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ABSTRACT

PARTH AMRAPURKAR. Discrete Element Simulations of Powder Spreading in
Additive Manufacturing. (Under the direction of DR. HARISH CHERUKURI)

Powder spreading plays a critical role in the quality of parts produced with selective

laser sintering (SLS). Some of the important parameters that influence the quality of

the powder bed are the powder particle size and distribution, blade speed, blade -

bed gap. In this work, the discrete element method is used to study the effect of these

parameters on the quality of the powder bed. The interaction between the particles

is modelled using Hertz-Mindlin with JKR contact model. The powder bed quality is

quantified in the terms of mass flow rate (MFR) and packing density (PD) of powder.

It is widely reported in the literature that increasing the packing density has the

effect of reducing defects in the finished product. With the help of these quantities

various factors affecting the powdered bed quality have been studied: cohesiveness of

the particles, coefficient of restitution (COR), powder particle size and distribution,

blade speed and gap. The results obtained from this study indicate that the powder

particle size distribution is one of the major factor affecting the bed quality and as

the blade - bed gap increases and blade speed decreases packing density increases.

The blade - bed gap has no impact on MFR of the powder and cohesiveness has a

wider impact on PD with smaller particle diameter.
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CHAPTER 1: INTRODUCTION

Additive manufacturing is an innovative and new approach to manufacture com-

ponents with intricate shapes and features. Additive manufacturing uses polymers

as well as metals for manufacturing. Hideo Kodama of Nagoya Municipal Industrial

Research Institute is usually credited for the initial development of Additive Manu-

facturing [3]. He developed a rapid prototyping machine which used a layer-by-layer

approach to print a solid part. This technique known as the fused deposition method

(FDM) uses polymer in the form of filaments and in SLA or stereo-lithography resins

are used to 3D print the components. With new developments in 3D printing and

technological advancements, metallic powders are also being used to print metal parts.

Techniques in metal additive manufacturing are selective laser sintering (SLS), selec-

tive laser melting (SLM), and binder jetting to name a few. The SLS method is

patented by Beaman and Deckard from University of Texas Austin in 1988 [4].

Powder Spreading is the first process in selective laser sintering. In schematic 1.1,

SLS process is described. The process consist of a blade or spreader which is used

to spread the powder. After the powder is spread, a laser is used to fuse the powder

such that it satisfies the shape of required component. The powder is spread again

on the fused metal for next layer. This layer by layer procss is continued to produce

the desired component. The quality of the product manufactured using SLS depends

on how the powder is spread and the bed quality [5]. Generally, the bed quality is

quantified using the porosity which is affected by many parameters. These include

the angle of repose (AOR), blade speed, coefficient of friction between blade and

particle and also between particles, coefficient of restitution (COR), particle size and

distribution, and cohesion (surface energy) (γ) between particles [6].
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Laser

Powder

Blade

Bed

Desired Part

Spreading Direction

Figure 1.1: Selective Laser Sintering Process Layout.

1.1 Literature Review

The effect of various process and powder parameters on the powder bed quality

can be studied computationally or experimentally. Since there are a number of pa-

rameters, computational methods are preferred over experiments due to low cost and

flexibility. However, for reliable predictions, the computational models must be cal-

ibrated and validated first using experiments. Once the computational models are

validated, various parametric studies can be carried out to study the relationship

between process parameters and the powder bed quality.

Although both the Finite Element Method (FEM) or the Discrete Element Method

(DEM) are available for modeling purposes, the Discrete Element Method is the

more commonly used method for modelling powder spreading problem [7]. While

FEM uses continuum mechanics concepts, DEM is particle-based with interactions

between particles being taken into account using contact models. Cundall introduced

DEM with application in geomechanics in mind. However, later, it was modified and

developed for other applications [8].

Many authors have applied DEM to study powder spreading. For example, Parteli

et al. [9] studied the blade speed and its effects on the powder bed quality by using a
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roller spreader and concluded that if the roller spreader has high translational velocity,

the bed quality obtained is low. The bed quality in this study was quantified in terms

of space occupied by the powder on bed after spreading. Nan et al. [10] studied the

jamming of the particles between the blade and the bed. Nan et al. in [10, 11] also

studied shear band formation in front of the blade and it’s effects on powder spreading

and the powdered bed quality. They concluded that particle jamming occurs when the

blade - bed gap is significantly small - below 1.5D size. This study included particles

of different sizes with diameter in different range and non spherical shapes. Another

study, performed by Chen [5], focuses on the model calibration by studying the angle

of repose with the help of experiments. In addition, they also studied the effect of

coefficient of friction on mass flow rate and angle of repose. In the study performed

by Chen in [12], it was observed that the powder bed quality impacts the number of

pores and the surface finish of the finished product. [13], DEM simulations of powder

scraping process focused on dynamic angle of repose and volume fraction of powder

on the bed . The work performed by Jeremy in [14] elaborates on application of

discrete element method (DEM) for the study of powder flowability and its variation

with material properties.

