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Abstract

Interest in the simulation of material properties using numerical methods is in-

creasing, as labatory experiments and tests are often expensive and generally

limited in flexibility. In this work, a DEM-approach is presented which simulates

the elastic-plastic behavior of particle reinforced composites. While in the past,

Discrete Element Modeling (DEM) has successfully been used to simulate elas-

ticity and brittleness of materials, this modified approach based on the principals

of Molecular Dynamics suggests a DEM-approach for modeling plastic materials.

Simulations of a ceramic-polymer composite ( TiO2-particles in a matrix PMMA)

subjected to varying load conditions are presented. While Hertz-Mindlin forces

are inherent in the algorithm, two variants of modeling particle attraction, parti-

cle bonds and cohesion, are applied individually. According to the results of this

work, the new cohesive DEM is in good qualitative agreement with the behavior

of particle-reinforced composites and therefore preferred. Ideas are presented for

a modification of the computer algorithm to calibrate this cohesive DEM ap-

proach, aiming at an effective numerical method which can support experimental

research on particle-reinforced composites.
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Chapter 1

Introduction

Many of the strongest natural materials such as enamel, dentin and nacre were

found to exhibit so-called hierarchical structures on a microscopic scale [16]. Their

constitution was discovered to repeat itself on different length scales in a self-

similar way. In other words, a certain pattern in the structure turned out to

mirror this very pattern from a smaller length scale. Adapting this concept of

hierarchical structures for man-made materials has revealed promising results for

innovative materials with excellent physical properties [32]. Material scientists are

currently investigating detailed concepts of how exactly such artificial hierarchic

structures can be synthesized. The problems concerning optimal composition of

different materials, the number of hierarchical levels as well as the length ratios

are to be solved in creating a new material with enhanced mechanical properties.

Compared to classical composite materials or even homogeneous materials, these

investigations are extremely time consuming and complex in view of numerous

combinations. Also, analyzing the mechanical properties by real experiments is

often expensive and generally limited in flexibility. Computer simulations are not

restricted in this respect, and it is hoped that they will soon be able to reproduce

hierarchic material response subject to complex load conditions.

In the present work, transition from elastic to plastic behavior of ceramic-polymer

composites is investigated by numerical simulations on the basis of DEM. This

new model approach in simulating particle reinforced composites is considered as

a first step towards a multi-level simulation of hierarchic materials in the future.

TiO2-particles in a matrix of PMMA as shown in Figure 1.1 were simulated, which
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Figure 1.1: Microscopic photograph of a TiO2-PMMA composite [43]

are actually experimentally tested at the Hamburg University of Technology with

regard to their suitability for an integration in man-made hierarchical materials.

In Chapter 2, a literature review is given comparing various numerical methods

applied at different length scales in computational material science. Regarding

FEA to be adequate for continuum analysis on one end of the scale, and MD to be

particularly suited for atomic scales it follows that the multi-scale characteristics

of hierarchic materials can best be modeled by using a DEM approach embracing

advantages of both FEA and MD.

Chapter 3 derives the set of equations of the DEM approach considered. Besides

the Hertz-Mindlin contacts between particles fundamentally implied in the sim-

ulation, two different approaches to model the particle attraction are presented

and critically discussed.

Mainly qualitative conclusions are drawn in Chapter 4 from using either rigid

bonds or particle cohesion as contact models, in combination with Hertz-Mindlin

contact laws. Exemplary test setups simulate spherical indentation as well as

bending experiments while results are discussed regarding the elastic and plastic

behavior observed.

In Chapter 5, quantitative analyses are presented by focusing on the parameters

of the simulation in three different ways. First, a purely analytical interpretation

in Section 5.1, second, an argumentative approach in Section 5.2, and third,

numerical experiments in Section 5.3.

Starting from relatively soft particles for the sake of limited computation times in
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Chapter 4, particle stiffnesses were continuously increased in the progress of this

work and were finally incorporated using value of G = 283 GPa in the simulations

in Chapter 5.

Chapter 6 contains conclusions of this work, while Chapter 7 presents ideas for

future developments.

The appendix contains a list of all parameters of the simulations while simulation

files are provided on DVD to enable a detailed access to this work.
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Chapter 2

Literature review

With the aim of predicting the behavior of materials, a variety of numerical meth-

ods applicable on computers has been developed and introduced over the last 50

years. At large, these methods can be classified with respect to the length scale

of the operation they are most suitable for. A possible separation of the field

of computational material science into the three basic sections, computational

chemistry, computational materials and computational mechanics has been sug-

gested by [17] and is presented in Figure 2.1. While computational mechanics is

generally designed for large-scale simulations assuming the material to be contin-

uous, computational chemistry on the other extreme of the length scale considers

the material as an assembly of individual atoms and is therefore more appropriate

for the simulation on the atomic scale. Computational materials methods on a

medium length scale take advantage of both interpretations of material structure,

i.e., continuum on one hand and discrete particles on the other. In the following,

each of these three sections of computational material science will be illustrated

by one representative computational method.

Computational mechanics For material and structural applications, one of

the most widely used numerical methods is the Finite Element Analysis [39].

The basic concept in Finite Element Analysis (FEA) is the subdivision of the

investigated material or structure domain into disjoint subdomains called finite

elements which are interconnected through nodes, thus making a grid called a

mesh [17]. From each node extends a mesh element to each of the adjacent nodes.
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Figure 2.1: Illustration of different fields of application with reference to varying

length scales in the simulation [17]

For mechanical elements, the response of a finite element is expressed in terms of

the displacement components at the nodes. During simulation, the material or

structural deformation is calculated by integration of the displacements of each

node according to the applied load-displacement-law [6]. Generally, it depends

on the law applied if the system behaves linearly or non-linearly. In the latter

case, plastic deformation can be accounted for. By concept, FEA represents

a continuum approach as it filters out crystal, molecular and atomic scales of

matter.

The FEA was used to better understand the behavior of materials, e.g. by M.

Khanal et al. [26] modeling the compression- and impact behavior of concrete,

by C. Henrard et al. [21] simulating the incremental forming of a cone and by

M.J. Adams et al. [2] investigating the collision of agglomerates.

Computational materials If interest is focused on discontinuities in materi-

als, approaches different from the Finite Element Analysis can be more adequate.

Methods like the Discontinuous Deformation Analysis introduced by G. Shi and
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Figure 2.2: Discretization of a spherical agglomerate in a FEA with focus on the

contact area (fine mesh) as performed by M.J. Adams et al. [2]

R.E. Goodman [37], the Manifold Method [38] or the Distinct Element Analy-

sis proposed by P.A. Cundall and O.D.L. Strack [10] take into account relevant

aspects of the inhomogeneous nature of most materials. A number of variants

based on the Distinct Element Analysis are summarized under the name Discrete

Element Method (DEM) which is outlined in the following.

The DEM divides the investigated component into a number of elements analo-

gous to the FEA. But instead of arranging the elements in a fixed mesh having

defined nodes of interaction, these so-called discrete elements which typically

have a sperical shape can move and rotate relative to each other. At each time

step in the simulation a complete set of equations of motion is solved for each

element individually, defining its position, orientation and velocities within the

material as well as the resulting stresses, contact forces and moments [33]. While

the discrete elements are generally modeled by rigid and indestructible spheres

[5], the particles may interact in numerous ways, and the basic contact laws

are often extended by additional laws describing certain attraction or repulsion

characteristics of the particles.

Many variations of the DEM have been presented in the literature modeling

material behavior, most of them defining specific laws of particle interaction such

as cohesive attraction of particles [33],[41], or rigid bonds between particles [35],
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Figure 2.3: Loading scheme in DEM simulation, left: subdivision of component by

discrete elements, right: simulated response of the component due to indentation

after rigid bonds have been created [43]

[5], [43], [12]. The two interaction laws are part of this work as well and the

related formulas are specified in the following Chapter 3.

Computational chemistry Subdivision of an investigated material into ele-

ments as small as molecules or atoms is characteristic for the third section of

computational material science, computational chemistry. The general concept

of computational chemistry implies elements which move and interact with each

other due to predefined interaction laws which is analogous to the basic idea

of DEM. The fundamental difference lies in the interaction laws applied being

mostly based on the understanding of atomic interactions in the case of compu-

tational chemistry. In the following, Molecular Dynamics (MD) is presented as

an example for methods of computational chemistry.

In MD which was first presented by B.J. Alder and T.E. Wainwright [3], forces

are usually obtained as the gradient of a potential energy function depending on

the relative positions of the particles to each other [15]. The computational ap-

proach to the behavior of interacting atoms normally implies no additional forces

except those derived from the potential which in most cases is the Lennard-Jones-

Potential [28] or the Morse potential [31] both being associated with molecular

motion.
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Figure 2.4: Computational model of sphere-plane interaction utilizing MD [20]

Recent works considering MD in computational material science have been pre-

sented by F.A. Gilabert et al. investigating adhesive contacts [20] and their

representation of Van-der-Waals interactions in polymeric materials [18], [19].

Their MD-based results represented the behavior of polymers in good agreement

with reality.
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Chapter 3

DEM & Contact models

3.1 Discrete Element Method

In the Discrete Element Method (DEM) a material or structure is typically repre-

sented by a large number of elements, called particles. The method is character-

ized by description of individual particles including rotational degrees of freedom,

and explicit consideration of particle interaction. Starting from the current posi-

tion, orientation as well as translational- and angular velocity of each individual

particle, a time-stepping procedure uses forces like friction, gravity or cohesion to

compute the particle’s future location and velocity. For a three dimensional space

each particle involves 6 degrees of freedom. From the knowledge of all 6 initial

values at the beginning of a time step as well as of all forces (
∑ ~F ) and moments

(
∑ ~M) acting on the particle caused e.g. by contacts with other particles, the 6

values a time step later can be calculated considering Newton’s laws of motion

mp ~ap =
∑

~F (3.1)

Jp~εp =
∑

~M (3.2)

with mp, ~ap , Jp and ~εp being the mass, the acceleration, the moment of inertia

and the angular acceleration of the particle, for translational and angular move-

ments, respectively [4]. The values at the end of the time step are used as initial

conditions for the calculations in the next step.

9



3.2 Contact models

Time step A time step has to be small enough to avoid numerical errors. In the

case of large time steps, particles may gain too much energy as a result of excessive

virtual overlap (intensity of particle contact) which can lead to unrealistic high

velocities in the subsequent time step [1]. A well-established criterion is related to

the Rayleigh time step describing the time for a shear wave to propagate through

a particle by

TR =
πrp(ρp/Gp)

0,5

0, 1631νp + 0, 8766
(3.3)

with rp, ρp, Gp and νp being the radius, the density, the shear modulus and the

Poisson’s ration of the particles, respectively. Accordingly, a proper length of a

time step is given by about 30% of the Rayleigh time step [7].

3.2 Contact models

Different contact models have been used in the simulations of this work. The so-

called Hertz-Mindlin contact attributes considered in each of the simulations will

be outlined in Section 3.2.1. In addition to that, two different models simulating

the particle attraction will be considered. One of the models is characterized

by rigid bonds connecting neighboring particles and will be presented in Section

3.2.2. The other model, of central importance in this work, assumes cohesion and

will be presented in Section 3.2.3.

3.2.1 Hertz-Mindlin contact

The principle by which resulting forces at the contact of two particles are calcu-

lated in this work is based on theories by H. Hertz [22] and R.D. Mindlin [30]

which will be referred as Hertz-Mindlin contact hereinafter.

Based on a theory by Hertz describing the elastic contact between two curved

surfaces [22], the normal forces between two identical particles in contact is ex-

pressed as:
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3.2 Contact models

FHM,n =
Ep

3(1− ν2
p)

√
2rpδ

3
2
n (3.4)

with δn being the overlap of the particles and Ep, νp and rp the Young’s modulus,

the Poisson’s ratio and the radius of the particles, respectively.

Additionally, the damping in normal direction is given by

F d
HM,n = −β

√√√√ 5Epmp

3(1− ν2
p)
vreln (rpδn)

1
4 (3.5)

β =
ln e√

ln2 e+ π2
(3.6)

with mp being the mass of one particle, vreln the relative velocity of particles in

the normal direction and e the coefficient of restitution.

Considering relative tangential displacements of particles, the corresponding com-

ponent of the contact force is determined using:

FHM,t = − 4Gp

2− νp

√
rp/2δnδt (3.7)

with Gp being the shear modulus of the particles and δt the tangential overlap.

Unfortunately EDEM, the software used to undertake the simulations in this

study, did not provide a specific definition of how the tangential overlap is calcu-

lated. Considering friction between contacting particles quantified by the friction

coefficient µ, tangential forces FHM,t do not exceed values larger than µFHM,n.

FHM,t ≤ µFHM,n (3.8)

The damping in tangential direction is given by

F d
HM,t = −β

√
20Gpmp

3(2− νp)
vrelt (rpδn)

1
4 (3.9)

where vrelt is the relative tangential velocity.
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3.2 Contact models

3.2.2 Model of rigid bonds

A method of attraction between contacting particles is realized in the Bonded

Particle Model (BPM) in the form of rigid bonds between particles. Also included

are Hertz-Mindlin contact forces which represent repulsive forces between two

contacting particles as outlined in Section 3.2.1. Defined stiffnesses in normal

and shear direction assigned to the bonds control their elastic behavior while

defined maximum loads indicate when they fail.

Figure 3.1: Schematic of forces and moments induced in a rigid bond of the BPM

[43]

In the simulation, particles interact before the bonds have been created (t < tbond)

subject to the Hertz-Mindlin contact law (Section 3.2.1) by assuming a slightly

larger radius than their physical radius (rcontact > rparticle). At t = tbond, each pair

of particles overlapping with their so-called contact radii rcontact, is being coupled

by a rigid bond. From this time on (t > tbond), the calculation of Hertz-Mindlin

contacts considers the physical radius of the particles rather than rcontact. The

calculation of forces and moments induced in the bonds, based on a work by D.O.

Potyondy and P.A. Cundall [35] is performed with the following expressions.

