Modeling of Powder Spreading in Laser Powder Bed

Fusion and Roller Rotational Strategies



Ph.D.Thesisi Mohamed Awad Salim McMaster University Mechanical Engineerin

Modeling of Powder Spreading in Laser Powder Bed Fusion and Roller

Rotational Strategies

By

Mohamed Awad SalinB.Sc., M.Sc.

A Thesis
Submitted to the School of Graduate Studies in Partial Fulfilment of the Requirements

for the Degree Doctor of Philosophy

McMaster University

© Copyright byMohamed Awadsalim March2025



Ph.D.Thesisi Mohamed Awad Salim McMaster University Mechanical Engineerin

DOCTOR OF PHILOSOPHY (2ZIb) McMaster University
(MechanicaEngineering) Hamilton, Ontarip Canada
TITLE: Modeling of Powder Spreading in Laser Powder Bed Fu

and Roller Rotational Strategies

AUTHOR: Mohamed Awadsalim
B.Sc.in Mechanical EngineeringC@iro University)

M.Sc. in Mechanical Engineerin@&iro University)

SUPERVISOR: Dr. M. A. Elbestawi
CO-SUPERVISOR Dr. Stephen Tullis

NUMBER OF PAGES: xxi/196



Ph.D.Thesisi Mohamed Awad Salim McMaster University Mechanical Engineerin

Abstract

Powder spreading is critical imaser Powder Bed Fusion (P&/P), directly influencing

the powder bed's uniformity, packing density, and overall quality. This work focuses on
optimizing spreading speed, roller configurations, and rotational speed strategies through
Discrete Element Metltb (DEM) simulations to enhance the performance of additive
manufacturing processes. The research is structured around three key objectives.

First, the influence of varying spreading speeds on powder bed characteristics is analyzed.
Results indicate that increasing spreading speed reduces packing density and layer
thickness for nomotating, counterotating, and swolling configurations duéo powder
dragging. In contrast, the sup®illing configuration effectively balances momentum
transfer, enhancing packing density and layer thickness while maintaining uniformity,
albeit with a slight increase in surface roughness.

Second, the study evaluates the impact of circumferential speed on powder spreading. It
reveals that forwardotating rollers significantly improve packing density, layer thickness,
and mass fraction as rotational speed increases, while coatatng rdlers show a
decline in these metrics. Despite improving productivity, larger roller sizes lead to greater
powder bursts, neaniformity, and surface roughness, highlighting the need for optimized
operational parameters.

Lastly, adaptive rotational speed strategies (Profilé§)Aare introduced to address
challenges in higispeed spreading. Profile F stands out as the optimal configuration,
achieving maximum packing density, minimal variation coefficients, and superi@ mas

fraction. Its high initial clockwise rotational speed, gradually reduced to zero, ensures
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uniform powder deposition, minimal surface roughness, and stability under high spreading
speeds.

This work offers a comprehensive framework for optimizing RBFpowder spreading
processes, emphasizing the interplay between spreading speed, roller size, and rotational
strategies. These findings provide valuable insights for enhancing efficienciilitglia

and quality in rollerspreading in additive manufacturing.
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density, (b) layer thickness, and (c) top view and front view of the powdeilfteed a
spreading with the speed of 0.15 m/s. (d) The top and front views of the powder bed after
spreading at a speed of 0.30 m/s; coloured by the powder position irdtrecton (i.e.,

lAYEF thICKNESS)a v vvitiieie e e e e e eenneees 158

Figure 413.Powder layer characteristics of rolgpreading rotating underofile F and
moving forward with 0.15 and 0.30 m/s versus the building plate length. (a) Packing
density, (b) layer thickness, and (c) top view and front view of the powder bed after
spreading with the speed of 0.15 m/s. (d) The top and front views of the paudeitdr
spreading at a speed of 0.30 m/s; coloured by the powder position irdtrec#on (i.e.,
[AYEr TNICKNESS) - ...ttt e e e e e e e e e e s s e e e e as 161

Figure 414. Powder layer characteristics of rolfgreading rotating under profiles E and
F and moving forward with 0.15 and 0.30 m/s versus the building plate length. (a)
Packing density, (b) layer thiCKNESS.............uuuiiiiiiiiieeeiiiiie e 162

Figure 415.Powder layer characteristics of rolfgreading at a spreading speed of 0.15
m/s for various rotational speed profiles. (a)Average packing density @efsyand its
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variation coefficient (right yaxis), (b)normalized average layer thickness (lefkis) and

surface roughness (MGIaKIS)........cooiviiiiiiiee e e 164

Figure 416. Powder layer characteristics of rolgreading at a spreading speed of 0.3
m/s for various rotational speed profiles. (a)Average packing density@efsyand its
variation coefficient (right yaxis), (b)normalized average layer thicknéeft yaxis) and
surface roughness (NMGIaKIS)........coooiiiiiiiiii e e 165

Figure 417.Powder layer characteristics of rolgreading at a spreading speed of 0.3
m/s for various rotational speed profiles. (a)at a spreading speed of 0.15 m/s (b) at a
spreading speed 0f 0.30 MUS.....couiiiiiiiiiiii e 168

Figure 61. Top view and front view of the powder bed after spreading by roller (radius =
2.5 mm) with a spreading speed of 50 mm/s, coloured by powder positiediiaction

(i.e., layer thickness) at different rotational speeds and normalized poweter(giz
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Figure 62. Top view and front view of the powder bed after spreading by roller (radius =
2.5 mm) with a spreading speed of 50 mm/s, coloured by powder positiediriaction

(i.e., layer thickness) at different rotational speeds and normalized poweter(giz
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Figure 63. Characteristics of a powder layer with a normalized particle size of 0.35

spread using a countertating roller {Y i= 2.5 mm) at a spreading speed of 50 mm/s

along the building plate length: (a) Packing densityie ); (b) Normalized layer

thickness (0(x)/ 0, %).;...(.c.)...Mas.s..f.r.aclB3d on ( MF,

Figure 64. Characteristics of a powder layer with a normalized particle size of 0.40
spread using a countaestating roller (Y i = 2.5 mm) at a spreading speed of 50 mm/s
along the building plate | ength: (a) Packing
thickness(u(x)/0d, %) ;...(c.)..Mas.s..f.r,ac.tlBlon ( MF, ¢
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Figure 65. Characteristics of a powder layer with a normalized particle size of 0.50
spread using a countertating roller {Y i= 2.5 mm) at a spreading speed of 50 mm/s
along the building plate | ength: (a) Packing
thickness(u(x)/0d, %) ;...(.c.)..Mas.s...f.r.ac.tlBson ( MF, ¢