From the literature survey, it can be inferred that final product quality in metal

additive manufacturing process in terms of pores and surface finish depends on powder

spreading process. The spreading process is affected by the process parameters. How

well the powder is spread can be defined by the powder mass flow rate and the space

occupied by the particles on the bed. Studies by Chen et al. [5] and Nan et al. [11]

focus on mass flow rate of the powder and angle of repose. Studying the powder

packing on the spreaded bed along with the mass flow rate would give a clearer

understanding of the overall spreading process. Therefore, the aim of this thesis is

to analyze how the process parameters affect these two quantities. Furthermore, the

EDEMTM software package provided by DEM Solutions, Edinburgh, UK, is used for the
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computational models.

1.2 Objectives of the thesis

The objective of this work are as follows:

• To develop a 3D model of powder spreading process with a spreader blade and

manufacturing bed using DEM and appropriate contact models that capture

various physical phenomena that affect the interactions between particles,

• To develop a quantitative measure of powder bed quality,

• To study parameters such as particle size, blade shape, blade-bed gap, blade

speed and their effects on the quality of the powdered bed.

1.3 Organization of the Thesis

The rest of the thesis is organized as follows. In Chapters 2 and 3, the discrete

element method, its implementation in EDEMTM along with the contact models used for

the study, and the numerical schemes used to solve the DEM equations are discussed.

Chapter 4 briefs on how the powder bed is modelled along with the material properties

used and the objectives. The effect of various parameters such as the blade-bed gap,

blade speed, coefficient of restitution (COR), surface energy etc on the powdered bed

quality in terms of mass flow rate (MFR) and packing density (PD) is studied in

Chapter 5. Lastly, Chapter 6 summarizes the conclusions and recommendations for

future work.



CHAPTER 2: THE DISCRETE ELEMENT METHOD

In computational mechanics, there are two different types of modelling approaches,

continuum and discrete modelling. The continuum modelling approach is based on

the assumption that the domain of model is continuous. For modeling powder ma-

terials, an approach that takes into consideration the behaviour of each particle is

more suitable. The Discrete Element Method (DEM) is a particle-based method that

is commonly used for this purpose. In DEM, each particle is considered as a sepa-

rate body and its interaction with other particles is studied through contact models.

Since each particle has the potential to come into contact with several particles, the

method is computationally intensive. For this method, the method did not find wide

use until recently. However, with the advances in computing power along with the

advent of GPU computing, the method has grown in popularity and has found ap-

plications in many disciplines including granular materials, additive manufacturing,

pharmaceuticals, polishing, and rock mechanics [15].

In DEM, the governing differential equations are the laws of motion governing

translation and rotation of each particle coupled with the contact forces due to the

adjacent particles in contact with it. There are two different types of contact methods

- hard sphere and soft sphere. In the hard-sphere method, interacting particles are

assumed to be rigid and no overlap is allowed. In the soft sphere method, overlap

between the particles is allowed. For this study, EDEMTM software developed by DEM

Solutions, Edinburgh, UK is used. In EDEMTM, the soft sphere method is used to

calculate the magnitudes of forces acting on the particles. This method is found to

be more accurate than the hard-sphere method (see Buist et al. [16]).

Two of the most critical steps in DEM model development are the particle shape
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selection and the selection of contact models that capture the interactions between

particles. The elements in the model can have different forms and distribution over

the working domain. The research by ZoltAn [17] states that, from a computational

point of view, spherical 3D particles are the easiest to compute. Particles then can

be perfectly rigid or elastic depending on the problem to be solved. The rigid and

elastic (hard and soft) sphere interactions are illustrated in figure 2.1.

Contact between particles
hard sphere method

Contact between particles
soft sphere method

Overlap between particles

Figure 2.1: Hard and soft sphere contacts.

In DEM, there are different models depending on the properties of particle-particle

and particle-geometry interactions. The generalized DEM model has the following

major steps: particle generation, starting interactions (Moving Geometry and contact

detection), contact force calculations and updating of the displacements and rotations

of particles.

The choice of a specific contact model affects the contact and force. The model

defines how the contact is detected and what parameters are used to execute the DEM

algorithm. DEM algorithm is a sequence of calculations. A geometry is added and

contact model and boundary conditions are specified. After initial step, the material

properties, such as particle size, density, coefficient of restitution, coefficient of friction

are defined. The next step is to identify the particles in contact which gives the contact

forces generated between the particles. The user needs to define the kinematics of the

geometry which in the present case is the speed of the blade to spread the powder.

