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Abstract

Additive manufacturing has become a promising tool for the production of functional parts, with
many advantages compared to conventional production methods. In this project a discrete element
simulation framework was set up that aims to include many of the di�erent additive manufacturing
methods and include the di�erent scales in time and space. The implementation of the additive
manufacturing processes and the feasibility of the discrete element method for additive manufacturing
were investigated. The historic background was investigated, the di�erent additive manufacturing
methods were compared and explained and the importance of simulations elaborated. A comparison
was made between the �nite element method and the discrete element method, from which the latter
could lead to new insights when simulating additive manufacturing. Many additive manufacturing
processes were modelled using a linear approximation and mainly focussing on the modelling of
selective laser sintering. Kinematics, thermodynamics, material models and integration schemes were
devised to model additive manufacturing in a discrete element method. The simulation framework
computed the selective laser sintering process as expected with simple linear models and showed
that simulation of the full process is possible. The discrete element simulation framework showed
potential for including many di�erent additive manufacturing methods and for including multiple time
and length scales. It turned out to be a viable option for the simulation of additive manufacturing
and the framework was developed to be �exible, adjustable and extendable.
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List of symbols

Symbol Description Unit

a Acceleration vector m/s2

A Area m2

Bd Damping constant kg/s

c Thermal capacity J/K

δij Overlap distance between particle i and j m

db Equilibrium bond length m

dij Distance between particle i and j m

ε Emissivity −
ex Unity vector in x-direction −
f The magnitude of force N

F Force vector N

g0 Gravitational acceleration m/s2

h Heat transfer coe�cient W/mK

H Added heat by internal heat source W

k Sti�ness N/m

L Length m

m Mass kg

P Heat source power W/m2

q Heat transfer W

rs Shrinkage ratio −
R Radius m

σSB Stefan-Boltzmann constant Wm2K4

σ The magnitude of stress Pa

σ Stress tensor Pa

t Time s

T Temperature K

v Velocity vector m/s

V Volume m3

x Position vector m

xij Vector pointing from particle i to j m

x̂ij Normalized xij −
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Chapter 1

Introduction

Additive Manufacturing (AM), also known as 3D printing, is a relatively new production method.
Nevertheless, AM is receiving lots of attention from both industry as well as the academic world [1�5].
Additive manufacturing is the process of creating a three-dimensional product by adding material
from scratch, typically in a layer upon layer fashion. At �rst AM was almost exclusively used as
a tool for rapid prototyping, but nowadays functional components can be made as well [6, 7]. The
popularity of AM is caused by the opportunities it o�ers. A few examples of the many opportunities
are: less material waste, high customizability, wide variety of materials, geometrical �exibility, easy
designing process, on-site production and enhanced properties [7, 8].

Additive manufacturing is best known for its 3D printers that print plastic products such as the
Ultimaker or MakerBot. However, AM supports a wide range of materials such as metals, ceramics,
polymers, foods, glass and biological materials. To be able to process all these materials di�erent
conditions are required [1,9,10]. The method of adding the material layer upon layer, the temperature,
the speed and material state are all examples of parameters that in�uence the process. The building
materials, for instance, are typically fed into the printer in liquid, powder or solid form depending on
the material itself and its processing method [4].

Such an extensive range of materials and parameters demands an equally wide variety of printing
methods. That is why there are roughly twenty di�erent AM processes, see Figure 1.1. The di�erent
methods are divided into categories: laser melting, laser polymerization, thermal extrusion, material
jetting, material adhesion and electron beam. From these categories laser melting and electron beam
use powder as bulk material. Laser polymerization and material jetting use liquid material and solid
material is used as bulk by thermal extrusion and material adhesion. Each AM method naturally
has its own speci�c process, which results in many di�erent models and simulations in an e�ort to
predict the properties of the end products [1, 4].

Figure 1.1: Overview of di�erent additive manufacturing methods [4].

So far no simulation has been able to bridge multiple AM categories, resulting in di�culties choosing
the right AM method for the production of a product. In addition, current simulations mostly focus
on either a small feature of a certain AM method or the full size end-product. As a result, no
simulation has been able to simulate the full length and time scale from the very small to full product
scale [4, 11�13]. This results in a lot of detail on speci�c small scale processes or less detail on the
full process in the simulation. As little details, for example the weakest spot, determine the strength
of a full product it is important to know how di�erent parameters in�uence the building process.
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Also, the many process parameters together have a big impact on the properties of the end-product.
Current simulations fail to include the many process parameters or only study the in�uence of a single
isolated process parameter [5, 9, 16�18].

Simulations are important for the studying of the manufacturing process and the designing process
of printed products [5, 12, 13, 16, 18]. This project aims to produce a simulation framework which
includes many of the stated AM methods as well as providing information on the small scales of
the process while still being able to simulate the complete process by using a di�erent modelling
approach. In order to achieve this a discrete element method (DEM) is used. The discrete elements
could help to bridge the gap between di�erent AM methods as well as the in�uences of the small
scale phenomena and their e�ects on the full scale. It is researched if these goals can be achieved
with the use of a discrete element method and how they should be implemented. A DEM simulation
framework for AM is developed and its feasibility with respect to these goals is investigated.

First additive manufacturing is researched in Chapter 2 starting with the historic background, then
the variation in methods and �nally why simulations are of such importance. Next, the feasibility
of the �nite element method and discrete element method for simulating additive manufacturing are
researched in Chapter 3 and their ad- and disadvantages are explored and compared. In Chapter 4
it is examined how typical AM processes can be modelled in order to implement them in a discrete
element simulation framework. Then, in Chapter 5, a look is taken at the requirements, constraints
and preferences of the simulation framework. The discrete element method implementation, its
features, methods for optimization, the input and output and future improvements are elaborated.
Thereafter, testcases are shown in Chapter 6 to demonstrate the functions of the DEM simulation
framework. And �nally, conclusions are drawn and recommendations are made in Chapter 7.

Page 6 B.J.A. Dorussen



Chapter 2

Additive manufacturing

This chapter provides background information on additive manufacturing (AM). To begin with, the
emergance and evolution of AM is illustrated In Section 2.1. Next, Section 2.2 discusses the di�erent
AM methods focussing on their di�erences and similarities. Then, in Section 2.3, the importance of
simulations for AM is elaborated. And �nally the main aspects are brie�y summarized in Section 2.4.

2.1 Historic background

Manufacturing of products in a speci�c shape has always been done largely by subtraction of material,
one of the oldest examples is woodworking, where material is removed from a log of wood using a
chisel. In general this approach starts with an excess of material and removing parts that are not
needed until the speci�c shape is reached [19]. The industrial age brought new ways mass producing:
casting/molding. This is done by forming two blocks with the negative of the speci�ed shape, which
formed a hole with the speci�ed shape if put together. This could be �lled with the desired material
and the product is shaped. For the manufacturing of industrial products, subtractive manufacturing
and casting or molding are the conventionally used techniques [5, 7, 9].

Subtractive production methods create a lot of waste material. Using molds is only e�cient when mass
producing a speci�c product, because the manufacturing of the molds is costly. On top of that, because
neither of these methods has unlimited geometric freedom, there has always been a need for an e�cient
production method for low frequent, speci�cally shaped products. This is exactly the niche additive
manufacturing has tried to �ll from the 1980s and forward: providing more geometrical freedom,
reducing waste material and providing high customizability for products. Additive manufacturing
was originally called rapid prototyping and used for this purpose, but nowadays functional parts made
of high performance materials can be produced [1]. Some bene�ts of AM as opposed to conventional
manufacturing methods are elaborated.

Firstly, the geometrical freedom that AM provides is a huge advantage compared to other production
methods. With AM it is possible to produce products with: internal canals, intertwined connections
or other complex structures. This is a major advantage compared to subtractive methods where the
design is restricted by the tools used. Compared to casting AM is able to produce more e�cient
designs as it is able to produce hollow parts where �lled parts would be unnecessary [4].

By using AM waste material is reduced which also means less material costs. The largest reduction
compared to subtractive methods is achieved due to the fact that only material is used for the volume
of the printed product, instead of a large block around it. Next to this advantage, AM also uses its
geometrical designing freedom to reduce waste material as parts can be printed hollow which reduces
the needed volume, thus reducing material costs [9].

Furthermore, additive manufacturing allows to print products one by one, where each one can be of
a di�erent geometry. The printer follows the printing path given by the designer and is therefore able
to print multiple (slightly) di�erent products in a single build. This is a big advantage compared to
casting, where producing a mold is costly and would then only be used once without the possibility for
small di�erences between products. The adaptability in printing is a big advantage for prototyping,
where multiple di�erent options can be printed and tested at once [1].

Lastly, AM has also shown some promise in enhancing material properties or being able to control
material properties by using di�erent printing strategies. Due to the high temperature gradient seen
in some additive manufacturing methods grain structures in metal can become really small, which
signi�cantly increases its strength. By changing the printing strategy the temperature gradient in
the printed product can be controlled, thus it can be used for controlling the resulting material
properties. A downside of this dependence of material properties is that the �nal product often has
a graded material structure over its building length, as the temperature gradient changes during the
printing process. When the graded structure is not accounted for it can cause products to fail as
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the strength was insu�cient in a critical place. All in all, the printing strategy dictates the material
structure in the product, which in its turn dictates the product properties and can thus be used to
an advantage. [5, 7, 9, 20�22].

2.2 Methods

As stated in the introduction in Chapter 1 there are many AM methods. These methods can be cat-
egorized in multiple ways, see Figure 1.1 for example. The roughest division of methods in categories
is: material bed addition, direct material deposition and miscellaneous methods. In the �rst category
there is a bed of bulk material which is modi�ed at speci�c places by some means, typically by heating
or illuminating, and doing this in a layer upon layer fashion. In the second category the bulk material
is provided directly to a nozzle and deposited layer upon layer. In the last category methods that do
not �t the �rst two categories are collected. All categories can have the bulk material delivered in
di�erent types: powder, liquid or solid. The subcategories of Figure 1.1 are shortly discussed starting
with material bed addition, followed by direct material deposition and lastly miscellaneous methods.

