. While the aluminum foam holds the face sheets in place
and is responsible for the low weight of the structure, the face sheets carry the load so that
in combination they offer a structure with a high specific stiffness. The use of such sandwich
panels, for example, as the shell of high-speed trains as depicted in Fig. renders a sup-
porting rip structure unnecessary . Consequently, the cabin size can be increased and more
passengers can be transported. Moreover, it reduces the production time and cost as well as
the weight of the structure. Metal foams can undergo large deformations at moderate stress

Bodyshell

Figure 1.3: Applications of metal foams in transportation systems: @Lightweight cabin of
high speed train made of AFS and [b)| Front end of a train with foamed crash absorber

elements )

due to the large volume of their pores that collapse at the same stress level. This behavior
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makes them useful as crash elements in all types of vehicles; see Fig[T.4] for the application in
the automotive industry or Fig|l.3b)|for the use in trains. In an experimental study , ,

Figure 1.4: Stiffener and crash absorber in the Ferrari 360 and 430 Spider |§|

metal sandwich plates were used in the shipbuilding industry to build the baseplate of a gear
box, see Fig. The resulting structure not only had a lower weight, but also reduced the
transmission of sound significantly compared to the conventional method of construction. In
the same project the rudder depicted in Fig. was also built from metal foam sandwich
plates which led to a reduction in weight, a simplified building procedure and to fewer parts
needed to assemble the whole rudder [28].

As all these different application areas illustrate it is of great importance to understand the

a)

Figure 1.5: Metal foams in the naval industry: @ Base plate of gear box and @
Rudder [28].

mechanical behavior of metal foams and to develop appropriate material models. The macro-
scopic behavior of foams strongly depends on local phenomena to be observed on the length
scale of the microstructure. This includes buckling of the cell walls and finite elastoplastic
deformations as well as self-contact of single struts under large deformations. One method to
understand and investigate these phenomena is by means of numerical simulations based on
a realistic geometrical model. Such models can be obtained, for example, by using computed
tomography scans (CT-scans). However, one of the main obstacles for such simulations is
the complicated and irregular geometry of the models and, consequently, the immense labor
effort to generate a suitable discretization. In order to avoid this problem we employ the
finite cell method (FCM) [54, which is a combination of the fictitious domain approach
and high order finite elements. The fictitious domain approach drastically simplifies the mesh
generation and allows to automatically obtain a simple Cartesian grid using the voxel model
which comes out of a CT-scan. Due to the high order shape functions each element — or
cell as referred to in terms of the finite cell method — can represent a set of voxels. As a
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consequence the number of degrees of freedom can be reduced significantly as compared to a
voxel finite element simulation [26] and high convergence rates can be obtained if the voxel
model is sufficiently smooth. Motivated by the promising properties of the finite cell method
— particularly its simple mesh generation capabilities — we extend the finite cell method and
apply it to the investigation of cellular materials.

1.2 Scope and outline of this work

Within the scope of this thesis we extend the finite cell method with the goal to perform
realistic numerical simulations on CT-image based geometric models of open cell aluminum
foams. To this end, we augment the FCM by a constitutive material model that takes into
account the large elastoplastic deformations and buckling of the cell walls that occur when a
metal foam is compressed. In addition, a sticking contact approach is implemented to simulate
the self-contact which occurs during the densification process of the metal foam at the final
stage of a compression test. After some intensive numerical studies of these methods, they are
applied within the investigation of metal foams, focusing on single pores.

The detailed outline of the thesis is as follows:

o In Chapter 2 an introduction into the basics of continuum mechanics is given. Here all
necessary strain and stress measures, the equilibrium conditions, its weak form, as well as
the constitutive equations for different types of materials are explained. Specifically, we
introduce a material model for the description of large elastoplastic deformations based
on Hencky’s hyperelastic model and a multiplicative split of the deformation gradient.

o In Chapter 3 the spatial discretization of the governing equations by the finite cell
method is introduced. The influence of the fictitious domain on the condition number
is discussed by means of a one-dimensional example. The numerical integration of the
weak form by an adaptive quadrature scheme is explained by a two-dimensional example
and the efficiency of the quadtree and k-d tree based quadrature scheme is compared.
In order to derive a finite cell discretization based on image-based CT-data, we present an
approach to remove artifacts from the raw voxel model such that a proper discretization
can be obtained.

o In Chapter 4 we introduce an iterative self-consistent numerical homogenization ap-
proach based on the window method and the finite cell method. In addition, we present
the Aitken acceleration scheme and show how it can be leveraged to reduce the number
of iterations within the window method. Finally, we apply the window method to com-
pute effective properties of nickel-coated aluminum foams and investigate the influence
of a coating thickness on the mechanical properties.

o In Chapter 5 we extend the finite cell method by two different contact formulations. The
contact approaches are systematically studied by means of simple examples and com-
pared to their analytical solutions. After demonstrating the capabilities of the newly
developed approaches, their application is shown by computing the self-contact of dif-
ferent struts in a metal foam.
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o In Chapter 6 we employ the finite cell method to compute the effective microscopic
material properties of aluminum metal foams which significantly differ from their bulk
values due to the manufacturing process. To this end, we simulate experiments done
on single pores — using the corresponding digital model of the pores that were obtained
by a photogrammetric method — and adjust the parameters of the material model such
that we meet the experimental force-displacement curve.

Finally in Chapter 7 we draw a conclusion and discuss the results of this thesis. In addition,
we give an outlook for further research possibilities within the finite cell method.
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Chapter 2

Basic relations of continuum
mechanics

This chapter is intended to give an introduction into the basics of continuum mechanics and
the related equations that are used throughout this thesis. For a more complete overview the
books of Wriggers [73], Belytschko et al. [9], Simo and Hughes [64] and Neto et al. [66] are
recommended. The notation used here is closely related to the notation chosen by Wriggers
and Neto et al.

2.1 Kinematics

In order to describe the motion of an object we consider a body B that is subjected to a
deformation as depicted in Fig. 2.I] The undeformed state of the body is usually called

Reference configuration Current configuration

X

Figure 2.1: Description of motion.

the reference configuration. In the literature the terms reference, undeformed and material
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configuration are equivalently used to describe this state. Every point of this configuration is
described by its position vector X. After deformation every point is moved by u(X, ) to its
new position x(X, ¢) which is known as the spatial position of this point. The corresponding
configuration is equivalently termed current, deformed or spatial configuration. The use of
capital letters for quantities or operators associated with the reference configuration and small
letters for the current configuration is common and will be explained in more detail later in
this chapter.

A mapping between the reference and the current configuration is given by the mapping
function:

o(X, 1) = x(X, ). (2.1)

In order to describe the deformation locally we introduce the deformation gradient F which
is the gradient of the mapping function. The derivatives are computed with respect to the
initial coordinates. This is indicated by the use of a capital letter for the gradient operator
Grad or the capital index of the nabla operator Vy:

F = Grad o(X,t) = Vx o(X, 1) . (2.2)

The deformation gradient relates an infinitesimal line element dX in the undeformed config-
uration to its counterpart dx in the deformed configuration:

dx = FdX. (2.3)
The deformation gradient is related to the displacement field u (X, t) by the following relation:

F=Grad X+ u(X,t))=1+Gradu (X,t) =1+ H, (2.4)

where H is the displacement gradient and |1|the [second-order identity tensor| In case the dis-
placement field is described based on the spatial coordinates u (x,t), the deformation gradient
can be computed by the following formula:

F=(1-gradu) ' =(1—-Vu) . (2.5)

The deformation gradient is used to transform several geometric quantities from the unde-
formed to the deformed configuration. Applying Nanson’s formula an infinitesimal surface
element dA can be transformed from the undeformed to the deformed configuration via:

da=JF TdA = cof FdA. (2.6)

In this equation J is the Jacobian which is the determinant of the deformation gradient. It
has to be greater than zero in order to exclude self-intersection during deformations

J=detF>0. (2.7)
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2.1.1 Strain measures

In order to quantify the amount of deformation in a deformable body we introduce different
strain measures that are used together with different constitutive models that are described
in later sections of this chapter.

The small strain tensor or engineering strain tensor € is known from linear elasticity theory:

€= % (H+H7) . (2.8)

It describes the strain accurately when only small displacements and small deformations are
involved. For problems in which large rigid body rotations occur this measure is no longer
suited.

In elastoplastic computations of metals the additive split of the small strain tensor into a
volumetric and a deviatoric contribution is often needed:

eE=€4+¢€,. (2.9)

The volumetric strain tensor €, can be computed by:

1
€y = gtr (e)1, (2.10)

where tr () denotes the trace of the tensor. The isochoric component of the deformation is
given by the deviatoric strain tensor €4:

E4=E —E,. (2.11)

For problems involving large deformations the [Green-Lagrange strain tensor][E] is used which
vanishes for (large) rigid body motions:

1

E
2

(F'F —1) . (2.12)

Beside these two strain measures we introduce the [Eulerian logarithmic strain tensor|[¢ that is
used in the finite strain elastoplastic model in Section [2.3.3] The Eulerian logarithmic strain
tensor is defined by:

1 1
e=In(V)= I (b) = 7l (FF") , (2.13)
where V denotes the |left stretch tensor| and b indicates the [left Cauchy-Green deformation|
[tensor] The left stretch tensor can be obtained from the polar decomposition F = VR of the
deformation gradient using the orthogonal rotation tensor R. The tensor logarithm In (-) used

in Eq. (2.13)) is computed by the following formula:

(-1

n(V)=>»_ (vt (2.14)

n=1

In the application of this formula the series needs to be truncated when a prescribed conver-
gence criteria is met. In case of small deformations, where the deformation gradient F is close
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to identity, the series converges after a small number of terms and Eq. (2.14) can be efficiently
applied, see [52]. In case of large deformations it is better to apply a spectral decomposition
and to compute the Eulerian logarithmic strain tensor by:

where \; are the eigenvalues of V and n; the related eigenvectors. For further computations
related to the tensor logarithm, especially the computation of its derivative that is needed, for
example, during linearization of the constitutive equations, we refer to [66].

Similar to the engineering strains we can define the volumetric/deviatoric split by:

1
E=€;+€,, €= gtr (e)1 (2.16)

2.1.2 Time derivative

The material time derivative plays an important role in continuum mechanics. In the material
configuration derivatives with respect to time directly describe the rate of change of a material
particle. In the spatial configuration the derivative with respect to time describes the rate
of change at a fixed spatial position, so the change in the measured quantity is caused by
different particles that passed this point in an infinitesimal time interval. To account for this
change the time derivative is complemented by the convective rate. For example the velocity
of a particle can be computed as:

ox . (Xt + A — (X, 1)

0= A, At

. (2.17)

The velocity field can be equivalently expressed in terms of spatial coordinates using the
relation ¢ = p(X,t).

8(x,1) = 9(p(X, 1),1) = v(X, 1) (2.18)

When computing the material time derivative of the spatial velocity field one has to consider
the time dependence of the position of the particle x(X, ¢) which requires applying the chain
rule:

09(x(X,t),t)  09(x,t) 00(x,t)0x

ox Sl 118 2.19
T 5 % Ot a + grad 9(x,t)0. ( )

The concept of the material time derivative helps to formulate the time derivative of the
deformation gradient in the material and the spatial configuration. Its rate can be computed
from the velocity field which can either be given in material coordinates v (X, ¢) or in spatial
coordinates ¥ (x,t):

F = Gradv = grad 9F = 1F, (2.20)

where 1 is called the spatial velocity gradient.
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2.2 Strong form of the balance of linear and angular
momentum

In order to derive the governing equations of continuum mechanics that describe the balance of
linear and angular momentum, we consider an infinitesimal volume element of a body ¢(B) in
its deformed configuration that is subjected to a loading as depicted in Fig.[2.2] For simplicity
we refer to the two-dimensional case, but the three-dimensional counterpart can be derived in
an analogous way. The infinitesimal element is in equilibrium when the forces acting on its

Current configuration

Doy
Oyy + 5, dy

do
Oyz + 5

=y

oy
Ul’y—’_ Ox dz

Opx + —8g;’ dx

Figure 2.2: Equilibrium on the infinitesimal surface element.

surface and the volumetric forces like gravity forces p b and inertia terms p ® are in balance.
So formulating the balance of linear and angular momentum for each direction leads to the
following system of partial differential equations:

004 00y,

dv Oy (2.21)
0oy, 0oy Y oob = b
ay ax p y p Y-

These equations can be written in compact form in the three-dimensional space using the
divergence operator div and are also known as the strong form of the balance of linear mo-
mentum:

dive +pb=p?d. (2.22)

Please note that the use of small letters for the divergence operator indicates that it has to be
evaluated with respect to the spatial coordinates. The consideration of the balance of angular
momentum implies that the stress tensor is symmetric

o=o". (2.23)
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Often it is useful to formulate the balance equations with respect to the initial configuration,
i.e. the undeformed body. To this end, we define the [first Piola-Kirchhoff stress tensor| [P}
which can be computed from the [Cauchy stress tensorlo] by applying Nanson’s formula, given

in Eq. (2.6):
P=JoF . (2.24)
Substituting Eq. (2.24]) into Eq. (2.23)) shows that the first Piola-Kirchhoff stress tensor is an

unsymmetric tensor and PF? = FP? holds. Using the first Piola-Kirchhoff stress tensor the
balance of linear momentum can be rewritten as follows:

Another important measure is the [second Piola-Kirchhoff stress tensor|[St

S=F'P=JF'oF 7. (2.26)

The operation F~* (-) F~7 needed to transform certain quantities from the current configura-
tion to the reference configuration is called a pull backward operation and the inverse operation
F (-)F7 is called a push forward.

2.3 Constitutive models

Constitutive relations are needed in the mechanical analysis of a body to link a strain measure
to a certain stress tensor. In the first part of this section elastic material models are addressed.
Materials are called elastic when the deformation is totally reversible . The stress state in
elastic materials only depends on the actual deformation and not on the loading path. In
contrast, the behavior of a material is plastic, when the deformation is not reversible and the
stress state depends on the loading path.

Two elastoplastic material models, one for small deformations and one for large deformations,
are presented in the second part of this section. The elastoplastic material model for small
strains will be presented first together with the general computation steps that are performed
during plastic computations. The elastoplastic material model for large strains is based on
logarithmic strains. Its algorithmic treatment is equivalent to the small strain model, only the
strain measure needs to be replaced. Therefore, only some transformations will be explained
and otherwise the reader is referred to the small strain elastoplastic model. For a deeper
insight into the concepts of constitutive equations we refer to the textbooks [9} 73].

2.3.1 Hyperelastic material models

Hyperelastic material models are well suited for the description of elastic materials since they

can describe a total path independent and reversible behavior. The mathematical formulation

of such models is based on the definition of a strain energy potential . The constitutive

equation for the second Piola-Kirchhoff stress tensor can be obtained by taking the derivative

of ¥ with respect to a kinematic measure of the deformation. In the following some equivalent

relations are given that are used in the following chapters:
o0, 00 0D

P =por =2pF -5

IF 5C — Po Bk (2.27)
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For the second Piola-Kirchhoff stress tensor the same constitutive equation is given by:

o oY O

1 —
S = poF~ F =2p Poe = PgE: (2.28)
or in terms of Cauchy stress by:
_ Wy aw 31/1
2 2.2
o 6’F J (9C J 8E (2:29)

If the material is isotropic b and 2% are commutable and the Cauchy stress tensor can be
expressed in terms of the left Cauchy-Green deformation tensor as follows:

P, 00 _ gm0y (2.30)

2J b J 0b

2.3.1.1 The Saint Venant-Kirchhoff material model

A frequently used hyperelastic model is the Saint-Venant Kirchhoff material. The strain
energy function of this model reads:

é(tr(E)f<+;wrCE2). (2.31)

pot (B) = 5

By taking the derivative with respect to the Green-Lagrange strain tensor, we obtain the
following relation for the second Piola-Kirchhoff stress tensor:

S =Xr(E)1+2uE. (2.32)
Often this equation is expressed via:

S=D‘:E, (2.33)

where [DY is the [fourth-order elasticity tensor] Using the [fourth-order symmetric_identity
and the second order identity tensor 1 it can be written as follows:

D=2uls+X1®1 ijkl =Uu (5ik;5jl + 5i15jk) + /\6ij5k'l . (234)

The material parameters in this equation are the Lamé constants A\, . The Saint-Venant
Kirchhoff material is independent from rigid body rotations so this model can also be used
for problems that involve large rotation . For large compressive strains the stresses tend to
zero instead of to infinity. This is an unphysical behavior so this model is not suited for the
computations of large compressive strains.

Hooke’s Law

Hooke’s law is used in linear theory where only are considered. It connects the engineering
strain tensor € to the Cauchy stress tensor o and can be obtained from Eq. (2.32)) by linearizing
the Green-Lagrange strain tensor:

o = Mr(e)l+2ue. (2.35)
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2.3.1.2 The Hencky material model

The strain energy function of the Hencky’s hyperelastic material model is given by:

() = 2 (ix (€)* + pir (€), (2.36)

see [66]. The Hencky model is an isotropic finite strain elasticity model assuming a linear
relationship between the [KirchhofJ stress tensor][r] and the Eulerian logarithmic strain tensor:

T = QpOg—ﬁb = 2pp Eg—f;—;} b= pog—f =D €. (2.37)
The model can be seen as the finite logarithmic strain based extension of the standard linear
elastic material, see |75} |19]. The constitutive tensor D® obeys the same material constants as
the small strain elasticity tensor which can be obtained from Eq. . Please note that this
equation can also be expressed by another set of material constants. For the consideration
of plasticity it is useful to express the elasticity tensor by the bulk modulus K and the shear
modulus G-

D =2GL+K1®1. (2.38)

In this equation |Ij is the |[fourth-order deviatoric projection tensor| that projects the strain
tensor into its deviatoric representation.

2.3.2 J, small strain plasticity

In this section we summarize an elastoplastic material model for small deformations. Starting
with a short review of the general mathematical description of plasticity, we will then focus
on the associative von Mises plasticity model with isotropic hardening. In the following the
discretization of the constitutive equations and their solution by an elastic predictor/plastic
corrector scheme will be demonstrated. Finally, we will show how to compute the consistent
tangent modulus.

2.3.2.1 General model

Many materials like metals, rocks and soils undergo a permanent (plastic) deformation when
they are loaded beyond a certain limit point, the so-called yield strength. In the small strain
regime the mathematical formulation of this phenomenon is based on an additive split of the
small strain tensor € into an elastic €° and a plastic part e”:

e=¢e"+el. (2.39)

The constitutive relation for the stress is given by the derivative of the strain energy function
with respect to the elastic strains e°:

5,
o= pa;i . (2.40)
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The elastic domain is bounded by the yield function ® (f (o) ,2?) < 0. The isosurface of the
yield function

®(f(e), 0y (") =0 (2.41)

restricts the space of the elastic stress states and defines the beginning of yielding. The
yield function generally depends on a function of the actual stress state f (o) and on the
accumulated hardening variable g7, that describes the evolution of the yield surface o, (27).
The evolution of the plastic strains €? is defined by a flow rule:

ov
o
&= (2.42)

It is based on the derivative of a flow potential ¥ and the plastic multiplier ~.
The equations given above need to be solved under the constraints of the loading/unloading
or Kuhn-Tucker conditions:

4>0 , ®<0 , 4P=0. (2.43)

In this equation 4® is known as the complementary condition. In Eq. (2.43]) the plastic mul-
tiplier can take any non-negative value during plastic flow. Therefore the following additional
complementary condition is introduced:

dy =0 (2.44)

which implies the consistency condition |66):

d=0. (2.45)

2.3.2.2 Associative von Mises plasticity

The von Mises plasticity model or J; flow theory uses the von Mises equivalent stress f (o) =
oyn to define the yielding behavior:

F(0) = ount = /375 (8) = gs s, (2.46)

where s is the deviatoric stress tensor:
1
s=o0— gtr (o)1, (2.47)

and J its second invariant. The yield function only depends on the deviatoric stress tensor,
so hydrostatic stress states do not cause yielding. This condition reflects experimental obser-
vations made for metals. In the principal stress space the yield function describes an infinitely
long cylinder along the hydrostatic axis.