δFb,n = −vnSb,nAbondδt (3.10)

δFb,t = −vtSb,tAbondδt (3.11)

δMb,n = −ωnSb,tJbondδt (3.12)

δMb,t = −ωtSb,nJbondδt (3.13)

where

Abond = πr2
bond (3.14)
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3.2 Contact models

Jbond =
1

2
πr4

bond (3.15)

with rbond being the radius of the bond, Sb,n and Sb,t its assigned normal and

shear stiffness, δt the length of a time step as well as vn,t and ωn,t the velocities

and angular velocities of the particles, respectively.

Interpreteing each bond as a so-called Euler-Bernoulli beam exhibiting only small

deflections [9], breakage occurs at

σb,max <
−Fb,n

Abond

+
Mb,t

Jbond
rbond (3.16)

τb,max <
−Fb,t

Abond

+
2Mb,n

Jbond
rbond (3.17)

3.2.2.1 Assets and Drawbacks of the Bonded Particle Model

From Equations 3.12 and 3.13 follows that the rotation of particles is limited

by backdriving moments induced in the bonds. While other contact models like

particle cohesion, as presented in the next Section 3.2.3, do not take into account

the orientation of particles, this seems to be an advantage of the Bonded Particle

Model.

Assuming that the rigid bonds of the BPM approach behave analogous to the

polymeric bridges connecting the ceramic particles in the investigated composite

(Figure 1.1), one can assign the material properties of the polymer used to the

properties of the simulated bonds. While the parameter identification of compu-

tational models as presented in Chapter 5 is usually quite time consuming, the

direct transfer of material properties appears as an advantage of the BPM. Nev-

ertheless, assigning general material properties (macro properties) to the bonds

in the simulation being of the size of less than a micrometer (micro properties)

can be problematic. According to [42], effects considered to be negligible at the

macroscopic level may become important at the micrometer scale and vice versa.

Such scaling problems include e.g. surface effects [42] or imperfections in the

(micro-) structure [27] which are both not addressed by directly applying the

macro properties to the bonds. Also, the failure criteria of the bonds (Equations

3.16 and 3.17) are derived from the Euler-Bernoulli theory [9] which is a simplifi-

cation for thin beams with a big length-to-thickness ratio and may therefore, not
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3.2 Contact models

be appropriate representing the polymeric bridges in the investigated composite

(Figure 1.1).

According to [1], the BPM has proved to be useful especially for the simulation

of rock and concrete structures. A number of works, mainly simulating brittle

structures like agglomerates or concrete structures, have been published using this

same or a very similar approach of rigid bonds connecting neighboring particles

(Section 2). As it can be inferred from Equations 3.10, 3.11, 3.12 and 3.13, the

response of the bonds due to particle displacements is purely elastic until the

maximum load leads to fracture of the bond (Equations 3.16 and 3.17). Since

such brittle behavior primarily concerns rock or concrete structure compared to

the investigated composite, the BPM may not be the first choice focusing on the

plastic behavior of the ceramic-polymer composite.

3.2.3 Cohesive model

A different approach to model the polymeric phase between the ceramic particles

is by particle cohesion. Cohesive forces, which may be referred to as cohesive at-

tractive forces, adhesive forces or adhesive attractive forces, represent the attrac-

tion of particles caused by intrinsic properties such as the electrostatic interaction

of molecules.

Within the DEM-algorithm considered, the ceramic particles of the composite

are represented by the discrete elements. Considering a cohesive model, the

polymeric bridges between the particles (see Figure 1.1) are represented by the

inter-particle cohesive force which gets calculated as follows.

Fc = γAcontact (3.18)

where Acontact is the contact area between two interacting particles and γ the

energy density of the cohesion.

3.2.3.1 Assets and Drawbacks of the cohesive model

Compared to the simulation of rigid bonds between particles, this approach ap-

pears to be more abstract. While rigid bonds can easily be imagined to represent

14



3.2 Contact models

polymeric bridges in the investigated composite, particle cohesion lacks this way

of illustration.

Apart from this, cohesion is a real force which determines the strength of bonds

between molecules due to electromagnetic interaction. Calculating the attractive

forces between particles in a similar way to MD approaches, a cohesive DEM

approach incorporates the advantages of DEM as well as MD.

While the suitability of MD simulating the mechanical behavior of polymers

was shown by F.A. Gilabert et al. [18], [19], consideration of a cohesive DEM-

approach might be a good way to model the polymeric phase in the investigated

composite.

To find out if this approach can predict the properties of a material when used

on a much larger scale compared to MD, simulations where each discrete particle

represents one ceramic particle embedded in a matrix of polymer were considered

and are presented in Section 4.2 and 4.3.

A general principle for computational models is to keep them as simple and

transparent as possible. The Bonded Particle Model is controlled by numerous

input parameters which, as mentioned in Section 3.2.2, may create uncertanty. In

contrast, the cohesive approach has essentially one input parameter, the energy

density.

A further disadvantage of using rigid bonds simulating the material’s plastic be-

havior is that in this case, particle rearrangement generally leads to a breakage of

bonds and therefore to a significant change of the simulated material’s properties

(Section 3.2.2). Plastic deformation of real materials is generally associated with

so-called dislocation movement where the atoms of the material rearrange during

deformation due to imperfections in the crystal structure. During this process,

energy dissipates but the mechanical properties of the material remain more or

less unchanged.

The cohesive model, on the other hand accounts for this fact, as it implies consis-

tent particle interaction before and after the relocation of particles. Accordingly,

it is a more realistic representation of the investigated ceramic-polymer compos-

ite.
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Chapter 4

Simulation results

In the following, simulations of the behavior of ceramic-polymer composites are

presented obtained on the basis of Discrete Element Modeling which has been

introduced earlier. The simulations have been performed using models which

consist of discrete particles with the properties of the ceramic phase interacting

with one another by Hertz-Mindlin contact forces in combination with eigther

rigid bonds or particle cohesion.

4.1 Indentation test considering rigid bonds

As discussed in the literature review in Chapter 2, earlier works have consid-

ered rigid bonds between the simulated ceramic particles representing polymeric

bridges instead of particle cohesion. To learn about the capabilities of such

bonds simulating plasticity of a material like the investigated ceramic-polymer-

composite, an indentation test setup has been considered. Although a very strong

simplification of reality, this model helped to learn about the Bonded Particle

Model (Section 3.2.2) in the beginning of this work.
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4.1 Indentation test considering rigid bonds

Figure 4.1: Initial FCC-structure of particles

Figure 4.2: Cubic crystalline structure after sagging
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4.1 Indentation test considering rigid bonds

4.1.1 Instability of cubic lattice

4.1.1.1 Creation and indentation of the specimen

Because this is the fastest way to generate a lot of particles simultaneously, a

number of 2457 particles with a radius of 100µm were generated in a FCC crystal

structure (see Figure 4.1). The material parameters of the particles were chosen

based on the properties of a TiO2-ceramic. Since the software EDEM does not

allow particles to be generated while they are in contact, the initial distance

between two particles was 240µm which is 20% more than the diameter of one

particle.

To let the particles overlap with their contact radii so that rigid bonds can be

created, a gravitational force was applied after particle generation. With the

initial distance between two particles being slightly larger than their diameter,

particles arranged themselves in a perfect cubic crystal structure after sagging

(Figure 4.2).

Such a cubic crystalline structure of spheres represents an unstable constellation

of particles just like a ball lying on the top of a hill. A slight disturbance of

this cubic structure can cause a collapse and subsequent transformation into the

energetically more favorable BCC structure. But due to undisturbed conditions in

the computer simulation, particles initially remained in this cubic arrangement.

Since particles were now overlapping with their contact radii, the creation of

bonds was performed assigning a normal stiffness as well as a shear stiffness

each of 105 N/mm3 having a bond radius of 50µm. Due to the rigid bonds

connecting neighboring particles, the cubic crystal structure no longer represented

an unstable configuration. Slight disturbances of the equilibrium position would

cause back driving forces and moments to be induced in the bonds keeping the

structure stable.

After bond creation, the whole structure was indented by a cylindrical geometry

with a radius of 500µm and the same stiffness as the ceramic particles, moving

downwards into the specimen with a constant speed of 0, 05 m/s. In Table 4.1,

some additional parameters of the simulation are given.
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4.1 Indentation test considering rigid bonds

Particles

Number of particles 2457

Radius [m] 10−4

Shear modulus [Pa] 9× 1010

Poisson’s ratio 0, 28

Density [kg/m3] 4240

Particle limits none

Particle bonds

Normal stiffness [N/mm3] 105

Shear stiffness [N/mm3] 105

Critical normal stress [Pa] 105

Critical shear stress [Pa] 105

Bonded disk radius 5× 10−5

Particle interactions

Coeficient of restitution 0, 01

Coefficient of static friction 0, 0001

Coefficient of rolling friction 0, 0001

Indenter

Radius [m] 5× 10−4

Shear modulus [Pa] 9× 1010

Poisson’s ratio 0, 28

Indentation speed [m/s] 0, 05

Table 4.1: Simulation parameters of crystal indentation (incomplete)
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4.1 Indentation test considering rigid bonds

4.1.1.2 Results and interpretation

The response of the specimen due to indentation in this simulation was an unsta-

ble collapse of the structure. During the process of indentation, only in the first

two time steps after the indenter had touched the upper particles of the speci-

men, a normal force in the indenter was detected. From the third time step on,

the structure caved in without any additional external force. In the end of the

simulation, the specimen was contracted to about half the size at the beginning

of indentation but with all the bonds still being intact (Figure 4.4).

What happened is that the upper layer of particles experienced a slight deviation

from the perfect cubic crystalline arrangement by the impact of the indenter

(Figure 4.3). This small shift made all the particles of the upper layer act instable

analogous to the above mentioned ball on the hill. All particles of the upper layer

collapsed into the second layer tending to an energetically more favorable BCC-

crystal setup. The resulting asymmetric load on this second layer then caused a

collapse of this layer into the third one and so on. Even though, this behavior

could be expected in case of a cubic arrangement of spheres, this should not be

the outcome of an experiment with rigid bonds connecting the particles. Bonds

between two neighboring particles should allow only moderate displacements of

particles.

This leads to the assumption that the Bonded Particle Model as presented in

Section 3.2.2 lacks a proper calculation for back driving forces generated by rigid

bonds. Acknowledging that this simulation using a cubic crystal arrangement of

particles is a very specific case, it reveals a problematic load case acting on the

bonds. In this simulation, while particles are rolling into the gap between two

particles of the layer below, neighboring particles rotate with almost the same

rotation vector, i.e., with almost the same angular velocity as well as orienta-

tion. From a plausible point of view, such relative movement of two particles

should induce a rather high back driving moment in the connecting bond. This

apparent deficiency in the results of this simulation corresponds with a discovery

recently published by M.F.H. Wolff et al. [44]. In this paper, the authors present

analytical inaccuracies in the present DEM-approach calculating the moments

acting between two bonded particles vanishing in a situation in which particles

co-rotate.
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4.1 Indentation test considering rigid bonds

Figure 4.3: Beginning of unstable deformation, blue bars represent intact bonds

Figure 4.4: Specimen after collapse, blue bars represent intact bonds
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4.2 Indentation experiments applying particle cohesion

Trying to choose the right method for modeling the investigated ceramic-polymer-

composite, this result means that one advantage of using the Bonded Particle

Model has vanished. As pointed out in Section 3.2.2, BPM is meant to have

an advantage over using a cohesive approach by taking into consideration the

orientation of particles. As in real materials, the particles connected by rigid

bonds are supposed to be restricted in their rotation while in cohesion models,

forces acting on particles are being calculated considering only the distance be-

tween them. Unfortunately, for the special case of parallel particle rotation, back

driving forces proved not to be calculated appropriately using BPM.

4.2 Indentation experiments applying particle

cohesion

For the following experiments, linear cohesion was considered connecting neigh-

boring particles rather than rigid bonds. Besides the just mentioned problem

of modeling the ceramic-polymer-composites using a BPM approach, a cohesive

approach has a number of other advantages as presented in Section 3.2.3. To in-

vestigate how these considerations manifest themselves during computation the

following simulations were considered.

4.2.1 A 10.000 particle indentation experiment

4.2.1.1 Creation of the specimen

A number of 9879 particles with a radius of 100µm were generated within 0, 2 s

in a rigid box having the dimensions 15 mm × 1 mm × 6 mm (see Figure 4.5).

Since computation time depends on the assigned stiffness as well as the radius

of the particles (see Equation 3.3), larger and softer particles than the inves-

tigated TiO2-particles were considered. Applying particle cohesion as well as

gravitational forces, the particles consequently accumulated in a dense arrange-

ment with a volume fraction of about 64%. In favor of a high volume fraction,

particle friction was reduced to a minimum during particle generation. The four

sidewalls of the box in x- and y-direction were chosen to be periodic which means
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4.2 Indentation experiments applying particle cohesion

Figure 4.5: Particle generation under gravity

Figure 4.6: Beginning of specimen indentation
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4.2 Indentation experiments applying particle cohesion

that in the simulation, a particle at one side of the box may interact with a

particle on the opposite side of the box.

Choosing the dimensions of the box, it was paid attention to saving computer

resources on one hand by making the box as narrow as possible but still allowing

a three-dimensional particle interaction on the other hand. With the narrow

aspect ratio of the box and using periodic side boundaries, the simulation can be

interpreted as a cross section of an indentation setup with a spherical geometry

as indenter (Figure 4.6). Since a material’s response due to indentation with a

spherical indenter is expected to be radially symmetric, the response would be

the same for any cross section.

The particles were interacting by a Hertz-Mindlin contact model as well as by

linear cohesion with an energy density of γ = 10.000 J/m3. After sagging of the

particles, the top surface was straightened by slightly compressing the particles

with an even geometry. Then, the complete set of particles representing the spec-

imen of the indentation experiment was penetrated by a cylindrical geometry of

the same material as the particles and with a radius of 2 mm, moving downwards

into the specimen with a constant speed of 8 mm/s. In Table 4.2, some additional

parameters of the simulation are given.

4.2.1.2 Qualitative results

Figure 4.7 shows the load-displacement-curve obtained from the simulation. Each

point in the figure represents the vertical force measured at the indenter for each

time step. The horizontal axis shows the indentation depth.

From the load-displacement-curve in Figure 4.7, a turning point can be observed

at about ∆z = 0, 1 mm. Here, the graph changes from a relatively steep to a

more moderate increase. In addition, an almost smooth increase at first changes

to more scattered results at greater times or indentation depths.