Figure 66. Characteristics of a powder layer with a normalized patrticle size of 0.575

spread using a countertating roller {Y i= 2.5 mm) at a spreading speed of 50 mm/s

along the building plate | ength: (a) Packing
thickness(u(x)/0d, %) ;...(.c.)..Mas.s...f.r.ac.tlBéeon ( MF, ¢

Figure 67. Characteristics of a powder layer with a normalized particle size of 0.65
spread using a countertating roller {Y i= 2.5 mm) at a spreading speed of 50 mm/s
along the building plate | ength: (a) Packing
thickness(u(x)/a, %) ;...(.c)..Mas.s..f.r.,ac.tlBBon ( MF, ¢

Figure 68. Top view and front view of the powder bed after spreading by forward
rotating roller (Y i = 2.5 mm) with a spreading speed of 50 mm/s, coloured by powder
position in Zdirection (i.e., layer thickness) at different rotational speeds and normalized
powder sizes ; (a)sulling] p Tt ®QO] 1@ y(b)subrolling ]
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1 WITOQO] T oo eee e 188

Figure 69. Top view and front view of the powder bed after spreading by forward
rotating roller {Y i = 2.5 mm) with a spreading speed of 50 mm/s, coloured by powder
position in Zdirection (i.e., layer thickness) at different rotational speeds and normalized
powder sizes ; (a)sutolling] p Tt QO] 1@ X Wb)subrolling ]

p Tt QO] 1@ yCc)Rolling ] ¢ Tt QD] ™ x;(@)rolling ;]

¢ T QO] 1@ ye)superrolling;] wit Q0] T x;and(f)supeirolling;
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Figure 610. Characteristics of a powder layer with a normalized particle size of 0.35

spread using a forwaimbtating roller (Y i = 2.5 mm) at a spreading speed of 50 mm/s
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along the building plate length: (a) Packing densityiie ); (b) Normalized layer

thickness (u(x)/ a4, %)..;...(.c.)..Mas.s..f.r.a.cled on

Figure 611. Characteristics of a powder layer with a normalized particle size of 0.40
spread using a forwanttating roller {Y i= 2.5 mm) at a spreading speed of 50 mm/s
along the building plate length: (a) Packing densityie ); (b) Normalized layer

thickness (0(x)/ U, %)..;...(.Cc.)..Mas.s..f.r.acldl on

Figure 612 Characteristics of a powder layer with a normalized particle size of 0.50
spread using a forwanatating roller {Y i= 2.5 mm) at a spreading speed of 50 mm/s
along the building plate length: (a) Packing densityie ); (b) Normalized layer
thickness (0(x)/ 0, %).;...(.c)..Mas.s..f.r.acld2 on

Figure 613. Characteristics of a powder layer with a normalized patrticle size of 0.575
spread using a forwamabtating roller {Y i= 2.5 mm) at a spreading speed of 50 mm/s
along the building plate length: (a) Packing densityiie ); (b) Normalized layer

thickness (u(x)/d, %)..;...(.c.)..Mas.s..f.r.a.cld3d on

Figure 614. Characteristics of a powder layer with a normalized particle size of 0.65
spread using a forwaimbtating roller (Y i = 2.5 mm) at a spreading speed of 50 mm/s
along the building plate length: (a) Packing densityie ); (b) Normalized layer
thickness (0(x)/ U0, %).;...(.c)..Mas.s..f.r.acldd on

Figure 615. Characteristics of a powder layer with a normalized patrticle size of 0.25
spread using monrotating roller at a spreading speed of 50 mm/s along the building
plate length at different roller radius: (a) Packing densityii¢ ); (b) Normalized layer

thickness (0(x)/ 0, %).;...(.c.)..Mas.s..f.r.acles on

Figure 616. Characteristics of a powder layer with a normalized patrticle size of 0.25
spread using a countevtating roller at a spreading speed of 50 mm/s and rotational
speed of 40 rad/s along the building plate length at different roller radidac¢king
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1 Introduction

1.1 Additive Manufacturing

Additive Manufacturing (AM), commonly referred to as 3D printing, has revolutionized
the manufacturing industry by enabling the production of complex and customized parts
with high precision. Unlike traditional subtractimeanufacturing methods, which remove
material to create a part, AM builds parts layer by layer from digital models. This
technology has applications in various industries, including aerospace, biomedical,
automotive, and consumer goods, due to its abititproduce intricate geometries and
reduce material wasf&]. Among the various AM techniques, Laser Powder Bed Fusion
(PBFLP) has emerged as one of the most prominent methods for producinguaitity

metal parts.

1.2 Laser Powder Bed Fusion PBF-LP)

Laser Powder Bed FusioRBFLP) is a powdeibased additive manufacturing process that
uses a higlintensity laser toneltlayers of metal powder to create a solid part. The process
begins with the deposition of a thin layer of powtgrblade or rollelonto the building

plate followed by the melting of the powder using a lassrdescribed iRigurel-1. This
sequence is repeated layer by layer until the final part is compRBE€LP offers several
advantages, includingroducing parts with complex geometries, high dimensional
accuracy, and excellent mechanical propeffie®]. However, the quality of the final part

is highly dependent on the quality of the powder bed, which is influenced by the powder

spreading process.
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Figurel-1: PBFLP system schematic with rollespreading mechanisp,5]
1.3. Spreading Mechanisms ilPBF-LP

The powder spreading procassPBFLP is a critical step that directly affects the quality

of the powder bed and, consequently, the final part. Two prisfgading mechanisms

are used in PBEP: roller spreading and bladgreading. The rollespreading technique
uses a roller to distribute the powder acrosdthigling plateg/6i 8], as presented Figure

1-2b. The roller can be configured in different ways, such asratating, counterotating,

or forwardrotating, eaclaffectingthe powder distribution differently. Roller spreading is
known to achieve higher packing density due to the normal force exerted by the roller,
which compacts the powder more effectivdj. The bladespreadingechnique uses a
blade to distribute the powder acrosshhéding platg9,10], as illustrated ifrigurel-2a.