The �rst subcategory of material bed addition is powder bed fusion, typically with a polymer, metal
or ceramic, which can be done by laser as well as electron beam (on the right side of the table). A
bed of powder is deposited by a blade or roller at a small elevated position moving from one side to
the other while pushing an excess amount of powder. When a powder layer is deposited it is locally
melted or sintered at the speci�ed locations, then a new powder layer is deposited and the process is
repeated. By doing this repeatedly over multiple layers a product is created of the melted or sintered
material [23]. The process of powder bed fusion is schematically shown in Figure 2.1a.

(a) A laser powder bed fusion set-up [26]. (b) A stereolithography set-up [35].

Figure 2.1: Schematic examples of the AM methods powder bed fusion and direct powder deposition.

Subcategory two is polymerization, in which a bed of liquid resin is deposited. This liquid resin bed
is locally polymerized by for example a laser or UV light at the speci�ed locations, where it will then
form a hardened product. Another layer of liquid resin is deposited or the printed product is lowered
into the resin tank and the process is repeated, forming a product over multiple layers as shown in
Figure 2.1b. The process shows similarities with powder bed fusion but a resin is used instead of a
powder. Sometimes a roller or bar is used to straighten the resin layer on top [4].

The �rst subcategory of direct material deposition is direct powder deposition. Powder, typically
a polymer, metal or ceramic, is fed through a nozzle which has a laser positioned through it. The
powder is shot at the already formed product and is melted or sintered by the laser in the process.
Figure 2.2a shows the process, which ultimately results in a similar product as powder bed fusion
regarding properties, however, the material feeding process is very di�erent. Having the material
being fed through the nozzle results in more freedom as to where material is added as addition does
not necessarily has to happen from bottom to top. Also, it makes large powder beds and their powder
handling unnecessary [26].

The second subcategory is thermal extrusion, here solid bulk material, typically a polymer in the form
of a wire, is fed directly into a heated nozzle. The solid material is heated in the nozzle, becomes
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(a) A laser powder deposition set-up [34]. (b) A fused deposition modelling set-up [36].

Figure 2.2: Schematic examples of the AM methods laser polymerization and thermal extrusion.

deformable and is deposited upon the already printed part to form a product. In Figure 2.2b it is seen
that multiple materials can be printed at once if the extrusion head has multiple nozzles. This can be
used for example to create an easily removable supporting structure, print with multiple colours or
use a stronger material for the interior of a product. The thermal extrusion with its extrusion head
is somewhat similar to writing with a pen, but now in 3D [4].

The third subcategory of direct material deposition is the material jetting category where liquid bulk
material, typically polymer or ceramic, is jetted through a nozzle in a layer upon layer fashion to
produce a product. Ceramic particles would be embedded in a �uid that is removed when curing the
product. An example of such an AM process is shown in Figure 2.3a, where the printed material
is cured by the UV light after being deposited. These printers show a lot of similarities with the
conventional 2D paper printers. If executed correctly the jetting of the material can be done with
great precision, but even more importantly, with very high speeds [37].

(a) A material jetting set-up [38]. (b) A laminated object manufacturing set-up [39].

Figure 2.3: Schematic examples of the AM methods material jetting and material adhesion.

Lastly, a subcategory of a miscellaneous method is material adhesion in which solid slices of an
adhesive material is deposited layer upon layer while being cut by a laser in the right shape to create
a product, as seen in Figure 2.3b. The laminating roller in front of the product heats up the sheet
material before it is put onto the product. This method results in an highly laminated structure as
the layers of material are practically glued on top of each other. Typical materials used with this
method are adhesive-coated paper, plastic or metal [40].
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2.3 Importance of simulations

Most additive manufacturing processes are quite unstable, due to the process itself, the extreme
process conditions or the complex geometries. Sometimes, running the same print twice can result
in two signi�cantly di�erent products. Naturally, this is not desirable and (potential) issues with the
product should be identi�ed beforehand. The variability in the building process and the in�uences
of the many parameters make predicting the end product a complex task. That is where simulations
come in, they can be used to �ne tune the input parameters and shape of the print to minimize the
risk of errors.

Another bene�cial aspect of simulations is that they can be used to understand the additive man-
ufacturing process. By having a well set-up simulation which accurately describes the AM process,
certain aspects can be studied in detail and it can be determined which parameters are of signi�cance
and how large their in�uence is [13, 16, 18]. For example, a simulation might be able to predict the
overall shape of the product, or where stress concentrations will build up and deform the product or
where the subsequent layers of material will not be printed correctly.

In addition, simulations can help in another way, by predicting how well a new idea or design concept
will work. For example, printing techniques, such as laser settings or printing pattern, that have not
yet been tested can already be simulated to check whether or not they will have the desired e�ect.
It might also be used to predict how well new materials can be printed. When the right properties
are measured and put into the model the simulated result can show how the material behaves. It can
show if the end product is as desired and whether or not the material has the right properties to be
printed [5, 18].

In the past decades, in which computers have become much more powerful, simulations have become
a big part of nearly every designing process. A simulation package only has to be purchased once to
be able to simulate many di�erent cases. And in many cases, it is much cheaper and faster to run a
few simulations to study the feasibility of the design than it is to make prototypes and testing them.
A good simulation can give nearly all results that a prototype would give. That is why, in almost
every designing process, simulations have taken on a signi�cant role [12,18].

Because of the complexity of additive manufacturing processes it is very hard to predict the resulting
printed products. There are many parameters that in�uence the processes and on top of that the
processes are unstable. Having well set-up simulations can provide important insights in how a printed
product is produced and what parameters have signi�cant e�ects, good or bad, on the outcome [16,46].
Most bulk materials used to print are expensive, so printing only by trial and error is undesirable.

2.4 Summary

The idea of additive manufacturing exists for approximately thirty years. The popularity of AM
is because it provides more geometrical freedom, it reduces waste material and it provides high
customizability for products. Still, a lot of research is done into AM and new production methods
are still being developed. Already, additive manufacturing includes over twenty di�erent production
methods. All of these AM methods di�er, but there are also a lot of resemblances. A subdivision
of six categories is made: powder bed fusion, direct powder deposition, polymerization, thermal
extrusion, material jetting and material adhesion. Additive manufacturing is able to process all kinds
of materials, however the most common are polymers, metals and ceramics, which can be processed
in a solid, powder or liquid state.

Due to the instability of certain AM methods the properties of the resulting product are hard to
predict without using any computational tools. Simulations are able to provide insight on the �nal
product properties and shape, reducing the use of trial and error and faulty products. Next to that,
simulations can be used to understand certain aspects of a AM process better, to be able to make
the process more e�cient or to improve the results. Also, simulations can provide insights into new
design concepts for additive manufacturing, e.g. new printing techniques or new materials. In nearly
every designing process, simulations have taken on a signi�cant role due to these bene�ts, but even
more so in additive manufacturing.
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Chapter 3

Numerical simulation strategies

Since simulations are of such importance for any manufacturing process, but especially for additive
manufacturing. The irregularity of the process in AM demands for the ability to accurately predict
the outcome of products with simulations, as previous user experience does not su�ce any more.
First the well-known simulation method, the �nite element method (FEM), is discussed in Section
3.1 and a fairly new method for AM, discrete element method (DEM), will be discussed in Section 3.2.
The methods will be elaborated and ad- and disadvantages when simulating additive manufacturing
processes will be identi�ed and compared.

3.1 Finite element method

As the name of this simulation method already tells, it solves problems over a domain by splitting this
domain into smaller elements, called �nite elements, and approximating the values for these smaller
elements. By doing this, complex geometries can be represented by smaller and simpler sections and
later combined to retrieve the full solution. Generally FEM approximates the analytical solution
which would require the solution to boundary value problems for partial di�erential equations and
minimizes the error with variational methods [41,42]. The �nite element method sets up a system of
algebraic equations, which are assembled into a large system matrix that models the problem. FEM
is typically used for computations in structural analysis, heat transfer, �uid �ow, mass transport and
electromagnetic potential [43]. Nearly all domains, except for the electromagnetic potential, occur in
additive manufacturing. As a simulation framework for AM is to be made, the ad- and disadvantages
of using FEM speci�cally for additive manufacturing are discussed below.

Figure 3.1: Example of a FEM simulation of an AM product [44].

3.1.1 Advantages

Widely used

One of the biggest advantages of FEM is that it is such a widely used numerical method. The �nite
element method owes its popularity to its ability to deal with complex geometries in a relatively
straightforward way [41]. Lots of research has been done already, resulting in many standard frame-
works, solvers and derivations to be used. There are multiple commercial codes available which can
be used to simulate AM and extended to meet the wishes of the user. Many of the AM processes can
be readily simulated with current FEM models or frameworks, such as ABAQUS or Simufact.
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Few input parameters

The �nite element method typically requires few material parameters as an input to the model, maybe
with some extra values for the boundary conditions. A linear elastic material model for example only
requires the Young's modulus and the Poisson's ratio. The material parameters that are put into
the model are normally properties that can be measured with simple experiments. This results in
an intuitive way of predicting product properties with simulations, as the material properties should
dictate these. The few input parameters also make for a clear overview for the input of the simulation
and easy studying of new materials [45].

Computationally e�cient

Because the �nite element method is so widely used and lots of research is performed on it, there
are many tricks and smart methods devised to make computations with FEM more e�cient [41].
For example, there are multiple methods devised to automatically make a good mesh for complex
structures. The way FEM is set up opens up the possibility to divide the system matrix and compute
it over several cores, also known as parallel computing. A large FEM simulation is typically done
within a few hours. The mesh can be re�ned in order to achieve a more accurate result, when problems
can be solved with FEM very e�ciently and the required computation times are small.

3.1.2 Disadvantages

Homogenized

A drawback of using FEM is that it always homogenizes the material properties and results over
its elements. For example the powder bed is typically represented as a homogeneous continuum
body with e�ective thermomechanical properties [47]. If there are inclusions in a material these can
only be simulated by using elements smaller than these inclusions, or changing material properties
to represent a material with inclusions, which could be computed by another simulation. The same
applies to the bonding of material, which often occurs in AM processes. Small elements would result
in a lot of computation time and using di�erent material properties is not really simulating the
material with inclusions but rather putting it in as an input. A sub-scale simulation would then be
needed to simulate the material properties and should be run during or preferably before the actual
simulation if possible [46].