Looking at the visualization of the specimen during the simulation on the other

hand, one can also identify two main phases during simulation. The first phase

starts when the indenter first touches the surface of the specimen. During this

elastic phase, the contact of the indenter with the specimen results in a deforma-

tion, while no change in structure can be observed. Figure 4.6 shows a screenshot
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4.2 Indentation experiments applying particle cohesion

Particles

Number of particles 9879

Radius [m] 10−4

Shear modulus [Pa] 9× 107

Poisson’s ratio 0, 28

Density [kg/m3] 4240

Particle limits none

Particle interactions

Energy density of cohesion [J/m3] 104

Coeficient of restitution 0, 01

Coefficient of static friction 0, 2

Coefficient of rolling friction 0, 1

Indenter

Radius [m] 2× 10−3

Shear modulus [Pa] 9× 107

Poisson’s ratio 0, 28

Indentation speed [m/s] 0, 008

Table 4.2: Simulation parameters of 10.000 particle indentaion (incomplete)
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4.2 Indentation experiments applying particle cohesion

Figure 4.7: Indentation force during experiment with 10.000 particles as a func-

tion of indentation depth representing load-displacement behavior of specimen

of the simulation at an indentation depth ∆z = 0, 088 mm where the structure

of the specimen is still completely intact. As simulations have shown, unloading

during this phase leaves the specimen with an even surface just as before indenta-

tion. At depths ∆z > 0, 1 mm, changes in the structure can be observed around

the tip of the indenter. An unloading of the specimen during this plastic phase

leaves the surface with a dent on the surface. Since these changes in the structure

express themselves dynamically, it is difficult to identify them with a screenshot.

Observing a transition as turning point in the load-displacement curve and also as

structure change visualized in the specimen during simulation was a great advan-

tage. In the process of developing a computer model for reasonable simulations

of material behavior, this might be an appropriate simulation of the transition

from elastic to plastic material behavior.

Not satisfying in this simulation was the outcome of indentation force during elas-

tic deformation. A good numerical model simulating the investigated ceramic-

polymer-composite should exhibit a clear linear elastic zone for small deforma-

tions.

A problem which might have led to this inaccuracy in the calculation of the
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4.2 Indentation experiments applying particle cohesion

material’s response could be due to the fact that particles were relatively large

compared to the size of the indenter (rparticle = 1
5
rindenter). In case of large par-

ticles, the indenter has contact only with a small amount of particles, especially

at small indentation depths. This seems not to be an adequate representation of

a cylinder interacting with a homogeneous material.

To test if smaller particles in relation to the cylinder would lead to a more linear

load-displacement behavior for small indentations, a second simulation of the

same experiment was considered which will be presented in the following.

4.2.1.3 Young’s modulus

Interpreting the indentation depth ∆z = 0, 088 mm to mark the end of elastic de-

formation, the increase of indentation force within the first 0, 088 mm can be used

for the calculation of the Young’s modulus of the simulated material. Approxi-

mating the increase in indentation force by a straight line between ∆z = 0 mm

and ∆z = 0, 088 mm as indicated by the dashed line in Figure 4.7, results in a

stiffness of the specimen of

Sindent,10k =
∆F

∆z
= 7, 5 N/m

where ∆F represents the change in force over the indentation depth ∆z. As

described by W.C. Oliver and G.M. Pharr [34], the Young’s modulus can be

calculated

E =

√
π

2
√
Amax

S (4.1)

where Amax is the projected area of a spherical indenter at the maximum depth

within the elastic zone. Assuming the simulation to represent the cross section

of an experiment with a spherical indenter, the obtained stiffness Sindent,10k leads

to a value for the Young’s modulus of Eindent,10k = 6160 Pa.

Since Young’s moduli of solid materials are generally above 1 GPa, the present

simulation set up does not allow a 1:1 quantitative analysis of an indentation

experiment. Rescaling of parameters, for example, using different values for the

energy density of the particle cohesion as well as a more realistic value for the

stiffness of particles, might go a step further towards this goal.
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4.2 Indentation experiments applying particle cohesion

Like in experimental material science, a slightly more accurate result for the

Young’s modulus could have been achieved considering the force-indentation-

relation during unloading [34]. Since a fraction of the deformation might always

be due to plasticity during loading, no fraction of plastic deformation has to be

assumed in case of unloading. Due to limited preparation time, this was not

considered within this work.

4.2.1.4 Yield strength

Since we interpret the indentation depth of ∆z = 0, 088 mm marking the end of

elastic deformation and therefore the initiation of yielding of the simulated spec-

imen, the yield strength of the investigated material can be calculated according

to D. Tabor [40] as follows.

σy =
pm

1, 07
(4.2)

with pm being the mean pressure at the indenter tip at the yield point.

From the indentation force at the yield point Fy,10k = 6, 6 × 10−4 N (see Figure

4.7) and the associated area of indentation Ay,10k = 1, 08 × 10−6 m2, one can

calculate the mean pressure at the indenter pm,10k =
Fy,10k

Ay,10k
= 607 Pa. This leads

to a yield strength of σy,10k = 568 Pa for the simulated material.

A realistic value for the yield strength of the investigated material would be at

least 105 times higher than the calculated value, which is another reason why

this simulation cannot be taken into account for quantitative considerations. As

mentioned above, this problem was addressed in further simulations.

4.2.2 A 40.000 particle indentation experiment

The fact that the indentation force for small indentations did not show a linear

elastic behavior in the previous simulation, the following model modification was

considered to test the influence of the relative particle size on the outcome of

the experiment. On the one hand, the number of particles was increased to four

times the original amount. On the other hand, while the particle size stayed

the same, the indenter in this simulation was considered to have 1, 5 times the
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4.2 Indentation experiments applying particle cohesion

original diameter thereby decreasing the particle size in relation to the indenter

geometry.

4.2.2.1 Creation of the specimen

As in the previous simulation, a number of 38211 TiO2-particles with reduced

stiffness and a radius of 100µm were generated within 0, 2 seconds in a box

surrounded by periodic boundaries. In this simulation, the box had four times

the size as before, i.e., dimensions of 30 mm × 1 mm × 12 mm. Also, particle

friction was reduced to a minimum during particle creation. Then again, applying

gravity and particle cohesion of the same energy density as before led to a dense

arrangement of the particles with a volume fraction of about 64%. After having

been flattened by an even geometry, the specimen was indented by a cylindrical

geometry of the same material as the particles and with a radius of 3 mm, moving

downwards into the specimen with a constant speed of 8 mm/s. Table 4.3 provides

an overview of the main parameters used in the simulation.

4.2.2.2 Qualitative results

As in the previous simulation, the vertical force at the indenter was recorded

as a function of the indentation depth which is shown in Figure 4.8. As before,

the load-displacement curve shows a steep increase of indentation force for small

indentations and a more moderate increase for larger indentation depths. This

change in increase can be identified at ∆z = 0, 176 mm.

Comparing this result with that of the previous simulation (Figure 4.7), obtained

using a quart of the number of particles, the force at the indenter in this simu-

lation shows generally a more smooth response to the indentation (Figure 4.8).

While the graph is less scattered over the whole simulation time an almost linear

increase of indentation force can be identified for small depths.

Looking at the visualization of the specimen during simulation, one can see similar

characteristics as in the previous experiment. During a first phase, the indenter

penetrates the specimen without causing any significant change in the structure

and therefore no irreversible deformation. Only around the tip of the indenter a

few particles relocate due to relatively large deformations compared to the particle
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4.2 Indentation experiments applying particle cohesion

Particles

Number of particles 38211

Radius [m] 10−4

Shear modulus [Pa] 9× 107

Poisson’s ratio 0, 28

Density [kg/m3] 4240

Particle limits none

Particle interactions

Energy density of cohesion [J/m3] 104

Coeficient of restitution 0, 01

Coefficient of static friction 0, 2

Coefficient of rolling friction 0, 1

Indenter

Radius [m] 3× 10−3

Shear modulus [Pa] 9× 107

Poisson’s ratio 0, 28

Indentation speed [m/s] 0, 008

Table 4.3: Simulation parameters of 40.000 particle indentaion (incomplete)
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4.2 Indentation experiments applying particle cohesion

Figure 4.8: Indentation force during experiment with 40.000 particles as a func-

tion of indentation depth representing load-displacement behavior of specimen

size. After about ∆z = 0, 18 mm, relocating particles can be observed frequently

which indicates the start of the second phase characterized by irreversible plastic

deformation. As in the previous simulation, these changes in the structure are

dynamic which makes it difficult to identify them on a screenshot.

In summary, one can say that this simulation again shows a good performance

with respect to the imitation of plastic behavior of real materials. Two well-

defined domains can be identified, one representing elastic deformation, the other

representing plastic deformation. During elastic deformation, the simulated re-

sponse of the specimen shows an almost linear increase while particles get com-

pressed without a significant relocation. In comparison, the indentation force dur-

ing plastic deformation shows a much more moderate increase, and the relocation

of particles in this domain can easily be observed by looking at the visualization

of the specimen. This clear differentiation between elastic and plastic behavior

of this model is analogous to the behavior of real elastic-plastic materials.

Also, the mechanisms which are responsible for this behavior in the simulation

are comparable to the mechanisms in real materials. While in real materials,

linear elasticity relates to forces acting between atoms in inter-atomic potentials
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4.2 Indentation experiments applying particle cohesion

[23], a comparable response in present computations is generated by changes

of particle spacings. And while plastic deformation of real materials often gets

referred to as dislocation movement [24], a computational model using particle

cohesion provides a comparable mechanism allowing the relocation of particles

towards each other.

A problem of the current simulation as well as of the previous one is the fact

that the specimen is not really solid. Removing the periodic side boundaries

of the simulation box leads to a collapse of the specimen looking almost like a

viscous fluid. This indicates that inter-particle-forces may not have been chosen

correctly.

4.2.2.3 Young’s modulus

Assuming that for ∆z = 0, 176 mm only elastic deformation occurs (compare

Figure 4.8), the stiffness of the present specimen calculates

Sindent,40k =
∆F

∆z
= 9, 31 N/m

According to Equation 4.1, the Young’s modulus can be calculated as follows

Eindent,40k =

√
π

2
√
Amax,40k

Sindent,40k = 4600 Pa

with Amax,40k being the projected area of the indenter at maximum indentation

depth.

As in the previous simulation, the calculated value for the Young’s modulus is of

magnitudes lower than the Young’s modulus of real materials.

Taking into account the two different diameters of indenters used in the two

experiments in this section as well as Section 4.2.1, the load-displacement curves

can be scaled with regard to their stiffness in the following way. While the

indentation speed in both simulations was chosen to be 8 mm/s, the different

radii of the indenters caused a difference in penetrating volume at corresponding

indentation depths. More specific, the indented volume at a certain indentation

depth ∆z was bigger in the case of the indenter with larger radius. According

to the theory presented by W.C. Oliver and G.M. Pharr [34] which was used in
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4.2 Indentation experiments applying particle cohesion

Figure 4.9: Indentation force during experiments with 10.000 particles (red)

and 40.000 particles (blue) as a function of indentation depth representing load-

displacement behavior of both specimens, values of the 10.000 particle experiment

are scaled by factor fS,40k10k =
√

1, 5, dashed line approximates the elastic zone

linearly

calculating the Young’s moduli, the relation between the material stiffness and its

Young’s modulus depends on the square root of the projected area at maximum

indentation (Equation 4.1). The projected area of indentation calculates

A = πa2 = π(2rindenter∆z − (∆z)2) (4.3)

with a being the radius of the projected area. It follows that the area A is

approximately proportional to the radius of the indenter for small indentation

depths (z << 1). From this and the relation given in Equation 4.1, one can

follow that the indentation caused by two different indenters with a radius ratio

of rindenter,40k/rindenter,10k = 1, 5, should exhibit stiffnesses varying by the factor

fS,40k10k = Sindent,40k/Sindent,10k =
√

1, 5 assuming a constant Young’s modulus.

Since the stiffness S=
∆F
∆z

is represented by the slope of the load-displacement-

curve, a graph with both load-displacement-curves of the two experiments is

given in Figure 4.9. In this figure, the load-displacement-curve of the first in-

dentation experiment with 10.000 particles and an indenter of 2 mm radius has
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4.2 Indentation experiments applying particle cohesion

been multiplied by the factor fS,40k10k =
√

1, 5 to compensate for the different

projected area in the second experiment. It can be observed that the slopes of

both load-displacement-curves turn out to match quite well in the area of elastic

deformation.

4.2.2.4 Yield strength

The load-displacement curves in Figure 4.9 exhibit two different indentations

depths for which the initiation of plastic deformation can be observed. The cor-

responding values are ∆z = 0, 088 mm in the first simulation and ∆z = 0, 176 mm

in the second.

From the load Fy,40k = 1, 7 × 10−3 N at the depth ∆z = 0, 176 mm as well as

the associated area of indentation Ay,40k = 3, 22 × 10−6 m2 the yield strength of

the second simulation calculates according to Equation 4.2 as σy,40k = 482 Pa.

Even though orders of magnitudes below a realistic value for the investigated

material, this result is almost identical to the yield strength σy,10k obtained from

the previous experiment.

With a theory presented by S.D. Mesarovic & N.A. Fleck [29], an additional

comparison between the two experiments can be made. They found out that

plastic deformation during indentation experiments with spherical indenters can

be considered to be fully developed after having reached an aspect ratio of

a/rindenter = 0, 16. The corresponding point in the load-displacement-curve is

calculated independently of any material parameter of the simulated specimen

and has been marked in Figure 4.9 by a black filled ellipse for both simulations.

In the case of both simulations, this point obviously separates parts of the curve

exhibiting a different appearance, i.e. a relatively smooth part to the left, and a

part with oscillations to the right.

This observation together with the fact that calculations led to similar values for

Young’s modulus as well as yield strength in case of both simulations, one can

assume that the elastic and plastic properties of the simulated materials have

not changed significantly between the two simulations. In view of the different

amount of particles as well as their different size relative to the indenter between

the two experiments, the quantitative outcome has not been strongly affected.
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4.3 Bending test applying particle cohesion

4.3 Bending test applying particle cohesion

The encouraging results of previous simulations concerning transformation from

elastic to plastic deformation were limited by the need of an artificial box to

support the specimen in keeping its shape. Asides from being quantitatively

impracticable, this was a big disadvantage of the considered indentation experi-

ments.