While blade spreading is simpler in design, it often results in lower packing density
compared to roller spreading, as it does not provide the same level of comiidtidine
choice of spreading mechanism and its parameters, such as spreading speed, rotational
speed, and roller configuration, significantly impact the quality of the powder bed. Poor

powder spreading can lead to defects such as uneven layer thicknesackow plensity,

2
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and surface roughnesagdversely affectinghe final part's mechanical properties and

dimensional accuracy.
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Figurel-2. Simulation setup of the spreading process using both the blade and thig 2¢lléx) blade and
(b) Roller

1.4. Literature Review

1.4.1. Roller Spreading vs. Blade Spreading

The choice between roller spreading and blade spreading has been a topic of extensive
research ilPBFLP. Roller spreading is generally preferred over blade spreading due to its
ability to achieve higher packing density. The normal force exerted by the roller compacts
the powder more effectively, leading to a more uniform and dense powd¢é]béd
contrast, blade spreading tends to produce lower packing density, as it does not provide the
same level of compaction. However, blade spreading is simplesigrdand more suitable

for specificapplications where high packing density is not critjphlSeveral studies have
compared the performance of roller spreading and blade spreBdimgstance, Zhang et

al. [7] conducted a Discrete Element Method (DEM) simulation to compare the two
spreading method3 heyfound that roller spreading achieved higher packing density due

to the normal force exerted by the roller. Similarly, Haeri €tLl4]. demonstratethrough
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experimental and simulation studies that roller spreading resulted in more uniform powder

distribution compared to blade spreading.

1.4.2. Roller-spreading Configurations

Theroller configurationplays a significant role in determining the quality of the powder

bed. There are three primary roller configurations us&BiRLP:

1 Non-Rotating Roller: In this configuration, the roller does not rotateit moves
across the powder bed. This configuration is less common but usesipédific
scenarios where minimal disturbance to the powder bed is dgsdjed

1 Counter-Rotating Roller: In this configuration, the roller rotates in the same
directionasits movementas shown irFigure1-3. This counterrotation helps to
break up powder agglomerates and promotes more uniform powder distribution.
However, it can alsdecreas@ackingdensity at higher rotational speeds due to the
increased momentum transfier the spreading directioto the powder particles
[13].

1 Forward-Rotating Roller: In this configuration, the roller rotates in the opposite
direction as its movement, as showrFigure1-3. This forward rotation helps to
grip and drag the powder into the bed, increasing the packing density. However, it
can also lead to uneven surfaces and inaccurate layer thickness due to the release

of stored elastic energy in the powder fb4.

The choice of roller configuration depends on the specific requirements BBiReP

process. For example, forwardtating rollers are often used when high packing density is
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desired, while counteamtating rollers are preferred for applications requiring uniform

powder distribution.

Counter-rotating roller Forward-rotating roller

Position (um)

20 140 260 380 500 620

Figure1-3. Sketches ofounterrotating and forwardotating rolles during spreadingf powder which is
colouredby powder positiorin Z-direction (i.e., layer thickness).

1.4.3. Effect of spreacer's dynamicson different rolling -spreading

configurations

The key parameters influencing blade and roller dynamics can be summarized as spreading
and circumferential speedBhe circumferential speed, in turn, is determined by the 'wller

rotational speed and radius. Therefore, examining the effects of spreading speed, rotational
speed, and roller radius provides a comprehensive understanding of how spreader

dynamics impact the powder spreading process.

The spreading speed is a critical parameter that influences the quality of the powder bed.
Higher spreading speeds can lead to reduced packing density and increased surface
roughness due to the limited time for powder particles to settle and reorgamzersaty,

lower spreading speeds allow for more time for particle rearrangement, resulting in higher
packing density9,10,12,1622]. The effect of spreading speed varies depending on the

roller configuration. For example, in countetating rollers, higher spreading speeds can
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amplify the reduction in packing densif§,8,11,12,2825]. Meanwhile, he forward

rotating roller can grip and drag powder into the bed, increasingabking density

[14,26] However, this approach can also lead to uneven surfaces and inaccurate layer
thickness as the powder bed may spring back after the roller passes due to the release of

stored elastic enerd®7]. Several studies have investigated the impact of spreading speed

on powder bed quality. Yao et fi0]f ound t hat a spmesgadedhg speec
favourable results fosstainless steel 316powder, while higher speeds led to reduced

packing density and increased surface roughness. Similarly, Meiefl&tjabserved that

higher spreading speeds resulted in more turbulent particle trajectories, leading to non

uniform packing density and increased surface roughness.

The rotational speed of the roller also significantly impacts the powder bed quality. In
counterrotating rollers, higher rotational speeds dacrease gcking density due to the
increased circulation of particles in the powder heap, which prevents them from settling
into the bed13]. In forwardrotating rollers, the effect of rotational speed is more nuanced,
as it can either increase or decrease packing density depending on the relationship between
the rotational speed and the spreading sfle@xpeimental andimulation studies have
provided insights into the effects of rotational speed on powder bed quality. For instance,
Selugd28] observed that increasing the rotational speed of a cetotting roller led to

a marginal increase in powder bed density at low speeds, but this effect diminished at
higher speeds. Similarly, Zhang et[&].found that the rotational speed of a counter
rotating rollersignificantly impactecgowder bed density, with higher speeds leading to
reduced density due to increased phetmrculation.Limited studies have explored the

impact of roller radius on powder bed quality. For example, Zhang E]atonducted
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DEM simulations to investigate the effect of roller diamefea countetrotating rolleron
powder bed densityTheyfound that larger rollers resulted in higher packing density due

to increasegarticles in the compression zone.

Vibration is an essential dynamic parameter that has emerged to improve uniformity for
both blade and roller spreadetatroducing vibrations into the spreading process can
enhance powder compaction and improve layer uniformity. Vibration has been explored as
a potential method to improve powder spreadingB#LP. Vibrating spreaders can help

to compact the powder bed and reduce the formation of cavities and2@jiddowever,

the use of vibration in powder spreading also has some drawbacks. Forexatessive
vibration can lead to particle segregation and uneven powder distribution, which can
negatively impact the quality of the powder bed. Therefore, the vibration frequency and
amplitude must be carefully controlled to achieve the desired compauatithout

introducing additional defects.