Associativity implies that the plastic flow potential and the yield function ¥ = ® are identical.
In case the von Mises equivalent stress given in Eq. is used to define the plastic flow,
the flow rule is known as Prandtl-Reuss flow rule. The flow vector m points normal to the
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yield surface and can be computed by differentiating the yield function with respect to the
stress tensor:
0P o /3 3 s
= —=—1/=8:8=1/=-—.
o Odo\ 2 2 ||s||
The evolution of the hardening variable €7 is obtained from the time integration of the von
Mises accumulated plastic strain rate:

n (2.48)

t

: . 2 2
ép—/gpdt, with 20 = 1/§ép:é¥’: \/;Hépﬂ : (2.49)

0

This procedure directly relates the plastic multiplier 4 to the rate of the accumulated plastic
strain 2°:

(2.50)

2.3.2.3 Integration of the elastoplastic constitutive equations

In order to solve the constitutive equations given for path-dependent (plastic) material models
a numerical algorithm is required to integrate the corresponding rate equations.

The discrete form of the plastic flow equations, obtained by a backward Euler time integration
scheme, reads:

3 Sn+1
e =€, +Ae— Ay -——
+ VaTsul (2.51)
g =2 + Ay,
which needs to be solved under the constraints:
Ay >0, P(opt1,8,,4) <0, Av®(o 41,80 ,1) =0. (2.52)

It should be remarked here that the backward FEuler of fully implicit time integration scheme is
not the only possibility to be applied, but it has several advantages over other schemes like its
stability, its finite step accuracy and the suitability for a derivation of a consistent elastoplastic
tangent. Different discretization schemes lead to a different algorithmic treatment and can be
found for example in [66].

Due to the presence of the complementary condition an elastic predictor/plastic corrector
scheme needs to be applied. The elastic predictor/plastic corrector scheme is a two step
algorithm consisting of an elastic predictor and a plastic corrector. The exact procedure is
described in the following.

2.3.2.3.1 The elastic predictor

In the trial step ()" we assume that all deformations are elastic, so Ay = 0. Eq. (2.51)) then
reads:

el =€l + Ae (2.53)

ghin =2, (2.54)
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The trial stress can be computed by the hyperelastic material law:

ol =D el (2.55)
and subsequently the yield function needs to be evaluated:

(o', 1, ) = \[3a(s,1) — 0, (E7) < 0. (2.56)

In case the trial step results in a stress state fulfilling the yield criterion ®(o ,22") <0, a
solution has been found and all variables are updated by their trial values. Otherwise if the
trial state does not fulfill Eq. (2.56]), we use the plastic corrector step to compute the solution.

2.3.2.3.2 The plastic corrector step

If Eq. (2.56) is not fulfilled, we have to solve the return mapping equations in the corrector
step:

3 Sn+1

el = e — Ay 3 Tomtl (2.57)
g =2+ Ay (2.58)

(oni1,8,) = 0= V/3J2(8n11) — 0y(Ep41) - (2.59)

In case of the von Mises associative plasticity model with isotropic hardening this set of equa-
tions can be reduced to one single nonlinear equation, where the incremental plastic multiplier
A~ is the only unknown. This makes the von Mises model computationally efficient which is of
great importance especially when applied within the finite cell method where the constitutive
equations have to be evaluated at many points. In the following we will briefly summarize
the procedure:

The plastic strains are purely deviatoric, so we make use of the deviatoric/volumetric decom-
position of the strain tensor and are able to update the volumetric strains directly:

Eomt1 = EZ:ZH . (2.60)

The update of the deviatoric strains reads:

3 s
e e,tr n+1
€in = £ ’n — A D Ta— 2.61

and by taking into account the relationship between the deviatoric part of the stress and
strains:

s = 2Ge} (2.62)
we can reformulate Eq. (2.57)) in terms of the deviatoric stresses:

3 Sn+1

2|8l

Spi1 = Sy — AY2G (2.63)
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Since the trial flow direction (-);,, equals the one of the final result (-) the following

equation holds:

n+17

Str
Sn+1 _ Zq—i—l ) (264)
lsneall |5t

We can use this relation together with Eq. (2.63]) to obtain an expression that gives the updated
deviatoric stress s,,1 as a function of the incremental plastic multiplier A~:

Spi1 = — Ay2G 3 S =8, |1 A72G\[ : (2.65)
Hsn-i-lH Hsn-i-l

By replacing s,,+1 in Eq. (2.59) by Eq. (2.65]) we obtain:

3G
1= Ay———— | /3 (s,)) — 0, (B2 + Ay) =0 (2.66)

3J ( n+1)

and finally after performing some algebraic manipulations we end up with a single nonlinear
equation that only depends on the incremental plastic multiplier:

\/3J2 (st7,1) —3GAY — 0, () + Ay) = 0. (2.67)

The solution of this equation by the Newton-Raphson method requires its linearization with
respect to the unknown plastic multiplier and depends on the definition of the hardening curve
oy (€7). In case of linear hardening we can extract Ay and a closed solution for Eq. can
be obtained.

After solving Eq. the state variables can be updated:

Sp+1 = 8 n+1< A/}/QG\/>| >
n+1

elr

Ont1l = Spp1 + Kev,n+1 (268)
e 1 1 e,tr

& =g+ Ay.

2.3.2.4 The consistent elastoplastic tangent

In order to preserve the quadratic convergence of the global Newton-Raphson scheme we need
to compute the elastoplastic material tangent D that is consistent with the discretization of
the plastic model Eq.. The material tangent modulus is therefore also termed consistent
tangent modulus and usually differs from the continuum tangent modulus [65, [66]. In order
to derive the consistent tangent modulus we first express the stress tensor in terms of the
elastic trial strains. To this end we use the volumetric/deviatoric split of the strain tensor and
express the elastic constitutive relation as follows:
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The volumetric strains are not affected by the plastic corrector step. The deviatoric strains
depend on the incremental plastic multiplier so that Eq. (2.69)) can be expressed as follows:

2 |[snll

3 Sn
oni1 = Kej +2G ((-:ZZH Ay /= St ) . (2.70)

Reordering the equations and introducing the small strain elasticity tensor yields:

e,lr 3 Sn
Onir = D e — 2G Ay 3Ts ill . (2.71)
Making use of the coaxial property of the deviatoric stress given in Eq. (2.64)) yields:
e . _etr 3 Sn+1
Oni1 =D e —2GAy HS H . (2.72)
n+1

Finally, after making use of the deviatoric projection tensor [Ijj and using Eq. (2.62)), we obtain:

tr
e,lr N e A 6G2 e,lr
O =D el — 2Gm\f 2GH§ “H lD - —; ) Id] e (2.73)
n+1 n-+

n+1 \/> H Sn+1 (274)

In order to obtain the consistent tangent for the von Mises model, we start from Eq. (2.73))
and differentiate the updated stress with respect to the trial strain. For the differentiation the
product rule needs to be applied since Ay and ¢/ ; depend on the trail strains:

where

aa.n—l-l e A’Y6G2 6G2 e,tr aA’Y A’76G2 e,tr aqn—|—1
8 e,tr = - tr Id T 6d,n-l—l e,tr tr 2~dn+1 eitr - (275)
Ent1 In+1 In+1 Ent1 (qn+1) Ent1
The dependency of ¢/ ; on the trial strains sfl’irl can be seen by the following form:
r 3 r r r 3 e,tr eilr
Q:L+1 =\ §S£L+1 : sgwl =/ 3J2(S£L+1) = \/;2(;\/ €an+1 * €dnt1
(2.76)

3
= \/;2G\/Id e T el

For the computation the chain rule and the product rule need to be applied. In addition the
identity €37, | : Iy =€, holds.

04 3 1 cir er 3, Sin
866—;’1 = \/>2G2 H e,tr || ( i Id:€n711 +Id : En’fi-l : Id : I) = \/7 H ztr+1H 277

n+1 d n+1 dn+1
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The derivative of A~ is obtained by taking Eq. (2.67) into account:

Ay = 31G( 3Js (s ) — y(§z+m)>. (2.78)

The first part of the derivative can be computed using Eq. (2.77) and (2.76)):

1 Ee tr —p
_Qél_:___<v§éG‘dnH__a@xq,+Av> aAv> | 2.79)

o 30 0 -

d,n+1
Introducing the actual hardening modulus H that is the slope of the hardening curve at g2 +A~:

do, (B + A
H= 9oy (5 + A7) (2.80)
oz, Eht+Ay
and reordering the equations, the unknown derivative can be found:
dA 26 [3 egn
e:/r = zt:_l . (281)
0e,) 3G+ H Hed,n+1 ”

After replacing the derivatives in Eq. (2.75) by Eq. (2.77) and Eq. (2.81)) the full elastoplastic
tangent modulus reads:

AY6G*  6G? ., 26 [3 €
D = D¢ — I,— —¢
4 ¢ qilled’"“ 3G+ H H ZZHH
+ A’Y6G EZ Jtr . ® \/§ EZ:—H
A o | e
e M6G2 667 26 B.q Eini1 |
T o U 3G+ H dt @ H ZZ+1 H
2 e,tr
+ A76Gz \/>2G ZZH ® gfliﬂ
(qn—i-l) H dn+1H
By introducing the following relation:
e,itr e,itr
Edntl 21 Egpp1
= 2.83
i, V326 \\82”+1|| 25
we can simplify Eq. (2.82) and obtain:
D — D¢ — AY6G? I,— 6G* EZZ+1 EZZ+1 AY6G? sle+1 62211
e T el Tt Teaall Tl
AY6G? ) ( Ay 1 ) Ednt1 . Ednsi
=D° — I;+6G o e
A atn 3G+ H) [legiall el

After substituting the small strain elasticity tensor given in Eq. (2.38)) we end up with the
following expression:

Ay3G A~y 1 £y 'Z+1 53211
Dep:2G( )I +K1®1+6G2( — ) T ® o (2.85)
Gn+1 ’ @l 3G+ H el lemell
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2.3.3 J, finite strain plasticity

In this section we present a hyperelastic based formulation for elastoplasticity that combines
the Hencky’s material model with the associative von Mises plastic flow theory and isotropic
hardening [66]. The model can be applied in the small strain as well as in the large strain
regime.

After a brief introduction to the governing equations of this model we will present the dis-
cretization of the flow rule and show how to recover the small strain format in terms of
logarithmic strains. Due to this procedure the solution scheme is similar to the small strain
elastoplastic model presented in section and only a summary of the equations that need
to be solved in the elastic predictor and the plastic corrector step are given.

2.3.3.1 General model

Hyperelastic based elastoplastic models for large deformations utilize the multiplicative split
of the deformation gradient

F = F°F” (2.86)

into an elastic F¢ and a plastic F? contribution . This is in contrast to the additive split of
the symmetric spatial velocity gradient , that is used in so-called hypo-elastic approaches.
Furthermore, the elastic regime is described by a hyperelastic material formulation:

o
— , 2.87
T ="/ Dee ( )
In the finite strain regime the flow rule reads as follows:
N ov
FPFP ' = 4R ——R°, (2.88)

or

where R is the elastic orthogonal rotation tensor obtained from the polar decomposition of
the elastic deformation gradient. The evolution of the hardening variables is given by the
following relation:

=1, (2.89)
The given equations need to be solved under the constraints of the Kuhn-Tucker conditions:

4>0 , ®(r,5)<0 , 4®(r,z)=0. (2.90)

2.3.3.2 The exponential integrator

The form of the plastic flow rule is ideal for the use of an exponential map integrator. The
use of the exponential map backward discretization leads to a discrete version of the flow rule
that resembles the small strain version explained above. Besides this the volume preserving
property of the plastic flow is exactly preserved. In the following the main transformation
steps will be explained. The discrete form of the flow rule is given by:

T ov
FI:ZH =y (AV E

> w1 F (2.91)
n+1
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where exp (+) denotes the tensor exponential, see [42]. Using the multiplicative split of the
deformation gradient F¥ = F° 'F we can replace the plastic deformation gradient in Eq. (2.91]).

_ ov
FZ+11Fn+1 = Rf:—l exp (AV E

) R¢, F°'F, (2.92)

n+1

By left multiplication with F}_; we obtain the following form:

o O
Foo=F, Ry exp (A7 or

) R:, F, F,, (2.93)

n+1

and further rearranging the terms yields:

pepel ov
Fn+1Fn1Fan+1 eXp (—A’}/ g

> RE,, = F¢, . (2.94)
n+1

Next, we introduce the incremental deformation gradient F 5 that is computed by the gradient
V., of the incremental displacement field Aw with respect to x,, and the second order identity
tensor:

Fr=F, F,'=1+V, Au. (2.95)
Substituting the incremental deformation gradient in Eq. (2.94]) gives:

. e el ov
Fn+1 = FAFanJrl exp <_A7 8_7'

> RS, . (2.96)
n+1

The update of the elastic deformation gradient yields the trial elastic deformation gradient:
Foll = FAFS. (2.97)
In a more compact form, we can rewrite Eq. (2.96):

. etr 1o el ov
Fn+1 = Fn’—tl-an—Q—l exXp (—A7 E

) RS, . (2.98)
n+1

After making use of the polar decomposition F;, , = V; R}, of the elastic deformation

gradient we multiply this equation from the right side with the elastic orthogonal rotation
T
tensor R, ;:

. etr 1 el ov
Vi = Fn’ian—H exXp (_AV or

) 1) (2.99)

and obtain a formulation for the elastic left stretch tensor V7, ;:

ov
Vi . exp (A7 5

e,lr eT
) =F"RE,, (2.100)
n+1
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Multiplying each side by its transpose yields:
ov ov

> <exp (A7 —

n+1 or

. T
Vi . exp <A7 7
Using the properties RZTHRZH =1and Ffz-t:l (FZiﬂl)T = ( 2’31)2 together with (exp ())T =

T
el petr pel e e,tr
)) Vn+1 - Fn+1R‘n+1Rn+1 (Fn+1)
n+1

(2.101)

exp (()T> and the symmetry of the gradient of the flow rule g—f_ = (g—;l’.)T we obtain:
ov
2A’7 8_ . 9

Ve Tlve,, = (Vi)™ (2.102)
Due to the assumed elastic and plastic isotropy, see [66], exp <2A’y g—g’. . +1> and Vil commute
and we can rearrange the terms:

(5 €T a\II e,lr 2
n+1

After making use of V¢, HVZL = (V¢ +1)2 and taking the roots we have:

ov
" oT

=Vile ntl (2.104)

Finally, after using the tensor logarithm and Eq. (2.13)), we obtain the flow rule that has the
same format as the small strain equivalent in Eq. (2.57)), this time formulated for Hencky
strains:

'V€

n+1

ov
e,tr
€11 = €1 — Ay or

. (2.105)
n+1

Having presented all transformation steps, we can now present the algorithm for the state
update in the finite strain regime.

2.3.3.2.1 The elastic predictor

Let us briefly summarize the governing equations of the elastic predictor in the finite strain
regime. In the elastic predictor step we assume that all deformations are elastic. With Ay =0

Eq. (2.96) reads:

ng_q — FAFZ (2106)
and the evolution equation for the hardening variable is given by:
gl =2P. (2.107)

The trial stress is computed by Hencky’s hyperelastic material law:
i, =D el (2.108)
The yield condition reads:

(751, E") = /3 (8l 1) — 0y, (ER) <0 (2.109)
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2.3.3.2.2 The plastic corrector

The plastic corrector step for the finite strain plastic model directly follows its small strain
counterpart. The return mapping equations in terms of logarithmic strains read:

ov
e,tr
€., =€ — Ay — (2.110)
+1 +1 aT -
0= V3%(5nm1) — 0y(&) (2.112)

In terms of the von Mises model with an associative flow rule, the flow potential is the von
Mises yield function ®. As already demonstrated for the small strain case these equations
reduce to one single nonlinear equation similar to Eq. (2.67).

2.3.3.3 The consistent elastoplastic tangent

The consistent spatial tangent modulus for the current configuration is given by:
1 aTij
J 8F,§2

Aijrl = Fl — 0q b (2.113)

The functional dependency of 86 ;; in terms of the rate constitutive model can be obtained by
q

applying the chain rule:

aTij . aTij aef;zt?:,n-i-l abi}f;zﬂ 2114
8F6,tr - 866,157‘ abe,tr aFe,tr ' ( ' )

kqg,n+1 mn,n+1 op,n+1 kqn+1

Substituting Eq. (2.114]) into Eq. (2.113)) yields:
1 aTij aee,t'r abe,t'r’

. mn,n+1 op,n+1 e tr s
a”ij‘l - j e,tr abe,t’r‘ 8F67tr Eq - O"Ll 5]k‘ . (2115)
6mn,n—i—l op,n+1 kq,n+1

By computing the derivative of the left Cauchy-Green strain tensor we can simplify this
equation.

e,tr e,tr e,tr
B o abop,n—i—l eidr 0 (For,n—l—ler,n—‘rl) Fe,tr
opkl — 8Fe,tr lg — aFe,tr lq

kq,n+1 kqg,n+1
o e,tr e,tr e,tr
= (OokOrgFppin i1 + Foin i 10pk0rg) (2.116)
o e,tr e,tr e,tr
- (507€qu,n+1 + Foq7n+1(spk) qu

_ e,tr e,tr
- 5Olfbpl,n—i-l + bol,n+15pk

The elastoplastic tangent in Eq. (2.115)) has the same format as the small strain elastoplastic
consistent tangent operator and reads:

0T Avy3G 1 1
Dep =—7 = 2 1— o 6zm6n 5zn5m - _67,5mn K(Sz(smn
ymn 86?,’12:,1“ G ( qz;l > <2 ( J + J) 3 J ) + J

(2.117)

6G2 A’Y 1 e,tr e,tr
+ ( ||)2 <qt1“+1 - 3G+H> (Ed:i’;l"l‘].)ij (Ed,fl-‘rl)mn :

|| e,tr
6d,n—l—l
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The second multiplicand in Eq. (2.115|)

aee,tr 1 8ln be,tr
Lonnop = ——untl 2 <£T"7"+1) (2.118)
abo}z,n—l—l 2 abo}),n—l—l

is the derivative of the tensor logarithm. Its computation is not straightforward and complex.
Interested readers are referred to [66].

2.4 Weak form of the equilibrium conditions

Finding the analytical solution for the system of differential equations given by the balance
equations [2.22] is only possible for simple geometries and boundary conditions. In the general
case we have to find an approximate solution. The weak form, also known as the principle of
virtual work, allows to compute the best approximation in the sense of a weighted residual
within a given ansatz.

2.4.1 Weak form of the balance equation in the current configura-
tion

In order to derive the weak form of the problem we consider the strong form of the quasi-static
equilibrium conditions with o = 0:

dive +pb=10. (2.119)

To solve the problem in a weak sense we multiply it by a set of test functions and postulate
that the residual vanishes in the mean over the whole domain.

/ dive -n+pb-ndv=20 (2.120)
»(B)
Making use of partial integration and the divergence theorem we obtain the weak form of the

equilibrium equations:

g(p,m) = /a’:gradndv—/pb-ndv— / t-nda=0, (2.121)

©(B) »(B) o(I'N)

where t describes tractions acting on the Neumann boundary o(I'") of the body. Due to the
symmetry of the Cauchy stress tensor we can replace the spatial gradient by its symmetric
part:

g(p,m) = /O':Vgndv— /pb-ndv— / t-nda=0, (2.122)
©(B) @(B) e(ITN)
where

Vin = = (gradn + grad 'n) . (2.123)

N | —
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2.4.2 Weak form of the balance equation in the reference configu-
ration

The weak form of the balance equation in the reference configuration can be equivalently
derived from Eq. (2.25)) by following the same steps as for the spatial configuration. The weak
form for the quasi-static case with © = 0 reads:

G(e,m) = /P:GradndV—/pob-ndV—/t-ndA:O. (2.124)
B B I'N

An alternative form is obtained by replacing the first Piola-Kirchhoff stress tensor by the
second Piola-Kirchhoff stress tensor:

G(gp,n):/S:5EdV—/p0b-ndV—/t-ndA:O, (2.125)
B B N

where 0E denotes the variation of the Green-Lagrange strain tensor.