Complex constitutive models

Another disadvantage of the �nite element method is that when simulating more complex cases, the
constitutive models become complex very fast. Simple material behaviour can be simulated with
a linear constitutive model for example. However, in AM the materials have changing behaviour
over the changing temperatures and in some cases over di�erent phases. In these complex processes
the behaviour is not simply linear any more. In order to model AM properly, a thermal-mechanical
coupled model is needed. However, the model would become highly non-linear and would require
multiple iterations to converge each time step before moving to the next temporal increment. To
reduce simulation time decoupled or weakly coupled �nite element simulations are mostly used, where
thermal behaviour in�uences the mechanical behaviour but not the other way around. Each time
step the thermal behaviour can then be simulated �rst, followed by the mechanical behaviour [5].

Single material elements

A mix of multiple materials is very hard to simulate when using FEM. Either the material properties
of the mix should be put into the model or there will be a division on element level, one element
being the �rst material, another element the second. By doing so FEM provides no information on
how exactly these materials interact with each other, but rather needs this as an input to the model.
When materials are mixing, for example in a powder bed, implementation in FEM is even more
complex as element boundaries are �xed.
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Addition of material

With FEM it is not straightforward to add a layer of material for the AM process. Elements cannot
simply be added when a new layer is deposited. The addition of material would in essence add
new equations to the system, which is currently done with the quiet or dead-alive method. In the
quiet method the equations are in the solution matrices and switched on with scaling factors. In
the dead-alive method the equations are added over the history of the model. The structure of the
complete model signi�cantly changes when elements are added and depending on the implementation
and geometry both methods have their advantages and disadvantages [5].

Changes in material

During AM processes material can undergo di�erent changes which are di�cult to incorporate into a
�nite element simulation. Important in additive manufacturing processes are changes in microstruc-
ture, changes in material properties, anisotropy in material properties and phase transformation
e�ects [5]. The temperature history, speci�cally the temperature gradient, is of great in�uence on the
microstructure, which in its turn dictates the material properties. Cooling rate not only in�uences
grain size but also precipitation and formation of secondary particles in some materials. The high
cooling rates in combination with the complex geometries of AM can result in di�erent microstruc-
tures than seen up until now. In addition, the high cooling rates and complex geometries will result in
anisotropy in material properties as the formed microstructures can have a speci�c orientation [7,8].

The material properties cannot be taken to be constant as additive manufacturing typically operates
in a large temperature range and most material properties are temperature dependent. Furthermore,
some properties are dependent the temperature history, which can be vastly di�erent from conven-
tional production method in AM. On top of this, during additive manufacturing, the bulk material
sometimes undergoes a phase change. The phase transformation itself can be a complex process and
material properties change drastically. This should be captured by the model in order to ensure a
good result [5].

3.2 Discrete element method

The discrete element method is closely related to molecular dynamics and is typically used for com-
puting the motion and other e�ects of a large number of small particles. DEM generally di�erentiates
from molecular dynamics by including rotational degrees of freedom (DOF), contact and complicated
geometries of particles. DEM approximates the degrees of freedom for each particle for successive
time steps by computing them according to a time integration scheme [48, 49]. In the recent years,
the discrete element method is extended to also incorporate more than just dynamics, such as ther-
modynamics, stresses and strains or electro-magnetics. Also, a lot of work has been done in the
coupling of DEM with FEM or computational �uid dynamics [13]. With these improvements the
method is sometimes referred to as the extended discrete element method. DEM is typically used for
computations in granular and discontinuous media, especially granular �ows, powder mechanics and
rock mechanics [51]. This makes the discrete element method intuitive to use for powder bed based
AM methods, but it is not necessarily exclusively for granular media. Some of the disadvantages
of the �nite element method when simulating additive manufacturing can also apply to the discrete
element method, but research into this is lacking.

Figure 3.2: Example of a DEM simulation of an AM product at di�erent layer heights [24].
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3.2.1 Advantages

Intuitive for powder based AM

Because a discrete element simulation works with particles it is very intuitive to use it for powder
based AM methods, for example selective laser sintering. The discrete element method is often
used for simulations of granular media, being discontinuous, inhomogeneous, and anisotropic, where
stresses and temperatures are computed [48, 49]. However, a particle of the DEM simulation is not
necessarily representing a powder particle of the bulk material. It is an abstract representation of a
certain volume of material which is given a certain shape, in this case spheres. The material volumes
interact with each other and together form a representation of the material that is being modelled.

Relatively easy implementation multiple materials

Because of the material volume representation of DEM it is straightforward to assign di�erent material
properties to di�erent material volumes. This results in realistic mixing as particles can be randomly
distributed and are free to move. Eevery particle in the DEM simulation has a material type appointed
to it and the corresponding properties are used for the computations. The interaction equations can
state how each material should interact with every other material, this can be done by using di�erent
interaction equations or simply by using the mean of the properties [49].

Detail up to particle level

The particles in DEM can represent single particles or small volumes of material, depending on the
used settings. Due to the use of particles a very realistic mixing of multiple materials can be achieved
and probabilities included. Any shape of a printed product can easily be captured by the combination
of multiple particles. Also, errors in the printed product such as deviations or other faults can be
traced back to their occurrence at particle level. Furthermore, empty spaces, e.g. voids, can form
during the simulation and can thus be physically simulated [11,18].

In�uences of input parameters

Almost all of the actual printer settings and material properties are also input parameters needed
to run a DEM simulation. Because of this, these parameters can be optimized by simply running
simulations. The relations between input parameters or the in�uence of input parameters individually
can be studied and their relations to the �nal product found. Because nearly all printer settings
are used as an input, a well balanced consideration can be made as to which setting is of greater
signi�cance to a certain aspect of the printed product [46].

Relatively simple interaction equations

Another advantage of DEM is that the used equations become relatively simple. Because interac-
tions between particles are reviewed on a particle level the equations become elementary. The only
contributions are from these two particles and everything else can be omitted when computing the in-
teractions. The total simulation becomes a summation of all particles and here the complex behaviour
of the AM process is captured [16,18,24].

Able to simulate full process

Finally, with a DEM simulation it would be possible to simulate the complete additive manufacturing
process from start to �nish, for example from powder to �nal product. A discrete element method
simulation is able to simulate practically all AM sub-processes, which enables direct simulation of
the complete process without using any sub-simulations. The particle simulation enables material
deposition or layer addition to be directly simulated, as well as the heating process, the bonding
process and the cooling process. [11,16,52].

3.2.2 Disadvantages

Computationally demanding

A signi�cant drawback of DEM is that it is computationally very demanding. Because of the particle
representation quickly millions of particles are needed to obtain a simulation of signi�cant dimensions.
Each particle will have multiple degrees of freedom, thus multiple equations to be computed for any
other particle it is in contact with, the amount of equations to be solved becomes multiple millions.
All these equations have to be solved for each time step and a full simulations requires multiple
thousands to millions of time steps [11,24].
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Many input parameters

The many input parameters needed for a DEM simulation is a disadvantage at the same time it is an
advantage. To simulate a real physical process all these parameters should be exactly known. These
parameters ideally would be measurable to make sure they are equal to the physical world, instead
of just a simulated numerical value that would give a satisfactory result. So, to use the simulation in
the designing process all input parameters should be measurable in order to make sure the simulation
is correct. The quantity of parameters means that many experiments are needed and for some even
complex experiments might be needed, which makes the process very time consuming [11,24,46].

3.3 Conclusions

Currently, the �nite element has quite a few shortcomings when it comes to simulating additive
manufacturing. To gain new insights on AM another approach of modelling is looked at: the discrete
element method. The ad- and disadvantages of both methods regarding the simulation of AM are
summarized in Table 3.1. Some of the disadvantages encountered with the �nite element method
might not be easy to overcome with the discrete element method either, but little research is done
on this yet.

Table 3.1: Overview of ad- and disadvantages of using FEM and DEM to simulate AM.

FEM DEM

Advantages Widely used Intuitive
Few input parameters Multiple materials
Computationally e�cient More detail

Input parameters study
Relatively simple interaction equations
Full process simulation

Disadvantages Homogenized Computationally expensive
Complex constitutive models Many input parameters
Single material
Addition of material
Changes in material

As Table 3.1 shows, DEM is chosen to create a simulation framework for AM because it is intuitive for
powder processes, it can easily incorporate multiple materials, it can provide more detail, it contains
many of the actual printer parameters, interaction equations become simple and the full process can
be modelled. The drawbacks of using DEM are its many input parameters that are needed and that
it is computationally very expensive. These disadvantages should be overcome or at least reduced in
order to make the discrete element method a real viable option for modelling AM.

Another di�culty in simulating additive manufacturing processes, which is not directly discussed as
this applies to all simulations, is the extreme variations in scale in both time and space. Processes
that take place at the micrometer scale in�uence the product at the meter scale and these small
processes happen in milliseconds while a complete printjob can take several days. These variations
in scale require smart solutions as a simulation with time steps of milliseconds simulating a print of
a few hours takes excessively long to compute.
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Chapter 4

Modelling approach

In this chapter it is explained which modelling approach is taken to correctly model many additive
manufacturing processes. First mechanical and dynamic aspects are described and a way of mod-
elling is proposed. This is also done for the thermodynamic aspects and the material description.
Some typical aspects for additive manufacturing systems are also discussed. Lastly, the integration
schemes for the di�erent processes are discussed. In additive manufacturing there are many di�erent
manufacturing methods which leads to many di�erent processes. For simplicity reasons the modelling
approach will focus on modelling a selective laser sintering process (SLS), which is a subcatagory of
powder bed fusion, while still keeping the other AM methods in mind.

4.1 Kinematics & equilibrium equations

First, the most signi�cant mechanical and dynamic aspects are discussed. Methods for modelling
the movement and restrictions of particles and for computing forces and stresses on particles are
proposed. These models form the basis of the AM system and should be incorporated into a discrete
element simulation.

4.1.1 Degrees of freedom

In DEM normally six degrees of freedom are used: translation in x-, y- and z-direction and rotation
over the x-, y- and z-axis, as shown in Figure 4.1a. However, because the particles used in this project
are always spheres, rotation of a particle itself is not of interest-+, as a rotated sphere is still a sphere
from an outside view and nothing changes. A spherical particle rotating has no signi�cant e�ect on
position or movement, resulting in the representation of Figure 4.1b.

(a) Six DOF in typical DEM. (b) Three DOF in current DEM
framework.

(c) Three bonded particles trans-
late and rotate as a whole.