1.4.4, Effect of Powder Characteristics on Spreading Performance

The characteristics of the feedstock powder, such as particle size, particle size distribution,
and patrticle shape, also play a crucial role in determining the quality of the powder bed.
Fine powders, for example, tend to have poor flowability due topattcle cohesion,

which can lead to uneven spreading and low packing ddagityCoarser powders, on the
other hand, generally exhibit better flowability but may result in lower packing density if
the particle size is too larg0]. The particle sizeidtribution of the powder can alsdffect

the packing density. Multimodal powders, which consist of particles of different sizes, can
achieve higher packing density than monomodal powders, as the smaller particles can fill

the voids between the larger particle®wever, the use of multimodal powders can also

7
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lead to particle segregation, which can negatively impact the uniformity of the powder bed
[30]. Particle shape is another important factor that influences powder spreading. Spherical
particles generally exhibit better flowability and can achieve higher packing density
compared to nospherical particlegl1]. However, certain neapherical particles, such as
ellipsoidal particles, can achieve high packing density if-addined during the spreading

process

1.4.5. Effect of powder bed characteristics on part quality

The density of the powder béitectly impactdhe quality of the final printed part. Higher
powder bed density generally results in better part quakigicingthe likelihood of

defects such as porosity, lack of fusion, and keyhdBdg Conversely, low powder bed
density can lead to poor part qualitycreasing the likelihood of defects and redudimg

part's mechanical propertig82]. Several studies have investigated the relationship
between powder bed density and part quality. For example, &oalg[31] found that

higher powder bed density resulted in better mechanical properties, such as tensile strength
and fatigue resistance, in-6Al-4V parts produced byBFLP. Similarly, Yang et al[32]
observed that low powder bed density increased porosity and reduced mechanical

properties in stainless steel parts.

Cavities and voids in the powder bed sagnificantly impacthe quality of the final printed

part. These defects can lead to uneven melting and density variaibimg} as stress
concentrators and reducingetpart's mechanical propertiEd. Additionally, cavities and

voids can lead to poor interlayer bondingmpromisinghepart's structural integritjd 1].

Several strategies have been proposed to reduce the formation of cavities and voids in the

powder bed, includingptimizing spreading parameters, such as spreading speed and roller

8
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configuration and usingilration to promote particle rearrangemgrl]. However, these
strategies must be carefully controlled to avoid introducing additional defects, such as

particle segregation and uneven powder distribys&h

Layer thickness is another critical parametéecting the powder bed's qualityhicker
layers generally result in higher packing denspyoviding more space for particle
rearrangemenil7]. However, excessively thick layers can lead to uneven melting and
defects such as lack of fusion, particularly in regions where the powder is not fully
compacted32]. Conversely, thinner layers can result in lower packing density due to the
increased static and dynamic wall effects, which hinder particle rearrangghoé
However, thinner layers are often preferredHmyhprecision applicationsas they allow

for finer control over the part geomef{B4]. Surface roughness is another important factor
that influences the quality of the final printed part. High surface roughness can lead to poor
part quality,increasingthe likelihood of defects such as cracks and stress concentrations
[35]. Conversely, low surface roughness generally results in better part quealitging

the likelihood of defects and improvitige part's mechanical properti@4].

Optimizing the powder spreading process by carefully selecting the spreading mechanism,
spreading speed, and roller configuration is essential to mitigate these.defecthesis

aims to address these challenges by investigating the effects of different spreading
parameters on powder bed quality and proposing strategies to improve the spreading

process irPBFLP.
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1.5. Research Gap and Motivation

Despite the extensive research on powder spreadiR@HLP, several gaps remain in
understanding how different rollepreading parameters, such as spreading speed,
rotational speed, and roller configuratiaffect the powder bed quality. Most studies have
focused orbladespreading and counteotating roller configurationdut there is a lack

of comprehensive research dorwardrotating roller configurations. Furthermore,
challenges associated with high spreading speed should be investigated to find innovative
ways to avoid these challenges, such as cavity formafiia.research address¢éhese

gaps by conducting a comprehensive numerical study using DEM to investigate the effects
of different spreading parameters on powder bed quality. By understanding the complex
interactions between these parameters, this researchoagi@gelop strategies to optimize

the powder spreading processHBFLP, leading to improved part quality and reduced

production costs.

1.6. Research Objectives

The primary objectives of this research are as follows:

1. To develop a numerical model using the Discrete Element Method (DEM) to
simulate the powder spreading process and validate the model against experimental
data.

2. To investigate the effects of spreading speed on powder bed quality ibAPRIF
different rollerspreading configurations, especially forwaodating

3. To investigate the effects of circumferential speed on powder bed quality in PBF

LP for different rollerspreading configurations

10
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4. To investigate the interaction effects between spreaidgircumferential speeds
and their combined impact on powder bed quality.
5. To propose strategidsr adaptive rotational speed to avoid the drawbacks of high

spreading speed.

1.7. Methodology

The Discrete Element Method (DEM) is a numerical technique used to simulate the
behaviar of granulamaterials, such as metal powders, at the particle level. In DEM, each
particle is treated as an individual entity, and the interactions between particles are
modeled using contact mechanics. This method allows for the detailed analysis of particle
motion, packing density, and fordestribution during the powder spreading prod&€3.

The translational and rotational motions of each particle are governed by Newton's Second
Law of Linear and Rotational Motiof37,38] The DEMfirst computesall acting forces

and then determinexccelerations. Through time integration, the velocity and position of

each particle are accurately calculateg.

A mathematical model based on contact mechadescribesparticle interactions,
incorporating normal and tangential forces, cohesion, and rolling resistance. Thie Hertz
Mindlin contact[39] model with Johnsoi#endallRoberts (JKRR[40] cohesion is used to
account for particle adhesion and energy dissipafibe. static and dynamic angles of
repose of stainless steel 316L powder are experimentally measured and compared with
simulation results to validate the moddlhe material properties, including friction

coefficients and surface energy, are calibrate@poesent powder behaviour accurately

11
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The simulations were performed using Altair EDEM softwddd, employing a carefully
selected time step that does not exceed 20% of the Rayleigh time to maintain numerical
stability and accuracyBesides,the mesh size was defined as three times the smallest
particle's radius to ensure precise particle contact detection. Key performance metrics such
as packing density, layer thickness, and mass fraction are computed at various points along
the building plated assess powder bed uniformity. Additionallysface roughness is
evaluated using the centerline average method to quantify variations in powder layer

topography.

1.8. Thesis Outline

This thesis is systematically organized to investigate the influence of roller dynamics on
powder bed quality in Laser Powder Bed Fusion (fRBFM), with a particular focus on

the powder spreading process. The structure ahtses reflects a logical progression from
comprehensive analysis of roller dynamics to advanced strategy development, as outlined
below:

1 Chapter 1introduces Laser Powder Bed Fusion and emphasizes the significance
of powder spreading in achieving highality layers. It introduces the concept of
roller dynamics, outlines the motivation and research objectives, and describes the
methodological framewark adopted throughout the thesis.