2.5 Linearization of the weak form

The weak formulation either given for the current or for the reference configuration generally
is a nonlinear functional. In order to solve this equation we introduce the load factor \; to
apply the load increment-wise and employ the Newton-Raphson in every load-step. The
Newton-Raphson algorithm is based on a first order Taylor series expansion of the problem
at an already known solution ¢:

G(e,m) = G(p.n) + DG(@,n) [Au] +r(p,m) = G(o,n) + DG(2,n) [Au] = 0. (2.126)
In this equation r(p,n) denotes the higher order terms that are neglected for the computation
of the solution.
Applying the Newton-Raphson scheme leads to a that has to be solved in each load-step ¢
several times until a solution within a predefined accuracy is found. The equations solved in
each Newton-Raphson iteration k reads:

D G(p(w). n) [Au] = —Glp(uf),m,Ni) . (2.127)

The Newton-Raphson scheme requires to compute the linearization of Eq. or Eq. (2.121).
In this section we represent the linearization of the weak form in the reference and current
configuration. To obtain the formulation for the current configuration we apply a push forward
operation on the previously derived linearization of the reference configuration.

2.5.1 The linearized virtual work equation in the reference config-
uration

In order to simplify the notation we assume that external loads t and body forces b do not
depend on the actual deformation, so the linearization of Eq. (2.124]) is given by the following
form:

DG(p,n) [Au] = /A : Grad Aw : Grad ndV (2.128)

B
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where A:
oP
= OF
is usually referred to as the first elasticity tensor or the material tangent modulus and de-

pends on the choice of the constitutive model. Using this relation we can state the material
description of the linearized virtual work equation:

(2.129)

/A:GradAu :GradndV:—/(P:Gradn—pob- n) dV—l—/t-GradndA.

B B Tn

(2.130)

2.5.2 The linearized virtual work equation in the current configu-
ration

Eq. (2.130) can be equivalently expressed in the spatial description. To this end we replace
the material gradient with the spatial gradient:
1
Dg(@,n) [Au] = / jA  (grad AuF) : (gradnF)dv
#(B)
1
= / ja s grad Aw : gradn dv

©(B)

(2.131)

and define the spatial tangent modulus a that is related to its material counterpart via the
following expression:

1 1
j Azmkn Auk,n Nim = J Aimkn Auk,j an il -Flm
1
g Femkn Egn Him S T (2.132)
= Qiji Augj Niy with
1

Qijkl = j Airien F jn Fim

The dependency of the Kirchhoff stress tensor on the material tangent modulus can be obtained
by considering the following relation:

P =JowF, ) =7p F,) (2.133)

Using Eq. (2.133)) in the definition of the first Piola-Kirchhoff stress tensor we obtain the
following relation:

0P, 0 or; OF .,
Aimien = 7 = =——— (7ip Forp LE 4T 2.134
= 5F ~ OF T = R, P T g, (2.134)
The derivative of the inverse deformation gradient with respect to itself reads:
oF1
“mp 1
=—F! w Fop > (2.135)

aFkn
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so that we finally arrive at the following expression relating the Kirchhoff stress tensor to the
material tangent modulus:

OTip -1
P T Fl =7, Fo FL (2.136)

For the spatial tangent modulus, after making use of Eq. (2.132), we arrive at the following
expression:

Gijet = %Aim;m Fi Fin = ggj Fonk Fom Fin = 573y Fonk Fog) Ey Fiy
352;1 b i = 70
i;;:nﬂn i1 Ojk -

Now we can state the linearized form of the spatial virtual work:

/a:gradAu:gradndv:—/(G:an—phn) dv + / t-grad nda (2.138)

»(B) »(B) e(T'n)
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Chapter 3

Finite cell method

The finite cell method [54, [17] is a combination of the fictitious domain method [58, 59
and the high order finite element method [67, 7]. The fictitious domain approach allows to
substitute the original problem posed on a complex domain by a modified problem on a simple
shaped domain (extended domain €.,;), see Fig. . The extended domain can be discretized
by structured or Cartesian grids, reducing the pre-processing effort. This is advantageous
especially for problems dealing with image-based CT data |77, 76, 78, 18] where the geometry
is often very complex and a finite element discretization is hard to obtain, see Fig.[3.2l The

Q Qe:z:t - Q Qea:t

PN l\ a= \

I'p

Figure 3.1: Generation of a finite cell discretization.

idea of high order finite element methods is to increase the accuracy of the finite element
solution by increasing the polynomial order of the hierarchic ansatz functions (p-refinement)
that are integrated Legendre polynomials.

Combining these two approaches the FCM obtains two beneficial properties. The fictitious
domain approach, on the one hand, leads to a simple meshing procedure whereas the high
order finite element method, on the other hand, gives rise to higher convergence rates for
smooth problems.

In the last years the finite cell method was further extended to compute nonlinear problems
of continuum mechanics. Elastoplastic deformations under small strains were considered in
[3, 15, [4]. Geometrical nonlinear problems were first treated in [61} 62]. The extension of the
FCM to solve finite strain elastoplastic problems is part of this thesis.

Due to the high order approach the FCM normally utilizes large elements with a high polyno-

mial order. This feature is beneficial for smooth problems but not for problems involving an
intra element discontinuity or a singularity. To resolve these problems enrichment strategies
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Figure 3.2: @ Voxel model obtained from CT Scan and @ automatically generated finite cell
discretization [25].

based on the partition-of-unity method (PUM) [34], or on an hp-d overlay strategy were
proposed.

For problems involving contact two different formulations have been considered. Wriggers et
al. and Bog et al. utilized the fictitious domain that, on the one hand, describes
the fictitious domain itself and, on the other hand, a stiff contact material when the contact
constraints need to be enforced. The second formulation is based on an additional discretiza-
tion of the contact interface by contact elements and was first considered by Konyukhov et al.
for an unilateral contact problem. The extension of this method for contact between two
elastic bodies is addressed in Section [l

3.1 Spatial discretization

The governing equation for the development of a spatial discretization is the weak form of
the equilibrium equations Eq. (2.121]) and its linearization Eq. (2.138]) given in the current
configuration. In the context of the finite cell method these equations are reformulated such

that they hold for the extended domain §2..;.

The weak form for the finite cell method reads:

g(p.m) = / ao:Vindy — / apb-ndv— / t-nda=0, (3.1)
‘P(Qezt) ‘P(Qext) #(I'w)
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respectively its linearization:

/aa cgrad Awu : gradndv = — /a (a :Vin —pb- 77) dv + /t-grad nda. (3.2)
o(§deat) o(Qeat) )

The equivalence with the original equation Eq. (2.138)) is enforced by the discontinuous indi-
cator function o = 1077 that penalizes the fictitious domain Q (Qezr — §2).

1 VX e Q)

alX) = { ap=10"7 VX € Quy — Q (3:3)

Both formulations are equivalent for ¢ = oo but in fact we choose ¢ € [5,..,12] to avoid ill
conditioning of the problem.

The spatial discretization of the problem requires to subdivide the extended domain into a set
of n. cells Q..

0. = o (3.4)
c=1

Shape functions

On each cell a set of local shape functions is defined that are used to approximate the dis-
placements and test functions. The shape functions are connected at the cell boundaries to
enforce C continuity between the cells.

In the displacement based finite cell method the unknown displacements u and test functions
n are approximated by the following ansatz:

UZZNI(£777’C)UI7n:ZNI(§7n7C)VI7 (35)
i=1 i=1

where N7(&,n,¢) are the so called hierarchic shape functions, u! = [UJ{, sz, UZI]T are the

unknowns and v/ = [V VI V! }T are the arbitrary virtual displacements, with I € [1, ..., n].
The number of unknowns n depends on the polynomial order selected for the finite cell. For
a computer-based implementation this relation if often presented in matrix vector notation
given by:

U,
Uy
Ni(§) o Nu(6) .

u=Nu‘= Ni(€) EE Nn(§) :
Ni(&) - N,(§) U

Uy
ur

(3.6)

The shape functions are formulated based on the standard or parent element with its local
coordinates & = [, 7, C]T The relationship between the global and local coordinates of the
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Figure 3.3: Spatial discretization in the context of the finite cell method.

shape functions is described by the mapping functions Q(&,n,() or q(£,n,() depending on
what configuration is used to describe the problem, see Fig. [3.3]

Inserting the approximation Eq. (3.6) into Eq. (2.138) under consideration of the Newton-
Raphson scheme given by Eq. (2.127]) leads to a :

K 'Auf = Fit (uf ') = AFexe (3.7)
where K is called the global tangent stiffness matriz, F,, is called the internal load vector and
F. is called the external load vector Due to the local support of the shape functions these

quantities can be computed cell-wise. Subsequently, the contributions can be combined using
the assembly process denoted by A:

K = AC kc Fint = Ac fint7c Fext - Ac fext,c . (38)
c=1 c=1 c=1

For a three-dimensional problem the cell-wise expressions for k, fi,; and f,; read:

K = /aGTaG det jdQg, iy, = /aBTU det jdQg, fory = /NTt Hq,a X qﬂH dadp. (3.9)
Qo Qo 1—‘N
In analogy to Fig. for a tree-dimensional problem df25 denotes the volume of the standard

cell. The computation of the external load vector requires to integrate the surface traction
over a cell surface. The transformation between the global to local coordinates of the cell
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surface [a, ﬁ]T, which correspond to a pair of [£,7, C]T depending on what cell surface the
traction is acting on, is described by da = ||q7a X qﬂH dadf. The spatial tangent modulus
a as already given by Eq. stems from the constitutive relation and more information
can be found in Section In the following all other quantities appearing in this equation
will be explained.

The computation of derivatives

The discretization of the weak form requires to compute the derivatives of the shape functions
— that explicitly depend on the local cell coordinates & — with respect to the spatial coordinates
x. The relation between these two coordinate systems is given either by the mapping function
q (&) or by Q (&) and the deformation gradient F, see Fig. [3.3]

Applying the chain rule the derivatives of the shape functions with respect to the local coor-
dinates are:

on 0, on Oy on O3 on '
Writing Eq. in matrix-vector notation gives:
[ aNZ(&-an?C) i [ aN’L(é—a?%C) i
o0& ox

INI(E . ¢) TLe 2e Te || (g, Q)

a—n = an LCQ,n .1'3’77 T s (311)

ON;(&,1.€) TLC T2¢ T3¢ ON;(€,1,¢)
L 8C . L 8x3 .

where the Jacobian matrix j:

Tie T2 T3¢
J=| 21y T2q T3y (3.12)
T1,¢ T2 T3¢

is the transposed gradient of the spatial mapping function g. Inverting this relation allows to
compute the derivatives of the shape functions with respect to the global spatial coordinates.
In a computer-based implementation often only the nodal coordinates of the undeformed
configuration and the actual displacements are stored. In this case the spatial Jacobian matrix
can be obtained by:

j=JF", (3.13)

where J:
Xie Xoe Xag

J = | X1, Xon Xs, (3.14)
Xie Xo¢ Xs¢
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is the Jacobian matrix corresponding to the initial configuration. For Cartesian grids as usually
employed in the finite cell method J is a constant, diagonal matrix.

The discrete spatial gradient operator

Using the derivatives with respect to the global coordinates NN(.y; in the current configuration

we can state the discrete spatial gradient operator:

[ Ny, 0 0 Nya 0 0
Nio2 O 0 Np2 O 0
N3 O 0 N,s O 0
0 Nii 0 0 Npp 0
G = 0 N2 O 0 N2 0 (3.15)
0 Nz O 0 N3 0
0 0 N 0 0 Npa
0 0 Npig 0 0 Npo
| 0 0 Nis 0 0 Nys
and the spatial discrete symmetric gradient operator:
[ Ni; 0 0 N,1 O 0
0 N2 O 0 Np2 0
0 0 Nig 0 0  Nygs
Bl Ne N 0 o Nap N 0 (3.16)
0 Nig Nig -+ 0 Nyz Npp
| Mg 0 Ny Npz 0 Nyg |

3.2 Mesh generation for voxel-based models

One way to obtain a realistic geometric model of cellular materials is to use computed tomo-
graphy that creates a voxel model of the scanned object, see Fig. 3.4 The voxel model is a

Figure 3.4: Voxel model generated from CT image.

structured grid with a spacing that equals the voxel size. Based on the interpretation of the
data either the space between the nodes of the grid or the nodes itself can represent a voxel.
In the following we will consider the space between the nodes as a voxel. Each node of the grid
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stores a value for the attenuation of the X-rays that intersect the material during the scan.
Different materials have different values for the attenuation, which is measured in terms of
the Hounsfield unit. In a segmentation process these values can be classified and assigned to a
certain material. By looking at the material at the nodes, the space in-between i.e. the voxel,
can be considered to be full or empty. The representation of geometrical objects by voxels
leads to their typical staircase shape. The voxel geometry can be stored in three-dimensional
arrays. Alternatively, the geometry can be stored using a single vector and a mapping function
that maps the spatial indices ¢, 7 — here we consider a two-dimensional example — to the index
k indicating its location in the vector. In Fig. this procedure is depicted. Generally voxel

Geometry Voxel geometry Data structure

Va [k]

L]

1

) sA6 | 7 |). .. —
J 10]
-1 2 b3 | 4 0]
i 0

Figure 3.5: Simple geometry with voxelized domain for two-dimensional case.

models are not free from artifacts caused by shielding effects during the scanning process.
Such artifacts are, for example, disconnected regions, as shown in Fig. [3.6] In the following
some algorithms used to remove such artifacts are presented.

3.2.1 Seed-fill algorithm

The seed-fill or flood fill algorithm [6] is a fast and robust method to detect the connected parts
of a structure by setting a seed point and continuously marking its neighbors as demonstrated
in Fig. The algorithm is widely used in the major of computer graphics. Its imple-
mentation can be either based on an queue- or stack-based data structure. The stack-based
implementation relies on recursive function calls which can lead to a stack overflow for large
problems. In the following we will explain the queue-based implementation of the algorithm
which was used for the pre-processing of the voxel-based models presented in this thesis. In
Fig. the algorithm is explained by a simple two-dimensional example. The voxel represen-
tation of the geometry consists of two parts, the connected major part and a single isolated
voxel that should be detected by the algorithm. In a first step a seed voxel within the major
part of the geometry must be found. In order to find this seed point the seed-fill algorithm is
used with an arbitrary seed point in a first step followed by the computation of the volume
of the detected region. The volume can then be compared to a predefined value that defines
the minimum size of the major region, respectively the maximum size of the isolated regions.
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Figure 3.6: STL geometry of an aluminum foam showing disconnected regions.

Figure 3.7: Progress of the seed-fill algorithm. The already traced part of the geometry is
marked by red color.
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In case the detected region is smaller than this threshold it can be classified as an isolated
part and removed from the model. In a next step the seed-fill algorithm can be started with
a different seed point, until a region of the desired size is detected.

Starting from this seed voxel, its neighboring voxels are selected. Different shapes of neighbor-
hoods are possible. In this case, we consider all voxels as a neighbor, that are within a square
of three voxels and connected to each other either by a vertex or a line and additionally faces
in three-dimensional voxel models. In case a neighboring voxel contains some material, it is
marked by a flag in the voxel vector V[k| (here we use the numerical value of 2 to flag the
entry) and the index k of this voxel is stored into a list I[l]. The list I[l] stores the voxels that
need to be checked for its neighbors, too. In the next step, the first value is taken from the list
I[l], and neighbors of the corresponding voxel are selected. Again, if one of this neighboring
voxels contains some material and is not yet indicated in the voxel vector by a flag, they are
marked and added to the end of the list I[l]. These steps are repeated until the list I[l] is
empty. Then all voxels in the voxel vector that belong to the connected major part of the
geometry are marked and all others can be removed.

Voxel geometry Data structure Voxel geometry Data structure
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Figure 3.8: Four steps of the seed-fill algorithm.
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3.3 Adaptive Gaussian quadrature schemes

The efficient quadrature of the discontinuous integrand of the stiffness matrix and load vector
of a finite cell as given by Eq. is one of the main challenges in the finite cell method.
An efficient integration scheme reduces the number of integration points of the method and
directly lowers the computation time since costly matrix-matrix multiplications have to be
performed for every Gaussian point.

In the following we will explain adaptive Gaussian integration schemes in more detail.

Adaptive Gaussian quadrature schemes, see Fig. or Fig. [3.13] subdivide the integration
domain or standard element (25 recursively along the discontinuity into smaller sub-cells sc
and compute the integrand with the known integration points r; and weights w; on the level of
the sub-cells (Eq. (3.17)). The adaptive integration schemes yield a better accuracy in terms
of the number of integration points, compared to simply performing Gaussian quadrature on
the original integration domain and increasing the order of the integration rule.

In geometrical linear computations the finite cells of the Cartesian grid preserve their rect-
angular shape. Their stiffness matrix with hierarchic shape functions of degree p includes
polynomials up to the order 2p. A Gaussian integration can exactly integrate a polynomial
of order p = 2n — 1 with n integration points in the one-dimensional case. So a Gaussian
quadrature with ng = (p+ 1)d integration points is sufficient to integrate the stiffness matrix
in the d-dimensional space. Due to the fact that the integrand is normally less complex on the
sub-cell level the number of Gaussian points can be reduced during each recursive refinement
step [9].

Applying the proposed adaptive quadrature to every cut cell, the integration reads as follows:

/(-) a(Q(&)) det J(£)ddn = Z Y () a(Q(&(r:)) det J (€ () det J*(r;) wy, , (3.17)

05 sc=1 i=1

where ng is the number of Gaussian quadrature points in each sub-cell and n,. is the number of
sub-cells. In this context, det J and det J* denote the determinant of the Jacobian related to
the mapping functions between the finite cell and the standard cell @ as well as the standard
cell and the sub-cell € (7), respectively. In order to organize the refinement process space-
partitioning tree data structures are used. The next section explains the use of quadtrees and
k-d trees in the context of space subdivision by means of a two-dimensional example.

3.3.1 Quadtree space partitioning

The quadtree algorithm recursively splits the standard element of a finite cell containing a
discontinuity along the (&,7) axes into four equal quadrants (sub-cells), see Fig. [3.10l By
this a tree data structure emerges, where the standard element of the finite cell forms the
root, subdivided sub-cells are represented by the branches and sub-cells that are not further
subdivided are the leafs, see Fig. [3.11]
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Finite cells Standard cell Sub-cell

Physical boundary

Figure 3.10: Quadtree refinement scheme. Empty sub-cells (leafs) are removed from the figure.

Data structure Tree depth k
root k=0
leaf leaf leaf branch k=1
leaf leaf leaf leaf k=2

Figure 3.11: Quadtree data structure.



3.3. Adaptive Gaussian quadrature schemes 43

3.3.2 K-d tree space partitioning

A k-d tree is an axis aligned binary space tree. Within the FCM it is applied for the space
decomposition of the standard cell. It recursively splits the standard cell of a finite cell
containing a discontinuity either along the & or n axes into two sub-cells; see Fig. [3.13] The
data structure of the k-d tree is similar to the quadtree but every branch can only have two
children (leafs or branches), see Fig.[3.12] In particular, the efficiency of the space partitioning
depends on the direction and location of the splitting axis. In order to minimize the number
of cut cells and to maximize the number of non-cut cells, the algorithm needs to determine
the intersection of the geometry with the sub-cells. This procedure can be costly especially
when the intersection can not be determined analytically but needs to be tested by invoking
a ray-tracing algorithm at different splitting positions. In this work two different approaches
of the k-d tree were implemented. The first version, in the following simply referred to as
k-d tree, always subdivides the parent cell in the middle. The direction of the splitting axis
follows a round robin approach, meaning that the direction changes iteratively by the depth
of the k-d tree. The second version allows the splitting axis to slide along the sub-cell in order
to minimize the volume of the cut-cell after performing the split. The direction of the axis
follows the same scheme as described before. This implementation of the k-d tree is referred
to as a k-d tree with sliding midpoint.