Figure 4.1: Degrees of freedom (DOF) for spherical particles in discrete element methods.

Now unfortunately, when two particles are bonded, the ability to freely rotate does have a signi�cant
e�ect. Consider one �xed particle and another one bonded to the �xed particle. The particles have
an equilibrium distance at which they will position themselves, however it is not restricted under
what angle the second particle is positioned with respect to the �xed one. It is allowed to freely move
along the circle with the equilibrium distance as radius, because of the lack of friction or damping
preventing this movement, which is normally stated in the rotational contact interaction forces when
considering six DOF.

For the simulations this could be an issue as the free rotation of two particles results in a lot of free
movement. However, due to the fact that there are many more particles present and rarely only two
particles are bonded, it is not an issue. Already, when a third particle is bonded to the two, the free
rotational movement is greatly reduced, as there is just one position at which all equilibrium lengths
are satis�ed. The three particles form a triangle, as shown in Figure 4.1c, and can only rotate or
translate as a whole.
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In most AM methods thermodynamics play a signi�cant role, which is why there is an extra DOF,
namely the temperature. Instead of forces that in�uence this DOF there is a heat transfer. Tempera-
ture is a single �eld without directionality. Thus the total system would contain 4 degrees of freedom
per particle, which is called the state of a particle.

4.1.2 Interaction forces

Every material has a certain sti�ness and strength, in DEM this is captured by the interaction forces
between particles. Interaction forces between particles can take many forms, but in light of AM and
speci�cally SLS the most signi�cant are: contact forces, bond forces and damping. A representation
of these interaction forces and some important geometric dimensions are seen in Figure 4.2. Since
interaction forces are always computed for a pair of particles, particle i will experience the opposite
force from particle j, as action is reaction.

Figure 4.2: Example of interaction forces in DEM [24].

Contact

As the bulk material in SLS is powder, the only interaction between these particles will be a contact
force, making sure the particles cannot entirely overlap. The modelling of this force can be done
rather straightforward: when there is an overlap, an opposite force linear to the overlap distance is
created [11,24,48,59]. The contact force on particle i can be computed by:

Fc = −kcδijx̂ij = −kc
(
|xj − xi| − (Ri +Rj)

)
x̂ij (4.1)

In Equation (4.1) the Fc is the contact force on particle i, kc is the contact sti�ness between particle i
and j, δij is the overlapping distance of the particles and x̂ij is the unity vector pointing from particle
i to j. The overlap is equal to the distance between particles i and j minus the sum of their radii,
with positions of the particles given by xi and xj and radius by Ri and Rj , as seen in Figure 4.2.
Equation (4.1) shows that when there is overlap, thus δij is positive, there will be a force pointing
from particle j to i, hence the particles will be driven apart.

Bonds

In DEM two particles can be attached to each other, the forces causing this are called bonding forces.
This does not necessarily happen between each and every particle, as in the case of SLS, where only
sintered powder experiences bond forces. The bonding forces can be modelled by a linear equation
with the di�erence in current distance compared to an equilibrium distance and a bonding constant.
The linear equation for the bond force on particle i takes the following form:

Fb = kb(dij − db)x̂ij = kb(|xj − xi| − db)x̂ij (4.2)

Where Fb is the bonding force on particle i, kb is the bonding constant between particles i and j, db is
the equilibrium bond length and dij the current distance between the particles. Using Equation (4.2)
the bonding force will be positive when the current distance is larger than the equilibrium distance,
resulting in a force in the direction of x̂ij , thus bringing the particles closer to each other. Bonds can
be represented by an elastic beam connecting the two particles as seen in Figure 4.2.
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Damping

A real system is not purely elastic, that is why damping should be added to the system of particles. In
this case the damping only occurs when there is contact or a bond, due to friction between particles.
Therefore, the damping force is added to the contact and bond force [59]. For the damping a linear
relation between a damping constant and the relative velocity of the particles is taken:

Fd = Bd(vj − vi) (4.3)

Fd in Equation (4.3) is the resulting damping force on particle i, Bd is the damping constant for
particle i and j and vi and vj are their respective velocities. The equation shows that when there
is a relative velocity between the particles, the motion will be damped. Consequently, there will be
less force in the same direction which prevents the system from endlessly bouncing because of the
elasticity in the equations. The damping is a hard parameter to physically measure and probably has
to be estimated by comparing simulations with experiments.

4.1.3 External forces

Next to forces between particles, there can also be forces that act on each particle individually. These
forces are called external forces and are normally exerted by a source outside of the considered system.
An example of such a force is the gravity force [59], which for particle i is:

Fg = −g0miez (4.4)

In Equation (4.4) Fg is the gravity force, g0 the gravity acceleration constant, mi the mass of particle
i and ez the unity vector along the vertical z-axis. The main di�erence of Equation (4.4) with
the interaction equations is that this equation only uses a single particle, whereas the interaction
equations always used a pair of particles.

4.1.4 Stresses

Closely related to forces, are stresses, which can also be computed with a DEM simulation. Residual
stresses are very important in AM as they are often the cause for failure or warping of the printed
product. The high temperature gradients, complex geometries and altering cooling times are signi�-
cant contributors to the internal stresses of additive manufactured products. If these stresses can be
simulated, their origin can be studied and they can be reduced beforehand.

As DEM is closely related to molecular dynamics, one of the methods to compute stresses is derived
from crystallographic positions. The Cauchy-Born hypothesis states that the crystal cell deforms
according to a locally uniform continuum deformation gradient. It means that the lattice vectors
behave like material vectors and thus represent the macroscopic deformation [29,31]. This also implies
that the stresses can be derived directly from the positions and interaction forces. The stresses are
computed by the interaction force times the inter particle distance divided by the volumes of the
particles. The stresses of a single particle is the summation of the stresses due to the interaction
forces with every other particle [29,30,49]. The equation for the Cauchy stress (σ) of particle i is as
follows:

σ =
1

Vavg

∑
j 6=i

Fij ⊗ xij (4.5)

In Equation (4.5) Fij is the force on particle i exerted by particle j, xij is the vector pointing from
i to j and Vavg is an averaging volume. The averaging volume can be chosen to be just particle i,
which results in a very local stress �eld, or to include all particles in a certain area. Another choice
for the averaging volume can be to include all the particles contributing to the stress, so particles i
and j. Choosing a small volume results in a very irregular stress �eld, a larger volume on the other
hand smooths out the stress over a larger area, resulting in a more �uent stress �eld.

Because the Cauchy-Born hypothesis is based on crystallographic materials in molecular dynamics,
it is not the most accurate way to compute stresses. However, it is a very straightforward way to
compute stresses relatively easy, with readily available values and little computation costs. There are
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many other methods for computing stresses in a discrete element method, classical methods are: the
virial stress, BDT stress and Lutsko stress. There are also multiple methods devised that are more
complex, which for example try to tackle the inhomogeneity of the stress tensor [29�32,49].

4.2 Thermodynamics

In addition to the physical interactions of the particles, there are several thermodynamic interactions
to transfer heat: conduction, convection, radiation and direct heat addition by a heat source. The
three main heat transfer modes, conduction, convection and radiation, are shown in Figure 4.3. In
additive manufacturing conduction is the most dominant form of heat transfer. The contribution of
convection is very small compared to conduction and the radiation is practically trapped in the system
as all particles radiate and receive approximately equal radiation from the others. The radiation that
�ows through and out of the system is small compared to the conductive heat transfer [13].

(a) Heat transfer by conduction. (b) Heat transfer by convection. (c) Heat transfer by radiation.

Figure 4.3: The main heat transfer modes [33].

4.2.1 Conduction

Heat transfer by conduction is achieved when two particles are in contact with each other and there
is a temperature di�erence between them, as seen in Figure 4.3a. A block of material is shown,
where the left side has a higher temperature than the right side. The heat, which is essentially
energy of the atoms can transfer between atoms in the particle itself and to the next particle when
colliding [11,13,14,16,24,48]. The relation for conduction from particle j to i is:

qcond = hcondAij(Tj − Ti) (4.6)

Where qcond is the heat transferred per second by conduction from particle j to i, hcond the con-
ductivity constant between particle i and j, Aij the contact intersection area through which heat
transfer takes place and Ti and Tj the temperature of the respective particle. Equation (4.6) shows
that when particle i has a higher temperature than j, qcond becomes negative and heat is transferred
from particle i to j.

4.2.2 Convection

Convection takes place in a similar way as conduction, it is essentially energy transfer through atoms,
but now driven by the �ow of atoms, as seen in Figure 4.3b. With convection there often is a heat
transfer to a di�erent medium, in most additive manufacturing methods transfer to a gas [14, 15].
Because of the similarities between conduction and convection, their equations look very similar as
well:

qconv = −hconvAi(Ti − T∞) (4.7)

In which qconv is the heat transferred per second by convection from the surrounding medium to
particle i, hconv the convection constant between particle i and the medium, Ai the area through
which heat transfer takes place and T∞ the temperature of the surrounding medium [13].
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4.2.3 Radiation

Another heat transfer method is by radiation, seen in Figure 4.3c, which always happens everywhere.
The blocks are not in contact with each other and both radiate, however the left block has a higher
temperature. Electromagnetic radiation is generated by thermal motion of the atoms and scales
signi�cantly with the temperature of the object [14,15]. When the objects and its surroundings have
the same temperature, the e�ects of radiation are very small, as the objects radiates approximately the
same energy as it receives from its surroundings. However, when an object has a higher temperature,
the e�ect of radiation can be experienced, e.g. the sun, a �re or a radiator. Heat transfer by radiation
can be calculated as follows:

qr = εσSBAiT
4
i (4.8)

With qr the heat radiated per second by particle i, ε the emissivity of particle i, σSB the Stefan-
Boltzmann constant, Ai the outer surface area of the particle and Ti its temperature. The amount
of heat particle i radiates is divided between all the particles it can directly see, and their respective
area fraction they occupy [13].

4.2.4 Heat source

In many additive manufacturing methods heat is added in order to be able to build with the material.
In SLS a laser would be used to locally sinter the particles. This is computed with the following
equation:

qs = PAi (4.9)

Where qs is the heat added per second to particle i, P is the energy per second per surface area of
the source and Ai is the surface area of particle i through which the heat transfer takes place.