1 Chapter 2investigates the effect spreading speedn powder bed quality using
roller-based spreading configurations, particularly forwantéting rollers. This
chapter establishes the baseline impact of translational dynamics on the powder

layer's uniformity and density and the adverse effects of lpglading speed.

12
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1 Chapter 3 extends the investigation by analyzing the effecticfumferential
speed which is governed by roller rotational speed and roller size (i.e., roller's
radius). This chapter explores how rotational dynamics influence spreading
performance and examines the interaction between circumferential and
translational speeds to developmare comprehensive understanding of roller
dynamics.

1 Chapter 4 builds on the insights gained from Chapters 2 and 3 to prejlageive
rotational speed strategiesThese strategies mitigate the negative effects of high
spreading speeds identified earlier by dynamically adjusting circumferential speed
to maintain powder bed quality under various operating conditions.

1 Chapter 5concludes the thesis by summarizing the key findings from the previous
chapters, emphasizing how each contributes to a holistic understanding of roller
dynamics in PBHB. It also highlights the practical implications of the proposed

strategies and outl@s potential avenues for future research.
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2.1. Abstract

The powder spreading process is a fundamental element within the laser powder bed fusion
(PBFLP) framework, given its pivotal role in configuring the powder bed. This
configuration significantly influences subsequent processing steps and ultimately
deternines the quality of the final manufactured part. This research paper presents a
comprehensive analysis of the impact of varying spreading speeds, enabled by different
roller configurations, on the powder distribution in PBIE. Utilizing extensive Discrete
Element Method (DEM) modelling, we systematically examine how spreading speed
affects vital parameters within the spreading process, including packing density, mass
fraction, and actual layer thickness. Our exploration of various roller configurations has
revealed that increasing spreading speed generally decreases packing density and layer
thickness for nosmotating, counterotating and forwardotating rollers with low
clockwise rotational speed (swblling) due to powder dragging. However, a forward
rotating roller with high clockwise rotational speed (sup#iing) balances momentum
transfer, enhancing packing density and layer thickness despite increasing surface
roughness This configuration significantly improves the uniformity and density of the
powder bed, providing a technique to accelerate the spreading process while keeping
packing density without reduction. Furthermore, it offers crucial insights for optimizing
additive manufacturing processes by considering the complex relationship between

spreading speed, roller configurations, and powder spreading quality.

2.2. Introduction

Laser powder bed fusion (PBHEP) has emerged as a leading additive manufacturing

technique that can produce complex and {pgétision components, and it has diverse
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applications ranging from aerospace to biomedical engineering. At the heart -@fFPBF
lies the controlled deposition of successive layers of fine powder, which is followed by
laser scanning to selectively fuse and solidify the matgrid]. The initial spreading of

the powder material significantly influences the efficiency and quality of this-tayer
layer deposition process. In the domain of powder dispersion techniques in additive
manufacturing, rollespreading and blaespreading re@sent two sepate approaches.
Roller-spreading[41 6] involves using a roller mechanism to distribute powder, while
bladespreadind7,8] utilizes a blade to push and distribute the powder material across the
printing surface.Roller-spreading and blaespreading techniques have significant
differences in powder distribution efficiency. Rotigsreading typically achieves higher
packing density due to the normal force exerted by the roller, which compacts the powder
more effectiely and promotes tighter particle packihgaugh uniformly distributed force

chaing[5].

Reducing production time is of utmost importance in additive manufacturing, specifically
concerning the duration of powder spread®d0]. By decreasing the duration of powder
spreading, manufacturers can achieve accelerated production cycles, shorter lead times,
and heightened productivity. This reduction in production time allows for swift responses
to market demands, expedites productellgpment, and enables rapid delivery of
customized or ollemand parts. Moreover, shorter production times yieldsea@tgs and
improved resource utilization. However, it is crucial to strike a delicate balance between
reducing production time and upholding the integrity and quality of the final parts.
Employing adequate control and optimization of the powder spreadoogss becomes

imperative to maintain uniformity, minimize defects, and meet the required specifications.
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Effective management of powder spreading time unlocks substantial benefits in terms of
speed, agility, and cosfffectiveness, thereby bolstering competitiveness across various
industries. The augmentation of spreading speed in spreader operations deaasastr
positive correlation with expedited processes, thereby reducing the temporal outlay for
spreading activities and enhancing the overall temporal efficiency within the production

workflow.

The spreading speed of the spreader is a critical factor influencing the powder layer's
quality. This speed determines the powder distribution rate and uniformity on the building
plate. A shearing force is generated as the spreader moves across the quulvaen
spreading speed. This force causes powder patrticles to slide and deform against each other,
promoting their redistribution and breaking up agglomerHtéf An escalation in the

speed at which the blade spreadstributeto a reduction in the p&ing density[7,8,11

18]. This is due to the limited time for powder particles to settle and reorganize into a more
tightly compacted configuration. In contrast, a slower spreading speed allows for increased
settling and rearrangement of the powder particles, leading to a lpgbidng density.

This behaviour is observed consistently across various blade di8p28]. Yao et al.
[8]reveal an optimal operating parameter for spreading SS316L, which suggests that a
spreading vel oci toyable fesuld.tHowlevemthesidentifiee dapis thef a v
literature review underscores the necessity for additional experiments encompassing a
more comprehensive range of traverse speeds to corroborate this finding. The spreading
speed significantly influencethe generation of shear force, a factor influenced by the
counterrotating roller's motion, which, in turn, leads to the breakup of powder

agglomerates. However, the same spreading speed also results in a dragging effect on the
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powder, causing a decrease in the overall packing dgAsiiyl3,19,2224]. Hence, the
spreading speed governs rolgareading's essential shearing and dragging mechanisms.
The circumferential speed of a countetating roller pushes the powder forward in line

with the spreading speed, ensuring consistent behaviour at diffetational speeds.
Conversely, in Seluga's experimental Wag, it was observed that there was a marginal
increase in powder bed density alongside an increase in traversevwsfieedhe low

speed regime (below 12 mm/s). This observation suggests that increasing the speed does
not impact packing density at extremely low spreading speeds. The rationale behind this
behaviour is attributed to the fact that at low spreading sppedsler necessitates time to
propagate and settle within the building plate. This disparity underscores the intricate
nature of the spreading process and implies that distinct mechanisms may come into play

across varying speed regimes.