To overcome these restrictions in the simulation of a solid material, a different

test setup was considered. In the following simulation of a 3-point-bending exper-

iment, a specimen of a squared cross section, supported by two cylindrical objects

is under pressure of a third cylindrical geometry, the indenter, as illustrated in

Figure 4.10.

h

l

wF

y

z

x

Figure 4.10: Schematic of three-point bending experiment, h: height of the spec-

imen, w: width of the specimen, l: supported length

As the 3-point bending experiment is a frequently used technique for material

testing [11], test results can consequently be interpreted by various theories on

deformation behavior during bending. Experimental data from bending experi-

ments of real materials are most likely to be available for such a frequently used

3-point bending setup.
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4.3 Bending test applying particle cohesion

Considering a bending test setup for qualitative investigations rather than a uni-

axial tension or compression test has the additional advantage of inducing a more

complex stress distribution in the specimen. In a bending experiment, the top

of the specimen is exposed to compressive stress while the bottom part develops

tensile stress. Such non-uniform normal stresses on their part also result in a

diversified field of shear stresses [13]. Such complex load characteristics may

reveal bugs in the model more probably. Such bugs could manifest themselves

e.g. in unrealistic handling of multi-axial loads.

4.3.1 A 1.000 particle bending experiment

In contrast to earlier simulations, particles in this simulation were chosen to be

of smaller magnitudes (r = 1µm) as well as of much higher stiffness (90 GPa),

to represent more realistically the properties of the ceramic particles which are

used in the investigated composite material. Because computing time of the sim-

ulations is proportional to the stiffness of the considered material (see Equation

3.3), a number of only 1000 particles representing the specimen were taken into

account in the following simulation. As a compromise, the indenter was now

defined by a radius 10 times the radius of the particles.

Concentrating on the new approach for the simulation of composite materials,

only Hertzian contact as well as particle cohesion was considered. To achieve

more reasonable quantitative results in term of stiffness and strength than ob-

tained in earlier simulations, the energy density of the particle cohesion was set

to 1010 J/m3.

As before, interpretation of the simulation results is based on the load-displacement

curve as well as the visual appearance of the specimen.

4.3.1.1 Creation of the specimen

A number of 627 TiO2-particles having a radius of 1µm were created by a dy-

namic factory within 0, 007 seconds in a closed box with dimensions 50µm ×
10µm × 10µm. Applying particle cohesion as well as gravitational forces in

horizontal direction (negative x-direction, compare Figure 4.11), the particles ac-

cumulated in a dense arrangement with a volume fraction of about 62%. Since
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Figure 4.11: Step 1: Particle generation under gravity in negative x-direction

Figure 4.12: Step 2: With cohesive energy density of 106 J/m3 particle arrange

with volume fraction of 62%

Figure 4.13: Step 3: Cohesive energy density of 1010 J/m3 leads to particle ar-

rangement with volume fraction of over 100%
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otherwise simulations tended to crash, the energy density of the particle cohesion

was first set to an initial value of γ = 106 J/m3 until particles fully occupied the

volume available (Figure 4.12). Then the energy density was slowly increased up

to a final value of γ = 1010 J/m3. Since the factory for particle creation was still

active at that time, more particles were created agglomerating to this beam-like

structure with a square cross section and finally 729 particles. The very high co-

hesive energy density made the volume fraction finally climb up to a theoretical

value of over 100% which means that particles were overlapping each other by a

volume exceeding the empty space between them (Figure 4.13).

Having reached the final composition of the specimen as seen in Figure 4.13, grav-

itational forces were applied in the vertical direction instead of horizontally and

the box introduced to create the specimen was removed. Also, three cylinders of

a very stiff material and with a radius of 5µm were created, two representing the

supports of the bending experiment and one representing the indenter (see Figure

4.14). The total setup consisted of the beam and the 3 cylinders, surrounded by a

box representing the outer limits for the simulation without any stabilizing effect

on the specimen.

During this simulation, the indenter was moving with a constant speed of 1 mm/s

into the specimen while the two supporting cylinders remained static. Friction

between the particles or between particles and indenter was not considered. The

most important parameters used in the simulation have been summarized in Table

4.4.

4.3.1.2 Qualitative results

Figure 4.16 shows the load-displacement curve appearing as 5 essentially parallel

branches. After a short start-up phase, the indentation force exhibits an almost

linear increase. At an indentation depth of ∆z = 0, 0018 mm, a drop in inden-

tation force occurs. After a short linear increase with almost the same slope as

before, another drop of the indentation force can be seen. This alternating be-

havior continues until the specimen bends so deep as to touch the bottom of the

simulation box.

Considering an imaginary line connecting the maximum values in Figure 4.16

sections as indicated by the dotted line, reveals that maximum values exhibit a
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Figure 4.14: Initial setup of bending simulation

Figure 4.15: Last contact of indenter and specimen during unloading
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Particles

Number of particles 729

Radius [m] 10−6

Shear modulus [Pa] 9× 1010

Poisson’s ratio 0, 28

Density [kg/m3] 4240

Particle limits none

Particle interactions

Energy density of cohesion [J/m3] 1010

Coeficient of restitution 0, 5

Coefficient of static friction 0, 0001

Coefficient of rolling friction 0, 0001

Indenter

Radius [m] 5× 10−6

Shear modulus [Pa] 1014

Poisson’s ratio 0, 25

Indentation speed [m/s] 0, 001

Table 4.4: Simulation parameters of bending experiment (incomplete)
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Figure 4.16: Indentation force as a function of indentation depth representing

load-displacement behavior of specimen, dotted line: connects force maxima

steady increase while their gradient diminishes with time.

From the visualization of the specimen during simulation one can again observe

two different phases in the course of indentation. During a first elastic phase,

the specimen is bending due to indentation but keeps the initial arrangement

of the particles within the structure. Unloading the specimen during this phase

leads to a repulsion of the deflection and brings the specimen back to its initial

appearance. For indentation depths larger than approximately ∆z = 0, 002 mm,

particles can be observed to relocate within the structure. An unloading in this

plastic phase leaves the specimen with an irreversible deformation which can be

seen in Figure 4.15 showing the last time step of an unloading process where

indenter and specimen are still in contact, the indentation force being almost

zero.

By detailed inspection of this second phase, it turns out that shifts within the

structure can be observed at indentation depths where the load-displacement-

curve shows a drop in force. The first of these shifts which express themselves in

the relocation of particles, can be clearly identified for depths ∆z1 = 0, 0018 mm,

∆z2 = 0, 0022 mm, ∆z3 = 0, 0028 mm and ∆z4 = 0, 0037 mm corresponding to

the step discontinuities in the load-displacement-curve.
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Figure 4.17: Particle arrangement before drop of indentation force (∆z2 =

0, 0022 mm)

Figure 4.18: Particle arrangement after drop of indentation force (∆z =

0, 0023 mm)
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Each of these shifts seems to have their origin in the breakdown of particle bond-

ings at the bottom of the specimen. Figure 4.17 and 4.18 each show a close-up

of the same section of the specimen for ∆z2 = 0, 0022 mm as well as one time

step after, at an indentation of ∆z = 0, 0023 mm, respectively. Between these

two time steps, particles #4, #5 and #6 which are located at the bottom of the

specimen can be observed to move much more than most of the rest of particles.

Since these changes in the structure express themselves dynamically, they are

much easier to identify in moving pictures.

It is interesting that the load-displacement curve sections exhibit an almost per-

fectly parallel and linear increase after each drop of the indentation force. While

the shifts in the structure are irreversible and can therefore be considered to

represent plasticity, the linear increase of indentation force suggests elastic de-

formation. During indentations represented by the individual sections, the force

builds up linearly up to a maximum value where a subsequent relocation of parti-

cles causes a drop of indentation force. Because the cross section of the specimen

stays constant during the whole experiment, this drop in force can be interpreted

as a relaxation of the stresses within the specimen. It almost looks as if stresses

within the structure decay into the region of elastic deformation and then build up

again to reach the threshold value for the initiation of plasticity. The imaginary

line which connects all maximum values of the load-displacement-curve sections

(dotted line in Figure 4.16) may in this context stand for a separation between

the elastic and the plastic domain. Whenever the load exceeds the value of this

line, plasticity occurs.

Most probably, by considering many more and smaller particles in this bending

simulation, the shifts from plasticity would be less substantial. And since the

maximum value for the stresses the particle bonds can withstand would remain

the same, increasing the amount of particles would cause the sequence of maxima

become a continuous load-displacement curve.

Another interesting aspect about this simulation is the fact that the failure was

observed to initiate at the bottom of the specimen where the highest tensile load

occurs. Since the compressive strength of real materials is often lower than its

tensile strength [8], a failure at the bottom of the specimen seems realistic.

This observation reveals an additional favorable aspect of using a cohesive ap-

proach in modeling the polymeric phase of the investigated composite. It shows
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4.3 Bending test applying particle cohesion

that the failure mechanisms in the simulation must be quite similar to failure

mechanisms in real materials. This is a strong argument in favor of using particle

cohesion instead of other contact models.

4.3.1.3 Young’s modulus

According to [14], the Young’s modulus of the simulated material can be cal-

culated from the load-displacement-curve of a 3-point bending experiment as

follows.

Eflex =
l3

4wh3

∆F

∆z
(4.4)

with l being the distance between the two outer supports and w and h the width

and the height of the specimen, respectively. Applying values leads to a modulus

of

Eflex = 2, 9 GPa

This value sometimes is referred to as the flexural modulus of a material since

it was taken from a bending experiment. In many cases, the flexural modulus

corresponds to the Young’s modulus [14]. With the Young’s modulus of the

investigated material being within the range of 15 GPa to 30 GPa, this result

comes near the magnitude of the stiffness of the actual material. In comparison

to previous experiments where values of less than 1.000 Pa have been calculated,

this experiment shows a much more appropriate quantitative behavior.

4.3.1.4 Yield strength

On the basis of the first drop in indentation force during the simulation of plastic

deformation (Figure 4.16), a value for the flexural yield strength of the simulated

material can be derived. According to the Euler-Bernoulli beam theory as pre-

sented e.g. in [36], one can convert the value for the maximum load before the

first drop of the indentation force Fmax,1 to a corresponding tensile stress at the

bottom of the specimen which can be referred to as the flexural yield strength
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4.3 Bending test applying particle cohesion

σy,flex. Applying geometrical considerations leads to a flexural yield strength of

the simulated material of

σy,flex =
3l

2wh
Fmax,1 = 211 MPa

With respect to values for the flexural yield strength taken from real bending

experiments with the investigated composite being within the range 50 MPa <

σy,flex < 100 MPa, the value computed for σy,flex is comparable in magnitude.

4.3.1.5 Ultimate strength

Even though the loads applied during simulation reached significantly high values,

no fracture of the specimen occurred. Expecting the specimen to fail under the

loads applied during simulation, this deficiency of fracture reveals a disadvantage

of the regarded contact model.

A close look at the visualization of the specimen during plastic deformation in

regions of very high load, illustrates the relocation of particles as a tight rolling

over of neighboring particles. Comparing this to real materials, one might argue

that a rolling motion is not very likely to happen in real materials since the grains

and the other substructures involved in plastic deformation are not spherical and

would therefore rarely move in a rotatory fashion.

To explain the occurrence of rolling motions in response to high loads in the

simulation, two interacting particles were analyzed individually. The results of

this two-particle testing are discussed in Section 5.3.
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Chapter 5

Material parameter analysis

As a result of the previous section, linear cohesion simulates the polymeric bonds

between the ceramic particles of the investigated composite in good qualitative

agreement with reality. The next challenge beyond that is to predict the mate-

rial’s behavior also with good quantitative accuracy. This can be achieved by a

careful calibration of the model parameters.

The following section presents different approaches to calibrate the parameters

of the contact model to represent real materials as realistically as possible.

5.1 Parameter selection based on given formu-

las

The contact models implemented in the software EDEM are characterized by

a number of formulas which have been presented in Section 3.2. Equation 3.4

for Hertz-Mindlin contact forces in normal direction as well as Equation 3.18

calculating cohesive forces, allow to draw inferences from the parameters used on

the outcome of the simulation.

The plots in Figure 5.1 and 5.2 show the repulsive force of two interacting ceramic

particles (G = 283 GPa) with a radius of r = 1µm as a function of their overlap

as well as of the energy density of the particle cohesion. The dark surface in

Figure 5.1 indicates the zero plane, i.e. for intersections with this surface neither
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5.1 Parameter selection based on given formulas

Figure 5.1: Force between two interacting particles as a function of their overlap

and the energy density, perspective view

Figure 5.2: Force between two interacting particles as a function of their overlap

and the energy density, view from the top
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5.1 Parameter selection based on given formulas

attractive nor repulsive forces are acting on the particles. In Figure 5.2, the pale

coloring represents part of this surface. From this figure, it can be seen that both

forces reach their equilibrium only for values of the energy density within the

range 109 < γ < 6 × 1010 (line separating the pale area with the area of high

contrast).

The progress in the simulations following the originally instable indentation ex-

periments (Section 4.2) was achieved on grounds of these conclusions. Appropri-

ate choice of the energy density in the bending experiment (Section 4.3) led to

the stable and realistic behavior.

The analytical relationship between the particle overlap and the resulting force for

a given energy density allows some additional conclusions. Plotting the particle

force as a function of the overlap for selected values of the cohesive energy density

(Figure 5.3) shows a minimum of the inter-particle force between the zero overlap

and the equilibrium overlap defined by the intersection with zero force. Since the

considered function is positive for repulsive forces, this minimum represents the

maximum attractive force FUT between two particles which must be exceeded

to separate them. These maximum values of attractive forces can be read as

FUT,1 = 2, 2 × 10−4 N for an energy density of 1010 J/m3 (Figure 5.3, blue line)

and FUT,2 = 2, 7× 10−5 N for an energy density of 5× 109 J/m3 (Figure 5.3, red

line). Taking into account the area of the cross section of the polymeric bridges

Abridge, these maximum forces could be transformed into values for the ultimate

tensile strength of the polymer according to [11] with the following formula.