Data structure Tree depth &
root k=0

leaf branch k=1
leaf leaf k=2

Figure 3.12: K-d tree data structure.

3.3.3 Numerical examples

In this section we compare the quadtree and the k-d tree space subdivision algorithms with and
without a sliding midpoint in terms of their accuracy. To this end, we consider two different
geometries — a quarter of a circle and an ellipse — as depicted in Fig. and compute
their areas by integrating the indicator function o numerically. The indicator function is a
constant function, so we use one quadrature point per sub-cell and increase the accuracy of
the numerical computation by increasing the depth [ of the applied space tree.

a(é,n) = { 1 if ¢(&n) <0 V[ e [:17 ] (3.18)

1
0 if o(&n) >0 V0] el[-1,1]

For each of these examples an analytical solution Aa,, is given and the error of the numerical
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K-d tree without sliding midpoint

Standard cell

K-d tree with sliding midpoint
k=2 k=3 k=4

Physical boundary

Figure 3.13: Two versions of a k-d tree refinement scheme. Empty sub-cells (leafs) are removed
from the figure.

a) Quarter of a circle Ac = b) Ellipse Ap = mab

Figure 3.14: Comparison of the quadtree and the k-d tree with and without sliding midpoint.
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solution Anuy is computed by:

(3.19)

The first example consists of a quarter of a circle with R = 2. Consequently the analytical
solution for the area is Aana,c = 7. The implicit function describing this geometry is:

d(Em) =(E—1)°"+m+1)°— R (3.20)

The second example is an ellipse in the [¢', 7] coordinate system where the length of the semi-
major axis is a = 1 and semi-minor axis is b = 0.5. To increase the complexity of the example
the ellipse is rotated by # = 60°. Hence, the implicit formula describing this ellipse in the
¢ —n coordinate system is:

€ cos(3) Z 1sin (ﬁ))2 N (—ésin(ﬁ);r 77008(5))2 iy (3.21)

d)(f,n):(

An analytical solution for computing the area of an ellipse is given by Aanar = mab.

Fig. and Fig. depict the error given in Eq. of the different approaches in terms
of integration points. None of the three methods is uniformly superior to the other. For the
example of the circle, the k-d tree with sliding midpoint seems to give a good accuracy for
770 Gaussian points for a tree level depth k& = 17. However, the accuracy does not increase
monotonically when increasing the level of the k-d tree. For k = 18 it yields a worse accuracy
than the quadtree and the k-d tree without sliding midpoint. For the second example the
accuracy of the k-d tree with sliding midpoint levels up at a certain accuracy which is due to
the subdivision with sub-cells with a high aspect ratio. It can be concluded that all subdivision
schemes seem to give comparable accuracy.
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Figure 3.15: Comparison of the quadtree and the k-d tree with and without sliding midpoint
space subdivision algorithms for the example of a quarter of a circle.
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Figure 3.16: Comparison of the quadtree and the k-d tree with and without sliding midpoint
space subdivision algorithms for the example of an ellipse.
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3.4 Numerical stabilization methods for the FCM

The idea of the fictitious domain approach is to extend the physical domain €2 and to discretize
the extended domain €).,; by finite cells. The finite cells are defined on a larger space than
the physical domain. In order to be consistent with the original problem the weak form is
only integrated over the physical domain, hence the solution in the fictitious part €2 is not
constrained.

Let us illustrate the consequences of this approach by means of a simple one-dimensional bar
as depicted in Fig. [3.17 The length of the bar is L but it is discretized by a larger finite cell
with a length of L.. In order to load the bar a displacement boundary condition is applied, by
clamping the left end of the bar and a traction is applied to the physical part of the domain
to elongate the bar. Fig. depicts the numerical solution. While the solution follows the

Parameters: " o

EA=1 L (x L___i finite cell

Lc — 2 —. > — — —

e B — J |

f(x) = sin (Z(ac + 1)) zL J -

h
o

L

Figure 3.17: Problem setup for the one-dimensional example.

analytical solution in the physical domain, large displacements occur in the fictitious domain.
For high polynomial orders p of the shape functions and a high fictitious volume fraction

0.8 T T T 0.8 T T T
—— Reference —— Reference
0.6 0.6 p=2 .
p =
p==©6

0.4

Displacement
(@)
[N}
Displacement
o
[\
I
|

Figure 3.18: Solution behavior of the FCM demonstrated on an one-dimensional problem for
different p-values and different fictitious volume fractions: [)] r; = 0.5 and [p)| r; = 0.75.

ry = /., the stiffness matrix of the finite cell can suffer from a bad scaling that can

lead to high round off errors during the solution procedure. Fig. [3.18b)| depicts the solution
of the problem for different polynomial orders obtained by inverting the stiffness matrix by
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Gauss-Jordan elimination. For p = 7 round-off errors dominate the solution which leads to
unphysical results. Another problem that originates from a high fictitious volume fraction
is that the equation system can become nearly singular due to the linear dependency of the
shape functions. This especially is a severe problem for iterative solvers. A usual measure to
quantify the severity of these problems is given by the condition number, which would be quite
large in such cases. In order to reduce the condition number for such problems stabilization
methods were proposed by [55], 62].

The «a-stabilization method, as referred to in this thesis, considers the fictitious material not
as a void material, but as a second material with a low stiffness. To apply this low stiffness
normally the Young’s modulus of the physical domain F is penalized by the a parameter
Eq. and applied as the Young’s modulus E; in the fictitious domain.

Ef=aFE (3.22)

In the linear case increasing « given in Eq. decreases the condition number of the global
stiffness matrix which makes solutions for high p-values and 7y — 1 possible. Clearly, increas-
ing a reduces the accuracy of the solution in the physical domain as this turns the problem
into a two material problem, see [15]. Common values for « are between 107'? and 10~* and
numerical experiments showed that an accurate solution can be achieved using these values.
In nonlinear problems finding the optimal value for « is not yet fully understood. Espe-
cially for finite strain elastoplastic problems the energy contribution of the physical domain
is determined by elastoplastic material parameters. Considering an elastic material in the
fictitious domain would outweigh the penalty parameter and start influencing the solution in
the physical domain.

3.4.1 The indicator function

In order to demonstrate the influence of the fictitious domain and the a-stabilization on
the solution behavior of the FCM for different p-values and different ratios r;, we consider
the elastic rod depicted in Fig. that is discretized by one finite cell and investigate it
systematically. By changing the length of the rod L € [0.5,1.0, 1.5] and by keeping the length
of the finite cell L. = 2 constant the influence of the length of the fictitious domain Ly = L.—L
and the ratio 7y on the solution behavior is examined. In order to increase the accuracy of
the finite cell solution we increase the polynomial degree p of the high order hierarchic basis
functions.

A traction f is applied to the rod i.e. acting only on the physical part of the domain.

f(z) = sin (% (z + 1)) z€[-1, .., z1] (3.23)
For this simple example an analytical solution is given by the following function:

™

u(z) = (£>2 sin <Z(x + 1)) _ L Ccos (%(9@ + 1)) (x+1)

™ ™

o(x) = £cos <%($ + 1)> _L Cos (%(xL + 1)) :

™ ™

(3.24)
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In order to compute the difference between the numerical solution and the analytical solution
we measure the error as follows:

ey = %O/L (“FCM(@ — ”@)de. (3.25)

In a first investigation we look at the condition number x of the problem as a function of the
fictitious volume fraction 7 within one finite cell, the polynomial order p and the stabilization
parameter alpha a = 1079, see Fig. . In the reference p-FEM computation (L = 2) the
condition number is constant during a p-refinement which is a distinctive feature of the p-
FEM for one-dimensional problems. For the FCM it is observed that the condition number
increases linearly in a semi-logarithmic plot when increasing the polynomial order of the shape
functions. The slope of the curve depends on the fictitious volume fraction r;. By applying
the a-stabilization method, the maximum condition number is limited, irrespective of the
volume fraction 7¢, by 109, where ¢ is the same parameter as used for the stabilization. In
order to compute the error in displacements between the analytical solution and the numerical
solutions we use the measure given in Eq. . Clearly, there will always be an error between
the analytical and the numerical solution since the analytical solution can not be represented
by polynomials. So to quantify this contribution to the absolute error and to isolate the error
caused by the stabilization we compute a reference solution (p-FEM) for every polynomial
order p on a cell coinciding with the physical domain L. = L. = 2. This reference serves
as a lower bound for the error that can be theoretically reached by the finite cell method.
Fig. depicts the error defined in Eq. . The stabilization parameter decreases the
rate of convergence in terms of the error e, but also prevents the displacements from becoming
unphysically large if ¢ is sufficiently large.



3.4. Numerical stabilization methods for the FCM

101! I \ T T 10t
q=10 q=10
+(:1:8 | 109,+q:8

109,
——q= —— q = 74
1077—-*(1: / -

107 f|——q=3

103 [ — 103 L

Condition number s
—
(@n)
(913
T
|
Condition number s
=
)
ot
T

101 [ — 101 [

—
()
w
W
ot
=)
N
o |-
—
()
w
S
ot
D
N

101! \ T T T 10t \ \ \ T

109’+q:8 — 109,

107 |-

107 [ | q =

103 [ — 103 L

Condition number s
—
(an)
(913
T
|
Condition number s
—
o
wt
T

101 [ — 101 L

PA
)
w
S
ot
=)
~
ol
—
)
w
-~
=)
~

Figure 3.19: Comparison of the condition number for different volume fractions r;.
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Chapter 4

Numerical homogenization

Many engineering materials like cement concrete, metal foams or fiber reinforced materials
possess a complicated microstructure which effects their macroscopic behavior. In order to
take their heterogeneity into account we define effective material properties for such structures
in a process termed homogenization.

Numerical homogenization methods in combination with the FCM are well suited to study
microstructures. One reason for that is that their geometry can be efficiently obtained by
computed tomography and a suitable discretization can be automatically derived from the
CT data, see . By this approach modifications of the microstructure, as in our case
the application of a thin nickel coating on the struts of an aluminum foam as depicted in
Fig. can be investigated without performing experiments. Furthermore, the full multi-

Figure 4.1: Aluminum foam and applied nickel coating.

axial properties, that are difficult to measure by experiments, can be predicted. In this
chapter we first review the basic concepts of homogenization theory. For a deeper insight into
theoretical aspects the reader is also referred to [51) [50]. Then a numerical homogenization
method, based on the window method, see , is presented. Finally, we investigate the
influence of a nickel coating on the homogenized effective properties of an aluminum foam.
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4.1 Basic equations

In a sample of a composite material, taken far away from the boundary, where load gradients
do not play a role, the stress and the strain field oscillate due to the presence of inhomogeneities
around a constant mean. This means that they can be split additively into their average values
(o)., (g),, and fluctuating parts o’, €”:

!/

o= (o), +o, e=(e) +¢. (4.1)

In case of a linear elastic constitutive material behavior the effective modulus (elasticity) tensor
CT and the effective compliance tensor N°T are defined as relations between the volume
averages of the stresses (o), and the strains (),

(@), = C{e),, o (E), =N (o) (4.2)

-
In a geometrically nonlinear setting the same relations is given between the Piola-Kirchhoff
stress tensor and its conjugated pair.

In order to obtain meaningful material parameters the volume average (-), of the field vari-
ables, given by:

O =17 / () V., (4.3)

needs to be computed over a representative sample of the microstructure, called the represen-
tative volume element (RVE). The existence of a RVE generally depends on the following two
requirements, see (32, [12].

o Separation of scales
The size of a RVE must be large enough compared to the size of the coarsest hetero-
geneities, so that fluctuations in the stress and strain fields o', € are small and small
enough compared to the structural component, such that the applied loads on the RVE
do not show a significant gradient.

o Statistical uniformity
The geometry of the RVE must have statistically the same features like topology, phase
composition or phase contrast as any other sample taken from the structural component.

4.1.1 Average stress/ strain theorem

The average strain, respectively average stress theorem are frequently applied in the theory of
homogenization. Their application allows to transform the volume integrals of the stress and
strain tensor into surface integrals by applying the divergence theorem, also known as Gauss
theorem. An important finding of this relation is that the average strain/stress in a given
sample is completely defined in terms of the applied displacements/tractions at the boundary.

The small strain tensor can be expressed via the displacement gradient as follows:

1
gij = 5 (s + i) (4.4)
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By taking the volume average we obtain, in case of a perfectly bonded material, the following
surface integral:

1 1 1 1
<€Z'j>m = V_ /eijdV = V_ / 5 (Ujﬂ' + U@j) dV = W (niuj + njuz-) dA, (45)
mvm m - m -
which reads in symbolic notation:
<€>mzﬁ (MRu+uen)dA. (4.6)
Im

The averaged strains can be computed from the integral of the dyadic product of the displace-
ments u and the surface normals n on the boundary. In order not to overload the notation the
subscript m is omitted for the displacements and the surface normal. Particularly when pre-
scribing displacements on the boundary of a given sample via the macroscopic strain projection
tensor €p

ul =epx (4.7)
the average strain is directly given by (g), = ep.

The volume average of the stress tensor reads:

@)=y [ oV (4.8)

m
Vim

In the absence of body forces, meaning o;;; = 0, the following relation holds:
(035Tk) ; = Oiji T + Thi 0o = Qi 05 = O - (4.9)

By substituting Eq. (4.9) in Eq. (4.8) we can transform the volume integral into a surface
integral through:

1 1 1 1
V—m/%dvz V_m/(aij$k>,i dV = V—m/nz (oijg) dA = V_m/tjwde' (4.10)
Vin Vin T T

The same relation in symbolic notation reads:

1 1
Vin I'm

Predefined tractions on the boundary of the domain can be applied via the macroscopic stress
projection tensor o p:

tl, =opn (4.12)

such that the average stress is directly given by (o) = op.

m
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4.1.2 Hill-Mandel condition

The linear displacement boundary conditions given in Eq.(4.7]) or the linear traction boundary
conditions given in Eq.(4.12) directly fulfill the Hill-Mandel condition:

% <0'T€>m = % (o),,(€),, - (4.13)

The Hill-Mandel condition ensures the equivalence of the average of strain energy density
of the macroscopic and microscopic variables and makes the microscopic and macroscopic
descriptions energetically equivalent, see [51].

4.1.3 Voigt-Reuss bounds

Computing the effective material tensors by a numerical method requires to solve a boundary
value problem on a finite sized sample of the material by either applying linear displacement
boundary conditions via Eq. or traction boundary conditions via Eq. (4.12). By imposing
Dirichlet (displacement) boundary conditions the average strain is known and the average
stress in the body can be computed in the post-processing step. Differentiating the average
stress with respect to the applied average strain yields the effective elasticity tensor. The same
procedure can be followed when traction boundary conditions are applied. For a representative
volume element both ways are equivalent. In case a scale separation is not given, and the stress
and strain field show large fluctuations on the boundary of the analyzed sample these two types
of boundary conditions deliver upper (Voigt) and lower (Reuss) bounds for the real effective
properties. Such properties are then called apparent material properties and the corresponding
analyzed sample is the called testing volume element (TVE) [33, [79].

4.2 The window method

For highly heterogeneous materials the computation of the effective material properties of
a representative volume element involves a large sample and requires a high computational
effort. So the analysis of such structures is often restricted to smaller testing volume elements,
where the choice of boundary conditions has a large impact on the results. A method to lower
this influence is the window method [24,71]. The idea of this method is to embed the TVE into
a homogeneous domain (window) and apply displacement boundary conditions to the surface
of the window as shown in Fig.[4.2] By this approach the influence of the boundary conditions
on the results is reduced and tighter bounds for the effective properties are obtained, see [71].
The window models the infinite surrounding that a real RVE would be surrounded by, and
has to have the same effective material properties as the embedded microstructure. This idea
is known from analytical homogenization schemes and called self-consistency, see [79].
The window material has a large influence on the computed effective properties and is unknown
at the beginning of the computations. Therefore it is determined from the effective material
properties of the embedded microstructure in an iterative procedure, see Fig. 1.3 In the
following we will explain the window method in detail.

In case of an anisotropic material the computation of all components of the elasticity tensor
requires to solve six linear independent loadcases j = 1,..,6. By every loadcase one column of
the elasticity matrix can be determined. To this end, we define the macroscopic small strain
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Figure 4.2: The window with embedded microstructure.

projection tensor €p and disturb a single component in each loadcase by a small increment.
The related displacements Au are then imposed on the surface of the window I, via the
projection rule:

Ad; =ep AX, (4.14)

where AX is the branch vector that points from the center of the TVE to the location of the
applied displacements. After solving the mechanical problem, the averaged stresses (o), and
strains (g),, are computed in a post-processing step. Taking advantage of the average stress
and strain theorem given in Eq. and , we only need to evaluate the surface integral
over the boundary of the microstructure I',,. In order to average the stress field, we use the

discrete form of Eq. (4.10]) given by:

Nnodes

1 . .
— (4) (@)
(O)m = s ;1 ry) @ AX". (4.15)

Due to the partition of unity we can compute the average stress by summing up the dyadic
product ® of the nodal forces rg,i) and the corresponding branch vector AX® of all nodes 7,,pges
located on the surface I, of the spatial discretization of the microstructure. The computation
of the average stress in Eq. might yield an unsymmetric stress tensor which is therefore
symmetrized in a subsequent step.

The averaged strains are computed using the discrete form of Eq. given by:

1 Nnodes

(€)m =37~ D (ufl @0+l @ul) A7, (4.16)
mo=1
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Figure 4.3: The homogenization procedure.
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where u') are the nodal displacements and n'? the surface normal vector. In Egs. (4.15)) and

V,n represents the volume of the microstructure and A% denotes the area associated
with node (7) on the surface of the FCM mesh, see Fig. . In order have a unique definition
of the unit normal vector we consider edge nodes twice and corner nodes three times together
with their associated areas and unit normal vectors. After solving a loadcase one column

edge node corner node

interior node

\lil/

(]
i
|

[ \L

>

Y
Tl. h., _h_
X e ] -

|=

]

Figure 4.4: Equidistant surface mesh with cell size h. Gray-shaded areas denote A [18].

of the effective elasticity matrix C*% is obtained by numerical differentiation of the averaged
stress quantities with respect to the related applied macroscopic strains. Applying the Voigt
notation for the strains and stresses this procedure reads:

(o1) — {oj10)
Ie1) = {&542) I,
(o) = {o1)
2[[{e1) = (541 I,

where ¢ corresponds to the stress component and 7 = 1,...,6 denotes the corresponding load
case. The basic load case is denoted by index 1 and can be related to a case with no loads.
In order to obtain a symmetric elasticity matrix we again symmetrize C*%. In order to adjust
the window material in a self-consistent way, the elasticity matrix of the window C" is updated
for the next iteration by the actual computed effective properties [18], see Fig. 4.3l The
iterative procedure can be accelerated by the Aitken’s A?-method which will be explained in
the next subsection. The iterative procedure is considered to be converged when the difference
between the effective properties of two consecutive steps falls below a prescribed tolerance
ec.rrob < TOL in terms of the Frobenius norm:

e

€C,Frob =

if j <3

eff
O = , (4.17)

if 7 >3

1HFrob
i . (4.18)
1C v
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Readers that are interested in the convergence properties of this iterative procedure are referred
to [57].