Numerous experimental and computational investigations have consistently demonstrated
that augmenting the spreading speed of blade and ceotaéng roller processes
precipitates a reduction in layer thickn§s®,16,20] This phenomenon is attributed to the
heightened dragging force that propels powders away from the substrate. The escalation in
spreading speed induces a more turbulent trajectory of particles, resulting in heightened
nortuniformity in packing density[8,15,21hnd augmented surface roumgiss of the
powder layef4,17,22,23] Particularly at heightened traverse speeds, particles deposited
onto the powder bed retain substantial momentum, continuing to flow over a considerable
distance. Consequently, this pdisiw behaviour results in an uneven surface and, in some

instancesinay give rise to the formation of a discontinuous layer.
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Limited studies suggest that a forwamndating roller improves powder bed density more

than a counterotating roller or blade. The forwarttating roller can grip and drag
powder into the bed, increasing the dengt,27] However, this approach can also lead

to uneven surfaces and inaccurate layer thickness as the powder bed may spring back after
the roller passes due to the release of stored elastic §@8tgyhe circumferential speed

of a forwardrotating roller drags the powder backward, oppgdime spreading speed.
Therefore, the effect of increasing the spreading speed with a feratatehg roller
depends on the relationship between the spreading speed and the circumferential speed,

which will be examined in our current study.

This research paper thoroughly and comprehensively analyzes the roller's spreading speed
effect on powder distribution in PBEP. The study aims to understand the complex
relationships associated with the roller's spreading speed under various rotation speed
conditions, focusing on the forwardtating configuration identified in the literature
review. The investigation encompasses atidpth exploration of the connectidmstween

the roller's spreading speed and the characteristics of the powder layer. Through extensive
Discrete Element Method (DEM) modelling, the study examines the influence of the
spreading speed of the roller and its connection to both the layer thscknd packing
density of the powder layers. By addressing critical gaps identified in the literature and
proposing practical solutions for enhancing process efficiency, this research contributes to

advancing understanding and optimizing rebbesed powdedistribution in PBFLP.

2.3. Methodology

The PBFLP process encompasses a powageading system comprising three

fundamental components: powder delivery, spreading and collection, as depkitadén
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2-1d. A simplified computational domain focuses thie powder spread process. The
domain isshown inFigure2-1a and includethe powder supply and collector chambers as
well as the building plate and roller of radius 2.5m)( The dimensions of the domain
and its components are normalized using the desired layer thickneSpé€cifically, the
domain lengthb is 60 and the widthh is 25 . Periodic conditions are applied in the y
direction. The roller is swept down the length of the domain with a uniform spged (

while simultaneously rotating at a specified angular spe¢d (

Roller-spreading cases can be classified into-rmoaating, counterotating, and forward
rotating rollers based on the direction of the roller's rotational speed relative to its
translational spreading speed. In the #notating case, the roller moves atconstant
spreading speedigure2-1b, w= 0.15 m/s) without any rotational motion, allowing the
powder to be spread purely by translational movement. In the cootaéing case, the
roller rotates counterclockwise while advancing with spreading spagag2-1c, @ =

0.15 m/s and = 60 rad/sec), introducing a circumferential speed velocity component in
the same direction as the spreading at the roller bottom (i.e., surface velocity equals
WA Y). For the forwarerotating case, the roller rotates clockwise while advancing with
spreading speed (Figure 1ok 0.15 m/s and = 60 rad/sec), introducing a circumferential
speed velocity opposite to the direction of spreading at the roller bottom (i.e., surface

velocity equalso b1 "Y).
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Powder heap
Ed

ok
Macroscopic analysis study zone

Figure2-1. (a) Schematic of DEM model of powder spreading proceB8BRLP using a rolling
spreading technique. (b) Naatating roller with a spreading speed of 0.15 m/sec. (¢) Couotiating
roller with spreading speed of 0.15 m/sec and counterclockwise rotational speed of 60 fddFmevard
rotating roller with a spreading speed of 0.15 m/sec and clockwise rotational speed of 6Q tadksec

(c), and (d), both the powder and roller are colored according to velocity magnitude.

2.3.1 Mathematical model

I n bed particles, the transl ati onZa9 a3d®]ti on a

governée Byl owiing expressions
a — a'Q B O "Ofc Q)
"O—'Q tTh Tk 2
Qo ot h
whead &0,] ,an@re the mass, velocity, angular ve
par tir else e cOriavnédzyar e the nor mal and tangenti a

partilecé eto otQednpdaididrcd etshe torques gener at

force and rolling friction. The kinematics o

of the preVvi3dys equations
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Nor mal and tangential forces represent contr

and the damping forces,rewhiveh tdare daddepadi to

energy. The nor mal and tangential forces hav
Of O 05 3
Of "0y +0y (@

He rMiznd | i n c o[n3va]d th behmdRoibler t § 3EX)DKR)S i on
formul ates the cont addeamorcesd bfed wegpar tpiacit e £
di fferent acaefufnd dingmesoifn fMlame ndceer Waal s f orce

cont act Z0one:
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0 ;71 T O ©)
. Gy
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n

whe¥Yea’, O,an®arteheequi val ent radius,amihsshealoun

modul us:

Y OYYTY Y 9)
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a* aara a 1y
g 0OO0FO0p Op 1}
0 "O0Frop Op ’ (1}
wheY,e&t ,0,O,andare the radius, mass, Yaonudhgos mo

Poi ssonds r a¢fi,o0,anfdeag pee dthievecloye;f fi ci ent of re
eneraqy,stthai ng and roll ibngnd miret itdre owoe frfail c i
tangenti al relative velocities baentdweeredh part i
| are the normal and tangential overlaps betyv
Friction torque is getnhkemagedt da & Thteo nrtohlelti mbgme

frictiooredbygapepi ying a tsorqqaeeso the contac

Ta Y G (1}
P Y0 1y
2.3.2 Numerical model
The powder particle interactions are simul at
forces as described in the previous mat hema
(2021. 1) i s used [ 34] . Selecting ang approp
convergence and numerical stability.- The tin
7 seconds, equivalent to 20% of the Rayl eigh

capture the dynadfreqpureocgs phe namd gaii guasit lad i pr

and numeri cal error s. The mesh size was sel e
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particle to ensure accurate detection of par
the computational domai n.

2.3.3Performance Parameters of the Spreading Process

Packing density, | ayer thickness, and mass f
bed | ayer and heslpr eadim g ep ehroavmeatodrl ri mpact |
packing. The "placiks nge fdiemesd tgs (the ratio of

occupied mwy partihel el @uUume of the spatial co

(w ), with the | atter being determined base
packing densities are deter mNnedi bysdiwi tdhaea
direction. The normali zed pviaravaenrc et hoef hende opi
measure of the bed structure uniformity.