The algorithm then calculates the body and the external forces which are acting on
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the particles. The last step in the algorithm is to calculate the accelerations and the

velocities of the particles. Based on the velocities, the displacement vector of each

particle is updated. The algorithm is repeated until the specified simulation time is

reached. The flow-chart shown in figure 2.2 summarizes this process.
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t = 0 : input

Define system geometry
with contact model

t : calculate
Identify contact particles

+
Calculate contact forces

t : calculate
Calculate resultant forces

(body and external)
acting on each particle

t : calculate

t : calculate

Calculate particle
accelerations & Integrate
to determine velocities

Calculate particle displacements
& rotations in current time

increment
+ Update particle positions

Figure 2.2: The general algorithm used in DEM calculations. [18]



CHAPTER 3: DEM IN EDEM

In this work, DEM is applied to the powder spreading process to study the be-

haviour of the powder as it is spread over the powder-bed. The powder behavior is

a cumulative effect of the interactions between particles and the particle-equipment

interactions. This is done using contact models. In EDEMTM, a soft sphere approach is

used to model particle contact (see figure 2.1). The contact models used in this work

are explained in detail in section 3.1.

3.1 DEM Simulation in EDEM

In EDEMTM simulation, different libraries are called for performing the calculations.

The libraries or specific user-defined libraries connect different stages depending on

where the library belongs. If needed, this process is carried out before running the

primary function. The figure 3.1 gives an idea of how the simulation is carried out in

EDEMTM and when an appropriate library is plugged in for calculations.

As seen from the figure 3.1 there are following main stages in the simulation per-

formed in EDEM

1. The simulation initiates by the creation of geometry either in EDEMTMor is im-

ported in standard CAD format

2. After the geometry creation, the user creates a custom factory. A factory is a

place from where the particles are generated. It is a virtual geometry. For this

EDEMTM imports particle generation library. There are two types of factories -

dynamic and static. In dynamic factory as seen in figure 3.2, the particles are

generated at a specified rate and keep on generating until the specified number

of particles or mass is generated. In the static factory, the user defines a virtual



10

geometry where only the number of particles are generated which fits into the

factory. As shown in figure 3.3 the particles occupy the space provided for

generation and settle down if the boundary condition of gravity is specified.

3. Contact detection and contact calculation are performed after the particles are

generated. Contact detection is particle-particle as well as particle-geometry

contacts. At a given time a particle may have more than one contact. Contact

calculation is performed by calling the contact model plugin for each contact.

4. Forces are calculated by calling the force plugin after the contacts have been

calculated. Here, particle body forces are executed first irrespective of their

presence in the user-defined library or the plugin.

5. After calculating the contacts and forces the particle positions need to be up-

dated for the current time step.

6. The entire process is repeated until the given time is completed or until the

availability of time steps.
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Simulation Starts
Move Geometry /
Generate Particles

Contact Detection

Particle factory

Contact Calculation

Force Calculations

Updating particles
for each time step

Updating bonds
for each time step
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Complete for
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ed Contact model

plug-in

Forces
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Figure 3.1: Simulation / Calculation Sequence in EDEMTM [1].
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Figure 3.2: Dynamic Factory in EDEM.

3.2 Contact Models

In DEM, a large number of particles considered are in contact or may come in

contact. To study the behaviour of the powder, the contact and the particles forces are

calculated based on the contact. For this, the algorithm first determines the contact

between the particles and calculates the contact forces. These series of calculations

are called contact detection and contact resolution part of the analysis [18]. In this

study, the following contact models are used:

1. Hertz-Mindlin (no slip)

2. Hertz-Mindlin with JKR Cohesion.

The movement of the particles is calculated by the Newton’s laws of motion. The

equation given by Cundall and Strack [8] is: For Transnational motion,

mi
dvi
dt

=
∑

Fc,i +mig, (3.1)
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(a) Static factory particle generation time step.

(b) Static factory after particle settled down.

Figure 3.3: Static Factory at two time steps.
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Here, m is the mass of particle, vi is the particle velocity, Fc,i the contact forces and

g being the acceleration due to gravity. And for rotational motion,

d(Ii.ωi)

dt
= Ri

∑
Mc,i. (3.2)

Here, I is the moment of inertial of particle with respect to another, ω is the angular

velocity, R is the radius between the particles, M is moments acting on the particles.

3.2.1 Hertz-Mindlin contact model in EDEM

Hertz-Mindlin model is used to describe the particles in absence of cohesion. For

calculating the tangential and normal direction forces, this model assumes spring-

dash-pot system between two particles to consider all three-dimensional interactions.

This model is a combination of Hertz contact theory and Mindlin-Deresiewicz theory.

The normal forces are given by the Hertzian contact and the Mindlin and Deresiewicz

theory gives us the tangential forces. In this model, the rolling friction is implemented

and the normal and tangential components of forces are related to the coefficient of

restitution via damping components [19]. Figure 3.4 represents the Hertz-Mindlin

contact model.
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Figure 3.4: Hertz-Mindlin Contact Model [2].

Here, the normal force is given by Fnor and the tangential force is given by Ftan.