σUTS,polymer =
FUT

Abridge

(5.1)

A discussion on the dimensions of these simulated polymer bonds is presented in

the following Section 5.2.

Technically, it should be possible to discuss most of the quantitative aspects of two

interacting particles using only analytical resources, deriving e.g. values for the

Young’s modulus or the shear behavior. However, missing a specific description

of the tangential overlap δt for the considered DEM-approach [1] as presented in

Section 3.2.1 prevents calculation of the tangential component of Hertz-Mindlin

contact forces which are necessary for considerations of shear forces.
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5.1 Parameter selection based on given formulas

Figure 5.3: Force between two interacting particles as a function of their overlap,

blue line: energy density of 1010 J/m3, red line: energy density of 5× 109 J/m3

Figure 5.4: Force between two interacting particles as a function of their overlap

for an energy density of 1010 J/m3, blue line: proper calculation, red line: assum-

ing different particle overlap, green line: linear approximation assuming different

overlap
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5.1 Parameter selection based on given formulas

Besides, the following inconsistency was found in the source code of EDEM cal-

culating cohesive forces in normal direction. While in the user manual [1], the

instructions to calculate cohesive forces as presented in Equation 3.18 consider a

linear dependance on the particle’s contact area Acontact, the source code for its

calculation looks as shown in Figure 5.5.

Figure 5.5: Section of the source code of EDEM calculating cohesive particle

forces

The contact area of two overlapping spheres calculates as follows.

Acontact = π(r2
particle − (rparticle −

δn
2

)2) (5.2)

According to the comments in the code (Figure 5.5, all lines starting with ‘//’),

the area of two overlapping particles (Figure 5.5, red text) is calculated assuming

the normal overlap to be twice the actual particle overlap, whereas it turns out

that in the actual code (Figure 5.5, green text) this area is approximated by the

linear term in a Taylor series expansion of that expression. For an energy density

of γ = 1010 J/m3, discrepancies as shown in Figure 5.4 arise from such unlike

calculations of the contact area of two overlapping particles. While the blue line

in this Figure includes the proper calculation of the contact area, the red line

stands for the exact calculation assuming twice the overlap. Approximating the

second calculation by the linear term of a Taylor series expansion, particle forces

get calculated as indicated by the green line in Figure 5.4.

As it turned out later, a number of values resulting from subsequent simula-

tions were actually closer to the calculated values as it could have been expected

from this discrepancy in the calculation of overlapping surfaces. Still, many re-

sults were substantially different from analytical predictions, so considerations

regarding the behavior of two interacting particles were based on the results of

simulation (see Section 5.3) rather than on formulas provided by [1].

50



5.2 Cohesive energy density and the material parameters

5.2 Cohesive energy density and the material

parameters

The discrete element model of the investigated ceramic-polymer composite asso-

ciates the mechanical properties of the ceramic phase with equivalent parameters

of the simulated discrete elements, the particles. The counterparts of the poly-

meric properties are not implemented as straightforward as that. With using

a cohesive approach modeling the polymeric bridges between the ceramic parti-

cles (Figure 1.1), their dimensions are indirectly represented by the mechanical

properties of the cohesive bondings.

The governing parameter of a linear cohesive model is the so-called energy density.

As a linear coefficient in the calculation of the cohesive force (see Equation 3.18),

the energy density has a big impact on the mechanical properties of the simulated

polymeric phase. To get an idea of the significance of the energy density, the flow

chart in Figure 5.6 visualizes the dependencies of this parameter on the main

properties of the polymeric phase.

Relationships portrayed in Figure 5.6 were derived from the following calculation

rules connecting material parameters with the resisting force in material experi-

ments according to [11] (Equation 5.3) and [36] (Equations 5.4 and 5.5) as well

as from Equation 5.1.

Epolymer =
∆Ft

∆z

lbridge
Abridge

(5.3)

Gpolymer =
∆Fs

∆x

lbridge
Abridge

(5.4)

τUSS,polymer =
FUS

Abridge

(5.5)

with lbridge being the length of the polymeric bridge investigated as well as indices

t, T, z and s, S, x standing for tensile and shear, respectively.

The resistances ∆Ft and ∆Fs of the material towards deformation obviously

depend on the strength of particle bondings and therefore, directly on the energy

density in the simulation.
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5.2 Cohesive energy density and the material parameters

Figure 5.6: Relationships of simulated material parameters of the polymeric

bridges with the cohesive energy density γ

The complex entrapment of the energy density obvious from Figure 5.6 will be

illustrated by the following example. A material to be modeled is supposed

to have a particular volume fraction as well as a certain polymer content. As

indicated in the flow chart in Figure 5.6, a given volume fraction results in a

certain distance between particles which sets the length of the polymeric bridges.

From the length of the bridges as well as the given polymer content then follows

the size of the cross-section of the bonds and with that, a complete definition of

the polymeric bridges. And since a particular volume fraction in the simulation

can only be obtained for one value of the energy density, the energy density is

also set. Finally, it can be seen in Figure 5.6 that with given values for energy

density, volume fraction and polymer content, all mechanical properties of the

polymeric bonds are set.

The condition that strong bonds between particles correspond to strong mechan-
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5.2 Cohesive energy density and the material parameters

ical properties of a material seems generally realistic. But to simulate composite

materials containing polymers with very specific properties, parameters have to

be calibrated individually for accurate values of every mechanical property.

Figure 5.7: Possible ways to calibrate the simulated material parameters of the

polymeric bridges considering a constant energy density γ

Young’s modulus A possible configuration for such parameter calibration is

shown in Figure 5.7. Assuming a constant relation between the energy density γ

and the Young’s modulus Epolymer, the other parameters could be calibrated in

the way presented here.

Volume fraction During their creation, particles arrange themselves depend-

ing on the energy density. As it was shown in previous simulations (Section

4.2), an energy density of γ = 104 J/m3 leads to a relatively dense packing with

a volume fraction close to the highest possible packing of randomly distributed
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5.2 Cohesive energy density and the material parameters

particles of νmax ≈ 64% [25]. Applying such a relatively low energy density,

particles almost seem to interact as if they were a fluid filling out the available

space quite efficiently. A higher energy density applied during particle creation

results in a smaller volume fraction. In that case, particles are interacting less

flexibly which leads to a less efficient utilization of the space available. Changing

the energy density once particles have been created keeps them at their relative

positions and only increases the volume fraction moderately by contracting the

specimen as a whole.

Shear modulus The representation of shear stresses in the simulation is the

resisting force between two particles moving past each other in tangential direc-

tion. Varying the static friction between the particles should lead to a variation

of the resisting forces without changing the energy density.

Ultimate tensile strength Assuming a linear elastic behavior, the ultimate

tensile strength of polymeric bonds could be varied by changing the radius rele-

vant for the cohesive force calculation. If e.g. the ultimate strength results to be

too high, the radius in the calculation of cohesive forces could be lowered so that

bonds would fail at shorter particle spacings. This type of adjustment can only

be realized by modifying the source code of the contact model as implemented in

the software EDEM. Since other contact models are using the concept of contact

radii as presented in Section 3.2.1, the interface for such a parameter is available

and can be adapted.

Ultimate shear strength Since in real materials, Young’s modulus, shear

modulus, ultimate tensile strength and ultimate shear strength are not inde-

pendent, the combination of varying the radii as well as the friction should be

sufficient to achieve proper shear strength in the simulation as well.

Functionality of parameter adjustment While the presented method to

achieve a certain volume fraction has been tested successfully during simulations

in Chapter 4, suggested procedures to archive the correct Young’s modulus as

well as a proper shear bahavior are being investigated in Section 5.3.1 and 5.3.2,

respectively. Adjusting the ultimate tensile strength by a modification of the
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5.3 Analysis of cohesive bonds by simulation

source code is based on theoretical considerations and has not been tested within

this work.

5.3 Analysis of cohesive bonds by simulation

A straight forward method to evaluate quantitatively the relationship between

the input parameters and the resulting properties of the particle bondings, is to

simulate the interaction of two particles only. With that, well-founded assump-

tions about the behavior of simulated particle bondings can be made without a

complete knowledge of the algorithm realized in the source code.

In view of an optimum strategy of the computational performance, a template

for an automated simulation of the load-displacement behavior due to diverse

particle bondings was created. With this template, several parameter constella-

tions could be tested simultaneously on different computers without the need of

time-consuming simulations for each set of parameters successively.

5.3.1 Derivation of normal parameters

To derive values for the Young’s modulus and the ultimate tensile strength of the

polymeric bonds, two particles were pulled apart in normal direction while the

resistive force was being measured.

5.3.1.1 Simulation setup

After generation, particles were guided through funnels of varying diameters (Fig-

ure 5.8) until their position was right on top of each other (Figure 5.9). Next,

eight angled clamps moved inwards fitting each particle tightly. During the subse-

quent up-movement of the four clamps holding the upper particle (Figure 5.10),

the resisting force was measured until the particles were completely separated

(Figure 5.11). Precisely, the z-component of the contact force between the upper

particle with each of the four upper clamps (W5, W6, W7 & W8 - see Figure

5.12) was exported resulting in the resisting force of the bonding.

The simulations described in this section have been performed with particles
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5.3 Analysis of cohesive bonds by simulation

Figure 5.8: Generation of particles for 2-particle testing

having elastic properties of a TiO2-ceramic (G = 2, 83×1011 Pa) while the energy

density of the cohesion was varied. Some important parameters of the simulation

are given by Table 5.1.

5.3.1.2 Results

Figures 5.13, 5.14 and 5.15 show the results for the load-displacement behav-

ior of two departing particles applying three different energy densities (γt,1 =

109 [J/m3], γt,2 = 5 × 109 [J/m3], γt,3 = 1010 [J/m3]). Form all three curves, a

similar qualitative behavior can be observed. After a short start-up phase, an

almost linear increase of the inter-particle force finally leads to a failure of the

particle bonding, right after the force gradient has slightly decreased.

Quantitatively, the trend of each load-displacement curve allows to draw values

for the stiffness of the polymeric bridges Spolymer = ∆Ft

∆z
as well as the maxi-

mum force FUT before breakage. These read: Spolymer,1 = 338 N/m, Spolymer,2 =
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5.3 Analysis of cohesive bonds by simulation

Figure 5.9: Step 1: arranging particles on top of each other

Figure 5.10: Step 2: applying tensile load by moving the upper clamps

Figure 5.11: Step 3: failure of the particle bonding due to tensile load
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5.3 Analysis of cohesive bonds by simulation

Figure 5.12: Designation of clamps in the setup for 2-particle testing

Particles

Number of particles 2

Radius [m] 10−6

Shear modulus [Pa] 2, 83× 1011

Poisson’s ratio 0, 28

Density [kg/m3] 4240

Particle limits none

Particle interactions

Energy density of cohesion [J/m3] 109 & 5× 109 & 1010

Coeficient of restitution 0, 0001

Coefficient of static friction 0, 0001

Coefficient of rolling friction 0, 0001

Various

Particle separation [m/s] 0, 0001

Table 5.1: Simulation parameters of tensile experiment with two particles (in-

complete)
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5.3 Analysis of cohesive bonds by simulation

Figure 5.13: Resisting force of particle bonding as a funtion of particle displace-

ment representing load-displacement behavior of the polymeric bridge under ten-

sile load, energy density: γt,1 = 109 [J/m3], red line indicates the region considered

for elastic analysis

Figure 5.14: Resisting force of particle bonding as a funtion of particle displace-

ment representing load-displacement behavior of the polymeric bridge under ten-

sile load, energy density: γt,2 = 5 × 109 [J/m3], red line indicates the region

considered for elastic analysis
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5.3 Analysis of cohesive bonds by simulation

Figure 5.15: Resisting force of particle bonding as a funtion of particle displace-

ment representing load-displacement behavior of the polymeric bridge under ten-

sile load, energy density: γt,3 = 1010 [J/m3], red line indicates the region consid-

ered for elastic analysis

1670 N/m, Spolymer,3 = 3361 N/m, FUT,1 = 2, 69 × 10−7 N, FUT,2 = 3, 3 × 10−5 N

and FUT,3 = 2, 68× 10−4 N, respectively.

Using Equations 5.3 and 5.1, these values obtained for Spolymer and FUT can

be transformed into material parameters of the polymeric bridges. Assuming

exemplary polymeric bridges with a diameter of about the particle radius and

a length of 10% of the radius of the particles, one can calculate values for the

Young’s modulus (Equation 5.3) as well as the tensile strength (Equation 5.1) of

the simulated bridges.

Epolymer,1 = 43 MPa

Epolymer,2 = 213 MPa

Epolymer,3 = 428 MPa

σUTS,polymer,1 = 0, 34 MPa

σUTS,polymer,2 = 42 MPa

σUTS,polymer,3 = 341 MPa
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5.3 Analysis of cohesive bonds by simulation

The resulting values for Young’s modulus are between one half and two orders of

magnitude lower than for real polymers. However, these values indicate that the

Young’s modulus of the simulated polymer in the bondings is easily adjustable by

varying the energy density γ of the cohesion. Larger γ values should correspond

with higher values for Young’s modulus. It is therefore possible to consider larger

values of γ in order to obtain a specific computed value for Youngs modulus for

any polymer used in the composite.

The values for the ultimate tensile strength extracted from the simulation are

within a reasonable range in comparison to the tensile strength of real polymers.

To adjust this parameter for a particular polymer especially when considering

other values of the energy density than the ones computed, methods presented

in Section 5.2 can be considered.

5.3.2 Derivation of shear parameters

To obtain values for the shear modulus and the ultimate shear strength of the

polymeric bonds, two particles were pulled apart in tangential direction while the

resistive force was being measured.

5.3.2.1 Simulation setup

Shear simulations were started analogous to the derivation of normal parameters,

except in this case, the up movement of the top particle was stopped when first

changes of the resisting force were detected. At this time (t = 0.01555 s, ∆z = 0,

∆x = 0), the two particles were under minimum tension and were held fixed

(Figure 5.16).