The | ocal powdlew) | agyet hehauvknagse ¢6f the max
particles resting on thel boatdonyy pegtenwi T

average or 4dcHhuals shimpkyeshe( average of the

roughvecsasl cul ated using the centerline aver a
roughness can also be normalized with the de
Y 25 o1 s
5 13
The mass fraction (MF) of the powder | ayer

deposited on the building plate to the total

the desired | ayer thicknes®.anmnd giltobahoramealria
vari@®aeg e obtai nedMRAvrad nu ets k@i nrl estccliagl o n . The pa
density is equivalent to the mass fraction v
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the desired thickness. However, if the | ayer
fraction becomes greater than the packing de

combination measures how much powduerrf ameet er i

during the spreading process. Mor eover, the
to distribute powder over the building pl ate
I n this study, we have taken a meticul ous afg
assumptions, especially regarding the wuse of

The choice of an empty build pthate abkl aws fa

better control of variables and isolates th
Simulating a | oose powder | ayer introduces
primary focus of this investeigatien, andcli tudi
powder spread. By focusing on an empty buil d
the fundament al mechani sms of rol l er behavi
variables that a | oose powdgéengl aher cimayi byi a

of the findings.

2.3.4 Material calibration and model verification

The calibration of the Discr-ehewikl emaht eMgel
the |iterature [35,36]. As a preliminary eva
the angltéecof repose (AOR) formed by SS316 pc
and simulation settings. The simulation par
energy and sliding/rolling friction coeffici
nuenr i c al predi cTahbiie 8 pBr7d sheen tASORt. he si mul ati o

range for SS316L, which are used in the proc
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modul us was chosen to optimize the numeri cal
hel ps achieve faster convergence during si mu
efficient][] IcBoJAgectoatdi mmyg t o existing references
to bd 151 .1BA conducting an analysis of the ef
an optimal W&l sei déndoi ODéd, |l eading to an AC

Fi g2Zae

Table2-1.DEM parameters of Alloy SS 316Gdlloy.

Parameter Value
Poisson's ratio, 0.3
bulk density, 7800 kg/m3
Young's modulus, E 22 GPa
Coefficient of restitution, e 0.64
Coefficient ofsliding friction, 0.6
Coefficient of rolling friction,’ 0.085
Surface energy, 0.00010.00207a
Further validation of the numerical model is

(DRA) of SS316 powder during powder spreadi
done wusing a rectangul ar bl ade moving with
monombdpowder sizes of 34. 8, 100, 123. 2, anc
replaced with a similar blade to match the
angl epsowafer s of di fferent Si ze®xpé&noiwmegnotoadl
measurement s, Fiagkibe | aimdA22t detraior i n the comp

remai n® %% dlinoval | cases.
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Table2-2. Comparison of the calculated dynamic angle of repose with experimental and simulation values
from Yao et al[8]
The dynamic angle of Repose (deg)
Powder size(D),un| Experimental value| Yao simulation | Current simulation
34.8 45.9 44.0 44
100 304 319 33
123.2 30.1 32.2 33
169.4 32.3 325 33
v (a)
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Figure2-2Si mul at ed

r epod&le . (a)Stati &gldobrepos®y(s u mi n g
Dynamic Repose Angle (DRA) for 34 8n-diameter powder(c) DRA for 100 um powder(d) DRA for
123.2 um powder(e) DRA for 166.4 pum powder during blade spreading.

angle of
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2.3.5.Simulation Conditions

This study focuses on the influence of spre;:
the context of the roller spreading process.
m/ s. The use of spreading speeds ¢tieg8&leen 0. C
t hat explore the funda-mepnealdi mgcphbaoncessotindh
conditions. The interplay between the sprea
considered by using fourotdatfifredq Bmal dr ectoautnit cerr
rotating 606l red/ 6) ,r anat it wg o @olrlwamr dr ot at i on a
rad/ s) . The otwoi m@r wat Her speeds are empl oy
spreadi ngwsYeedndahwmh¥n], respectively.

SS316 powder with aeminglaespdrtmctegatieergot
influence of powder size distribution, and
thickness is maintained at 0. 25 .haAfet ecrh ocsaerne f
a selectisozedf pmomnocl|l es -twhi d hera tphirc kce s di atn
This choice simplifies the model, ensures nit
effects of powder Size dcst roif bustpiroena di fn@c usspi
controlled environment enables us to study
conditions without introducing the added con
ratio closely refl ¢883% emsalriest iscufgowdemt s ipz

mi ni mizes wall effects, and keeps our focus

2.4. Resultsand Discussion

As in the introduction, the effects of sprea

nomotati ng -raontdatd cmwgn treorl | er s. Less attention
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and t@abttensi deration has been given to the

forward rolling. There are caseoeblthgt aad ba
rolling. Pure rolling occurs( Whematdhleg ol he
spreadi g, sgpdldd n( occurs when the rollerds c
the spreadingr cslpleiedlg @adursupwhen the roll er
greater than the spreading speed. We start |

spreading speadi ofg-reooteh td cmwgn treorl | er sOIf or our s

mMm@uvund then examine and compare the effects

categori zed into two types of anal yses: mi
analiynsviessti gates the variations in | ocal pac
over the building plates, and cavity format.i
the variations in average packingwdensity,

di stribution uniformity concerning spreading

2.4.1. Microscopic Analysis

2.4.1.1. Effect of Spreading Speed on the NRatating Roller
The -rnoothnating roller functions anal ogously to
speed to distribute powder over the building

createdrbyati ngnroller behavebesbwmildrhyg pl a

di fferent spreading speeds, which range fro
density increases to a certain | evel within
it fluctuates aroundropiostlieval , twhitdle ispriem

more noticeable fluctuations at hi gher spre

building plate | ength, the packing density
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decreasi ng, Fag2Balel uvAstt raatheidghi nspreading speed
di spl aces powder from the trailing edge (I e
buil ding plate, resulting in the formation

depi cRiegld3tend. The | ayer thickness distributdi
the trend observed in packing density. The