4.2.5 Temperature dependency

In AM the temperatures can vary with approximately 1500 ◦C. Normally, many constants can be
seen as a constant because the temperature range in which they are used is small. However, with
AM the temperature is too large to consider many variables constant over the complete range. For
the following variables a function of temperature should be used: kc, kb, Bd, R, c and ρ [5]. The
functions for these parameters can be a simple linearly dependency on temperature or a more complex
function.

Applying these temperature dependencies would enable thermal softening of the material as the
elastic response becomes less when temperature increases. The damping typically becomes higher at
elevated temperatures. In addition, particle sizes expand and density decreases when temperature
is increased. Lastly, the heat capacity of particles rises when the temperature goes up. All these
changes of the parameters result in many non-linearities in the simulation.

4.3 Material modelling

To accurately model the AM materials there must be a method for changing the interaction forces
from contact to bond forces. There typically is a change in material interaction due to heating or
lighting in additive manufacturing. In the case of SLS the most important features of bonding by
sintering are: creation, destruction and shrinkage. All these processes of bonding take place in a
selective laser sintering process and have their own evolution and requirements.
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4.3.1 Bond creation

Whether or not sintered bonds are created is mainly subjected to a series of requirements. Before
particles can sinter together there should be contact between them. Next, both particles should be
above a certain threshold temperature (Tb). The relative velocity between the pair of particles (vrel)
should be below a certain critical velocity (vcrit). And lastly, the particles should be pushed together
with a minimum critical force (fcrit) [11,24]. In short mathematical notation this looks as follows:

δij > 0 ∧ Ti > Tb ∧ Tj > Tb ∧ vrel < vcrit ∧ fint > fcrit (4.10)

Where δij is the overlap distance between particle i and j, T the temperature, v the magnitude of the
velocity and fint the magnitude of the interaction force between the particles. When all requirements
are met a bond between particle i and j is formed and the bond force is used to calculate the
interaction between the two particles instead of the contact force.

4.3.2 Bond destruction

If bonds can be created, they can also be destructed. A bond between to particles has a certain
strength up to which it can withstand a force. When the force or stress exerted on the bond,
depending on what outlook is taken, reaches the threshold magnitude the bond will break. The
threshold value can take the shape of an ultimate force (fult) or ultimate strength (σult) [24]. In
mathematical notation this is:

fb > fult ∨ σb > σult (4.11)

In Equation (4.11) fb is the magnitude of the bond force and σb the magnitude of the bond stress
between particles i and j. When the ultimate force or strength is exceeded, the bond will break and
the interaction force should once again be calculated with the contact force instead of the bond force.

4.3.3 Bond shrinkage

From the moment a bond is formed it can expend or shrink, depending on the material model. In
most cases, and in SLS, the bond equilibrium length will change over a short period of time. For
SLS the two particles sinter together where they touch and neck growth will occur, shrinking the
equilibrium distance [11]. Material moves form the particles to the neck, the coincident spot of the
particles, to enlarge the neck, see Figure 4.4.

Figure 4.4: SEM image of neck growth between titanium particles [25].

As seen in Figure 4.4, neckgrowth results in the centres of the two particles growing closer together, as
material can only come from the already existing material from the two particles. To model shrinkage
of bonds the following equation is used to compute the equilibrium bond length (db) while shrinking:

db = db0

(
rs + (1− rs)

(
1− t− t0

ts

))
for t < t0 + ts (4.12)

Where db0
is the initial equilibrium bond length, rs the shrinkage ratio, e.g. 0.9 if the bond shrinks

10%, t is the current time, t0 the time the bond was formed and ts the duration of the shrinking
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process of the bond. Equation (4.12) linearly decreases the bondlength from the initial bondlength to
the shrunk bondlength in the time period of the shrinking duration. When t = t0 the equation reduces
to db = db0

and when t = t0 + ts the equation becomes db = db0
rs, as expected. Equation (4.12)

is for calculating the equilibrium bond length during the shrinkage period, afterwards it remains a
constant and can be easily calculated with:

db = db0rs for t ≥ t0 + ts (4.13)

4.4 AM system aspects

Some features of additive manufacturing require extra attention and cannot be modelled straightfor-
ward. For selective laser melting the interaction of particles with the boundaries and the addition of
a new layer of powder are such features.

4.4.1 Boundaries

In any simulation, the boundaries of a system always require some extra attention. In additive
manufacturing there are typically two very di�erent types of boundary interactions: one for the
position and one for the thermodynamics. The position of the particle is limited by the building
plate and walls, the physical boundaries of the AM system. These physical boundaries also restrict
the thermodynamics as they functions as large heat sinks for the printed products.

First, the boundary conditions for position are discussed. These boundary conditions are practically
the same as the contact force between particles, but this time a contact force will be calculated
between a particle and a wall. Equation (4.1) in Section 4.1.2 remains the same with j becoming the
wall, Rj becoming zero and the position of the wall becoming the point of the wall normal to the
particle. The position of the wall (xj) can be calculated with some smart geometry: projecting both
a point in the plane and the position of the particle on its normal vector and subtracting the two.

For the thermodynamic boundary conditions, more or less the same applies. The thermodynamic
interaction between particles is almost the same as between a particle and the boundary. The bound-
ary can simply be set at a constant temperature or it can be calculated as if its in contact with the
exterior of the system which is at a constant temperature. Using Equation (4.6) in Section 4.2.1 the
heat transfer between particles and boundaries can be computed with i the properties of the particle,
j those of the boundary and Aij the contact area of the particle and the boundary.

4.4.2 Addition of layers

The addition of layers is a signi�cant process in additive manufacturing. The quality of the powder
bed in SLS for example, determines for a great deal the quality of the �nal product. The powder bed
should be densely packed without large voids, particles should not be too large or too small and the
top surface should be very smooth. In SLS adding a new layer is typically done by a recoater blade
or roller, see Figure 2.1a. This is a bar or roller moving over the building plate from one side to the
other at an elevated z-position while pushing an excess of particles, leaving behind a small layer of
new particles. With DEM it would be possible to precisely model this process, but this is outside
the scope of this project [18, 27, 52, 53]. Here a method is suggested to model the deposition of a
representative layer without having to simulate the exact process.

Two methods have been devised to create random layers with a speci�ed distribution of particle sizes
in it. One method is placing the di�erent sized particles in a structured position grid and let them
settle over a short period of time: the particle drop method, see Figure 4.5a. The other method is
to place equally sized particles in a structured position grid and make them grow to di�erent sizes
over a short period of time: the particle growth method. After the settling or growing period, the
newly added layer is reviewed and particles above a certain threshold are removed, see Figure 4.5b.
One of two thresholds can be chosen: remove particles that cross a certain plane or remove particles
Depending on the layer thickness, sizes and amount of particles added, one method has a small time
advantage of the other.
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(a) Di�erent sized particles are placed in a struc-
tured grid, dropped and settle over a short pe-
riod of time.

(b) When the particles are settled the particles
that cross the black plane will be removed.

Figure 4.5: Particle drop method for adding layers of material to the simulation [27].

4.5 Integration schemes

With all the mechanical, dynamic and thermodynamic aspects discussed, a look can be taken at how
to take time steps to compute the new degrees of freedom forward in time. Integration schemes are
used to calculate new positions, velocities and temperatures. This is done di�erently for the dynamic
degrees of freedom and the thermodynamic degrees of freedom.

4.5.1 Velocity-Verlet

In order to have a stable and reversible integration scheme the Velocity-Verlet integration scheme is
used [28,50]. First the position of particle i is updated with the use of the state at time step t:

xt+∆t = xt + vt∆t+
1

2
at∆t2 = xt + vt∆t+

Ft

2mi
∆t2 (4.14)

Equation (4.14) shows a well known method of computing a future position when knowing the velocity
(vt) and acceleration (at), computed with Newton's second laws of motion, at the current time. Ft

is the sum of all forces acting on particle i at time step t and mi the mass of the particle. Now the
new position (xt+∆t) is known, the new velocity can be computed:

vt+∆t = vt +
at+∆t + at

2
∆t = vt +

Ft+∆t + Ft

2mi
∆t (4.15)

In Equation (4.15) the new velocity (vt+∆t) is computed with the use of the state at step t, but
also with the forces at step t+∆t, which can be computed based on the new position calculated in
Equation (4.14). Repeating this process for every time step results in a reversible trajectory for the
particle, so going forward or backward in time will result in the same positions every time.

Another property an integration scheme should have, and the velocity-Verlet scheme has, is the
conservation of phase space volume. The phase space, the set of points with their positions and
velocities, describes a �ow in continuous systems or deformation in discrete systems. For continuous
systems the volume for a �ow is conserved when the divergence vanishes. For discrete systems it is
conserved when the Jacobian or determinant of phase space equals unity. By meeting this requirement
it is made sure that no energy is lost during computations with this integration scheme [28].
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4.5.2 Explicit temperature integration

For the evolution of the temperature the integration scheme is di�erent. However, it is again a basic
formula: the old temperature plus the change in temperature times the time step. The change in
temperature is the heat transfer divided by the resistance to temperature change, which results in
the following integration scheme for temperature:

Tt+∆t = Tt +
q +H

cimi
∆t (4.16)

Where Tt+∆t is the new temperature of particle i, Tt the old temperature, q the added heat, H the
heat added by an internal heat source, ci its heat capacity and mi its mass [11,16].

4.6 Conclusions

A complete AM method, speci�cally SLS and generally many more AM methods, is discussed and
its most important features are translated to relatively simple mathematical equations. Most of the
features are approximated by �rst order relations. It has to be determined whether or not the use
of these simple relations are su�cient when simulating such a complex process as AM. A simulation
framework for multiple additive manufacturing methods can be build with the use of the contents
and equations in this chapter.

The following features of additive manufacturing can be modelled with a discrete element method:
interaction forces, contact, damping, DOF, multiple features of bonding, addition of layers, heat
transfer, temperature dependency, boundaries and integration schemes. With these features AM
methods can be modelled from scratch to a full sized product. When implementing the di�erent
features attention should be paid to the interaction between them and smart and correct storage of
all the data.
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Chapter 5

Implementation

Now that all AM features can be modelled, the implementation of the model can be discussed. There
are many more aspects to creating a simulation framework than programming and computing the right
equations. In this chapter the set-up of the discrete element simulation framework, its requirements,
constraints and preferences are discussed. Some extra attention is given to in- and output and the
optimization of the simulation framework. Lastly some additional features for the future are discussed
to improve the framework.