These forces are calculated as the sum of their respective spring forces Fn or Ft and

damping forces F d
t or F d

n such that:

Fnor = Fn + F d
n (3.3)

and

Ftan = Ft + F d
t . (3.4)

The normal force due to spring is given by,

Fn =
4

3
E∗
»
R∗δ

3
2
n . (3.5)

Where, E∗ & R∗ are given by,

1

E∗ =
1− ν2i
Ei

+
1− ν2j
Ej

(3.6)
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and
1

R∗ =
1

Ri

+
1

Rj

. (3.7)

Here, Ei, Ej, νi, νj, Ri, Rj are Young’s modulus, Poisson ratio, Radius of each sphere

in contact respectively.

Tangential damping is given by,

F d
n = −2

…
5

6
β
»
Stm∗vrelt . (3.8)

Here, E∗ is the equivalent Young’s Modulus of the two particles into consideration.

R∗ is the equivalent radius, normal and tangential overlap are given by δn and δt

respectively. β is the damping ratio which is related to the coefficient of restitution.

m∗ is the equivalent mass. vreln and vrelt are the normal and tangential components

of relative velocity respectively. The tangential force Ft depends on the tangential

overlap δt and tangential stiffness St as follows:

Ft = −Stδt. (3.9)

The tangential damping force F d
t is given by,

F d
t = −2

…
5

6
β
»
Snm∗vreln . (3.10)

Here, β and Sn are given by a specific relation according to the Hertz-Mindlin theory

and m∗ is equivalent mass given by,

m∗ =

Å
1

ma

+
1

mb

ã−1

, (3.11)

β is given by,

β =
ln e√

ln2 e+ π2
, (3.12)
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with e being the coefficient of restitution. The normal stiffness Sn and tangential

stiffness St are given by,

Sn = 2E∗
√
R∗δn (3.13)

and

St = 8G∗
√
R∗δt. (3.14)

Here, G∗ is equivalent shear modulus and is given by the following formula in which

Gi and Gj are shear modulus of particles in contact given by,

1

G∗ =
2− νi
Gi

+
2− νj
Gj

. (3.15)

3.2.2 Hertz-Mindlin with JKR Cohesion

Cohesion is a property resulting in the attraction between particles of the same

material. It was observed that the Hertz model by Derjaguin was inefficient to cal-

culate the contact forces in the presence of cohesive energy between particles, but

it provided a ground for further research. This model was not able to calculate the

cohesive forces for the particles other than rigid ones. On the other hand, the JKR

model in addition to Hertz-Mindlin, takes particle deformation into consideration

with contact stress as well as cohesion. To include cohesion forces between particles

in DEM simulations, JKR model is best suited [20].

Cohesion in powder flow plays an important role in determining the ease of flow,

the post flow quality of powdered bed and the angle of repose. Cohesion between

the particles increases with a decrease in the particle size [21]. As the particles tend

to stick together during the flow, there is a need to calculate the parameters such as

contact, contact forces, acceleration, velocity and displacement of the particles while

solving the DEM algorithm.

This model considers the effect of Van der Walls forces which are present in the area
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of contact between the particles. As this model accounts for cohesion between the

particles, the normal elastic force is from JKR theory. As seen in Hertz-Mindlin (No

Slip) model above, this model also follows the same steps of calculating forces [19].

1. Tangential elastic force

2. Normal dissipation force

3. Tangential dissipation force.

In JKR theory, the force depends on two parameters namely, overlap δ and surface

energy γ. The relation between these two parameters is given by,

FJKR = −4
√
πγE∗a

3
2 +

4E∗

3R∗ a
3, (3.16)

δ =
a2

R∗ −
…

4πa

E∗ . (3.17)

Here, a is given by,

a =

Å
3FnR

∗

4E∗

ã
. (3.18)

As observed in the above equation, Hertz-Mindlin force is obtained when the value

of surface energy γ equals 0. Cohesion between particles exists even if they are

not physically in contact. This model takes into consideration the gap between the

particles for cohesion to exist. When the gap between the particles is more than the

critical gap, δc the cohesive force will be 0. It is given by,

δc = −
…

4πac
E∗ +

a2c
R∗ , (3.19)

Here ac is given by,

ac =

ï
9πγR∗2

2E∗

Å
3

4
− 1√

2

ãò 1
3

. (3.20)
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The maximum force when particles are separated by the gap less than the critical

gap is called the pullout force which is given by,

Fpullout = −
3

2
πγR∗. (3.21)



CHAPTER 4: SIMULATION SETUP IN EDEM

The simulation setup for the DEM study has two main components, the bed on

which the powder is spread and the blade which spreads the powder. The bed and

the blade size for modelling is scaled to make the simulation faster. Length of the

bed is divided into two parts namely accumulation and spreading. The setup looks

as shown in the figure 4.1.

The scale for the figures where the computational models are described is propor-

tional to the particle size. Blade size is 90D, bed size is 600D in length and 10D in

width.