4.2.1 Acceleration of the window method

The window method updates the material properties of the window in each iteration step
which results in a sequence S of effective material properties:

s={ci,ci, .. cit ) (4.19)

where n is the number of iterations needed to obtain the converged solution. In order to
increase the rate of convergence of this iterative procedure we use the Aitken’s A%-method [46,
43]. The idea of the Aitken’s method is to compute modified effective material properties C, 1
and assign them to the window material instead of directly using the effective material prop-
erties from the previous iteration C;. In the following we will briefly explain the acceleration
procedure which reads as follows:

Cf = Cef + wACET. (4.20)
In Eq. (4.20)) the relaxation coefficient w; is computed based on the results of the three previous
consecutive iterations C", CST, CS, .
(O i) - (A - AC,)

- , 4.21
¢ (ACs — ACE)) - (ACT — AC)) (421)

There are different possibilities to compute ACST and ACS™, either based on the modified
(accelerated) or unmodified (standard) values. We compute these values based on the standard
values:

ACT = Cf - O, ACH, = Cif - Cif,. (4.22)

In order to further accelerate the iterative procedure we use an improved initial value for the
effective material properties of the window instead of taking the bulk value from one of the
two materials. To this end we apply different analytical homogenization schemes, also known
as the rule of miztures.

An improved starting value for the nickel-coated aluminum foam can be computed in two
steps as follows: First, we assume that the hybrid metal foam includes no voids and use the
average of Voigt’s and Reuss’ model [79] to compute a homogenized Young’s modulus Fy; by:

Ey =05 (paEa+ (1 —éa1) Exi) , Yn = Uni = Val, (4.23)

where ¢a; and ¢n; = (1—@a1) denote the volume fractions of aluminum and nickel, respectively.
The Young’s modulus and Poisson’s ratio of aluminum and nickel are labeled by their according
indices.

The corresponding bulk K and shear modulus iy can be easily computed using the Young’s
modulus Ey; and the Poisson ratio vy by:

EM EM

Ky=-—— S U
MT S0 -2 ™M 20 o)

(4.24)
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In a second step we apply the Mori-Tanaka model [23] that takes into account the effect of
pores on the bulk modulus K and the shear modulus pu:

B I R D k' O
K = Ky (1 1_a(1_¢))’ 3(1 — wvy) (4.25)
AT S SR () |
M—MM( 1-5(1— )>’ _15(1—7/M)7

where ¢ is the volume fraction of the pores. Based on K and u, the elasticity matrix for the
window is computed accordingly as an improved starting value for the window method.

4.3 Hybrid metal foams

Aluminum metal foam can be optimized with respect to its stiffness and its energy absorption
capacity by applying a thin nickel coating. In this section we analyze the influence of the
coating thickness on the effective properties of aluminum foams utilizing the window method.
To this end, we investigate the accuracy of the spatial discretization and the use of Aitken’s
method on the homogenization procedure in a preliminary study before we finally examine
the coating thickness. All microstructures investigated in this section are obtained from a
puCT-scan with a resolution of h, = 24 ym of a 30 pores per inch (ppi) aluminum foam. The
coating is applied numerically by adding additional voxels to the surface of the geometry.

4.3.1 Preliminary study

The microstructure for the preliminary study is a cubic sample with an edge length of 5.76 mm
and a coating thickness of as depicted in Fig. [4.5

4.3.1.1 Accuracy of the spatial discretization

In order to analyze the influence of the spatial discretization in terms of A- and p-refinement on
the homogenized effective properties of the hybrid metal foam three different discretizations
are created. Each discretization includes a different number of voxels in every cell NVC €
{4,8,16}. In Fig. the discretization with NVC = 8 and the corresponding octree used
for the numerical quadrature are depicted. The interface between the nickel coating and the
aluminum foam, that induces a jump in the material properties, is not resolved by the finite
cell mesh but considered by an adaptive octree integration scheme. Fig. shows the influence
of the different types of discretization on the effective properties. From this it is evident that
both types of refinement, i.e. h and p, yield a similar convergence behavior for the effective
material properties for p > 2. The rate of convergence of the p-refinement, which normally
shows superior convergence behavior, is reduced due to the material interface of the hybrid
metal foam that is not resolved explicitly by cell boundaries. Due to the material interfaces,
the displacement field exhibits a kink at the material interface — which can be considered as a
weak discontinuity [22]. If this discontinuity is located within the cell and is not resolved — as
in this example — then the approximation may exhibit oscillations at the material interface and
the convergence rate reduces accordingly [34, |35]. In addition, the voxel model is a low-order
representation of the geometry, introducing singularities like re-entrant corners. This low-order
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representation of the geometry can also have a considerable effect on the performance of the
p-refinement. For approximately two million degrees of freedom, both refinement strategies

28 ; .
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Figure 4.7: Degrees of freedom.

yield a level of accuracy that is reasonable for engineering purposes. In terms of the number
of Gauss points the discretization with p = 2 and NVC = 4 seems to be the most efficient
discretization, see Fig. [4.8 Based on this result, we choose a discretization with NVC = 4
and p = 2 for the following examples.

4.3.1.2 Acceleration of the window method

In this section, we study the effect of the Aitken’s acceleration method on the rate of conver-
gence of the effective properties obtained by the window method. To this end, we consider
the TVE depicted in Fig. [4.5] and compute a series of effective properties. The method is
considered to be converged when the difference between two consecutive results in terms of
the Frobenius norm, given by Eq. ({.18), is less than TOL = 1072,

In a first test no acceleration technique is applied and the initial material parameters are the
bulk values of nickel and aluminum, respectively. In the second computation, Aitken’s method
is used while the starting values are the same compared to the first example. In the third
computation, we finally combine both methods; meaning that we start from an improved
initial value for the effective properties obtained by the analytical homogenization scheme
proposed in the Section and use Aitken’s method as well.

Improved initial values are obtained by assuming that the TVE contains no pores and using a
combination of Voigt’s and Reuss’ model given by Eq. . The material parameters used in
this equation are the Young’s modulus of aluminum E,; = 70 GPa and nickel Ey; = 200 GPa
and the common Poisson’s ratio v = 0.3 together with the volume fraction of both materials
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Figure 4.8: Number of Gauss points.

oni = 0.63 and ¢ = 0.37. In a second step, the effect of the pores is taken into account by
applying the Mori-Tanaka model in Eq. (4.25) with ¢ = 0.68.

Fig. compares the three different methods in terms of the error given by:

eff eff ,Ref
_ %5~ Gy
€ijirel = off Ref x 100, (4.26)
i
where CPPRT — 13.876 GPa corresponds to the converged value of the standard window

method. Aitken’s method lowers the required number of iterations by one. Employing the
acceleration procedure with an improved initial value even reduces the number of iterations by
three. In practical applications ec o = 1072 is a rather sharp stopping criterion, especially
when we look at the convergence of the components of the elasticity matrix. Considering an
error of one percent as sufficiently accurate, the window method needs approximately two
iterations to converge.

4.3.2 Influence of the coating thickness

In this section we study the influence of the coating thickness on the effective properties of a 30
pores per inch (ppi) aluminum foam. The extracted TVE depicted in Fig. [1.10a)| was obtained
by a uCT-scan with a resolution of h, = 24 um. It has a cubic shape with the dimensions of
9.6mm x 9.6 mm x 9.6 mm. In order to investigate the effect of a coating six different layers
are numerically applied to the voxel model. Each layer has a constant thickness over the
entire model and is defined in terms of voxels (t = 2,4,6, 8,10, 12 voxels). Fig. shows
the aluminum foam with a coating of ¢ = 6 voxels. The discretization of the problem, see
Fig.|4.11] is such that a finite cell includes NVC = 4 voxels and the order of the shape functions
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Figure 4.9: Comparison of the rates of convergence.

is p = 2. These discretization parameters are the same as the optimal values found based on
the previous calculations in this section. Compared to an FEM voxel model in which each
voxel is discretized by one finite element this discretization approach leads to a significantly
lower number of cells. As an example, for ¢t = 10 we discretize 23 million voxels by 496, 805

cells and 6,627,596 degrees of freedom.

The influence of the displacement boundary conditions on the effective properties depends on
the size of the window twi,. In a first step, we study the influence of its size on the results.
To this end, the foam is coated by a thin nickel layer of t = 2 voxels i.e. 48 ym and the
size of the window is increased from tw;, = 0.24 mm to ¢, = 1.92mm. Fig. depicts the
effective properties obtained for different sizes of the window. For ¢, > 0.92, the influence of
the window size on the effective properties vanishes.

The distance to the boundary is unknown in our setting. Therefore we choose t,, = 0.48 mm
for the following investigations and assess the effect of the coating thickness on the effective
properties. Fig. shows the influence of the layer thickness on the effective properties C°f.
As expected, the coating leads to an increase of stiffness — as can be clearly seen in Figure

4. 15|
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a) b)

Figure 4.10: |a)| Aluminum foam and [b)| the same foam with a coating with ¢ = 6 voxel.

Figure 4.11: Finite cell discretization for ¢ = 6 and the sub-cells generated during the octree
integration.
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Chapter 5

Computational contact mechanics

The solution of contact problems is of great importance in many engineering disciplines. Some
well-known examples are crash or deep drawing simulations. In the context of this work contact
plays an essential role in the analysis of metal foams under compressive loading. During the
densification process the struts of collapsed pores come into contact and due to this the slope
of the stress-strain curve increases.

While the contact problem has been intensively studied by means of the finite element method
[72, |45], |44] and various types of formulations have been developed based on the type of the
contact condition, the type of the discretization and its enforcement, the solution of contact
problems within the finite cell method is a recent research area.

A first approach that links the contact problem with the FCM is presented in [13]. Tt is
based on utilizing the fictitious domain with changing material properties in order to enforce
the contact conditions. In [41] a contact approach for the FCM based on an additional
discretization of the contact interface is presented. This approach was recently extended by
[14], with an adaptive local refinement technique based on the multi-level Ap-method in order
to remove oscillations induced by the singularity at the end of the contact interface.

In this chapter a similar approach for frictionless- and sticking contact is introduced and in-
vestigated in the following. In order to derive a contact formulation for the finite cell method
we first summarize the basic kinematic relations. Subsequently we present the contact enforce-
ment in the weak form by means of the penalty method and we also derive the linearization
of these equations. The formulation is similar to the finite element formulation and interested
readers are referred to the textbooks of Wriggers [72] and Konyukhov et al.[41] to obtain a
deeper insight into the underlying theory.

5.1 Contact kinematics

We consider the contact problem between two bodies denoted by BY with v € {m, s}, that
come into contact at a common interface I'c = o(T'%) = ¢(I'E) as illustrated in Fig. 5.1} In
order to find the potential common contact interface we need to find the minimum distance
between the bodies. To this end we assume that a parametrization of the contact surfaces
is given via the mapping function x?(a), where a = [a, 3" denotes the convective surface
coordinate. To find the closest distance between the bodies we make use of the master-slave
concept. Discrete points x° — the so-called slave points — are distributed over the slave surface
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Figure 5.1: Contact of two bodies.

~v = s and their minimum distance to the master surface x™(a) is computed by solving the
following equation:

d = min ||x* — x"(a)| = [|x* = X" . (5.1)
The solution of Eq. (5.1)) — @ — can be computed by solving the following equation system:

(x* —x™(a)) - x| _
(x' —x"(e) x5 |~ (5.2)

and is given by the orthogonal projection of the slave points onto the master surface. Here
and in the following a bar over a quantity will denote its evaluation at this point.
The tangential surface vectors of the contact interface x'y, X'} are obtained by computing the
derivative of the surface mapping function with respect to the convective coordinate. Together
with the surface normal:

X' X X'

n" = e (5.3)
I < 5]

they form a convective coordinate system that is used to describe the contact interaction
locally, see Fig. 5.2 The assignment of master and slave surface is arbitrary. Normally the
body with the finer discretization is chosen to be the slave surface. Of course, in the case of
self-contact or large deformations master and slave surfaces can not be assigned in advance,
because the contact interfaces are not initially known.

Points on the master and slave surface are not allowed to penetrate, so the non-penetration
condition, given by the following local kinematical relation, must hold:

gy = (x* =X"(a)) -0 >0, (5.4)

where gy is the normal gap between the two points and n™ is the normal of the master
surface evaluated at @. The penalty method incorporates the constraint given by Eq. (5.4) by
penalizing any penetration by the penalty parameter 5 and enforces the contact conditions
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Figure 5.2: Kinematic quantities of the contact surface.

only approximately for § < oo. For frictionless contact problems we therefore define the
normal gap function:

. :{ (x* — %)@ if (x*—X"()) T <0 55)

0 otherwise

When the contact surfaces stick together (sticking contact) at the point where they contact
first @, no relative movement of the contact interfaces is allowed. Therefore we define the
total gap function gg, which penalizes the total relative movement:

(5.6)

| xF=x"(a?) if (x*—x"(a")) 0" <0
9st =\ o otherwise

5.1.1 Linearization and variation of the gap function

In this section we briefly repeat the linearization and the variation of the gap function for
frictionless and sticking contact that are essential for the linearization of the weak form. For
more detailed information the textbooks of Wriggers [72] and Konyukhov et al. [41] are
recommend.

Frictionless contact

In frictionless contact conditions the normal penetration gy of the slave points with the master
surface is constrained but the tangential sliding on the master surface is allowed. Therefore
the change of the contact location as well as the change of the surface coordinate system has
to be taken into account when linearizing the penetration function.

The full time derivative of the normal gap function is given by:

Agy = A{(x* —X™) -0} = (Au® — AT" X7 Aa—XBAS) T + (x* —X™)- A" . (5.7)
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The orthogonality of X, -n™ X' -n™ and (x*—X")-An"™ allows to further simplify it resulting
in the following equation:

Agy = [Au® — Au™]-n"™. (5.8)
The variation of the gap can be directly obtained from Eq. (5.8) by exchanging Aw” with the
variations 17 and reads:

ogy =[n°—m"]-n". (5.9)

The linearization of the variation of the gap is more complicated. Under the assumption of a

flat contact surface it is given by:
Adgn) =~ (7 ) (S — AT) g (B oW ATy
—a*’ AW (Xpen™) (n° —n") —a*’gyAul (0" @07, '

The contravariant components of the metric tensor of the master surface @? can be computed
by first computing the covariant metric tensor @,z by the scalar product of the tangential
surface vectors a,s = X'y, - X' and then computing its inverse.

Sticking contact

The sticking contact formulation requires the linearization of the total penetration function
Eq. (5.6). The full time derivative of the total gap function is simply given by:

Agg, = A (x* —x" () = Au® — Au™ () (5.11)
due to the missing time dependency of a’. The variation of the gap reads:

dgs = 0(x°* —=X")=n°—n" (ao) ) (5.12)

5.2 Weak form and enforcement of contact conditions

The extension of the weak form (Eq. (2.122])) for the contact problem, assuming that the
actual contact interface is known, reads as follows:

2
Z /a”:gradn”dv— /pb7~n7dv— /t”-n"’da +C =0, (5.13)

7= (B o(B7) ()

where C' denotes the additional term that enforces the contact condition in the equation
system. The contact term C' generally depends on the method that is used to enforce the
contact condition. In order to enforce the contact conditions in the weak form we apply the
penalty method which does not add any additional degrees of freedom to our global equation
system and it is not affected by over-constraining problems [72]. However, large numbers for
the penalty factor 5 can lead to an ill-conditioning of the global equation system.

The penalty formulation for the contact term C' reads:

C=p]dg gda. (5.14)
/
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By splitting up the contact term into a normal Cy and a tangential C't contribution:
C=Cx+Cr, (5.15)

it is possible to incorporate friction laws for the tangential term in case of sliding of the contact
interfaces involving friction. The tangential contribution reads:

In frictionless contact conditions no tangential forces are acting on the contact bodies, so Ct
can be neglected and only the normal contribution:

CN = 5/591\]91\] da (517)

has to be considered.
The sticking contact formulation does not require a split of the contact contributions, therefore
we will consider Eq. (5.14]) as the starting point for this formulation.

5.2.1 Linearization

In order to apply the Newton-Raphson scheme for the solution of the contact problem the
linearization of the contact term is required.

Frictionless contact

In case of frictionless contact the linearization of Eq. (5.17)) is obtained by applying the rule:

ACx =5 [ (& (69x) gx + gg) da. (5.18)

Substituting the linearization and the variation of the gap function given in Eq. (5.8), Eq. (5.9)
and Eq. (5.10) in Eq. (5.18) and omitting all terms multiplied by g3;, which have only minor
influence on the rate of convergence of the Newton-Raphson scheme, yields:

ACx =5 [ ") (" @ ") - (Au — Aa") - guaiy - (8" 9 %) - (ut - AT

—gna* (n* —7™) - (X en™) - Autda.
(5.19)

Sticking contact

In order to derive the linearization for the sticking contact formulation ACs; we start with
Eq. (5.14)). The linearization yields a simple expression:

ACg; = 5/ (09g) - gsi + 09, - Agg,) da = 5/5931; Agg, da
(5.20)

—B/ =" (o)) - (A — A" (o)) da
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since A (dg) = 0.

5.3 Discretization of contact interface

The finite cell discretization does not conform to the boundary of the geometry and there-
fore usually no explicit description of the geometry is directly available. However, in order
to evaluate the non-penetration condition given by Eq. (5.4) an explicit representation of the
boundary by surface elements and slave points is needed. To this end, we introduce a dis-
cretization of the surface I'; by triangles and appropriate quadrature points, see Fig.[5.3} Such

raN

T 1 T

[INEFT Y

X

Figure 5.3: Finite cell mesh and contact surface discretization. In order to simplify the drawing
the contact elements here are formed by linear segments. In three-dimensional applications
the contact elements correspond to flat triangles.

a geometrical description of surfaces can be easily derived from common surface formulations
used within the finite cell method like implicitly defined geometries, voxel-based data or B-rep
models.

The triangle nodes X (I € [1,2,3]) and the slave points X* are located within a finite cell
and exhibit local coordinates in terms of the finite cell coordinate system &', respectively &°,
see Fig.[5.4] The spatial positions of the triangle nodes x'’ and the slave points x* are modified
during the simulation to track the evolving surface of the contact bodies by computing the
displacements u’’ and u® from the displacement vector of the finite cell u¢ and the finite cell
shape functions N by:

u’ =N (") u® x"=N(&")x% resp. w=N(&)u® x*=N(€)x". (521

In order to discretize the displacement increment A4 of the master surface and the virtual
displacements 5™, we first define the nodal displacement vector Au™ = [Au', Au’2, Au®s]”
respectively the virtual displacement vector v = [v'! v’2, Vt3]T of the master triangle. The
displacements and virtual displacements are then related to the corresponding quantities of
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Figure 5.4: Contact surface discretization.
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the finite cell Au®®) vCt) by:

[ N(&™)
Au™ = N(£"2) AuC(t)

L N(en) - - SO (5.22)

v — N<£t2) Vc(t2)
Ng® | [ vew

It is important to mention that every node of the master triangle can be associated with a
different cell which is indicated by the superscript C'(t;). The size of these matrices is therefore
[9 X (ndofc, + ndofc, + ndofc, )], where ndof, are the degrees of freedom of the finite cells.
The displacement increment Awu® and the virtual displacements of the slave points are directly
given by the displacement, resp. virtual displacements of its associated finite cell:

Au® = N(€°)Au®, v¢ = N(£°)v°. (5.23)

In Eq. (5.19) the discretization of the increment of the gap (Awu® — Awu™) and its variation
(n® — M) requires to define the projection matrix P:

N(&°)
P— N(&™) (5.24)
N(&™)

which relates the displacements of the finite cell to the displacements of a slave point and its
associated master triangle by:

Au® Auc®) VS vC(s)
Au” AuCt) Vi vC(t)
Au’? =P Au€®2) |~ viz =P vC(t2) : (5'25)
Au® AuCts) vis vC(t3)

We interpolate the displacements and the test functions linearly between the nodes of each
triangle, so the discrete displacement and the virtual displacements within one triangle are
given by:

u™ = Ni(a, B)u” , o™ = Ny(a, B)v", (5.26)
where Nj(«, §) are the corresponding linear shape functions:

Ni(a,p)=1—-a—-8 , Ny(o,8)=a , Ni(o,8)=20. (5.27)

With the interpolation of the master surface at hand we can express the gap increment
(Au® — Au™) and (n°* — n™) by:
Au?® v*
S m Autl S m th
Au® — Au™ = A Ayt M=) =A |

t3 t3
Au v

(5.28)
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where the interpolation matrix A reads:

100 at+8-1 0 0 —a 0 0 —B 0 0
A=|010 0 a+pB—1 0 0 —a 0 0 -8 0 |. (529
00 1 0 0 a+f-1 0 0 —-a 0 0 -8

By computing the derivatives of the interpolation matrix A with respect to the convective
surface coordinates, we obtain A , and A g:

000100-1 0 0 000
A,=|000010 0 —=1 0 000

000001 0 0 —-1000

I : (5.30)

000100000 -1 0 0
As=|000010000 0 —1 0

(000001000 0 0 —1

and can express the derivatives n ,,n 5, Au'y, and Au'; via:

S

m_ Au® m Au’®
] ,Aul=A, [ Ag™ ] , Aug=A { Ag™ ] (5.31)

VS

A%
n,a:AJI |: v :| ) n,B:A,B

Vm

5.3.1 The contact stiffness matrix and right-hand side

In this section we complete the discretization of the contact contributions for sticking and
frictionless contact by stating the contact stiffness matrices k., k5' and the right-hand side
load vectors f,, £5¢.

cyte

Frictionless contact

The discretization of the weak form of the frictionless contact formulation reads after substi-

tuting Eq. (5.25) and Eq. (5.28)) into Eq. (5.17):
Cxn=> v'f, (5.32)
c=1

where n; is the number of active triangles on the slave surface, which means that they have
at least one slave point that fulfills the contact conditions. The right-hand side is denoted by
f. and reads:

f.=p / PTATngyda. (5.33)
I'e

After substituting the discrete expressions from Eq. (5.24), Eq. (5.28) and Eq. (5.31)) into
Eq. (5.19) we obtain the following expression for the discretization of the linearization of the

weak form:

Au®®
S Auc®)
_ T
ACx =) vk INCERE (5.34)

c=1

Auc(t3)
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where k. denotes the contact contribution for the stiffness matrix:
k.= f / P"AT @™ @ n™) AP — gya*’PTAL (0" @ X) AP
|Ne] (5.35)
— gya®PTAT (X @0™) A Pda.