5.1 Requirements, constraints & preferences

The simulation framework has to meet certain requirements, has to account for certain constraints
and preferably includes certain aspects. The list of these requirements, constraints and preferences is
leading in the design of the simulation framework. The requirements state all the necessary aspects
for the framework to achieve the goal of being able to simulate many of the AM processes. The
constraints state the obstacles which the simulation framework has to account for or work around.
And �nally the preferences state additional goals for the simulation framework to achieve that provide
added value, but are not necessary to run a proper simulation. For the DEM simulation framework
of this project the list of requirements, constraints and preferences is as follows:

Requirements:

• DEM type simulation

• Adaptive, easily expandable code

• At least two materials

• Layer deposition

• Add heat by means of heat source

• Temperature of each element

• Fixate particles that become printed product

Constraints:

• Interaction forces: contact, bonding and damping

• Particles with 4 DOF: position and temperature

• Heat transfer: conduction and heat source

• Thermal expansion and shrinkage

• Thermal dependence

• External force: gravity

• Boundary conditions: build plate contact and temperature

• Initial DOF values

Preferences:

• Simple linear models

• Optimization of computations

• Automatic input for printer pathing

• At least two distributions of particle sizes

• Change printed product particles into �nite elements

• Deposition of layers with at least two methods

• Determine residual stresses in product
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5.2 Discrete element method

As already shown, additive manufacturing has many di�erent methods, which results in many di�erent
models to simulate these processes. In order to accommodate many of these methods in a single
simulation framework, certain features should be able to be switched on or o�. The ability to turn
certain features on or o� is also important when simulating with di�erent model complexities in a
single framework. Because of this requirement, the simulation framework is built up of modules.
Modules ensure that switching certain features on or o� is easy, as complete modules are simply
swapped.

All the AM processes elaborated in Chapter 4 are modelled in separate modules. Switching between
the layer additions methods, the particle drop or particle growth method, is simply done by choosing
one of the corresponding modules when running the simulation. Another example of the bene�ts
of using modules is when a more complex model for bonding is needed, the simple module can be
switched o� and a more complex model can be modelled and put into its place. The �owchart of
the simulation framework is shown in Figure 5.1, where each separate square is a module in the
framework, except for the squares that contain information about a counter.

Figure 5.1: The �owchart for the discrete element simulation framework.

The �owchart in Figure 5.1 starts in the top right corner with the initialization of the model, which
is the area marked in orange. There are modules to read all input parameters and to initialize the
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bond data, output data and conductivity model. The G-code data is also read and converted to
usable data structures. All these modules are needed to set up the data structures correctly for the
simulation and to ensure that the input is used properly.

Next the layer deposition cycle is started, marked in blue. The layer deposition starts with the adding
layer module followed by the chosen deposition method module. Subsequently the velocity-Verlet
integration scheme starts with a module to compute the new positions and velocities, a module
for each di�erent force computation, which is the particle interaction loop and the external force
computation. Finally there is a module that writes the output data and a module that removes
excess particles when the added particles have settled, if they have not settled the layer deposition
cycle is repeated.

After the layer deposition cycle the actual printing process is simulated, the green area in Figure 5.1.
First the heat source position is determined, after which a particle loop is started. Multiple modules
are used to compute the new position, the gravity force and added heat by the source. Next, another
particle interaction loop is run, but this time with extra modules to compute the conductive heat
transfer and heat balance. The new velocities and temperatures are computed and parameters are
updated with their corresponding temperature. Finally an output �le is written and the printing
process loop is repeated, however if the printing process is �nished the layer deposition starts again
or the simulation is �nished.

The particle interaction loop, marked in red, is run twice in the simulation framework, once with and
once without heat transfer. All interaction pairs are run through and checked for bonds and contact.
The corresponding force is computed and added to the force balance. In case of heat transfer the
conductivity is also computed and added to the heat balance. When all pairs are run through the
simulation continues, otherwise the loop is repeated for the next pair. As the particle interaction
loop is such an important part of the discrete element simulation framework its function is shown in
pseudo code in Figure 5.2. By looping particle i over the total number of particles minus one and
particle j over i + 1 to the total number of particles, the computations can be halved. The force
applied by particle j on i is the opposite of the force applied by particle i on j, since action is reaction.
The same applies to the heat transfer by conductivity, thus the double nested loop do not both have
to loop over the total number of particles.

Figure 5.2: Pseudo code for the particle interaction loop.

5.2.1 Di�erent material models

Another requirement for the simulation framework was to incorporate the ability to simulate with
multiple materials inside a single simulation. With a DEM simulation framework this is straightfor-
ward to achieve, as each particle is given certain properties depending on the material it represents.
Which means that to be able to simulate with multiple materials, they simply have to be de�ned
and appointed to certain particles. The interaction between di�erent materials is then also a matter
of de�ning and using the right interaction between the right pair of di�erent materials. Di�erent
materials can mean di�erent types of materials or di�erent phases of the same material. The discrete
element method is already used to simulate solids, �uids or gasses, which is achieved by using di�erent
material parameters.

If multiple material models can be de�ned in the simulation framework, a simulation can be run
with multiple material types. To simulate with multiple materials, the interaction between two or
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more di�erent materials should be de�ned. This means that for each di�erent material used in
the simulation, their properties but also their interactions, dynamic and thermodynamic, with all
the other materials should be put into the simulation framework. By doing so, the formulas again
become relatively simple, but it requires many input parameters and the exact interactions between
di�erent materials should be known.

Being able to put multiple material models into the simulation framework also allows for multiple
material phases to be modelled. Simply by stating the phase at each temperature interval, another
material phase model can be coupled to the particle. A transition region between two phases and
its corresponding properties can even be de�ned. The material phase models would have di�erent
properties to represent the di�erent phases. By doing so, an AM process such as selective laser
melting could be simulated. The di�erent phases of the metal powder are then simulated with
di�erent material models based on the temperature of the particle. When the change in temperature
is to change the phase of the particle, its material properties, e.g. Youngs modulus, can be taken
di�erently, but also its other properties such as radius.

5.2.2 Stress computations

In most additive manufacturing methods residual stresses in printed products are the main cause
for distortions or failure of the product, as explained in Section 4.1.4. The extreme temperature
gradients, complex geometries and di�ering cooling rates create internal stresses in the product. To
prevent printed products from failing it is important to be able to map the stresses inside AM products
and identify possible issues due to stress concentrations. It is very di�cult to predict exactly how
and where these stresses occur without using complex calculations, because of the combination of
causes. When a simulation is able to compute the residual stresses it is a powerful tool to optimize
the printed product.

In the DEM framework of this project the stresses are computed with the interaction forces between
particles, based on the Cauchy-Born hypothesis. This stress computation is not the most accurate
one but results in a complete overview of the stress state of the product on a particle level for each
time step during the manufacturing process. More complex stress calculations can be added to the
simulation framework at a later stage. The residual stresses can be studied by using the stresses at
the �nal time step when the manufacturing is �nished and the end product has cooled down.

5.2.3 Addition of layers

As stated in Section 4.4.2, the addition of layers is an important process in additive manufacturing.
In the current discrete element simulation framework, two methods are devised and implemented to
create a representative powder layer without too much computational costs. With the DEM however,
it is also possible to model the full layer deposition, which can be desirable. The quality of a deposited
powder layer in selective laser melting is a signi�cant factor for the quality of the �nal product. Bad
size distribution, voids and rough top surface can degrade material properties, resulting in weak or
badly shaped products.

Currently, the layers can be added in two di�erent ways during a simulation: dropping and growing.
After the particles have settled, the ones that are above the stated layer height are removed again.
When using these methods the particles have an evenly distributed size between an minimum and a
maximum size, which can be set by the user. The excess of particles added in every direction can
also be controlled separately. By changing these parameters the quality and packing of the layer can
be controlled to some extent. More size distributions might be needed in order to accurately describe
some of the used powders, but they still need to be added.

5.3 Input and output

The simulation framework should have an user friendly way of handling input and output. A Dawn
input �le is used to start a simulation in which all parameters and simulation settings should be
provided. In addition, a G-code input �le should be provided for the print heat or laser pathing.
A DAT �le can optionally be provided to add particles to the initial set-up before the AM process
is being simulated, these can be restricted with boundary conditions if necessary. To visualize the
simulation all important data of the simulation is written to a VTK output �le for every time step.

Page 30 B.J.A. Dorussen



TU/e 5. Implementation

5.3.1 G-code input

For additive manufacturing a drawing of a 3D product has to be converted to a certain amount of
layers with a path for the printer to follow, this is called slicing. For the extrusion printing process
a widely used method for describing this path for the printer is by using G-code. There is a lot of
free software available for slicing CAD drawings and creating the corresponding G-code. Most slicers
use a STL �le as input and return a G-Code �le in which the printer path and printer settings are
described. The additive manufacturing design process is schematically shown in Figure 5.3, where
the �rst four steps are handled by any combination of CAD and slicer program and the �nal two
steps can be simulated or printed with that input.

Figure 5.3: The additive manufacturing design process, from CAD drawing to product [54].

G-Code uses a combination of a letter and a number to pass on information which is read line by
line [55,56]. An example of a few lines of G-Code is shown in Figure 5.4. The simulation framework is
set up to use G-code as an input for its simulations. Since G-code is typically used for fused deposition
modelling, self-conceived commands are used for the layer addition and heat source settings. As a
result, the pathing of the printer is a G-code �le automatically created by using a slicing program on
a CAD drawing of the product that is to be simulated.

Figure 5.4: A few lines of G-Code with explanation [55].

The simulation framework contains a module that reads and stores the G-code �le in usable data
structures when the simulation is initialized. Thereafter it reads the stored G-code data up until the
actual printing process, which is the adding of a new layer or the heat source movement. In the �rst
part of the G-code all printer settings are stated such as: temperatures, powers, focus, positioning
modes, homing positions, units used and more. During the simulation another module reads the
stored G-code data line by line and updates the position, focus, speed and power of the heat source
at every time step.