Figure 4.1: Simulation Setup.
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4.1 Material Properties

The material for the powder and the geometry used is stainless steel with the

properties shown in table 4.1. Actual value of Young’s modulus is 211 GPA which

is measured by Ghadiri for bulk material [22]. Considering this large value makes

the time step in DEM simulation very small leading to unrealistically long simulation

time as it makes the time step significantly small. To get achievable simulation time

Young’s modulus is brought down to 2.1 GPA. The calibration for reducing Young’s

modulus is experimentally performed by Behjani et al. [23], HÃŠrvig et al. [24] and

Washino et al. [25] which is then summarized in [10].

Friction in this process is static and rolling friction. Static friction is responsible to

hold the particles from translating and rolling friction is the one which resists rolling

motion of the particles. The static friction coefficient is taken as 0.05 as measured

in the experimental process performed by Nan et al. in [10]. In this study rolling

friction is not studied for this it is taken as the lowest value possible which is 0.01.

The coefficient of restitution which is not mentioned in the table below is one of the

parameters studied in this work by considering 0.32 and 0.64 as the two COR values.

Table 4.1: Material Properties - Stainless Steel.

Property Symbol/ Notation Value
Poisson’s Ratio ν 0.3
Young’s Modulus E 2.1e+09 Pa
Density ρ 7980 Kg/m3

Coefficient of static friction µs 0.5
Coefficient of rolling friction µr 0.01

In the simulation of powder spreading the first part is to accumulate the particles

forming a heap of the bulk material as seen in figure 4.2a. Next, the bed is constructed

such that there is a step created which acts as the gap between the blade and the

bed. This gap is varied for the parametric study in this work. As the blade continues

to move forward the powder gets spread from the gap as shown in figure 4.2b.
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(a) Accumulation

(b) Spreading

Figure 4.2: Simulation setup (Accumulation & Spreading).
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4.2 Parametric Study

As discussed earlier, parametric study is performed to better understand the process

and to obtain the relation between these parameters and the packing density of powder

on the bed. The parameters studied for this process are as mentioned in table 4.2.

Typically the COR value of powder is 0.64 to examine how it affects the process 0.32

was considered as well. Similarly for surface energy values are varied by 20% from

typical value of 1.4 (mJ/m2).

Table 4.2: Material and Process Parameters.

Blade Speed (m/s) Gap - Blade -

Bed (δ/D)

COR

(e)

Surface

energy γ

(mJ/m2)

Particle Size

Distribution

(Normal)

(µm)1

Particle

diameter

D (µm)

0.05 1.5 0.32 0 None 50

0.08 2.5 0.64 1.2 M - 90

SD - 18

90

0.1 3 1.4 M - 90

SD - 18 (with

cap2)

120

0.12 4 1.6 M - 120 SD -

24

0.16 M - 50

SD - 10

Here, δ is the gap between blade and bed, D is the particle diameter, γ is the

surface energy of the material, COR is the coefficient of restitution.

1M stands for mean, SD stands for standard deviation
2Distribution capped with mean as 90 µm lower limit as 60µm and upper limit as 120µm



CHAPTER 5: RESULTS AND DISCUSSION

This chapter aims to study the powder spreading behaviour concerning the param-

eters which were varied. The quantities observed will be packing density and mass

flow rate through the blade - bed gap. The parameters varied are as shown in table

4.2.

5.1 Mass flow rate (MFR)

The mass flow rate of the powder gives an idea of how good the particle flow is

during spreading. As the mass flow increases the packing density increases giving a

better powdered bed meaning less voids. Mass flow rate is studied by varying the blade

speed, blade - bed gap, COR and the surface energy of the powder. Theoretically the

mass flow rate of the powder is given by the following formula:

MFR = ρV A. (5.1)

where ρ is the material density of the powder, V is velocity and A is the area which

it is flowing through.

In this study, the mass flow rate is being calculated by an inbuilt sensor in EDEMTM

software. It is aligned such that it covers the particles flowing exactly below the blade.

The inbuilt sensor considers each particle’s velocity, mass and the size of the sensor

to calculate the mass flow rate. The width of the sensor (bin) is same as the width

of blade which is proportional to particle diameter. It is given as shown in equation

5.2.

Ṁ =

∑
(mi(vi.l̂))

l
. (5.2)
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Ṁ = The magnitude of mass flow rate, mi = The mass of particle i in the sensor

(selected bin), vi = The velocity of the particle i in the sensor (selected bin), l̂ = The

length of the cylinder as a unit vector (length AB in fig 5.1).

For each particle, its mass is multiplied by the dot product of its velocity and the

unit vector of the cylinder from start to end. These per particle values are then

summed and divided by the length of the bin. The length of the bin is the distance

from the start point to the endpoint of the cylinder.

Figure 5.1: Mass flow rate (MFR) calculation setup.
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5.1.1 Effect of mass flow rate on gap size for different speeds

Figure 5.2: Mass flow rate (MFR) against Gap/D and different velocities.