Sticking contact

The discretization of the contact contribution for sticking contact given in Eq. and
Eq. yields a much simpler expressions. The surface elements appear only during the
contact detection but vanish in the equation system, that constrains the movement of discrete
points located in different cells. The increment Agg, and the variation dgg, of the total gap
between the slave point x*, that sticks to the master surface at x™ (@), can be expressed via:

Ags, ~ [N(E) -NE) ]| Ao | 55— [NE) N ][ Voo | G30)

after mapping the triangle surface coordinate a® to its local finite cell coordinate system &°.
The discretization of the weak form of the sticking contact formulation given in Eq. ((5.13])
then reads:

Cso=» v, (5.37)
c=1

where n, is the number of active triangles on the slave surface and 5 represents the right-hand
side:

o= [ NG om 539

The discretization of the linearization of the weak form of the sticking contact formulation
reads:

ACg = vkAu, (5.39)

c=1

where k5 is the stiffness matrix related to the contact contribution:
N(£”) } 0
Kt = / { N(°) —N da. 5.40
T'e

Collocation

The integration over the contact slave surface in Eq. (5.38)) and Eq. (5.40]) is not necessary
for the exact enforcement of the contact conditions. Instead the integral can be replaced by a
sum over all active contact slave points n,. In numerical mathematics such a method is known
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as a collocation method [41]. Hence we can rewrite the formula for the stiffness matrix (5.35])
and the residual (5.35]) for frictionless contact as:

ke =3Y PTAT(@" @n™) AP — gya*’PTAT (0" @ X)) AP—
n=1

— gnva®’PTAT (X @1™) A Pda, (5.41)

fo=pY P"A"ngyda,
n=1

and for sticking contact as:

K =5y { NG ] [N(&) —N(Y ],
e (5.42)
t N °
£2 :52 { _Ngo% } 9gst -

5.4 The mapping procedure

Due to the additionally introduced contact surface discretization, several mappings are re-
quired before the contact conditions can be enforced within the global equation system of the
finite cell method. In order to explain the mapping procedure, we consider the two-dimensional
problem depicted in Fig. 5.5

The body is clamped on one side and loaded by a force on its top and on its bottom. Due to
the loading self-contact occurs. The problem is discretized by a set of finite cells, which do not
conform with the surface of the geometry, and contact elements formed by linear segments —
linear triangles for a 3D problem — are placed on the boundary of the body. On each of these
elements a set of quadrature points is distributed, which are the slave points.
For each node of the contact element, the slave points and the master points, we have to
distinguish between four different coordinate representations. That are their local coordinates
in terms of the contact surface discretization by triangles o = [« 6]T, their global spatial co-
ordinates in the deformed and undeformed configuration, x = [z, y, z]T, resp. X = [X,Y, 7 ]T,
and their local coordinates in terms of the finite cell they are located in &€ = [£, 7, C]T. During
the simulation three different types of mappings between these different representations are
involved.

The slave surface

On each triangle a set of slave points is defined to evaluate the non-penetration condition at
these discrete positions. To this end we use a symmetric set of Gauss-Legendre quadrature
points that is defined on the standard triangle. As there are two sets of quadrature points,
known as Gauss-Legendre quadrature points, we evaluate the one where no points are located
on the boundary of the triangle because this would lead to multiple quadrature points at
the same positions for neighboring triangles and in turn to an inefficient contact detection
procedure. Fig. shows the set of quadrature points for n, = 2. The coordinates of the
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Figure 5.5: Schematic view of the contact approach showing the involved mappings.
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slave points in the undeformed setting can be computed, by first mapping its local coordinates
[a®, 5*]" to the global coordinate system by:

3
X* = Q' (a8, 8°) =) _ Ni(o*, p*)X" (5.43)

I=1

using Lagrange shape functions N;(a, f):

Nl(O(,ﬁ):1—0£—B,N2(O£,B):a,Ng(a,B):ﬁ (544)

and then performing an inverse mapping to the finite cell coordinate system:

[x°, Ve, 2o @, &, ¢ (5.45)

By this their displacements can be computed from the finite cell displacement field and con-
sequently their spatial coordinates can be updated. As already mentioned due to the ap-
proximation of a possibly curved contact surface by straight sided elements an error might
be introduced and the integration points are not exactly placed on the real boundary of the
geometry.

x y X 1

Figure 5.6: Triangle with Gauss-Legendre quadrature points. The quadrature points for higher
orders of the quadrature are listed in Tab. and can be found for example in [16].

The master surface

The coordinates of the contact element nodes in the undeformed setting are initially given.
After searching for the finite cell they are included in, we perform an inverse mapping to the
finite cell coordinate system using the mapping function Q.

x,v, 27 9 g (5.46)

Knowing the local coordinates £ = [¢, 7, ¢ }T of the nodes in terms of the finite cell coordinate
system allows to track the deforming surface by computing the displacements at the nodes and
updating their spatial positions. The mapping for one triangle between its standard coordinate
system and its description in the spatial global coordinate system is given by:

3
q =x(a) = Z Ni(a, B)x',  with x" =X" 4 u" | (5.47)
=1
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where x'7 are the spatial coordinates of the nodes which are computed from the initial nodal
positions X' and the actual displacements at the nodes u®.

During the contact search the slave nodes are projected onto the master surface. In case of
contact the local coordinates of these projection points in terms of the surface parametrization
« are computed by solving the minimum distance problem. By assuming that the displacement
field within a surface segment can be interpolated linearly from the spatial positions of the
nodes, the coordinates in the undeformed configuration can be computed and mapped to the
local finite cell coordinates. Of course this assumption introduces another error, see Fig. [5.5]

@8 L x 72" % Eng” (5.48)

Importantly, the surface discretization approximates the initial geometry exactly only if the
surface is planar. In case the geometry is not described by a straight line an approximation
error is introduced. In the FCM the displacement of the surface is usually described by the
high order shape functions of order p. For this reason a straight line in the initial configuration
can deform into a curved line and due to this the error of the spatial mapping of the triangle q'
can increase during the computations, see Fig. [5.5] In order to diminish this error high order
surface elements are required. However, we introduce low order Lagrange triangles with linear
shape functions to recover the surface and try to lower the error by a surface mesh refinement.

5.4.1 Global contact search

During the iterative solution procedure a search algorithm is required to detect the contact
zones that are not known a priori after each load-step. Furthermore, when self-contact is
included in the problem, it becomes a labor-intensive task to check each slave node for contact
against each triangle. Normally advanced search algorithms that are based on partitioning the
space by k-d (binary) search trees, are required in these cases. However, within the finite cell
method a more advanced method than a rudimentary quadratic search detection algorithm
is naturally given. When discretizing the contact surface each contact element and its slave
points need to be assigned to a finite cell. This assignment can be used to speed up the
contact search, by first using the bounding box of the finite cell for a coarse contact search
and then considering the associated triangles. Such a procedure was proposed as one of the
first implementations within the finite element method for large deformation contact problems
by Benson et al. [10] and was called the bucket search.

After this first rough contact search, the exact contact zone has to be determined. In case of
linear triangular elements we can rewrite Eq. as:

X" a+x%Ef+n" gy =x* —x"" (5.49)

and directly compute the minimum distance gy between a slave point x° to its orthogonal
projection point X () on the master triangle as depicted in Fig.[5.7} For the local coordinates
the conditions «, 5 € [0, ..,1] and a+ 8 < 1 need to hold for a point within the triangle.

5.5 Hertzian contact

In 1882 Heinrich Hertz investigated how the optical properties of multiple stacked lenses might
change with the force holding them together [27]. During his research he found an analytical
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m
,Q

Figure 5.7: Projection of slave point onto the master surface.

solution for the contact of two elastic infinite cylinders from which also the special cases of the
contact between a cylinder and a rigid plate can be derived. Here, we briefly introduce the
most important formulas and summarize the underlying assumptions of the analytical solution
introduced by Hertz:

Each body can be regarded as an elastic, homogeneous and isotropic half-space loaded over a
small elliptical region of its smooth surface. The surfaces are assumed to be frictionless, the
contact interface is assumed to be small compared to the surfaces’ radii and body’s dimensions.
Under these conditions the contact pressure distribution can be directly computed from the
force F' that presses the cylinders onto each other by applying the following formula:

2F
p(s) = TP Vb2 — 2. (5.50)

Here L denotes the length of the cylinders and s the arc length along the surface of the cylinder
as shown in Fig. 5.8l The width of the contact zone b can be computed by:

4 F R*
_ ] 51
b L E*’ (5.51)

where R* is the common radius given by the following formula:

L2 + = (5.52)
R* Ry Ry’ '
and E* is common Young’s modulus that can be computed by:
1 1—v2 1—-012
ol (5.53)

E* By Ey
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Figure 5.8: Contact of a cylinder with a rigid body.

5.6 Numerical examples

In this section we investigate the presented formulations for sticking and frictionless contact
and apply them to compute the self-contact of a metal foam pore. To study the accuracy of
the methods we compare the numerical solutions to different analytical benchmark examples.
Since the analytical solutions assume only small deformations, we also assume small deforma-
tions in the numerical computations. Of course the presented contact formulations are not
only suitable for small deformations but could also be applied to large deformations.

5.6.1 Patch test

Before looking at the contact of complex geometries, we consider the sticking contact between
two finite cells as depicted in Fig. and investigate how many slave points on the contact
interface are necessary to enforce the contact conditions. The contact conditions are enforced
at the discrete positions of the slave points, therefore it is expected that a certain number of
points is needed in order to enforce the contact condition over the whole contact interface.
The example comprises two cubic finite cells with Az = Ay = Az = 10 mm that are partly
filled with material [ = 7.5 mm. An additional discretization by two triangular elements forms
the contact interface. Quadrature points for triangles are distributed over the triangles in order
to detect the contact. Symmetry boundary conditions are chosen such that a homogeneous
stress state evolves from pressing the top surface of the upper cell downwards against the
contact zone of the other cell. The displacement boundary conditions are applied increment
wise. In the first load-step the initial gap gq is closed. In the following steps the displacement
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u, =0

Figure 5.9: Problem setup for the patch test.

is applied in increments of Au, = 0.05mm. The material is assumed to be linear elastic
with Young’s modulus £ = 200 GPa and a Poisson ratio v = 0.3. The model resembles a
one-dimensional bar with a homogeneous constant stress distribution when contact occurs.
Therefore an analytical solution for the problem can easily be obtained by:

(uz - gO)

Ozzref = — E 21

if wu,>go. (5.54)
In the second load-step the analytical solution is 0, ef = 666.6 MPa with u, — go = 0.05 mm.
To measure the difference between the analytical and numerical solution we define the following
error:

Ozz — Ogzgref

, (5.55)

O zz,ref

and compute it at 10 equidistant positions on a diagonal line defined on the contact interface
from [X,Y,Z]" = [0,0,7.5]" to [X,Y,Z]" = [10,10,7.5]". The line does not coincide with
the slave points, where the contact condition is automatically fulfilled and therefore gives an
impression how accurate the contact conditions are fulfilled over the entire contact interface.
Fig.|5.10[shows the error defined in Eq. in dependency of the number of slave points n.
It is evident that when changing the polynomial order of the ansatz p more slave points are
necessary to enforce the contact conditions not only point-wise at the slave points, but for the
whole contact interface. In Fig. the normal stresses 0., and the slave points are plotted
on the deformed master surface. For the combination of p = 2 and n, = 8 as well as for
p = 3 and n, = 13 enough slave points are defined. The contact surface is therefore straight
and normal stress has a constant value of 0, s = 666.6 MPa. When p = 3 and only n, = 8
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Figure 5.10: Results of the patch test.

slave points are distributed, the contact is only enforced at the slave point but the contact
interfaces can still intersect. The stress values are therefore not constant and the contact
interface deforms. Although there might be more efficient distributions of slave points, the
results presented in Fig.[5.10| can be seen as a rule of thumb for the minimum required number
of slave points.

p=2mns =38 p=3,ns =38

0,.|[MPa]

938640 594402 2096402 p=3,ns =12

E— —
L,

Figure 5.11: Normal stresses o, plotted at the contact interface and slave points.
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5.6.2 Sticking contact between a cylinder and a rigid plate

In this section we investigate the unilateral contact problem between a cylinder and a rigid
plane as shown in Fig. |5.12a)l The numerical solution is then compared to the analytical
solution derived by Hertz. Please note that the Hertzian solution is for frictionless contact.
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Figure 5.12: Contact of a cylinder with a rigid plate. @ shows a two-dimensional slice of the
whole geometry and @ the numerical model after introducing all simplifications.

Therefore we do not expect to meet the analytical solution in case of the sticking contact
formulation exactly but still to have a good reference for the accuracy of the solution.

The contact between two infinite bodies, in our case an elastic cylinder and a rigid plate, can
be reduced to a two-dimensional plane strain problem by setting the length of the cylinder and
the plate as L = 1 mm and constraining the motion in z-direction at both ends (u, = 0 mm).
In addition, due to the symmetry of the model only one half of the original geometry has to
be considered when prescribing symmetry boundary condition (u, = 0 mm) on the symmetry
line. As already investigated by [21] the displacements on a horizontal line in the middle
of the cylinder, see Fig. , are nearly constant uy = const. This additional assumption
reduces the model size to one fourth of the original size as shown in Fig. [5.12b)] In order
to move both bodies towards each other the prescribed displacements at the bottom of the
plate vl = A; - 0.005mm as well as on the top surface of the cylinder uy = A; - 0.005 mm

y
are increased step by step using the load factor A; € {100,1,...,1}. The force F' needed to
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press the bodies onto each other is then computed in a post-processing step by integrating the
stresses oy, over the top surface of the cylinder. In the first load-step both bodies are moved
such that the initial gap go = 1 is closed. In all further steps the indentation is increased
constantly by 0.0l mm. In order to compare the numerical and the analytical solution we use
the analytically computed stress profile and compare it to the contact stress of the numerical
model. To this end 180 post-processing points are distributed over the cylinder surface from
5= [0, T80 ﬂ, giving a fine post-processing grid to extract the high frequency oscillations
that can occur in the contact zone, see Fig. Different parameters of the numerical
method and their influence on the results have to be considered. Let us briefly summarize
these parameters and discuss their expected influence on the results.

e The influence of a h- and p-refinement

In order to investigate the influence of the finite cell discretization on the results we
consider three different Cartesian grids, where the cell size is h, = 1 mm, 0.4 mm and
0.1 mm, see Fig. Since the plate is rigid it is sufficient to discretize it by one finite
cell. In addition for each cell discretizing the cylinder we increase the polynomial order
from p =4 to p =6.

h. = 1mm h. = 0.4mm h. = 0.1 mm

i‘\\ N

h; = 0.01 mm
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Figure 5.13: Finite cell mesh showing the location of the contact surface and the contact
surface discretizations by triangles. Empty finite cells are removed from the discretization
leading to the staircase shape of the discretization.

o The size of the contact triangles h; and the number of slave points n,

The number of triangles distributed over the contact interface has a direct influence
on the geometrical approximation error e,4, see Fig. In order to study this effect
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he

Figure 5.14: Measure of the geometrical discretization error given by the point on the triangle
that has the maximum deviation from the cylindrical surface.

the contact surface of the cylinder is discretized by three different regular grids where
the triangle edge length changes h; € [0.26 mm,0.07 mm, 0.01 mm], see Fig. The
maximum geometrical approximation error is then computed as e, = 2.113-107% mm for
hy; = 0.26 mm, 1.531 - 10~*mm for h; = 0.07 mm and 3.125- 10~ mm for A, = 0.01 mm,
respectively. The contact interface of the rigid plate is planar and is therefore discretized
by two triangles only.

The numerical model enforces the contact conditions at discrete positions, therefore the
number of slave points distributed over the contact triangles n, has a direct influence on
the accuracy of the numerical approximation. We study this effect by increasing the order
of the integration rule n, used to collocate the contact conditions. For the numerical
integration we use Gauss-Legendre integration points for triangles, see Tab. In
order to map the order of the integration rule n, and the size of the contact elements h;
to the number of slave points distributed in one cell we refer to Tab. which represents
the maximum number of slave points in one cell. It is noteworthy that only at a subset
of these the contact conditions will be enforced in one cell.

e The penalty factor

In order to enforce the contact conditions we use the penalty method. On the one hand a
high penalty factor reduces the penetration of the bodies which leads to a more stringent
fulfillment of the non-penetration condition and in turn to more accurate results. On
the other hand it can also lead to ill-conditioning of the stiffness matrix which can cause
inaccurate results and convergence problems.

e Influence of the indentation depth d

When increasing the indentation depth d € [0.1 mm,0.2mm, ...,0.9mm]| it is expected
that the solution improves because the contact zone increases and hence the load is
distributed over a larger area. In particular we expect that when the end of the contact
zone coincides with a cell interface the induced oscillations are clearly reduced.
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he=01mm h,=04mm h,=1mm

Mo N Mo N Mo N
1 2200 1 8500 1 21700
2 6600 2 27500 2 65100
hy =0.0lmm 3 8900 3 34300 3 86900
4 13400 4 51600 4 130400
) 15600 ) 60100 5 152100
1 40 1 130 1 330
2 110 2 410 2 990
hy =0.07mm 3 160 3 510 3 1320
4 220 4 800 4 1980
) 240 ) 920 ) 2310
1 6 1 12 1 24
2 9 2 30 2 72
h; =026mm 3 12 3 42 3 96
4 21 4 60 4 153
) 32 ) 69 5) 177

Table 5.1: Maximum number of slave points per cell.