5.3.2 VTK output

For the visualization of the simulation, the data is written into a standard VTK output �le. To
visualize the printing process an output �le with all degrees of freedom and other variables is written
for every time step. Visualization programs such as Paraview are able to create a 2D or 3D image of
the simulation by using the VTK �le. The information that is written to the VTK �le is: positions,
temperatures, stresses and whether or not a particle is bonded. With this information a �gure in
Paraview can be created to visualize what the �nal product would look like by showing only the
bonded particles. The stress concentration in a product can be visualized with the stresses in these
bonded particles. But also the temperature of the product at each time step can be viewed locally
to show the complete temperature history.
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5.4 Optimization

The discrete element simulation framework of this project is built into an existing �nite element frame-
work, namely Dawn developed by J.J.C. Remmers. Dawn is built with a toolbox, called Jem/Jive
developed by Dyna�ow Research Group. By using Dawn, and implementing some smart modi�ca-
tions, many of the �nite element framework degrees of freedom and parameter handling capabilities
can be used as the storing and adjusting of large arrays of data is similar. Building the DEM
framework into an existing FEM framework also enables easy interaction between the two simulation
methods, which can be useful as will be elaborated in Section 5.5.2.

As already concluded, the simulation framework should be a discrete element method. This means
that there are many particles, resulting in many degrees of freedom that have to be stored and
updated during the simulation. Particles can be added and removed in a simulation and many
particle interaction pairs occur, all this requires smart methods for storing the degrees of freedom
and keeping track of the particles. Below, the most signi�cant optimization techniques used to reduce
computation times are elaborated, making large simulations feasible. A contact detection algorithm
and parallel computing are incorporated into the simulation framework.

5.4.1 Contact detection algorithm

Because of the exponentially growing amount of interaction calculations, as each new particle possibly
interacts with every other particle, most DEM simulations use an optimization technique to reduce
the computations. There are multiple methods for increasing de e�ciency of contact detection,
for example the common plane method, a shortest link method, an octree representation or a cell
division. Some of these methods are relatively simple to implement and others are more e�cient
in reducing the amount of computations [57, 58]. The cell division contact detection algorithm is a
straightforward method to apply that can be used for every domain and any particle shape, which is
why it is implemented in the discrete element simulation framework of this project.

A cell division of the complete domain is used to group particles into cells, which is called a cell
contact detection algorithm. If the length of the cells (L) is equal to the diameter of the largest
particle the contact detection becomes much less expensive. When particle i is in a certain cell, it
can only be in contact with the particles in its own and the adjacent cells and the rest of the particles
further away can be discarded. The cell division is depicted in Figure 5.5, where particle i is in the
middle and contact is only checked with the particles in the grey cells. This optimization technique
reduces the amount of interaction calculations signi�cantly.

Figure 5.5: Division of the domain with cells of length L for contact detection [59].

In order for the cell contact detection algorithm of Figure 5.5 to work, it should be tracked which
particle is in which cell. This is done most e�ciently with the linked list method, where a list with
particles is kept together with a list that holds the entry of the next particle. The �rst list states
which particle is in a certain cell, while the second list states which entry contains the next particle
in that cell, until the end mark, typically a −1 entry. The linked list is computationally relatively
expensive when storing data, but relatively cheap when retrieving data [60]. For the discrete element
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simulation framework this is advantageous as the data of each cell is stored only once per time step,
but the data of eight extra cells is retrieved for every cell when computing interactions.

5.4.2 Parallel computing

The discrete element method typically requires many particles to run a complete simulation, which
brings large computational costs with it. These computational costs become even larger when sim-
ulating AM processes with its large variations in scale in time and space. Having many particles
results in having many degrees of freedom, thus having a lot of equations to solve. To make up for
this the simulation framework in this project is set up for parallel computing, enabled by Dawn and
Jem/Jive. By smart division of the equations, di�erent parts can be computed on di�erent cores and
in the end combined again to end up with the complete solved system.

The domain can be split up in rectangles over the horizontal directions, this way each section ap-
proximately has an equal amount of equations as new particles are added in the vertical direction.
On top of that, the domain only has to be split up once, instead of rearranging the sections every
time a new layer is added when sectioning in the vertical direction. The sections are divided over the
di�erent cores and the interactions of each section are solved. Afterwards the sections are combined
again and the interactions over the boundaries of the sections solved. The division and combination
of the sections require some extra attention and is not straightforward, as interactions between them
are important for the total solution. Another factor making parallel computing more complex for
additive manufacturing is the large variation in properties over the product [61].

5.5 Future additions

The simulation framework of this project is set up with an eye on the future. The modularity of
the framework should help with adding new features. Special attention is paid to setting up the
model to incorporate implicit integration and adaptivity for a �nite element method at a later stage.
These features show promise for improving the discrete element method framework when simulating
additive manufacturing.

5.5.1 Implicit integration

When solving a simulation based on the discrete element method typically explicit integration is
used. However, it is possible to use an implicit integration scheme, which is very similar to that of
the �nite element method. Using an implicit integration method enables larger time steps as it is
numerical more stable than an explicit integration scheme and can improve the accuracy. However,
the implicit integration methods are generally computationally more expensive, resulting in larger
computation times [50,62]. Because the AM processes have large variations in scale in both time and
space it might be interesting to look at an implicit integration method for parts or the full simulation.
Also, the dynamic side is not the real purpose of the simulation, but more of a means to ensure a
physical interaction. Less detail of the movement of the particles is therefore not an issue as long as
the interactions and thermodynamics are still correct.

The computations of the forces, positions and velocities are set up in such a way that they can easily
be used to assemble a system of equations for the simulation. Instead of the full simulation, part of
the simulation might be simulated with an implicit integration scheme, for example the layer addition.
When time steps with explicit integration would become really small and lots of time steps are needed
to simulate the process, implicit integration becomes advantageous. Implicit integration requires less
time steps, but more computation time, so when the reduction in time steps is signi�cant enough,
computation time is reduced. It is a trade-o� between the reduction in the amount of time steps and
the increase in computation time.
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5.5.2 Adaptivity for FEM

The simulation framework is set up to be able to have interactions with or even incorporate a �nite
element method. Because there is already a lot of research done into simulating AM with FEM,
certain models might be incorporated into this simulation framework to achieve greater precision or
simulate small scale phenomena not captured by DEM. To enable easy communication between DEM
and FEM, the simulation framework of this project is built into the existing FEM package Dawn.
Because some of the FEM handling capabilities of the DOF and other data are used, it can easily be
interchanged between the two methods.

An interesting use of FEM in this simulation framework is to switch a large number of discrete
elements for a �nite element. For example when a part of a product is sintered and it is far enough
from the active print layer, there will be no signi�cant changes any more. The sintered part can then
be homogenized and switched for a �nite element to signi�cantly reduce the amount of equations to
solve. Homogenization can be performed with the help of the stress computation of Equation 4.5 in
Section 4.1.4, choosing the averaging volume the size of the �nite element. When discrete elements are
swapped for a �nite element, an interaction between discrete elements and �nite elements suddenly
arises. The interaction between the di�erent elements is similar to that of a discrete element with a
boundary. The values at the speci�c discrete element location however have to be computed between
the nodes most of the time.

5.6 Conclusions

In order to create a �exible, adjustable and extendable DEM simulation framework for AM the fol-
lowing aspects are implemented: a modulated simulation framework, option for multiple materials,
layer addition variation, stress computations, G-Code input, VTK output, a cell contact detection
algorithm, availability of parallel computing and compatibility with FEM. In addition a list of re-
quirements, constraints and preferences was devised beforehand to create an overview of what the
DEM simulation framework should contain. The complete list and whether or not all requirements,
constraints and preferences are met is seen in Table 5.1.

Table 5.1: Overview of requirements, constraints and preferences and to which extent they are implemented.

Description Applied Elaboration

R
e
q
u
ir
e
m
e
n
ts

DEM type simulation + Discrete element method build in Dawn
Adaptive, expandable code + Framework build with modules
At least two materials + In�nite materials can be assigned to each particle
Layer deposition + A representative layer can be deposited
Heat source + Heat can be added at a certain location
Full temperature �eld + Temperature is a DOF for each particle
Fixate particles + Particles become bonded to each other

C
o
n
st
r
a
in
ts

Interaction forces + Contact and bond, possibility for more
Particles with 4 DOF + x-, y- and z-position and temperature
Heat transfer + Conductivity implemented, possibility for more
Thermal expansion & shrinkage +/- Only shrinkage due to necking applied
Thermal dependence +/- Possibility for variable parameter input
External forces + Gravity, possibility for more
Boundary conditions + Contact and conductivity with walls
Initial DOF values + Set on room temperature or on input

P
r
e
fe
r
e
n
c
e
s

Simple linear models + Linear models implemented for every phenomena
Optimization of computations +/- Cell division of domain for interaction calculations
Printer path input + G-Code input from Slic3r translated to laser path
At least two size distribution +/- Only evenly distributed, possibility for more
Discrete to �nite elements - Not applied, method known
At least two layer deposition methods + Two di�erent methods devised: drop & growth
Residual stresses in product + Stresses of each particle computed

In Table 5.1 it is seen that almost all aspects are achieved. One aspect however is not applied yet,
the interchanging between DEM and FEM. The method to achieve this is investigated, but it is not
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yet implemented in the actual code. The stress computations shown in Section 4.1.4 can be used to
compute stresses over a large domain as well, the domain can be chosen to be the size of the �nite
element and its properties can then be transferred to a �nite element representation. The interaction
between the �nite and discrete elements is relatively straightforward and very similar to that of a
discrete element and a boundary.

Table 5.1 also shows a few aspects that are not fully implemented. The optimization of computations
is only partially achieved with the cell contact detection algorithm. However, further optimizations
can be implemented such as the switching of discrete elements for �nite elements. For the thermal
expansion only the shrinkage due to necking is applied. However, expansion of the material due to
thermal dependence is not fully implemented yet. It is possible to input variable parameters which
could be used to represent thermal dependence, but this is not in the model itself yet. Finally the
option for distributions for particle sizes is not fully applied as only an evenly distribution between a
minimum and maximum size is implemented for now.

For the selective laser sintering AM method the discrete element framework of this project should
able to simulate the process as all requirements and constraints are met. The thermal expansion and
dependence are not fully implemented, but the main characteristics of the process are functioning.
The preferences are not necessary for running simulations and the most signi�cant ones, simple linear
models, residual stresses and printer path are implemented, which makes simulations easier to run
and provides the important results. All in all, a the discrete element simulation framework of this
project can run SLS simulations and is set up to include other methods and improve on complexity
and computation time at a later stage.
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Chapter 6

Testcases

In this chapter the functioning of the DEM simulation framework will be shown. A look is taken at
the simple interaction of two particles to check if the basic physics are correct in Appendix A. Next,
a more complex simulation will be presented and discussed in this chapter. And �nally a common
problem in AM will be simulated and the in�uence of certain parameters discussed.