Instead of moving further up, the four top clamps W5, W6, W7 & W8 forced the

upper particle to make a transverse movement in positive x-direction (Figure 5.17)

until a failure of the bonding occurred (Figure 5.18). To prevent the particles

from responding to the transversal load by rotation, the rotation of particles was

capped. In parallel, the load-displacement curve was being recorded by exporting

the x-component of the contact force between the upper particle and clamp W8

being the only one pushing on the particle. The simulations described in this

section have been performed with a cohesive energy density of γ = 5× 109 J/m3
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5.3 Analysis of cohesive bonds by simulation

Figure 5.16: Step 1: particles clamped under minimum tension

Figure 5.17: Step 2: applying shear load by moving the upper clamps horizontally

Figure 5.18: Step 3: failure of the particle bonding
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5.3 Analysis of cohesive bonds by simulation

Particles

Number of particles 2

Radius [m] 10−6

Shear modulus [Pa] 2, 83× 1011

Poisson’s ratio 0, 28

Density [kg/m3] 4240

Particle limits Rotation capped

Particle interactions

Energy density of cohesion [J/m3] 5× 109

Coeficient of restitution 0, 0001

Coefficient of static friction 0, 0001 & 0,2 & 0,4 & 0,6

Coefficient of rolling friction 0, 0001

Various

Particle separation [m/s] 0, 0001

Table 5.2: Simulation parameters of shear experiment with two particles (incom-

plete)

while the static friction between the particles was varied. Table 5.2 gives an

overwiev of the main parameters used.

5.3.2.2 Results

Figure 5.19 shows the tangential force between the two particles as a function

of time, i.e., their tangential displacement. The red line represents the response

due to transverse movement without considering any friction between the par-

ticles while a coefficient of static friction of µ2 = 0, 2, µ3 = 0, 4 and µ4 = 0, 6

was considered represented by the blue line, the purple line and the orange line,

respectively. For small tangential displacements, a linear increase of the resist-

ing force can be observed for all simulations where particle friction had been

applied. The amount of linear increase proves to be the same in all three cases

involving non-zero friction. In the range of moderate tangential displacements

(0, 0075µm < ∆x < 0, 1µm) an almost constant force can be observed while with

increasing displacement, the tangential force in all cases converged to a value of

about 6× 10−5 N after which particle separation was observed.
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5.3 Analysis of cohesive bonds by simulation

Figure 5.19: Resisting force of particle bonding in x-direction as a funtion of

tangential displacement representing load-displacement behavior of the polymeric

bridge under shear load, red: no friction between particles, coefficient of static

friction of 0, 2 (blue), 0, 4 (purple) and 0, 6 (orange)

For small as well as for moderate tangential displacements (∆x < 0, 1µm), it may

be neglected that particles were actually diverging from each other during this

shear experiment. However, for displacements larger than ∆x = 0, 2µm, signifi-

cant changes in the distance between the centers of the particles were measured.

This leads to the assumption that the reactive force for tangential displacements

∆x > 0, 2µm may not be considered to be due to shear only but also implies

components caused by particle separation in normal direction. This assump-

tion was supported by measurements of the vertical components of the contact

force, taken between the upper particle and the clamps. These measurements

have shown the characteristic tensile stress-strain behavior of the particle bond-

ing which was presented in the previous chapter. And they also showed that the

failure of the bonds which was observed to happen for a tangential force of about

6 × 10−5 N for any value of friction (see Figure 5.19) corresponds to the value

of the maximum tensile force FUT,2 = 3, 3 × 10−5 N in normal direction. As a

consequence, the obtained values for the tangential force considering a friction

coefficient of µ1 = 0 (red line) did not result from shear forces at the particle con-
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5.3 Analysis of cohesive bonds by simulation

tact, and therefore represent the influence of the normal displacement of particles

on the simulation.

Computation of the ultimate shear strength from the value of the particle force

close to the breakage FS = 6 × 10−5 N is not justified considering the fact that

the failure of the bonding resulted from reaching the maximum tensile strength

of the bond. On the other hand, the almost constant force for moderate displace-

ments can be transformed into a value for the shear strength of the simulated

polymer. This value represents the resistance of the simulated polymeric bridges

to transverse movement keeping in mind that for coefficients of friction lower

than µ < 0, 4, a force higher than the calculated shear strength would have to

be applied to actually separate the particles. The resulting values for the shear

strength of the polymer are given by

τUSS,polymer,1 = 0, 1 MPa

τUSS,polymer,2 = 53 MPa

τUSS,polymer,3 = 97 MPa

τUSS,polymer,4 = 135 MPa

for coefficients of friction of µ1 = 0, µ2 = 0, 2, µ3 = 0, 4 and µ4 = 0, 6, respectively.

These values indicate that by varying the particle friction, the resulting shear

strenght of the simulated bondings is easily adjustable.

Regarding the shear stiffness, the initial linear increase of the load-displacement

curves allows to derive a value for the shear modulus of the simulated poly-

meric bridges. With Equation 5.4 and the assumption of exemplary polymeric

bridges with a length lbridge = 1/10rparticle and a cross sectional area Abridge =

π(1/2rparticle)
2 as used in the previous section, a shear modulus of Gpolymer,all =

2 GPa is calculated for the simulated polymer in the bonds. This value is 10

times the value for the Young’s modulus Epolymer,2 = 213 MPa calculated in

Section 5.3.1 on the basis of the same energy density (γ = 5 × 109 J/m3). In

comparison to that, a polymer with a typical Poisson’s ratio of ν = 0, 35 has a

shear modulus which is nearly a third of its Young’s modulus. Referring to Sec-

tion 5.2 it was anticipated that elastic properties as defined by Young’s modulus

E, and shear properties as defined by the shear modulus G could be controlled

by varying particle friction so as to enable a realistic relation. The actual result
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5.3 Analysis of cohesive bonds by simulation

shows that changing the friction between particles does not have an effect on the

shear modulus of the simulated polymer.

While a change of particle friction does not affect the shear modulus of the

particle bonding, a change of the energy density and a subsequent variation of

the equilibrium overlap would most likely have an influence on the shear modulus.

This assumption is supported by Equation 3.7 which expresses the dependency

of the tangential contact force FHM,t of two particles on their normal overlap δn.

But to be able to adjust the simulation parameters to a particular polymer with

a defined ratio between Young’s modulus and shear modulus, a new approach

will have to be considered. This problem will be discussed in chapter 7.
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Chapter 6

Conclusions

Ceramic-polymer composites under different load conditions have been analyzed

numerically using Discrete Element Modeling. Two variants of particle attrac-

tion, rigid bonds and cohesion, have been investigated in terms of their per-

formance to model reality. As a result, a cohesive DEM-approach to simulate

particle-reinforced composites has been proposed. Based on the principles of the

computational chemistry (Chapter 2), a numerical model has been developed,

simulating the polymeric phase between the ceramic particles of a TiO2-PMMA

composite by linear cohesion.

Simulations representing indentation experiments as well as bending experiments

presented in Sections 4.2 and 4.3 have shown a clear distinction between elastic

and plastic material responses separated by a well-defined transition point. This

could be inferred from the load-displacement curve on the one hand, and a visu-

alization of particle structure on the other hand. For small penetration depths,

load-displacement curves showed an almost linear increase of the indentation force

which corresponds to the elastic stress-strain behavior of most materials. Inspect-

ing the simulated material revealed that the arrangement of particles within the

structure remained unchanged within this range of indentation depths. By defi-

nition, elasticity does not result in lasting deformations, therefore, the model is

considered appropriate for this region. At larger indentation depths, the load-

displacement curves exhibited a trend towards a plateau. This characteristic be-

havior represents well the load-displacement behavior of materials during plastic

deformation. By inspecting the simulated specimens within this range, particles
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could be observed to have relocated within the structure, analogous to the dislo-

cation movement being the mechanism responsible for plastic deformation of real

materials. Additionally, the bending experiment in Seciton 4.3 showed a tensile

failure of the particle bondings prior to compressive failure which is characteristic

for most real materials as well. On the basis of such realistic differentiation be-

tween elastic and plastic behavior obvious from the load displacement-behavior

as well as the associated structural mechanisms, the proposed DEM-approach is

suitable for the simulation of elastic-plastic materials from a qualitative point of

view.

To investigate the model capability of predicting material behavior also with

quantitative accuracy, simulations with two particles presented in Section 5.3

have been calibrated with respect to the polymer used. Tensile as well as shear

experiments were run to establish the effect of changing certain parameters on the

simulated mechanical properties of the polymer. It was shown by tensile experi-

ments in Section 5.3.1 that values for the Young’s modulus as well as the tensile

strength of the polymer are relatively easy to calibrate. Shear experiments in

Section 5.3.2 showed a similar easy way for the implementation of a proper shear

strength but revealed unwanted particle rotation on one hand and difficulties in

calibrating the model with respect to the shear modulus of the polymer, on the

other hand. These problems of the proposed model have to be solved yet.
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Chapter 7

Recommendations

Qualitatively and, to a limited extent, also quantitatively, the suitability of a

cohesive DEM-approach modeling TiO2-PMMA composites has been demon-

strated. Some modifications will have to be made for a more accurate prediction

of the quantitative behavior of real materials. To examine the quantitative per-

formance, a composite of known material properties will have to be compared

with simulation results e.g. as suggested in the following.

From the volume fraction of ceramic particles in the composite as well as its

polymer content, approximate dimensions of the polymeric bridges connecting

the ceramic particles will have to be derived. These are needed to assign material

properties to the forces taken from simulations as presented in Section 5.2.

The values calculated for the normal stiffness Epolymer of the polymer in the bonds

were too low (Section 5.3) for different values of the energy density γ. Since a

strong dependency of Epolymer on γ was observed, the energy density should be

raised until a proper value for Epolymer results from two-particle simulations as

performed in Section 5.3. This may lead to long computation times and from

own experience with the software EDEM, simulations will also crash more likely.

From increasing the energy density, a subsequent increase of the ultime shear

strength σUTS is expected, most probably exceeding reasonable values for σUTS

(Section 5.3). The DEM algorithm should be modified by implementing a special

radius rcohesion for the calculation of cohesive forces only and of a smaller size than

the particle radius. As a result, a proper tensile strength of particle bondings will
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most probably be reached without affecting their Young’s modulus.

Computations have shown that the coefficient of static friction µ can be varied

so that the shear strength τUSS of the simulated polymeric bridges will reach an

adequate value.

Concerning the shear modulus, it is proposed to introduce a scaling factor which

could lead to reasonable results. As discovered in Section 5.3, the shear mod-

ulus associated with the polymer cannot be calibrated by changing the particle

friction. To circumvent this problem, the calculation of the tangential forces

(Equation 3.7) may be multiplied by a scaling parameter representing the dis-

crepancy of the calculated and the desired shear modulus. The ultimate shear

strength should not be affected by that as indicated by Equation 3.8.

As a further modification, it needs to be assured that the rotation of particles is

limited to a minimum since spherical particles are only a rough approximation

of the actual ceramic particles in the composite which certainly do not rotate

strongly. Setting the value for rolling friction to a maximum, as well as consid-

ering non-spherical particles (as possible with the software EDEM) could inhibit

an unphysical rotation of particles appropriately.

Appropriate implementation of the above considerations are expected to lead to

model improvements, which could be verified e.g. by a bending experiment (as

performed in Section 4.3). With that, being able to accurately predict the be-

havior of particle-reinforced composites, using a cohesive Discrete Element Model

could simplify the research on particle-reinforces composites as well as hierarchic

materials.
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[39] B. Szabó and I. Babuska. Introduction to finite element analysis, 1989.

[40] D. Tabor. The hardness of metals. Oxford University Press, 1951.

[41] C. Thornton and Z. Ning. A theoretical model for the stick/bounce behaviour

of adhesive, elastic-plastic spheres. Powder technology, 99(2):154–162, 1998.

[42] M. Wautelet. Scaling laws in the macro-, micro-and nanoworlds. European

Journal of Physics, 22:601, 2001.

[43] M. F. H. Wolff, V. Salikov, S. Antonyuk, S. Heinrich, K. Brandt, and G. A.

Schneider. Granulation of hierarchically structured ceramic/polymer com-

posites in a spouted bed apparatus. In Proceedings of 5th International

Granulation Workshop Lausanne, 2011.

[44] M. F. H. Wolff, V. Salikov, S. Antonyuk, S. Heinrich, V. A. Kuzkin, and G. A.

Schneider. Discrete element modelling of ceramic/polymer composites. In

Proc. of XXX Summer School.