The plot 5.2 shows the variation of mass flow rate concerning different blade - bed

gap for different blade speeds. For this study the parameters were set as COR of 0.64,

surface energy of 1.4 mJ/m2, normal particle size distribution with mean as 90 µm

and standard deviation of 18 µm. As observed from the plot, MFR increases with

increase in velocity which is expected as it is directly proportional to the velocity.

For blade - bed gap the mass flow rate increases with increase in the gap size. This is

because as the gap gets larger more particles tend to fit in it and flowing away from

the bed. It should be noted that even though the mass flow rate for higher speeds is

more it won’t help increase packing density. This will be discussed in section 5.2.1.
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5.1.2 Study of COR on mass flow rate

Figure 5.3: Mass flow rate (MFR) against Gap/D and different velocities and COR.

One of the parameters varied for the parametric study is coefficient of restitution

COR (e). COR is the ratio of relative velocity after and before collision between the

particles. It is a material property and ranges from 0 to 1. If the value of (e) is 0 it

is perfectly inelastic collision and perfectly elastic for e equals 1. The plot in fig 5.3

shows relation between COR affects and the mass flow rate. Mass flow rate is not

majorly affected with change in COR which was decreased from 0.64 to 0.32. The

rest of the parameters are same as section 5.1.1. Also, it can be inferred that as COR

does not affect MFR the trend will be similar for gap size of 4D and blade speed of

0.08 and 0.12 m/s.
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5.1.3 Study of particle size on mass flow rate

Figure 5.4: Mass flow rate (MFR) against particle diameter D.

To study the effect of particle diameter on mass flow rate parameters from 5.1.1

and COR of 0.64 was used with three different particle diameters of 50, 90 and 120

µm. As the particle diameter decreases the effect of cohesion is more, which can also

be seen from equation 3.16. Increase in the cohesive forces decreases the fluidity of

the particles. Thereby making it difficult to pass through the gap as they tend to

stick to each other leading to decrease in mass flow rate. This can be observed in

the plot 5.4 where the mass flow rate is highest for particle size (diameter) of 120

µm followed by 90 and 50 µm size particles. This trend is examined by taking the

packing density average values after the spreading was complete.
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5.1.4 Effect of surface energy on mass flow rate

Figure 5.5: Mass flow rate (MFR) against surface energy.

Surface energy can be defined as the work required to cut or separate a bulk sample.

From equation 3.16 in Hertz-Mindlin with JKR contact model it is seen that as surface

energy increases the cohesive force between the particles increases. Making it difficult

for them to separate. For studying how mass flow rate is affected by change in surface

energy, it was varied by about 20% from 1.4 mJ/m2. Simulations were carried out

with values of parameters from 5.1.1, COR of 0.64 and with surface energy varying as

1.2, 1.4 and 1.6 mJ/m2. As discussed earlier in figure 5.1.3, surface energy has higher

impact on smaller sized particles. Therefore, for this study particle sizes of 50 and

120 µm were used. As observed, the mass flow rate tends to decrease with increase

in surface energy and affects more for 50 µm particle size.
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5.2 Packing Density

Packing density of the particles determines how well the final product will turn

out in terms of surface finish and less cavities [12]. For this study, packing density is

measured after the spreading process as shown in figure 5.6. Packing density is given

by,

Packing density (PD)% =
Total volume occupied in bin by particles

Total volume of the bin
x100. (5.3)

The setup to measure the packing density is shown in figure 5.6. A box bin is set

up on the bed, which gives value of volume occupied by the particles on the bed. It is

then divided by volume of bin and multiplied by 100 as shown in equation 5.3. The

maximum theoretical value of packing density found was between 50% to 70% in the

study by [6]. One of the way of measuring theoretical packing density for particles

with different size is by packing them in a cube with known volume.

The box bin was set up in such a way that it does not consider the particles which

are near the blade as they have not yet settled and may move forward as they have

a velocity in the direction of the blade. This setup is shown in fig 5.6.
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Figure 5.6: Packing density (PD) setup.

5.2.1 Effect of gap on PD for different gap sizes and velocities

Figure 5.7: Packing density (PD) against Gap/D and different velocities.
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Plot 5.7 shows the effect of different gap sizes on the packing density for different

speeds. It was observed that as the gap increases the packing density increases. It

was expected because as the gap gets bigger there is more space available to flow

through it. Also, as the blade speed increases, the packing density decreases. This

phenomenon occurs as the particles have higher speed and there is less time to flow

through the gap. The particles spreaded have higher velocities in the direction of the

blade, due to which they do not settle quickly and continue travelling in the same

direction resulting in less packing density. For this study other parameters were set

as COR - 0.64, surface energy - 1.4 mJ/m2. And normal particle size distribution,

with mean as 90 µm, particle diameter as 90µm along with standard deviation of 18

µm.
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Figure 5.8: Particle velocities after spreading for blade speed 0.05 m/s.