5.6.2.1 Contact mesh refinement

In a first study we investigate the influence of a contact mesh refinement on the results. In
particular we consider the interplay between the contact surface and the finite cell discretiza-
tion. To this end we perform an A-refinement of the finite cell discretization together with a
refinement of the triangles h; used to discretize the contact zone. Increasing the number of
slave points n, distributed over each triangle has a similar effect on the results than increasing
the number of triangles itself, but leads to a larger geometrical error since they are not exactly
located on the boundary of the geometry, see Fig.|5.14. Therefore we investigate this influence
at the same time. Tab.[5.1]| gives the number of slave points that are distributed over one finite
cell depending on the integration order, the size of the contact elements and the size of the
finite cells. The polynomial order of the shape functions of the finite cells is chosen as p = 4.
The contact conditions are enforced using a penalty value of 5 = 107 and an a-value of 10719 is
used to penalize the fictitious domain. Fig. [5.15|shows the results of this study by comparing
the normal contact stress to the analytical solution for d = 0.09 mm. The numerical contact
stress was extracted at the positions as shown in Fig. and normalized by the maximum
analytical contact stress using Eq. and the width of the contact interface obtained from
the analytical solution given by Eq. (5.51)). Before we discuss the individual results in detail,
let us first summarize the most important findings.

o The enforcement of contact conditions introduces a singularity which leads to oscillations
of higher amplitude outside the contact zone. These oscillations are a well-known and
documented problem, see [20].

e In the example with the discretizations of h; = 0.26 mm and h. = 0.1 mm with n, €
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Figure 5.15: Comparison of contact stresses for different contact surface discretizations.
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[1,2, 3] to few slave points are distributed on the contact interface in order to enforce the
contact conditions which leads to large deviations from the analytically computed stress
profile. This result corresponds to the results shown in Fig. [5.10] where for a polynomial
order of p = 4 at least n, = 12 slave points were needed to enforce the contact conditions.

5.6.2.2 h- and p-refinement

In the following we use the surface discretization with h; = 0.01 mm and one slave point ny = 1
to investigate the influence of a p- and h-refinement on the contact stresses for an indentation
depth of d = 0.09. The penalty factor used in this example is the same as in the previous
example 3 = 107. Fig. shows exemplarily the contact stress distribution on the cylinder.
In Fig. the detailed contact stress distribution of the numerical computations is compared

0.[MPa]

|-1541

-1768.3

l-3521.2
‘ t-5274.'|
I:-7027.1
Figure 5.16: Contact stress distribution o, for h; = 0.0l mm and p = 6.

to the analytical solution of the problem. The numerical solution approximates the analytical
solution more closely when using a higher polynomial degree. An h-refinement reduces the
zone where the stresses oscillate which also leads to a better approximation of the contact
stresses. The findings from this study can be summarized as follows:

e An h-refinement reduces the zone of stress oscillations which are generally damped out
within one to two finite cells.

o A p-refinement also reduces the zone of stress oscillations but is less effective than an
h-refinement.
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Figure 5.17: Comparison of contact stresses profiles for an h- and p-refinement.
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5.6.2.3 Influence of the penalty factor

In another study we investigate the influence of the penalty factor on the results. A high
penalty value leads to less penetration of the contact bodies and the non-penetration condition
is fulfilled more accurately. On the other hand a high penalty value leads to ill-conditioning
of the global equation system. In Fig. the results of this investigation are presented.
A penalty value of 8 = 107 seems to give the same solution for p € [4,5,6]. Higher values
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Figure 5.18: Comparison of contact stresses for different penalty parameters.

lead to stress oscillations at the contact interface, which can be especially seen for p € [5,6].
For penalty values of 3 = 10! the stresses diverge from the analytical solution. Interestingly
p € [5, 6] seem to be more affected than p = 4 which still shows an acceptably accurate stress
profile for 8 = 10'°. For B = 10 or 8 = 10'2 the stress distribution strongly deviates from
the analytical solution as shown in Fig. [5.19|
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Figure 5.19: Comparison of contact stresses profiles for p = 4 with 8 > 10%°.

5.6.2.4 Influence of indentation depth

In the next study we investigate the contact stress for different indentation depths d €
[0.2,0.3,...,0.9]. The size of the finite cells in this example is h. = 0.1 mm and the size of
the contact elements is h; = 0.01 mm.

The results of this investigation are presented in Fig. [5.20] and Fig. for a polynomial
degree of p = 4 and p = 6 respectively. In Fig. and Fig. we compare the contact
stress profiles. In order to compare the numerical to the analytical results and to compare dif-
ferent load-steps we scaled the z- and y-axis to the analytically computed contact width using
Eq. and the analytically computed maximum contact stress using Eq. respec-
tively. The first load-step d = 0.02 mm overestimates the contact stresses and the oscillations
outside the contact zone are large. For larger indentation values the oscillations reduce and
the contact stress profile seems to converge to stress values slightly higher than the analytical
solution.

Fig. and Fig. depict the gap function evaluated at the post-processing points.
As a trend we see that the contact zone is overestimated for small indentations. Especially for
the first load-step d = 0.02 the contact width is overestimated, for d > 0.03 mm it converges
to the analytical solution. The location of the end of the contact zone with respect to cell
interfaces seems to have only minor effects on the amount of oscillations outside the contact
zone for the investigated discretizations. Otherwise for some indentation depth, where the end
of the contact zone coincides with a cell interface, the oscillations should be clearly reduced.
Interestingly, there is a general trend which shows that for higher indentation depths the
oscillations are dampened out. This might be due to the fact that a larger contact zone
leads to less stress concentration at the contact interface and consequently a less pronounced
singularity. The findings from this study can be summarized as follows:

o The contact stress has the same profile as the analytical solution but with a slightly
higher peak stress.

o The contact surface width is overestimated for small indentation depths.
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» For a higher indentation the contact stress oscillations are reduced.

5.6.2.5 Influence of the fictitious domain

The fictitious domain in the finite cell method is penalized by the indicator function o = 1074
which serves to stabilize the computations. A higher value for the indicator function leads
to more stable computations but also affects the solution. Hence it is important to examine
its influence. In Fig. the difference in the stress profile for two different values of the
indicator function are presented. The chosen values o = 107° and o = 107! represent the
range of what is usually applied for stabilization. Since there is no obvious difference between
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Figure 5.22: Influence of the fictitious domain on contact stress. The dashed lines show the
contact stress for o = 107° and the cross markings show the profile for o = 1071°.

the solutions we conclude that a penalization of the fictitious domain by o = 107 still gives
accurate results.

5.6.2.6 Influence of the numerical quadrature scheme

The finite cell method requires a special quadrature to integrate cut cells. In section the
adaptive Gaussian quadrature based on an octree refinement scheme was explained. A new
method for the integration of cut cells which provides less quadrature points is the moment-
fitting method. Details explaining the method are given in |36 31]. By means of a small
example we compare both methods in terms of the contact stress. Comparing the stress
profile in Fig. there is no significant influence of the quadrature scheme on the results of
the FCM computation. Hence it is preferable to use the moment-fitting method in order to
reduce the computational costs.
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Figure 5.23: Influence of the quadrature scheme on the contact stress profile. The dashed line

shows the contact stress profile using the moment fitting method and the cross points show
the profile for the adaptive integration.

5.6.2.7 Investigation of contact conditions

In the previous examples the contact algorithm was such that whenever a penetration was
detected the contact conditions were enforced, giving the contacting body no option to separate
after a first initial contact even if the contact stresses become tensile stresses. By a slight
variation of the contact algorithm the stresses at the slave points are evaluated after each
Newton-Raphson iteration and whenever tensile normal stresses occur in the contact zone,
the contact conditions are released. This option is investigated in the following. Similar
to the previous examples we choose the finite cell discretization with h, = 0.1mm and a
polynomial order of p = 6 for the shape functions. The contact surface discretization is set to
hy; = 0.01 mm. The penalty parameter for the contact is 3 = 10 and the indicator function is
a=10"19

Fig. depicts the results of this study. Compared to the example where the contact surface
can not separate, see Fig. [5.21] the width of the contact zone is now close to the analytical

solution for d = 0.02mm and the contact stress profile in Fig. has the same shape as
the analytical.
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Figure 5.24: |a)| Normalized contact stress profile and |b) gap vs. normalized contact width.

5.6.3 Frictionless contact
5.6.3.1 Cylinder and a rigid plate

In this section we investigate the frictionless contact formulation for the same problem already
presented in section [5.6.2} To shorten the investigations we assume that the optimal parame-
ters found in the previous investigations also hold for the frictionless contact example. These
are especially the penalty factor of 5 = 107 and an integration (collocation) order of n, = 1 for
the contact elements. Further we use the contact surface discretization with an element size
of hy = 0.01 mm and finite cells with a size of A, = 0.1 mm. The results of the simulation for
different polynomial orders p € [4,5, 6] are presented in Fig.[5.25] A comparison of the results
obtained with the sticking contact formulations, as shown in Fig. and Fig. with
the results of the frictionless contact formulation, as depicted in Fig. for p = 6, shows
that the stress oscillations at the end of the contact interface are visibly reduced and also the
profiles match much better.
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5.6.3.2 Cylinder and a rigid plate with sliding

In the following we use the frictionless contact formulation for a problem where large sliding
between the contact interfaces of a deformable cylinder and a rigid plate occurs, see Fig.
At time t = 0 the cylinder is located at the left end of the plate, without being in contact with
the plate. The initial interference between the contact zones is d = 0.1 mm. The cylinder is
then moved in tangential direction of the top surface of the rigid plane.

The discretization of the problem consists of finite cells with a size of h, = 0.4mm and

Uy
—

Figure 5.26: Geometrical setting for the sliding cylinder.
the polynomial order of the shape functions is p = 4. The contact elements have a size
of hy = 0.07mm and n, = 2 slave (Gaussian) points are located on each triangle of the

contact interfaces, see Fig. In every load-step where the cylinder is totally located on

Cylinder

Master surface
discretization

Octree refinement
at interface

Slave surface
Rigid plane discretization

Figure 5.27: Discretization of the problem.

the rigid plane an analytical solution can be derived from the Hertz analytical solution using
Eq. (5.50). A comparison of the numerical and analytical stress profiles for two different load-
steps is shown in Fig. [5.28, Due to the too large finite cells the singular point at the end of
the contact zone is not resolved accurately. Fig. depicts a color plot of the stresses o, at
two different load-steps.
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Figure 5.28: Contact stress distribution for two different load-steps.
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Figure 5.29: Contact stress distribution at u, = 4.3 mm and u, = 5 mm.
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5.6.3.3 Two deformable cylinders

In this section we present an example showing the contact between two deformable cylinders of
the same size, see Fig.[5.30] In analogy to the unilateral sticking contact between a cylinder and
a rigid plane presented in section[5.6.2], we used the symmetry of the model to reduce the model
size to one half of the original geometry and prescribed symmetry boundary condition (u, =
O0mm) on the symmetry line. As already investigated by [21] the displacements on a horizontal
line in the middle of the cylinders, see Fig. , are nearly constant u; = const., ug = const..
This additional assumption reduces the model size to one fourth of the original size as shown
in Fig. [5.30] In order to move both bodies towards each other, we prescribed displacements
at the top and bottom face of the cylinders Au, = —0.005 mm, Au? = 0.005mm . The force
F' needed to press the bodies onto each other is then computed in a post-processing step by
integrating the stresses o,, over the top surface of the cylinders and used to generate the
analytical solution using Eq. . For the discretization of the problem we used 662 finite
cells with a cell size of h, = 0.5 mm and contact elements with a size of h; = 0.07mm. The
polynomial order of the shape functions is p = 3. The elastic material parameters used for
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Figure 5.30: Contact between two deformable cylinders of the same size. For the numerical
computations the model size was reduced.

the simulation are given in Tab. 5.2 In Fig. the contact stress profile for different

indentations d = Aui — Au; are presented and compared to the analytical solution by Hertz.
Fig. |5.31b)| compares the contact stress on the master and the slave surface that only show
small differences.
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Parameter Value
Material Hooke

Young’s modulus E 100000 MPa
Poisson ratio v 0.3

Order of ansatz P 3

Cell size h. 0.5 mim
Contact element size hy 0.07 mm
Loading (top) Au,  -0.005 mm
Loading (bottom) Au?  0.005 mm

Table 5.2: Material parameters applied in the simulation.
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Figure 5.31: Contact stress distribution contact of two deformable cylinders. @ Normal stress
for different indentation depths and @ comparison of normal stress on master and slave surface

for d = 0.29 mm.
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5.6.4 Self-contact of a metal foam

In the next example we consider the self-contact of a metal foam pore. From the pore a
geometrical model describing its surface by triangles (STL) is available, see Fig. . In
order to test the contact approach for voxel models, a voxel model with a resolution of 31.64 ym
is created, see Fig. Furthermore a discretization of the contact surface, see Fig.

S

@

v AT
JSE

b)

Figure 5.32: |a)| STL geometry and |b)| related voxel model of the pore.

is created from the STL geometry by moving its nodes such that they are located within the
voxel model. In order to compress the pore displacement boundary conditions are applied to
its upper and lower end suppressing all degrees of freedom. The load is applied by pressing the
top surface of the pore downwards with increments of Au, = —0.002 mm. Further parameters
used for the simulation are given in Tab. [5.3] It needs to be mentioned that the geometrical
nonlinearity is not taken into account in this simulation. While this assumption is not realistic
it is necessary to obtain a stable simulation until self-contact can be observed. Fig.
shows the deformations of the pore for different load-steps. The first self-contact occurs at
a displacement of 2.4mm. Due to this the slope of the load-displacement curve increases
slightly, see Fig. [5.35 From a displacement of about 3.5 mm on more and more points come
into contact such that the slope increases even further. Fig. shows the pore when it is
totally compressed. Self-contact can be observed at many locations indicated by a dot.
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Uy = u, =0, Au, = —0.002 mm

Figure 5.33: @ Contact surface discretization @ discretization of the geometry by 15228 cells
and |c)| sub-cells used during adaptive integration.

Parameter Value

Material Prandtl-Reuss

Young’s modulus E 3838.95 MPa

Poisson’s ratio: v 0.33

Initial yield stress ol 52.27  MPa

Hardening modulus h 291.41

Number of cells 15228

Voxel /Cell 43

Polynomial degree p 3

Loading (top) Uy = Uy = U, 0.0 mm

Loading (bottom) Uy = Uy 0.0 mm
Au, -0.002 mm

Table 5.3: Parameter applied in the simulation.
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Figure 5.34: Deformation process of a pore with self-contact.
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Figure 5.35: Load displacement curve for pore with self-contact.
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Chapter 6

Aluminum foams

In this chapter we investigate the mechanical properties of aluminum foams on different scales
numerically by means of the finite cell method and compare the results to experiments. Alu-
minum foams are highly heterogeneous materials. Their structure can be divided into several
hierarchical levels, the macro scale, the meso scale and the micro scale, see Fig. 6.1, The

Macro scale — Foam Micro scale — Strut
Meso scale
— Pore

Figure 6.1: Scales of a metal foam.

definition of the different length scales of the foam is somehow arbitrary and depends on the
purpose of the investigation. We will make use of the following definitions for the different
scales:

o Macro scale
The macro scale comprises a representative sample of the foam, including at least 4 pores
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in each direction and can be treated as a homogeneous media with effective material
properties.

o Meso Scale
The meso scale includes a single pore.

e Micro Scale
The micro scale is formed by the struts of a pore and the knots that connect the struts.

6.1 The foam struts

Aluminum foams not only have a heterogeneous geometry with stochastic variations from pore
to pore but the aluminum alloy also has a heterogeneous grain structure. Hence the material
parameters of the aluminum are different compared to the bulk material.

Micro tensile test

In order to obtain meaningful material parameters for the aluminum foam, single struts were
subjected to microscopic tensile tests by [38]. The average value for the Young’s modulus
obtained from these experiments is given in Tab. [6.I] In order to determine the yielding

Parameter Value
Young’s modulus E 5471 +£9.58 GPa
Poisson’s ratio: v 0.33

Initial yield stress 0o 100.694 MPa
Saturation stress Oso 412.484 MPa
Linear hardening h -584.166 MPa
Hardening exponent  w 4.34

Table 6.1: Material parameters for aluminum obtained from micro tensile tests [3§].

curve, we extracted the plastic part of one of the stress-strain curve and performed a least
squares fit of the following function:

o(a) =09+ ha+ (0 — 0g)(1 — ™) (6.1)

to the experimental data. Here oy denotes the initial yield stress, h the hardening modulus,
0o the saturation stress, w the hardening exponent . The parameters obtained from the least
squares fit are also given in Tab. [6.1]

Micro compression test

Besides the micro tensile experiments the struts were also tested under compressive loading
[39]. The average value for the Young’s modulus obtained from these tests is given in Tab.
Again we performed a least squares fit to the experimental yielding curve as described for the
micro tensile tests and obtained the parameters for the yielding curve given in Tab. [6.2]
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Parameter Value

Young’s modulus E 19.18£7.67 GPa
Poisson’s ratio: v 0.33

Initial yield stress ol 160.00 MPa
Saturation stress Ooo 236.23 MPa
Linear hardening h 67.57 MPa
Hardening exponent w 102.78

Table 6.2: Material parameters for aluminum obtained from micro compression tests [39)

6.2 Single pore experiments

In this section we investigate the deformation behavior of metal foams by means of single pores
numerically and compare the results to experiments. To this end, different pores were extracted
from a 20ppi aluminum foam (AlSizMg, ;). Before the pores were tested mechanically they
were digitized by taking images from different perspectives [37]. From these pictures a 3D
surface model was reconstructed using the commercial software SDSOM® [2]. Fig. shows
the triangulated surface models of the pores. In order to measure the load-displacement
curve of the pores experimentally they were attached to plates by molding their ends into
Wood’s alloy and mounted into a micro compression device, see Fig. |6.5. The obtained load-
deflection curves, see Fig. 6.3, and the digital models of the pores were then used to find the
microscopic material parameters of the aluminum alloy. To this end a finite element model
consisting of 10-noded tetrahedral elements was generated [25]. In a first parameter fit the
material was assumed to be described by Hooke’s law and a Prandtl-Reuss flow rule with
linear isotropic hardening in the plastic regime, see section [2.3.2l The material parameters,
the Young’s modulus £, the initial yield stress o, and the isotropic hardening modulus h, were
then changed systematically until the best fit to the experimental load-deflection curves was
obtained. The final material parameters for all pores determined by this procedure are given
in Tab. and are the starting point for our investigations. In a second parameter fit the
material model presented in section [2.3.3| was used for the inverse finite element computations.
The obtained material parameters for all pores obtained are given in Tab. . For more
details regarding the method, see 25, |11].

Pore E [MPa] o, [MPa] h [MPa] Pore E [MPa] o, [MPa] h [MPa]
1 4111.90 46.91 124.51 1 4222.93 46.18 270.19
2 3831.95 22.27 291.41 2 3495.28 71.32 299.87
3 3767.77 30.85 231.58 3 3563.13 34.15 299.98
4 4151.59 92.29 299.99 4 3940.86 61.94 299.98
) 3977.37 49.44 125.58 5 3688.69 58.56 160.68
1%} 3968.12 46.35 214.61 1%} 3737.81 04.72 266.06
a) b)

Table 6.3: Identified material parameters for five pores @ using a small strain and @ using a
large strain elasto-plastic material model.
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d) Pore 4 e) Pore 5 f) Pore 6

Figure 6.2: Surface models of the pores under investigation ||
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Figure 6.3: Experimentally obtained load-displacement curves for the micro compression test
of five individual pores .
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6.2.1 Mesh size

Before we analyze the pores in detail, we first investigate the influence of the finite cell dis-
cretization on the results in the small strain as well as in the large strain regime. The material
model used in the small strain regime is described in section and does not include ge-
ometrical nonlinear effects but the material nonlinearity induced by plastic deformations. In
the large strain regime the model presented in section is used which accounts for the
geometrical as well as for the material nonlinearity. In the small strain regime we use the
material parameters given in Tab. and in the large strain regime we use the material
parameters given in Tab. Exemplary for all pores we choose pore2 as depicted in

Parameter Value Parameter Value

Young’s modulus E 3831.95 MPa Young’s modulus E 3495.28 MPa

Poisson’s ratio: v 0.33 Poisson’s ratio v 0.33

Initial yield stress oy  52.27 MPa Initial yield stress oo 71.32 MPa

Linear hardening A 29141 MPa Linear hardening h  299.87 MPa
a) b)

Table 6.4: Material parameters of pore2 used for mesh study: @ in small strain regime and
|B_7| in large strain regime.