75



Appendix A

Simulation parameters



Particle to Particle (tiO2 : tiO2): Hertz-Mindlin with bonding built-in

Start Time [s] 0.101

Normal Stiffness [N/m] 100000

Shear Stiffness [N/m] 100000

Critical Normal Stress [Pa] 100000

Critical Shear Stress [Pa] 100000

Bonded Disk Radius [m] 5,00E-05

Gravity:

X [m/s^2] 0

Y [m/s^2] 0

Z [m/s^2] -100

Materials: tiO2

Poisson's Ratio 0.28

Shear Modulus [Pa] 9,00E+10

Density [kg/m^3] 4240

Material Interactions: tiO2 : tiO2

Coeficient of Restitution 0.01

Coefficient of Static Friction 0.0001

Coefficient ofRolling Friction 0.0001

Name surface 0

Radius [m] 0.0001

Contact Radius [m] 0.00013

Particle Limits: none

Name New Section 0

Description Box for Simulation

Type Box

Material tiO2

Center X [m] 0.49995

Center Y [m] 0.49995

Center Z [m] 0.5

Dimension in X [m] 0.00383

Dimension in Y [m] 0.00383

Dimension in Z [m] 0.00388

Dynamics: 0

Name New Section 1

Description Indenter

Type Cylinder

Material tiO2

Radius Start [m] 0.0005 (closed)

Radius End [m] 0.0005 (closed)

Start Point X [m] 0.4975

Start Point Y [m] 0.5

Start Point Z [m] 0.5005

End Point X [m] 0.5025

End Point Y [m] 0.5

End Point Z [m] 0.5005

Dynamics: 2

Name New Dynamic 0

Description Indenter pushing in

Type Linear Translation

Start Time [s] 0.1015

End Time [s] 0.11

Indentation of Cubic Crystalline Structure
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GEOMETRY
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Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] (-0.05)

Name New Dynamic 1

Description Indenter backing out

Type Linear Translation

Start Time [s] 0.11

End Time [s] 10

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.3

Simulation Domain: Auto Update from Geometry

Name New Factory 1

Type static

Attribute Fill Section

Start Time [s] 1,00E-12

Max Attempts to Place Particles 20

Parameters:

Section New Section 0

Position bcc

Position Seperation in X [m] 0.00022

Position Seperation in Y [m] 0.00022

Position Seperation in Z [m] 0.00022

Fixed Time Step [% of Rayleigh TS] 1.4e3 % of 7.39e-08 s

Fixed Time Step [s] 1,00E-06

Target Safe Intervall 0.01

t = 1e-5 after particle creation, fcc crystalline

Number of Particles 2457

Volume Fraction ca. 25 %

t = 0.11841 after sagging, cubic crystalline

Number of Particles 2457

Volume Fraction ca. 50 %

t = 0.11841 end of simulation

Number of Particles 2457

Volume Fraction ca. 70 %

SIMULATOR

ANALYST
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Particle to Particle (tiO2 : tiO2): Linear Cohesion

Energy Density 10000

Gravity:

X [m/s^2] 0

Y [m/s^2] 0

Z [m/s^2] (-9.81)

Materials:

tiO2

Poisson's Ratio 0.28

Shear Modulus [Pa] 9,00E+07

Density [kg/m^3] 4240

Material Interactions:

tiO2 : tiO2 (t < 0.27s)

Coeficient of Restitution 0.01

Coefficient of Static Friction 0.0001

Coefficient ofRolling Friction 0.0001

tiO2 : tiO2 (t > 0.27s)

Coeficient of Restitution 0.01

Coefficient of Static Friction 0.2

Coefficient ofRolling Friction 0.1

Name surface 0

Radius [m] 0.0001

Particle Limits: none

Name Box

Description Box for Simulation

Type Box

Material virtual

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.5

Dimension in X [m] 0.015

Dimension in Y [m] 0.001

Dimension in Z [m] 0.006

Dynamics: 0

Name Bottom

Description Bottom of Simulation Box

Type Polygon

Material tiO2

Number of Edges 4

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.497

Rotation in X [rad] 0

Rotation in Y [rad] 0

Rotation in Z [rad] 0

Dimension Side 1 [m] 0.015

Dimension Side 2[m] 0.001

Dynamics: 0

Name press

Description flat geometry to produce even surface

Type Polygon

Indentation Experiment with 10.000 Particles

PARTICLES
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Material tiO2

Number of Edges 4

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.50135

Rotation in X [rad] 0

Rotation in Y [rad] 0

Rotation in Z [rad] 0

Dimension Side 1 [m] 0.015

Dimension Side 2[m] 0.001

Dynamics: 2

Name New Dynamic 0

Description Geometry pressing onto surface

Type Linear Translation

Start Time [s] 0.25

End Time [s] 0.266

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] (-0.01)

Name New Dynamic 1

Description Geometry backing out

Type Linear Translation

Start Time [s] 0.266

End Time [s] 0.27

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.05

Name Indenter

Description Indenter

Type Cylinder

Material tiO2

Radius Start [m] 0.002 (closed)

Radius End [m] 0.002 (closed)

Start Point X [m] 0.5

Start Point Y [m] 0.4995

Start Point Z [m] 0.5035

End Point X [m] 0.5

End Point Y [m] 0.5005

End Point Z [m] 0.5035

Dynamics: 2

Name New Dynamic 0

Description Indenter pushing in

Type Linear Translation

Start Time [s] 0.3

End Time [s] 0.4

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] (-0.008)

Name New Dynamic 1

Description Indenter backing out

Type Linear Translation

Start Time [s] 0.4

End Time [s] 0.42

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.04

Simulation Domain: Auto Update from Geometry

Name New Factory 1

Type dynamic
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Attribute Total Number of Particles

Number of Particles 10000

Generation Rate Target Number (per second)

Target Number (per second) 50000

Start Time [s] 1,00E-12

Max Attempts to Place Particles 20

Parameters:

Section Box

Fixed Time Step [% of Rayleigh TS] 43 % of 2.34e-06 s

Fixed Time Step [s] 1,00E-06

Target Safe Intervall 0.005

0.33 before indentation

Number of Particles 9851

Volume Fraction ca. 64 %

t = 0.399 end of indentation

Number of Particles 9849

Volume Fraction ca. 62 %
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Particle to Particle (tiO2 : tiO2): Linear Cohesion

Energy Density 10000

Gravity:

X [m/s^2] 0

Y [m/s^2] 0

Z [m/s^2] (-9.81)

Materials:

tiO2

Poisson's Ratio 0.28

Shear Modulus [Pa] 9,00E+07

Density [kg/m^3] 4240

Material Interactions:

tiO2 : tiO2 (t < 0.35s)

Coeficient of Restitution 0.01

Coefficient of Static Friction 0.0001

Coefficient ofRolling Friction 0.0001

tiO2 : tiO2 (t > 0.35s)

Coeficient of Restitution 0.01

Coefficient of Static Friction 0.2

Coefficient ofRolling Friction 0.1

Name surface 0

Radius [m] 0.0001

Particle Limits: none

Name Box

Description Box for Simulation

Type Box

Material virtual

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.5

Dimension in X [m] 0.03

Dimension in Y [m] 0.001

Dimension in Z [m] 0.012

Dynamics: 0

Name Bottom

Description Bottom of Simulation Box

Type Polygon

Material tiO2

Number of Edges 4

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.494

Rotation in X [rad] 0

Rotation in Y [rad] 0

Rotation in Z [rad] 0

Dimension Side 1 [m] 0.03

Dimension Side 2[m] 0.001

Dynamics: 0

Name plattmacher

Description flat geometry to produce even surface

Type Polygon

Indentation Experiment with 40.000 Particles

PARTICLES

GLOBALS

GEOMETRY

1 / 3

Parameters of Indentation Experiment with 40.000 Particles



Material tiO2

Number of Edges 4

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.5026

Rotation in X [rad] 0

Rotation in Y [rad] 0

Rotation in Z [rad] 0

Dimension Side 1 [m] 0.03

Dimension Side 2[m] 0.001

Dynamics: 2

Name New Dynamic 2

Description Geometry pressing onto surface

Type Linear Translation

Start Time [s] 0.3

End Time [s] 0.306

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] (-0.07)

Name New Dynamic 3

Description Geometry backing out

Type Linear Rotation

Start Time [s] 0.306

End Time [s] 0.35

Speed in X [rad/s] 0

Speed in Y [rad/s] 0

Speed in Z [rad/s] 0.07

Name New Section 2

Description Indenter

Type Cylinder

Material tiO2

Radius Start [m] 0.003 (closed)

Radius End [m] 0.003 (closed)

Start Point X [m] 0.5

Start Point Y [m] 0.4995

Start Point Z [m] 0.5054

End Point X [m] 0.5

End Point Y [m] 0.5005

End Point Z [m] 0.5054

Dynamics: 2

Name New Dynamic 0

Description Indenter pushing in

Type Linear Translation

Start Time [s] 0.35

End Time [s] 0.45

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] (-0.008)

Name New Dynamic 1

Description Indenter backing out

Type Linear Translation

Start Time [s] 0.45

End Time [s] 0.46

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.08

Simulation Domain: Auto Update from Geometry

Name New Factory 1

Type dynamic

FACTORIES
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Attribute Total Number of Particles

Number of Particles 40000

Generation Rate Target Number (per second)

Target Number (per second) 200000

Start Time [s] 1,00E-12

Max Attempts to Place Particles 20

Parameters:

Section Box

Fixed Time Step [% of Rayleigh TS] 43 % of 2.34e-06 s

Fixed Time Step [s] 1,00E-06

Target Safe Intervall 0.01

0.36 before indentation

Number of Particles 38211

Volume Fraction ca. 64 %

t = 0.45 end of indentation

Number of Particles 38197

Volume Fraction ca. 63 %
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Particle to Particle (tiO2 : tiO2): Linear Cohesion

Energy Density (t < 0.00666319 s) 1,00E+06

Energy Density (t = 0.00666319 s) 2,00E+08

Energy Density (t = 0.0067087 s) 2,00E+09

Energy Density (t > 0.00694428 s) 1,00E+10

Gravity:

X [m/s^2] (t < 0.00836316 s) (-9.81)

Y [m/s^2] (t < 0.00836316 s) 0

Z [m/s^2] (t < 0.00836316 s) 0

X [m/s^2] (t > 0.00836316 s) 0

Y [m/s^2] (t > 0.00836316 s) 0

Z [m/s^2] (t > 0.00836316 s) (-9.81)

Materials:

tiO2

Poisson's Ratio 0.28

Shear Modulus [Pa] 9,00E+10

Density [kg/m^3] 4240

verystiff

Poisson's Ratio 0.25

Shear Modulus [Pa] 1,00E+14

Density [kg/m^3] 1,00E+04

Material Interactions:

tiO2 : tiO2

Coeficient of Restitution 0.5

Coefficient of Static Friction 0.0001

Coefficient ofRolling Friction 0.0001

tiO2 : verystiff

Coeficient of Restitution 0.5

Coefficient of Static Friction 0.0001

Coefficient ofRolling Friction 0.0001

Name klein1

Radius [m] 0.000001

Particle Limits: none

Name New Section 0 (t < 0.00836316 s)

Description Box for Creation of Specimen

Type Box

Material verystiff

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.5

Dimension in X [m] 5,00E-05

Dimension in Y [m] 1,00E-05

Dimension in Z [m] 1,00E-05

Dynamics: 0

Name New Section 4 (t > 0.00836316 s)

Description Box for Simulation

Type Box

Material verystiff

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.5

Dimension in X [m] 5,20E-05

Bending Test
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Dimension in Y [m] 2,00E-05

Dimension in Z [m] 3,00E-05

Dynamics: 0

Name New Section 2 (t > 0.00836316 s)

Description Bottom Support #1

Type Cylinder

Material verystiff

Radius Start [m] 5e-6 (closed)

Radius End [m] 5e-6 (closed)

Start Point X [m] 0.500017

Start Point Y [m] 0.49999

Start Point Z [m] 0.49999

End Point X [m] 0.500017

End Point Y [m] 0.50001

End Point Z [m] 0.49999

Dynamics: 0

Name New Section 3 (t > 0.00836316 s)

Description Bottom Support #2

Type Cylinder

Material verystiff

Radius Start [m] 5e-6 (closed)

Radius End [m] 5e-6 (closed)

Start Point X [m] 0.499983

Start Point Y [m] 0.49999

Start Point Z [m] 0.49999

End Point X [m] 0.499983

End Point Y [m] 0.50001

End Point Z [m] 0.49999

Dynamics: 0

Name New Section 1

Description Indenter

Type Cylinder

Material verystiff

Radius Start [m] 5e-6 (closed)

Radius End [m] 5e-6 (closed)

Start Point X [m] 0.5

Start Point Y [m] 0.49999

Start Point Z [m] 0.50001

End Point X [m] 0.5

End Point Y [m] 0.50001

End Point Z [m] 0.50001

Dynamics: 2

Name New Dynamic 0

Description Indenter pushing in

Type Linear Translation

Start Time [s] 0.0084

End Time [s] 0.015

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] (-0.001)

Name New Dynamic 1

Description Indenter backing out

Type Linear Translation

Start Time [s] 0.016

End Time [s] 0.03

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.001

Simulation Domain: Auto Update from Geometry
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Name New Factory 1

Type dynamic

Attribute Total Number of Particles

Number of Particles 1000

Generation Rate Target Number (per second)

Target Number (per second) 100000

Start Time [s] 1,00E-12

Max Attempts to Place Particles 200

Parameters:

Section New Section 0

Fixed Time Step [% of Rayleigh TS] 30 % of 2.34e-06 s

Fixed Time Step [s] 2.22e-10

Target Safe Intervall 0.0001

t = 0.00694428 ED=2e9, factory still on

Number of Particles 627

Volume Fraction ca. 62 %

t > 0.008 ED=1e10, factory still on

Number of Particles 729

Volume Fraction almost 100 % (101 % calculated)

SIMULATOR

ANALYST

FACTORIES
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Particle to Particle (tiO2 : tiO2): Linear Cohesion

Energy Density 1e9 ; 5e9 ; 1e10

Gravity:

X [m/s^2] 0

Y [m/s^2] 0

Z [m/s^2] (-50)

Materials:

tiO2

Poisson's Ratio 0.28

Shear Modulus [Pa] 2.83e11

Density [kg/m^3] 4240

clamps' material

Poisson's Ratio 0.25

Shear Modulus [Pa] 1,00E+14

Density [kg/m^3] 1000

standard wall

Poisson's Ratio 0.25

Shear Modulus [Pa] 1,00E+06

Density [kg/m^3] 1000

Material Interactions:

all

Coeficient of Restitution 0.0001

Coefficient of Static Friction 0.0001

Coefficient ofRolling Friction 0.0001

Name surface 0

Radius [m] 0.000001

Particle Limits: none

Name BigBox

Description Box for Simulation

Type Box

Material standard wall

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.5

Dimension in X [m] 1,00E-05

Dimension in Y [m] 1,00E-05

Dimension in Z [m] 2,6 e-5

Dynamics: 0

Name Fangtrichter

Description upper funnel to channel particles

Type Cylinder

Material standard wall

Radius Start [m] 0,000004 (closed)

Radius End [m] 0,0000015 (closed)

Start Point X [m] 0.5

Start Point Y [m] 0.5

Start Point Z [m] 0.500004

End Point X [m] 0.5

End Point Y [m] 0.5

End Point Z [m] 0.5

2-Particle Tensile Experiment

GLOBALS

PARTICLES

GEOMETRY
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Dynamics: 0

Name Kanaltrichter

Description middle funnel to line up particles

Type Cylinder

Material standard wall

Radius Start [m] 0,0000015 (closed)

Radius End [m] 0,00000101 (closed)

Start Point X [m] 0.5

Start Point Y [m] 0.5

Start Point Z [m] 0.5

End Point X [m] 0.5

End Point Y [m] 0.5

End Point Z [m] 0.499993

Dynamics: 0

Name Halterohr

Description lower funnel keeping part in position

Type Cylinder

Material standard wall

Radius Start [m] 0,00000101 (closed)

Radius End [m] 0,00000101 (closed)