Figure 5.9: Particle velocities after spreading for blade speed 0.16 m/s.

As discussed above, increase in the speed decreases the packing density due to

particles having high speeds while spreading. From the figure 5.8 and figure 5.9 it is

clear that as the blade speed is higher, particles tend to continue in the direction of

spreading. Therefore, decreasing the packing density of the powdered bed. Periodic

boundary conditions are used for sides of the bed so as the particle falls from one side

of the bed it reappears exactly on the opposite side.
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5.2.2 Packing density trend with change in COR

Figure 5.10: Packing density (PD) against Gap/D and different velocities and COR.

To observe the effect on packing density when the powder has different values of

COR (e), simulations were carried out and the same two values of COR 0.32 and

0.64 were considered. As seen in the plot 5.10 the packing density shows a similar

trend of increasing with increase of gap and decrease of blade speed. Therefore from

comparison of figure-plots 5.7 and 5.10, it can be inferred that packing density is not

affected with change in COR. This tells that similar trend for gap of 4D and blade

speed of 0.08 and 0.12 m/s will occur for COR = 0.32.
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Figure 5.11: Powdered bed for different Gap size.

Figure 5.11 compares powdered bed for different gap sizes. Gap size of 1.5D has

maximum voids making packing density extremely low. For this comparison the blade

speed is fixed to 0.05 m/s with rest of parameters as mentioned in section 5.2.1.
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5.2.3 Change in packing density for different size particles

Figure 5.12: Packing density (PD) against particle diameter D.

It can be observed in above plots, that in the presence of surface energy the fluidity

of smaller particles get restricted. To analyse the effect on packing density of particles,

the input parameters are taken as mentioned in section 5.2.1 with COR as 0.64, gap

of 3D, blade speed as 0.05 m/s. From the plot 5.12, the packing density is less for

smaller particle size because of cohesion effect being greater on them.



37

5.2.4 Surface energy and packing density

Figure 5.13: Packing density (PD) against surface energy.

To study how change in the surface energy impacts packing density, simulations

were performed with parameters mentioned in section 5.2.3. With increase in surface

energy, the cohesion force increases between particles which causes particles to stick

together as in equation 3.16. Surface energy for this study has been changed by 20%

from the value of 1.4 mJ/m2, to check the change in trend of packing density. From

plot 5.13, the packing density of powder after spreading decreases with increasing the

surface energy, thus satisfying the mathematical relation.
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5.2.5 Particle size distribution and Packing density

Particle size distribution plays an important role in packing density. If in a powder

there are same size particles there will be voids between the particles, as there will be

almost no percolation. Percolation is the phenomenon where smaller particles tend

to fill the gaps between the larger sized particles during powder packing. Presence

of smaller size particles in powder mixture increases the chances of percolation mak-

ing positive impact on packing density. To study this phenomenon simulations with

normal size distribution were carried out. In plot 5.14, the graph showing ‘Std Dev’

is for particles having normal distribution with mean 90 µm and standard deviation

of 18 µm. For this, the particles size can range between negative infinity to positive

infinity following the normal distribution bell curve. As studied in [6] percolation

does not occur in presence of significantly larger particles with smaller ones. This

leads to having low packing density as explained with wall effect phenomenon dis-

cussed in [12]. Larger size particles tend to form a structure such that other particles

cannot penetrate into the gaps between these particles resulting in local voids, this

phenomenon can be referred as wall effect. Generally the packing density of powder is

around 50% which rarely goes up to 70% with optimized powder properties according

to studies [26–28]. In order to increase the packing density, one way is to have specific

size particles in the mixture. For this, one more simulation with same conditions as

above but particle size distribution capped from both end of bell curve was carried

out. In this smallest particle size of 60 µm and largest particle size of 120 µm was

used as shown in the figure 5.15. From plot 5.14 of packing density vs dimensionless

time, it can be inferred that by capping particle size distribution the packing density

increases boosting the action of percolation. Here dimensionless or normalized time

is necessary to compare two different simulations where the local spreading time is

different. The local spreading time is given by (bed length)/(balde speed)
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Dimensionless time is calculated as -

Dimensionless time =
Difference between two local times

Total spreading time
. (5.4)

Figure 5.14: Packing density (PD) against capped and uncapped normal distribution.
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Figure 5.15: Capped normal distribution of particle diameter D.

5.3 Angle of repose study

Angle of repose of the powder gives an idea about the fluidity of the powder. The

smaller the value, the better the fluidity of the powder [29] [30]. Angle of repose of a

granular material can be defined as the slope made by the particles or material with

respect to the horizontal plane or the angle which changes with the transition of the

material [31] [32]. It is one of the crucial parameter to study material properties and

has vast applications in geomechanics where, it has been particularly used to study

the properties of sand.