Fig.|6.4a)|and generate two different discretizations. The coarser mesh contains 4678 cells and
a full cell includes 8 voxels. The finer mesh contains 15228 cells with 4% voxels in a full cell.
Fig. 6.4b) and Fig. show the automatically generated meshes. For both discretizations,

Figure 6.4: @ Pore 2 of size 6.327 mm x 6.424 mm X 6.688 mm @ discretization with 4678 cells
discretization with 15228 cells [25].

we choose shape functions of order p = 3 and the fictitious domain is penalized by o = 107°.
The boundary conditions are the same as in the experimental setup. In the experiment, the
top and the bottom of the pore are poured in Wood’s metal so that the struts can not move
or rotate. In the finite cell model the displacements u, = u, = 0mm are therefore constrained
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in horizontal direction at these locations, see Fig. [6.5l To subject the pore to compressive
loads the bottom surface u, = 0 mm is fixed, and displacements are applied in increments of
Au, = —0.002mm on the upper surface.

In order to compare the results we use the load-deflections curves obtained from different

Figure 6.5: a) Experimental setup and b) geometric model used for the simulations .

simulations. As the simulations are controlled by displacements we compute the equivalent
force to compress the pore in a post-processing step. Fig. shows the results from this mesh
study for both material models. Obviously there is nearly no difference in terms of the load-
deflection curve between the two different discretizations. Hence, we use the coarser mesh in
the following computations for the pores which increases the computational efficiency of the
simulations.
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Figure 6.6: Results of the mesh study of pore2 |a)| for the small strain and @ large strain
material model.

6.2.2 Comparison of finite element and finite cell computations

As another verification for the accuracy of the finite cell computations we compare our re-
sults to the finite element computations of pore 2 that were performed to obtain the material
parameters given in Tab. and Tab. [6.3b)] The comparison is done for moderate and
large deformations. The results of this study are depicted in Fig. and Fig. [6.7b)] By
comparing the load-deflection curves it is evident that both methods give comparable results
and small deviations which are due to the different discretizations can be neglected.

6.2.3 Comparison of small and large strain simulations with exper-
iments

In this section we investigate the influence of large deformations in the numerical model. To
this end we use the material model specific material parameters for the small strain material
model as given in Tab. and the large strain material parameters as given in Tab.
The small strain material model does not take into account the geometrical nonlinearity of the
structure, but it is difficult to quantify the amount of deformation where this effect becomes
significant. In Fig. we therefore compare both computations and the experiment as well.
At the beginning of the loading both numerical simulations and the experiment are in good
agreement. This is not surprising since the material parameters were fitted to meet the
experimental curve in the small strain regime and the large strain model converges to the small
strain model for small strains. When the displacement exceeds 0.3 mm which corresponds to a
compressive deformation of about 4.48%, the small strain computation starts deviating from
the experimental curve and the numerical simulation including large deformations. Therefore
we conclude that starting from approximately 5% deformations it is necessary to consider
large deformations in the model due to the onset of buckling of the foam struts. When further
increasing the deformation and now comparing the experimental and the large strain curve
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Figure 6.7: Comparison of the load displacement curve of pore2 obtained by finite element
and finite cell computations @ for the small strain and @ large strain material model.

Force [N]

100

80

60

40

20

0

Strain [-]
0 0.05 0.15 0.2
— Small strains ' '
Large strains
Experiment pore 2
/ ] \\
/ \\
0 0.2 0.4 0.6 0.8 1

Displacement [mm]

Figure 6.8: Comparison of the small strain and large strain material model.
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they seem to coincide up to a displacement of 0.4 mm. From this point onwards other physical
effects, for example the initiation of cracks as shown in Fig. play a more dominant role
and cause the strong softening of the structure. However, as seen from the simulations the
pronounced softening in the experimental force-displacement curves after the plastic collapse
can not be captured.

Figure 6.9: Damage evolution in pore 6. White arrows indicate the formation of cracks .

6.2.4 Comparison of a pore with averaged properties to experi-
ments

In this section we aim to quantify how representative the material parameters are that were
obtained from large and small strain inverse finite element computations. The investigated
pores are depicted in Fig. [6.2 Pore 1 — 5 were used to compute average values for the ma-
terial parameters which are given in Tab. and Tab. . Now, we apply the averaged
material properties to pore6 that was not considered so far. Fig. |6.10] shows the range of
the experimentally obtained load-displacement curves of the six investigated pores. The blue
curve represents a finite cell computation assuming only small strains using averaged material
properties given in Tab. and the orange curve represents a finite cell computation assum-
ing large strains with the material properties given in Tab. . The red curve represents
the experiment performed on pore 6. By comparing the curves we can conclude that the aver-
aged material parameter obtained from inverse finite element computations can describe the
material behavior of pores. Small and large strain computations are nearly equivalent up to a
displacement of about 0.2mm. Beyond this point the geometrical nonlinearity plays a more
dominant rule. This effect can only be covered with the large strain material model. This
material model gives good results up to a displacement of about 0.5 mm. After this point the
deviations to the experiment increase. The missing softening behavior after exceeding a total
displacement of 0.5 mm as shown in Fig. [6.10] is mainly affected from excluding the effect of
cracks in the simulations.
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Figure 6.10: Comparison of experimental and numerical results for pore 6 using effective pore
level material parameters [25].

6.3 20 ppi aluminium foam

6.3.1 The geometrical representative volume element

In this section we investigate the mechanical behavior of larger samples taken from a 20ppi
open-cell aluminum foam (AlSi;Mg, ;) produced by Celltec Materials (Dresden, Germany).
To this end our first goal is to find a geometrical representative volume element in order to
investigate the macroscopic behavior of such metal foams. In a first step, we only consider the
geometry of the foam. and analyze them regarding their relative density Yox/vi,,. Here V,
represents the volume of an imaginary bounding box surrounding the sample and Vi, denotes
the volume of all voxels containing some material. The mid points of all cubic samples coincide
with the whole sample, see Fig. for the selection of samples. Tab. [6.5] shows the results
of this analysis. Before the samples are analyzed mechanically floating structures need to be
removed. These floating structures either represent artifacts in the CT-image or are generated
due to cutting out the sub-samples from the whole scan. Column 3 — 5 represent the number
of voxels in the sub-sample ny.y, the volume of these voxels Vi and the volumetric density
Wox/i,, before and Column 6 — 8 contain the same properties of the sample after removing all
artifacts. The specimens have an average density of 7.473%. Interestingly, when enlarging the
edge length of the sub-sample from 600 voxels to the whole sample the relative volume drops
significantly. This effect can be explained due to cutting out the specimens mechanically from
a larger sample or the non axis aligned placement of the cubic specimen in the CT scanner.
In the following we will therefore exclude this specimen from our investigations.
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Figure 6.11: Location of the sub-samples relative to the whole CT-scan.

«~
X

Before pre-processing

After pre-processing

A Vbb Nvox VVox VVO"/ Vbb NVox VVox VVO"/ Voo
mm? mm? % mm?3 %
100 13.772 77698 1.071 7.777 77698 1.071 7.7
200 110.247 603819 8.32 7.547 602642 8.304 7.532
300  372.005 1875500 25.843 6.947 1874829  25.833 6.944
400 881.974 | 4948376  68.184 7.731 4934670  67.995 7.709
500  1722.39 9717023  133.892 7.774 9703622  133.707 7.763
600 2976.042 | 17238685 237.534 7.982 17212490 237.173 7.969
683 4199.392 | 20188916 278.186  6.624 | 20170903 277.937  6.619

Table 6.5: Geometrical information 20ppi foam.
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6.3.2 The mechanical representative volume element

In a next step, we analyze the mechanical properties of different samples by comparing their
load-displacement curves under compression. The computations are controlled by applying a
prescribed displacement d on one of the side faces of the foam. In order to compare different
sample sizes later on, the results are normalized by the length of the sample in loading direction
and the area of the surface where the load is applied. Assuming that the cubic foam samples
fit into a bounding box enables us to define labels for each face, see Fig. [6.12] The boundary
condition then applies for the struts that touch these imaginary faces. Let us now define two

Z Z

| |

Figure 6.12: Definition of the boundary faces by labels.

sets of loads as given in Tab. The first set of loads is referred to as symmetry boundary
conditions. They can be defined for each spatial direction Fx sym, £y sym, F7,sym and would lead
to a homogeneous stress distribution in a fictitious homogeneous sample. The second set of
load cases F gnc, Fy Enc, F2,Enc 1S Named encastre boundary conditions and resembles more the
situation in the experiment. For the investigation of the representative volume element we use

F sym Fy sym F, sym Fy Ene Fy Ene F, bne

Up Uy Up Uy Uy Uy Uy Uy Us Uy Uy Uy Uy Uy Uy Uy Uy Us
1 0 0 0 0O 0 O
2 0 0 0 0 0 0
3 d -d 0 0
4 -d 0 -d 0
5 0 0 0 0 0 O
6 -d 0 0

Table 6.6: Definition of different sets of boundary conditions.

the material properties given in Tab.[6.7 In order to stabilize the solution behavior we prevent
the material in the fictitious domain to yield. To this end the yield stress oy = 160 - 10 MPa
is set to a high value. Additionally the contribution from the fictitious domain is penalized by
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Parameter Value
Young’s modulus E 14035.31 MPa
Poisson’s ratio: v 0.33
Initial yield stress oo 160.00 MPa
Saturation stress O 236.23 MPa
Linear hardening h 67.57  MPa

Hardening exponent w 102.78

Table 6.7: Material parameters used to find a RVE.

a = 107°. In section4.3.1.1]and |6.2.1|we already investigated the influence of the discretization
on the results. From both studies we can conclude that a discretization where a cell includes
8% voxels and the order of the shape functions is p = 3 results in an approximation with a
reasonable accuracy. Therefore we relinquish on a detailed mesh study here and take over
these parameters for the following examples.

6.3.2.1 Comparison of sample size

In this section we investigate the influence of the sample size on the macroscopic stress strain
curve. To this end, we choose four different samples with an edge length of 7.672 mm, 9.59 mm,
14.384 mm, 15.343 mm, respectively 320,400, 600,640 voxels and subject them to symmetry
boundary conditions [}, gym,. The samples were all extracted at the same position within a
larger sample. The material parameters used for this computation are given in Tab.
respectively Tab. and were obtained from micro compression tests on single struts, see
section [6.11

Fig. |6.13| presents the stress-strain curves obtained from the simulations. In order to compare
different sample sizes with each other the results are normalized. The reaction force needed to
compress the pores is computed at the location where the displacement boundary conditions
are applied and divided by the area which results in a normalized force (stress). The normalized
compression (strain) is computed by dividing the applied displacements by the length of the
sample in loading direction. All sample sizes except the largest one show a similar stress-strain
curve for this type of loading. The largest sample shows a reduced stiffness which confirms the
observation of the geometrical analysis and can be explained by the lower density. Interestingly
the smallest sample with only two pores in loading direction, see Fig. [6.15] has a similar load-
displacement curve than the larger samples. Since the different samples were extracted at the
same positions their geometry should be similar. A difference in the load-displacement curves
should therefore be predominantly affected by size effects in conjunction with the applied
boundary conditions. The smallest sample is therefore suited as an RVE in case statistical
variations in the geometry play a less pronounced role. Therefore we will investigate this
sample size in more detail in the next section.

6.3.2.2 Investigation of different voxel samples

Another test for the representativeness of a sample is to extract it at different locations from
different foam plates. To this end, we extract three different samples with an edge length
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Figure 6.13: Comparison of different samples of the same size.

of 320 voxels and subject them to a compressive load using symmetry boundary conditions
as defined in Tab. [6.6] The results of this investigation are presented in Fig. In order

Figure 6.14: Different samples taken from 20ppi aluminum foam.

to compare the curves it is important to know that the foam has an anisotropic behavior
which is due to the elongated shape of the pores. The elongation direction of the pores is
indicated by the index r and the perpendicular directions are indicated by the index r. The
curves should only be compared keeping this local direction in mind. The large scattering
of the different curves indicate that a sample with an edge length of 7.672mm (320 voxels)
is not representative. . For the second sample the elongation direction of the pores is not
even evident from the stress strain curve which is also due to the sample size being too small.
Fig. [6.14] shows that the samples include only two pores in each direction. As a rule of thumb
at least four pores are necessary for a representative volume element.
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Figure 6.15: Comparison of the stress strain curve of different cubic samples with an edge
length 7.672 mm (320 voxels) that were extracted at different locations from the foam.

6.3.3 Comparison of simulations and experiments

In this section we finally compare the numerical simulation of uni axial compression tests.
The experimentally tested specimens had a cubic shape with an edge length of 20 mm. Due
to the limited size of the used CT-Scanner the maximum size of the voxel models is restricted
to approximately 16 mm. Furthermore, due to some irregularities at the boundaries of the
scanned samples, the maximum possible sample size of the voxel models is further reduced
to about 14.38 mm (600 voxels). Therefore we perform the numerical computations on two
different 600 x 600 x 600 voxel samples and compare the results to experiments.
Different material parameters for the aluminum alloy were obtained depending on what
method was used. Therefore we apply two different sets of material properties. The pa-
rameters determined by micro compression tests on single struts as described in section (6.1
and the averaged material properties obtained by inverse computations on single pores under
large deformations as described in section [6.2, Due to the manufacturing process metal foams
exhibit a structural anisotropy with elongated pores in one direction and a rotationally sym-
metric shape in the transversal direction, see Fig. In the elongation direction the pores
provide a higher stiffness since the struts are loaded in axial direction while they are bent
when they are stressed in the orthogonal direction. In order to compare the results between
the experiment and the simulation we apply the load in the direction of the elongation of the
pores. The boundary conditions are chosen to be the same as in the experiments, clamping
the top and bottom surface as described in Tab. [6.6]

Fig[6.17 shows the results from this study. In the experiment several samples were tested
leading to a distribution range of the load displacement curve which is compared to a computa-
tion of two different samples with changing material properties. When the material properties
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Figure 6.16: Cubic sample with an edge length of 9.5896 mm (400 voxels) taken from 20ppi
aluminum foam showing the elongation direction of the pores.

obtained by micro compression tests on single struts are used, the stiffness of the pore is over
estimated, see Fig. for sample 1. Therefore in a next step the material parameters ob-
tained by inverse computations and compression tests on single pores are taken and applied
to sample 1 and sample 2. Obviously using these properties, the numerical computations are
much closer to the experiments and can be explained as follows. When a pore is subjected to
a compressive load, its struts start to bend, leading locally to tensile and compressive stress
states, furthermore cracks start to evolve. When performing inverse computations on single
pores to obtain the corresponding material parameters all these phenomena are described by
the material parameters. In comparison to this, in micro compression no cracks can occur and
they are not taken into account by the material properties.



6.3. 20 ppi aluminium foam 123

200
150
z
S
;5 100
50 1 Experiments ’
Sample 1, compression test on pores ——
Sample 2, compression test on pores ——
0 . Sample 1,|Micro compression ——
0 0.05 0.1 0.15 0.2

Strain [-]

Figure 6.17: Comparison of different material parameters used to recompute the experimen-
tally obtained force-strain curve.
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Chapter 7

Summary and Outlook

The finite cell method is a powerful simulation method for the investigation of cellular ma-
terials. It has shown to offer a fast and automatic discretization method for image-based
geometries like voxel models stemming from CT Data. The aim of this thesis was to extend
the finite cell method to nonlinear problems like plastic material behavior, large deformations
and contact problems which was motivated by the challenge to investigate the mechanical
behavior of metal foams which strongly depends on these phenomena.

The first part of the work concerned the development of automatic discretization algorithms
for CT image-based voxel models. The focus here was less on creating the mesh which is a
simple Cartesian grid but on removing artifacts from voxel models. Besides that algorithms
to modify the voxel data were developed as well. This allowed to add a coating layer to the
voxel models and examine the increase in stiffness using a numerical homogenization scheme
based on the window method.

In order to enable the computation of large deformations combined with elastoplastic mate-
rial behavior the finite cell method was extended by a suitable material model. The model
was compared to some benchmark examples [69],[70],|68] and applied to different structural
levels of aluminum foams ranging from single pores to larger representative samples. The
main difficulty for the simulation of the deformation of metal foams was to find the material
parameters of the aluminum which strongly differ from the bulk material properties. Without
knowing these only relative statements on metal foams can be made, when comparing the same
structure before and after applying a change to the numerical model. Material parameters
were obtained from tensile and compression experiments on single struts by [39]. Both sets of
parameters were fundamentally different. By inverse computations on single pores |25 more
realistic material parameters could be obtained which could also be applied to larger foam
samples.

In order to investigate the influence of self-contact on the deformation behavior of metal foams,
the FCM was extended by a contact algorithm for sticking and frictionless contact. Both
approaches were investigated in detail by varying different parameters and comparing their
results to the analytical solution provided by Hertz. Later on the sticking contact model was
applied for the computation of the self-contact of a single pore.
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Let us now give an outlook to possible future research topics regarding the finite cell method.

« Computational costs of the numerical quadrature

The finite cell method offers a simple and automatic discretization technique which
allows the user to generate a discretization of complicated geometries like cellular struc-
tures without many manual adjustments. The time saved during mesh generation is
shifted to the integration of the finite cell stiffness matrix. For broken cells usually a lot
of integration points are required to compute the underlying discontinuous integrand,
especially when using an adaptive quadrature scheme based on spatial subdivision of
the integration domain using an octree. Recently, a new integration scheme based on
the moment-fitting method has been proposed [48]. It has already been applied in the
context of the FCM addressing linear problems [36, 31| and provides less integration
points. For nonlinear problems this method seems to add extra difficulties which needs
to be investigated in future research.

. Stability

The shape functions of broken cells are defined over the whole domain, but are only inte-
grated in the physical domain. This leads to linear dependencies of the shape functions
and adds difficulties when solving the global equation system, even when robust direct
solvers are employed. The severity of this problem especially depends on the volume
fraction of the finite cells, the polynomial order of the shape functions as well as the
underlying type of problem, meaning linear or nonlinear problems. A simple method
to reduce such problems is to penalize the fictitious domain by the indicator function
a = 1079 with ¢ € [5,..,12]. Under moderate deformation this method works well
but questions arise when considering elastoplastic materials and large deformations. In
elastoplastic problems the material changes its stiffness when yielding occurs. This of
course also happens in the fictitious domain, where deformations and strains are high.
Due to this the contribution of the fictitious domain to the stiffness matrix changes and
computations can become unstable. The same problem arises when considering large
deformations due to the use of nonlinear strain measures. In addition, the indicator
functions can be applied in many different ways in numerical codes, for instance either
before or after computing the constitutive equations. It is not yet understood how the
stabilitization should be carried out for nonlinear problems. Recently a new stabiliza-
tion method based on an algebraic preconditioner, the Symmetric Incomplete Permuted
Inverse Cholesky (SIPIC) preconditioner [55] has been developed. Such a method is
interesting to apply in the future but needs to be investigated regarding its effectivity
and numerical costs.

o Contact problems

In this thesis a contact approach based on an additional discretization of the contact
surface was presented. In the future this formulation should be extended to incorporate
contact problems involving friction. Besides that further methods to reduce the stress
oscillations at the end of the contact zone should be investigated.
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Appendix A

Gauss-Legendre quadrature for
triangles

Xl

Figure A.1: Standard triangle with Gauss-Legendre quadrature points
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Table A.1: Symmetric Gauss-Legendre quadrature points for triangles taken from [16]
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Appendix B

Flow chart of finite Jo plasticity
implementation

The presented material model is implemented in the high order finite element code AdhoC.
Instead of presenting the source code, we only give a flow chart of the mathematical relations
that are one by one implemented in AdhoC.
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Figure B.1: Implemented equations of the material model
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