Start Point X [m] 0.5

Start Point Y [m] 0.5

Start Point Z [m] 0.499993

End Point X [m] 0.5

End Point Y [m] 0.5

End Point Z [m] 0.499986

Dynamics: 0

Name FactoryBox_up

Description virtual box for creation of upper particle

Type Box

Material virtual

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.50001

Dimension in X [m] 3,00E-06

Dimension in Y [m] 3,00E-06

Dimension in Z [m] 3,00E-06

Dynamics: 0

Name FactoryBox_low

Description virtual box for creation of lower particle

Type Box

Material virtual

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.500004

Dimension in X [m] 3,00E-06

Dimension in Y [m] 3,00E-06

Dimension in Z [m] 3,00E-06

Dynamics: 0

Name W1

Description 1 of 4 lower clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.5

Center Y [m] 0.499998

Center Z [m] 0.499988

Dimension in X [m] 1,00E-06

Dimension in Y [m] 1,40E-06
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Dimension in Z [m] 2,00E-06

Rotation X [rad] 3

Rotation Y [rad] 0

Rotation Z [rad] 0

Dynamics: 1

Name W1_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0

Speed in Y [m/s] 0.0001

Speed in Z [m/s] 0

Name W2

Description 1 of 4 lower clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.500002

Center Y [m] 0.5

Center Z [m] 0.499988

Dimension in X [m] 1,40E-06

Dimension in Y [m] 1,00E-06

Dimension in Z [m] 2,00E-06

Rotation X [rad] 0

Rotation Y [rad] 3

Rotation Z [rad] 0

Dynamics: 1

Name W2_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] (-0.0001)

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W3

Description 1 of 4 lower clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.5

Center Y [m] 0.500002

Center Z [m] 0.499988

Dimension in X [m] 1,00E-06

Dimension in Y [m] 1,40E-06

Dimension in Z [m] 2,00E-06

Rotation X [rad] -3

Rotation Y [rad] 0

Rotation Z [rad] 0

Dynamics: 1

Name W3_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0

Speed in Y [m/s] (-0.0001)

Speed in Z [m/s] 0

Name W4

Description 1 of 4 lower clamps holding particle

Type Box
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Material clamps' material

Center X [m] 0.499998

Center Y [m] 0.5

Center Z [m] 0.499988

Dimension in X [m] 1,40E-06

Dimension in Y [m] 1,00E-06

Dimension in Z [m] 2,00E-06

Rotation X [rad] 0

Rotation Y [rad] -3

Rotation Z [rad] 0

Dynamics: 1

Name W4_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0.0001

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W5

Description 1 of 4 upper clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.5

Center Y [m] 0.499998

Center Z [m] 0.49999

Dimension in X [m] 1,00E-06

Dimension in Y [m] 1,40E-06

Dimension in Z [m] 2,50E-06

Rotation X [rad] -3

Rotation Y [rad] 0

Rotation Z [rad] 0

Dynamics: 2

Name W5_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0

Speed in Y [m/s] 0.0001

Speed in Z [m/s] 0

Name W5_tensile

Description pulling apart of particles

Type Linear Translation

Start Time [s] 0.004

End Time [s] 1

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.0001

Name W6

Description 1 of 4 upper clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.500002

Center Y [m] 0.5

Center Z [m] 0.49999

Dimension in X [m] 1,40E-06

Dimension in Y [m] 1,00E-06

Dimension in Z [m] 2,50E-06

Rotation X [rad] 0

Rotation Y [rad] -3
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Rotation Z [rad] 0

Dynamics: 2

Name W6_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] (-0.0001)

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W6_tensile

Description pulling apart of particles

Type Linear Translation

Start Time [s] 0.004

End Time [s] 1

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.0001

Name W7

Description 1 of 4 upper clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.5

Center Y [m] 0.500002

Center Z [m] 0.49999

Dimension in X [m] 1,00E-06

Dimension in Y [m] 1,40E-06

Dimension in Z [m] 2,50E-06

Rotation X [rad] 3

Rotation Y [rad] 0

Rotation Z [rad] 0

Dynamics: 2

Name W7_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0

Speed in Y [m/s] (-0.0001)

Speed in Z [m/s] 0

Name W7_tensile

Description pulling apart of particles

Type Linear Translation

Start Time [s] 0.004

End Time [s] 1

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.0001

Name W8

Description 1 of 4 upper clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.499998

Center Y [m] 0.5

Center Z [m] 0.49999

Dimension in X [m] 1,40E-06

Dimension in Y [m] 1,00E-06

Dimension in Z [m] 2,50E-06

Rotation X [rad] 0

Rotation Y [rad] 3

Rotation Z [rad] 0
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Dynamics: 2

Name W8_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0.0001

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W8_tensile

Description pulling apart of particles

Type Linear Translation

Start Time [s] 0.004

End Time [s] 1

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.0001

Simulation Domain: Auto Update from Geometry

Name Factory_up

Type static

Attribute Total Number of Particles

Number of Particles 1

Start Time [s] 1,00E-12

Max Attempts to Place Particles 20

Parameters:

Section FactoryBox_up

Name Factory_low

Type dynamic

Attribute Total Number of Particles

Number of Particles 1

Start Time [s] 1,00E-12

Max Attempts to Place Particles 20

Parameters:

Section FactoryBox_low

Fixed Time Step [% of Rayleigh TS] 30 % of 4.17e-10 s

Fixed Time Step [s] 1.25e-10

Target Safe Intervall 1,00E-07

FACTORIES

SIMULATOR
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Particle to Particle (tiO2 : tiO2): Linear Cohesion

Energy Density 5,00E+09

Gravity:

X [m/s^2] 0

Y [m/s^2] 0

Z [m/s^2] (-50)

Materials:

tiO2

Poisson's Ratio 0.28

Shear Modulus [Pa] 2.83e11

Density [kg/m^3] 4240

clamps' material

Poisson's Ratio 0.25

Shear Modulus [Pa] 1,00E+14

Density [kg/m^3] 1000

standard wall

Poisson's Ratio 0.25

Shear Modulus [Pa] 1,00E+06

Density [kg/m^3] 1000

Material Interactions:

all

Coeficient of Restitution 0.0001

Coefficient of Static Friction 0.0001 ; 0.2 ; 0.4 ; 0.6

Coefficient ofRolling Friction 0.0001

Name surface 0

Radius [m] 0.000001

Particle Limits: none

Name BigBox

Description Box for Simulation

Type Box

Material standard wall

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.5

Dimension in X [m] 1,00E-05

Dimension in Y [m] 1,00E-05

Dimension in Z [m] 2,6 e-5

Dynamics: 0

Name Fangtrichter

Description upper funnel to channel particles

Type Cylinder

Material standard wall

Radius Start [m] 0,000004 (closed)

Radius End [m] 0,0000015 (closed)

Start Point X [m] 0.5

Start Point Y [m] 0.5

Start Point Z [m] 0.500004

End Point X [m] 0.5

End Point Y [m] 0.5

End Point Z [m] 0.5

2-Particle Shear Experiment

GLOBALS

PARTICLES

GEOMETRY
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Dynamics: 0

Name Kanaltrichter

Description middle funnel to line up particles

Type Cylinder

Material standard wall

Radius Start [m] 0,0000015 (closed)

Radius End [m] 0,00000101 (closed)

Start Point X [m] 0.5

Start Point Y [m] 0.5

Start Point Z [m] 0.5

End Point X [m] 0.5

End Point Y [m] 0.5

End Point Z [m] 0.499993

Dynamics: 0

Name Halterohr (t < 0.01555 s)

Description

Type Cylinder

Material standard wall

Radius Start [m] 0,00000101 (closed)

Radius End [m] 0,00000101 (closed)

Start Point X [m] 0.5

Start Point Y [m] 0.5

Start Point Z [m] 0.499993

End Point X [m] 0.5

End Point Y [m] 0.5

End Point Z [m] 0.499986

Dynamics: 0

Name FactoryBox_up

Description virtual box for creation of upper particle

Type Box

Material virtual

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.50001

Dimension in X [m] 3,00E-06

Dimension in Y [m] 3,00E-06

Dimension in Z [m] 3,00E-06

Dynamics: 0

Name FactoryBox_low

Description virtual box for creation of lower particle

Type Box

Material virtual

Center X [m] 0.5

Center Y [m] 0.5

Center Z [m] 0.500004

Dimension in X [m] 3,00E-06

Dimension in Y [m] 3,00E-06

Dimension in Z [m] 3,00E-06

Dynamics: 0

Name W1

Description 1 of 4 lower clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.5

Center Y [m] 0.499998

Center Z [m] 0.499988

Dimension in X [m] 1,00E-06

Dimension in Y [m] 1,40E-06
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Dimension in Z [m] 2,00E-06

Rotation X [rad] 3

Rotation Y [rad] 0

Rotation Z [rad] 0

Dynamics: 1

Name W1_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0

Speed in Y [m/s] 0.0001

Speed in Z [m/s] 0

Name W2

Description 1 of 4 lower clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.500002

Center Y [m] 0.5

Center Z [m] 0.499988

Dimension in X [m] 1,40E-06

Dimension in Y [m] 1,00E-06

Dimension in Z [m] 2,00E-06

Rotation X [rad] 0

Rotation Y [rad] 3

Rotation Z [rad] 0

Dynamics: 1

Name W2_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] (-0.0001)

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W3

Description 1 of 4 lower clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.5

Center Y [m] 0.500002

Center Z [m] 0.499988

Dimension in X [m] 1,00E-06

Dimension in Y [m] 1,40E-06

Dimension in Z [m] 2,00E-06

Rotation X [rad] -3

Rotation Y [rad] 0

Rotation Z [rad] 0

Dynamics: 1

Name W3_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0

Speed in Y [m/s] (-0.0001)

Speed in Z [m/s] 0

Name W4

Description 1 of 4 lower clamps holding particle

Type Box

3 / 7

Parameters of 2-Particle Shear Experiment



Material clamps' material

Center X [m] 0.499998

Center Y [m] 0.5

Center Z [m] 0.499988

Dimension in X [m] 1,40E-06

Dimension in Y [m] 1,00E-06

Dimension in Z [m] 2,00E-06

Rotation X [rad] 0

Rotation Y [rad] -3

Rotation Z [rad] 0

Dynamics: 1

Name W4_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0.0001

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W5

Description 1 of 4 upper clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.5

Center Y [m] 0.499998

Center Z [m] 0.49999

Dimension in X [m] 1,00E-06

Dimension in Y [m] 1,40E-06

Dimension in Z [m] 2,50E-06

Rotation X [rad] -3

Rotation Y [rad] 0

Rotation Z [rad] 0

Dynamics: 3

Name W5_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0

Speed in Y [m/s] 0.0001

Speed in Z [m/s] 0

Name W5_tensile

Description pulling apart of particles

Type Linear Translation

Start Time [s] 0.004

End Time [s] 0.01555

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.0001

Name W5_shear

Description forcing upper part. into transversal mov.

Type Linear Translation

Start Time [s] 0.01555

End Time [s] 10

Speed in X [m/s] 0.0001

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W6

Description 1 of 4 upper clamps holding particle

Type Box

Material clamps' material
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Center X [m] 0.500002

Center Y [m] 0.5

Center Z [m] 0.49999

Dimension in X [m] 1,40E-06

Dimension in Y [m] 1,00E-06

Dimension in Z [m] 2,50E-06

Rotation X [rad] 0

Rotation Y [rad] -3

Rotation Z [rad] 0

Dynamics: 3

Name W6_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] (-0.0001)

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W6_tensile

Description pulling apart of particles

Type Linear Translation

Start Time [s] 0.004

End Time [s] 0.01555

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.0001

Name W6_shear

Description forcing upper part. into transversal mov.

Type Linear Translation

Start Time [s] 0.01555

End Time [s] 10

Speed in X [m/s] 0.0001

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W7

Description 1 of 4 upper clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.5

Center Y [m] 0.500002

Center Z [m] 0.49999

Dimension in X [m] 1,00E-06

Dimension in Y [m] 1,40E-06

Dimension in Z [m] 2,50E-06

Rotation X [rad] 3

Rotation Y [rad] 0

Rotation Z [rad] 0

Dynamics: 3

Name W7_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0

Speed in Y [m/s] (-0.0001)

Speed in Z [m/s] 0

Name W7_tensile

Description pulling apart of particles

Type Linear Translation

Start Time [s] 0.004

End Time [s] 1

Speed in X [m/s] 0
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Speed in Y [m/s] 0

Speed in Z [m/s] 0.0001

Name W7_shear

Description forcing upper part. into transversal mov.

Type Linear Translation

Start Time [s] 0.01555

End Time [s] 10

Speed in X [m/s] 0.0001

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W8

Description 1 of 4 upper clamps holding particle

Type Box

Material clamps' material

Center X [m] 0.499998

Center Y [m] 0.5

Center Z [m] 0.49999

Dimension in X [m] 1,40E-06

Dimension in Y [m] 1,00E-06

Dimension in Z [m] 2,50E-06

Rotation X [rad] 0

Rotation Y [rad] 3

Rotation Z [rad] 0

Dynamics: 3

Name W8_spann

Description clamping of particle

Type Linear Translation

Start Time [s] 0.002

End Time [s] 0.004

Speed in X [m/s] 0.0001

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Name W8_tensile

Description pulling apart of particles

Type Linear Translation

Start Time [s] 0.004

End Time [s] 1

Speed in X [m/s] 0

Speed in Y [m/s] 0

Speed in Z [m/s] 0.0001

Name W8_shear

Description forcing upper part. into transversal mov.

Type Linear Translation

Start Time [s] 0.01555

End Time [s] 10

Speed in X [m/s] 0.0001

Speed in Y [m/s] 0

Speed in Z [m/s] 0

Simulation Domain: Auto Update from Geometry

Name Factory_up

Type static

Attribute Total Number of Particles

Number of Particles 1

Start Time [s] 1,00E-12

Max Attempts to Place Particles 20

Parameters:

Section FactoryBox_up

Name Factory_low

FACTORIES
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Type dynamic

Attribute Total Number of Particles

Number of Particles 1

Start Time [s] 1,00E-12

Max Attempts to Place Particles 20

Parameters:

Section FactoryBox_low

Fixed Time Step [% of Rayleigh TS] 30 % of 4.17e-10 s

Fixed Time Step [s] 1.25e-10

Target Safe Intervall 1,00E-06

SIMULATOR
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