In the figure 5.16 the setup to measure angle of repose at all time steps while

spreading the powder is shown.
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Figure 5.16: Angle of repose (AOR) setup.

5.3.1 Angle of repose and cohesion

Figure 5.17: Angle of repose (AOR) with and without cohesion.
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In the figure 5.17 angle of repose is plotted against dimensionless time. The graph

of angle of repose with no cohesion, is the one with no surface energy. The one with

cohesion is with JKR model or with presence of surface energy. From the figure it can

be observed that angle of repose increases with cohesion, as particles tend to stick to

each other giving a larger value of the angle.

5.3.2 Effect of gap and blade speed with angle of repose

Figure 5.18: Angle of repose (AOR) against Gap/D and different velocities.

Angle of repose is a material property and does not depend on the process param-

eters. Figure 5.18 shows variation of angle of repose with respect to the blade - bed

gap and blade speed. The values of angle of repose varies between 23◦ and 25◦ which

proves that the angle of repose does not depend on the blade - bed gap and blade

speed.

The study by Zhou et al in [33] shows that the angle of repose depends on factors
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such as sliding friction and rolling friction of the material. It forms a larger connecting

length making particles harder to slide over each other and forming a larger angle of

repose.



CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE

WORK

6.1 Conclusions

This chapter summarizes the results obtained from this research. Powder spreading

was successfully modeled in EDEMTM and simulations were carried out. Hertz-Mindlin

and Hertz-Mindlin with JKR cohesion contact models were discussed along with the

reason why they are used. EDEMTM was used because of its proven accuracy and ease

of modelling using discrete element method.

Based on results presented in the previous chapter, the mass flow rate increases

linearly until gap size of three times the diameter and tends to settle after that. Also,

the mass flow rate increases with the blade speed for the particles directly below the

spreader or blade. It was observed that change in the coefficient of restitution (COR)

did not affect how the powder was spread and did not have any considerable effect on

mass flow rate. Particle diameter plays an important role in this process. Generally

small particles give good fluidity, but in the presence of cohesion it becomes difficult

for them to separate from each other affecting the mass flow rate. In the same manner

as the surface energy increases, the force of cohesion increases leading to the decrease

in mass flow rate.

Packing density determines how well the powder is spreaded on the bed. This affect

the manufactured part’s quality making it one of the important factors for study. As

discussed in the previous chapter, the packing density increases with increase in the

gap. Therefore, it is recommended to not have blade - bed gap below three times

the diameter, as it will have high number of void patches across the bed, which is

not suitable for laser powder bed. Also, packing density decreases with the increase
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in blade speed. This happens due to particles motion continuing with the same

speed and taking time to settle after spreading process. Coefficient of restitution

(COR) does not play any role in terms of packing density as well, giving similar

trends and values when changed. As discussed earlier smaller particle size decreased

the packing density which is usually not the case. This phenomenon occurs due to

presence of cohesion and also on the same note increase in surface energy decreases the

packing density more for smaller particle than for the larger sized one. Interestingly

it was found that having specific size particles in normal distribution or capping the

distribution increases the packing density which is in close agreement with the work

by Chen in [12].

Angle of repose which is usually used for calibration was studied and it was observed

that the varying gap size or change in speed of spreading does not affect the angle

of repose (AOR). Also, with addition of cohesion, the angle of repose increases. This

proves the results of mass flow rate and packing density from the fact that less angle

of repose (AOR) increases the fluidity of the powder.

DEM is the best available technique to analyse the powder spreading process with

discrete particles. But it should be noted that the repeatability of the process may

or may not give the exact same values. The reason behind this is the randomness

of the particle generation and movement while spreading. Though this randomness

may cause difference in values it will be considered as numerical error.

6.2 Recommendations for future work

This thesis bespeaks the nature of mass flow rate and packing density with respect

to gap size, blade speed, COR, particle size and distribution and surface energy in

the powder spreading process. This study can be furthered by adding laser sintering

model with the help of EDEMTM add-on couplings with Ansys fluent which gives the

capability of melting or sintering these particles. Re-coating of powder can be modeled

to investigate the second layer packing density of powder. After the laser sintering or
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melting process change in material properties and splattering phenomenon of particles

can be studied.

Rolling friction coefficient can be added to the studied parameters to see how it

affects mass flow rate and packing density. Rolling friction is responsible to restrict

the rotational movement of the particles. This may result in particles not sliding

from the heap giving larger values of angle of repose. In terms of numerical study

different solvers such as Range-Kutta, Velocity verlet to name a few if studied may

give an idea of computational accuracy of these solvers. This software package has

ability to export equipment data for FEA analysis using Abaqus this can be used to

perform analysis on the spreader blade for forces and temperature of the bed after the

sintering/melting process. Flexible spreader blade could be tested for the spreading

process which may give even more packing density and less jamming of particles for

smaller gap sizes. This will be beneficial to better understand about the powder

spreading process and will help improve the process.
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