6.1 Powder bed simulation

Because the basic physics are proven to be correctly simulated, now a more complex case is simulated.
An example of a powder bed is simulated, where particles are added layer by layer. A laser moves
from left to right over the �rst layer, back from right to left over the next layer and so on. The
simulation of a 2D powder bed is shown in Figure 6.1.

Figure 6.1a to 6.1c show how the particle drop method for layer addition is done. An excess of
di�erently sized particles are placed in a structured grid at an elevated position as seen in Figure
6.1a. The simulation is then run for a certain amount of time so the particles can settle and form
a representative layer in Figure 6.1b. Here it is chosen to enable heat transfer during the layer
deposition duration. Lastly, the particles that are above a certain threshold are removed to end up
with a smooth layer as if it is deposited by a roller or blade in Figure 6.1c. The particles at the edges
of the domain are already seen to be heated a little bit due to the walls and building plate that are at
100 ◦C, where the particles itself start at 0 ◦C. When this cycle is �nished the actual printing process
can begin, in this case laser sintering.

In Figure 6.1d and 6.1e the laser is moving from left to right over the powder bed and is heating up
the particles. When it is at the end of the powder bed a new layer is deposited in Figure 6.1f. As
seen in Figure 6.1f, 6.1g and 6.1h the temperature of the cluster of particles on the right remains very
high. A particle in the middle of that cluster was kept at a constant temperature during the addition
of the new layer of particles. When the layer is smoothed, the laser moves from right to left over the
powder bed in Figure 6.1i and 6.1j. The �nal product, consisting of the bonded particles, and the
stresses are shown in Figure 6.2.

As seen in Figure 6.2a, nearly all particles have bonded, except for the bottom ones. This is likely due
to the boundary condition that the building plate remains at 100 ◦C. The di�erence in temperature
between the building plate and the particles is very high, and the laser in this simulation only adds
heat to particles in the half circle at the top of the powder layer. Because of this the building plate
acts as a signi�cant heat sink and the particles at the bottom do not reach the threshold sintering
temperature of 1200 ◦C. Another signi�cant aspect that can be seen is that during the process voids
are created between particles. Due to the shrinkage and other movement in some parts some large
voids occur which will signi�cantly a�ect the product properties.

Figure 6.2b shows that stresses occur in the 11-direction, mostly around voids or at the boundary of
sintered and non-sintered particles. This makes sense as the particles once sintered will produce a
counterforce when pushed away from each other. The large void just right of the center of the powder
bed occurred due to the shrinkage of the clusters of particles on the left and right. The bonds between
the particles on top of this void that bridge the gap were stretched in order for the two clusters of
particles to be able to shrink. The stresses in 6.2c seem logical as there is a compressive force on the
particles in the bottom halve of the powder bed, due to the gravity of all the particles on top. Also
in the 22-direction there are larger stresses around the voids.
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(a) At tframe = 1. (b) At tframe = 180.

(c) At tframe = 181. (d) At tframe = 280.

(e) At tframe = 329. (f) At tframe = 330.

(g) At tframe = 509. (h) At tframe = 510.

(i) At tframe = 610. (j) At tframe = 650.

Figure 6.1: Interaction of two particles at di�erent time steps (tframe).
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(a) Bonded particles. (b) Stresses in 11-direction. (c) Stresses in 22-direction.

Figure 6.2: Resulting product and stresses of the powder bed simulation.

6.2 3D powder bed

To prove that the code is also able to run simulations in 3D a simpli�ed version of the powder bed
simulation is run once again using three dimensions. Particle sizes are increased as well as the layer
height to reduce the amount of particles in the simulation. In addition, extra boundaries are added
to surround the 3D powder bed.

(a) At tframe = 1. (b) At tframe = 180.

(c) At tframe = 181. (d) At tframe = 280.

Figure 6.3: 3D powder bed example at di�erent time steps (tframe).

The particles outside of the bed in the bottom left corner of Figure 6.3 are not part of the simulation.
These are displaced particles from the layer addition, which were above the added layer height, as
part of a quick �x as the particles could not be removed from the data structures. As seen in Figure
6.3a the addition of particles work, the settling behaves as expected in Figure 6.3b and the removal of
particles above the layer height threshold in Figure 6.3c works well. The addition of heat by the heat
source and conduction also works as expected as seen in Figure 6.3d. All aspects of the simulation
perform well in 2D as well as in 3D.
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6.3 Conclusions

The testcases prove that the discrete element simulation framework of this project is able to simulate
additive manufacturing processes in 2D and in 3D. The selective laser sintering method is succesfully
simulated and results appear as expected. The behaviour of the particles, the temperature �eld and
stresses seem to resemble the real physical process. The complete temperature history as well as the
stress history of the product can be viewed at every step during the printing process. The framework
is also able to show which particles would have become part of the product through sintering.

Some issues were encountered while simulating di�erent testcases which are not yet �xed. It should be
possible for the heat transfer during layer addition to be disabled with a single command in the input
�le. The removal of particles after layer deposition should be correctly incorporated, which means they
should be removed from the data structures and not made inactive and displaced. Lastly, there is a
memory leaked that caused some particles to have a �xed temperature over a certain timespan. These
issues should be addressed in order to obtain a fully functional and usable simulation framework.
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Chapter 7

Conclusions and recommendations

Additive manufacturing shows great promise for e�ciently manufacturing low frequent and speci�cally
shaped products. However, still a lot of research is needed to improve existing production methods and
developing new ones. Simulations can play a signi�cant role in improving the current AM methods as
well as help in the designing of a printed product. A discrete element method is chosen in this project
because it is intuitive for powder based AM methods, it can easily integrate multiple materials, it
provides more detail, it includes many actual printer parameters, it uses simple equations and can
simulate the full AM process. Downsides of DEM however are the many, sometimes unmeasurable,
input parameters it requires and the fact that such a simulation is computationally expensive.

A simulation framework is created in this project which can be used to simulate multiple AM methods
and processes. The simulation framework is able to simulate the degrees of freedom, interaction forces,
contact, bonding with creation, shrinkage and destruction, heat transfer, damping, the addition
of layers, boundaries and its corresponding conditions and integration schemes. With the afore
mentioned aspects the process of selective laser sintering can be fully simulated, from empty building
plate to end product. And many of the models can be used to simulate other AM methods.

The DEM simulation framework is �exible, adjustable and extendable due to the use of modules and
the fact that it is set up for interaction with a �nite element method. The framework is further
optimized with a cell contact detection algorithm, the option for parallel computing, G-Code input,
VTK output and its possibility for interaction with FEM and implicit integration schemes at a later
stage. Furthermore, the simulation framework is able to compute stresses and simulate with multiple
materials.

The testcases have shown that the simulation framework is able to generate reasonable physical
results in 2D as well as in 3D. Behaviour of the particles, temperature and stresses are found to
be as expected. Running the simulation on di�erent testcases also revealed some problems that
should be addresses in the future. Disabling heat transfer during the layer addition should be made
simpler. There is a memory leak that should be �xed which sometimes causes particles to have a
�xed temperature. And the removal of particles after layer addition should be �xed.

The DEM simulation framework in this project can still be improved and extended. Some key aspects
of additive manufacturing that are not yet represented in the framework are: thermal expansion of
the material and thermal dependency of parameters. Other AM processes can also be added to be
able to simulate additive manufacturing methods di�erent from selective laser sintering. The code
can also be further optimized by switching discrete elements that are more or less stable for larger
�nite elements. The input of the model can be improved by being able to input more di�erent particle
distributions and layer addition methods.

Further research is needed on how the right input parameters can be found for the model to simulate
an actual physical process. This should then be simulated and compared to the results of that physical
process. By doing so certain models of the framework can be found to not be complex enough to
capture all the important features. These modules can then be upgraded to a more complex one to
improve the result of the simulation framework.

With the DEM simulation framework of this project the current input parameters should be examined
in a parameter study. The discrete element approach of additive manufacturing can produce new
insights into the processes not found with FEM. Simulations should be done to examine what in�uence
each parameter exactly has on the �nal product. Important relations can be found between printer
settings and the �nal product properties or design rules can be deducted from the results.
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Appendix A

Interaction of two particles

To check whether or not the basic physics of the model are correct the interaction of two particles
will be simulated. One particle with an elevated temperature will be dropped onto another particle,
both with a radius of 0.03. The bottom particle will have a �xed position and a temperature of 0 ◦C,
while the top particle is dropped from y = 0.1 with a temperature of 100 ◦C. Other parameters are:
kcontact = 100, Bcontact = 0.9, hconductivity = 400, ∆t = 0.0001 and ρ = 5. Because the particles
are perfectly lined up in horizontal position they should settle on top of each other as there are no
horizontal forces. The results of this simple simulation are shown in Figure A.1, which is very similar
as the interaction of a particle with the boundary, as the bottom one is �xed.

(a) At tframe = 1. (b) At tframe =
20.

(c) At tframe =
24.

(d) At tframe =
27.

(e) At framet =
31.

(f) At tframe = 39. (g) At tframe =
43.

(h) At tframe =
62.

(i) At tframe = 80. (j) At tframe =
110.

Figure A.1: Interaction of two particles at di�erent time steps (tframe).

In Figure A.1a to A.1f it is seen that the top particles falls down and bounces a small amount before
settling on top of the bottom particle. As the damping is almost one, the energy of the drop is
quickly dissipated and it does not bounce back high or multiple times. While the top particle drops
it is seen that it overlaps the bottom particle quite a bit when they �rst come in contact in Figure
A.1d. The force of the top particle which it gained during the drop is countered by the contact force,
which is why at �rst contact a larger overlap is needed than after it settled. Also seen is that heat
transfer already begins at �rst contact in Figure A.1c, before the particles settle, as should happen
according to the model because there is a contact area and temperature di�erence between them.
The temperature is divided equally after an extended period of time in Figure A.1j, which is expected
as the temperature di�erence is the driving force behind heat transfer.
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