value throughout the majority of the buil di
Not abltyhe peak in packing density corresponc
frequently surpasses the dreisg3eed Thiyer f it imndict
indicates a difference between this areads p
the fluctuations in | ayer thickness increase
The behavior of powdreort astp rnega drionlgl euws icnagn ab en o
dynamics of the roller and its interaction w
At high spreading speeds, the r celdlger dpuwes hteos
the significant momentum transfer from the |
the roller passes over the powder |l ayer, t
direction changes to fill daeitso cfalvaow.y, Hawse e
amount of backflow is insufficient to fild]l

cavity at the tr &i gid4egl . e Age ,t hees rohdwnm irreach
edge, -vhkeobigh powder collides with the soldi
pl at e. This collision alters the powder s o
powder | ayer. Thd Irdeuspuljtusits baefpavwddarheb | eadi i
reduction in packing density before the soli
i Ri g2afie .
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Figure2-3.Powder layer characteristics of the amating roller versus the building plate length); (
packing densitysolid lines) and a mass fraction (dashed lindg)lgyer thickness;d) top view and front
view of the powder bed after spreading with the speed of 0.05 m/sgatap (view and front view of the

powder bed after spreading with the speed of 0.15 m/s, colored by powder positiditéntion (i.e.,
layer thickness).
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- - - L e . P m— - 1
Trailing edge leading edge
I I
| |

v v

t=0.122 s |t=0.198 s f
L P

t=0.125s t=0.201 s g
L_ R

t=0.129 s t=0.203 s h
L TR Jidigs it :

t=0.2734 s d || t=0.2734 s i

Cavity, due to high spreading speed POWC)\GF peak
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Figure2-4.(ai d, fii) Velocity vector fields illustrating powder distribution for a Aarating roller moving
at 0.15 m/s during spreading. Subfiguraisd) show the development of powder dynamics on the trailing
edge (left side) of the building plate over time, while subfigufie$ depict the development on the leading
edge (right side) over the same time intervals. Subfiggrehpws the powder heap during the spreading
process, with velocity vectors colored by theomponent of velocity, highlighting the floand heap
formation.
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2.4.1.2. Effect of the Spreading Speed on CowRetating Roller
The cowontaeéing roll er, which operates at an
variations in spreading speed from 0.025 to

the buil ding ploataet ifnogr rtohl e ecro uinstoegsratmi hagrr olol

At | ower spreading speeds, the packing densi
of the building plate with only minor fluc
increases, significant varR@a®%i ohsthechwuj !l dan

this region, the packing density sharply ris
showki gB%e Similarly, the | ayer thickness sl
hi gher spreading speeds, especially in the
bel ow the desired value for mosRi goifsbet he bui

These fluctuations correspond wFth283be peaks:s

where the | ayer thickness exceeds the desir
greater than the packing density at this 1| o
powder | ayer appears uniform andtragmp,acat wa

spreading speed of 0.15 m/s, -thief gowidtey, | iy
more pronounced small voids and | ower powder
fluctuations observed Fiing 2sdeed .g rGorhsse g uaesn td rye
vacancies (voids) form within-rtoheatpaoawdearolll a&y
the spreading velocity increasésgpsced)t.he di
This finding from our simulations aligns wit

experimentidl i maging
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(a)
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Figure2-5.Powder layer characteristics of a cousraating roller rotating at 66ad/s versus building plate
length. &) Packing density (solid lines) and mass fraction (dashed lingdayer thickness, ana) top
view and front view of the powder bed after spreading with the speed of 0.05)MFsp(view and front
view of the powder bed after spreading with the speed of 0.15 m/s, colored by powder position in Z
direction (i.e., layer thickness).
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Trailing edge leading edge
T 1

e s

t=0.2734 s d | [t=0.2734 s

Large Keduction in packing density

(b i i e e e e o [ T

Velocity-x component (m/s)

-0.300 -0.180 -0.060 0.060 0.180 0.300

Figure2-6. (ai d, fii) Velocity vector fields illustrating powder distribution for a courraating roller
moving at 0.15 m/s and rotating at &@/sduring spreading. Subfigureaid) show the development of
powder dynamics on the trailing edge (left side) of the building plate over time, while subfitjiyes (
depict thedevelopment on the leading edge (right side) over the same time intervals. Sulgigh@\s
the powder heap during the spreading process with velocity vectors colored bgampanent of
velocity, highlighting the flow and heap formation.

The operatiomtati agcoohter can be explained
l i near spr eadi-cigr eveetliocn taynd nt hehecixr cumf er ent
t he roll erds countercl ockwi se rocead i @am. Th

addi t tveenalci xvy component to the rol ker sur f

momentum to the poWwdehGebapert hasroshoben initdi
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spreading process on the building plate, It
from the trailing edge, resul tingroitnatd ngavi
roll er. However, observations rshafwt ear ntoh ea brl &

has passed instead of a cHiegduaddy. dTehfiisn erde dcuacvtii
is attributed to the heightened momentum tr

counterclockwi se rotation afi r ¢ htei ool mM@me na |

component, dispersing and |liftifrmng maheé omowder
di stinct cavity at the trailing edgtecheand pr ¢
|l ayer. Anal ogous t-oottatei nlge hraoli loeort ,atf & wag t rncen Ic

approaches the vebhdchngyedgewdetheohl ghhes with
end of the build plate. Thy sarcdlilintseomactaildrer
forming | ayer, |l eading to powder accumul ati o

decrease in phbé&isgl deénbouRyidgaedfger. as s hown i n

2.4.1.3. Effect of the Spreading Speed on ForwRmwtating Roller

The movement-r wtfatai nfgrrwalrlder déesphbnsméent its
posi tdiireecx i on across a surface caused by i
roll erdéds clockwise rotation genceonaptoense natd do ft i
t hi s vbeelioncgi tiyn tdhier encetgiaotni,y dceoxntt oli beit @s ¢ wr f ac
subtracting the spommaneeamgt spfe etdh @ ntdan drentxi al
all ows us to divide the roll er é6solmoivregnean d i
supreorl  iT-ngl | Bag ddheursprwhlhaln ng speed iIis great
circumferentiafrospead, owbure sshpar t he spreac

equal to the circumferenti al speed.
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tup, a roller rotates forward at e

| ockwi se at 10 rad/ s. Il n each sim

an or equal to the cDroamfersnti &l

g density remains stable along the en

reduction at the | eading edge. As the

trailing edge expertihemc e sncare aisreist it al &

|l uctuations around it; it fimkmiagddrye decr

uctuations become more pronounce

g density reductions at the trailing a

ses. A small and discont irnmudusngc aevdigtey :

upports t hiFd g@ldcsed.v aTlthieo nma sass fprraecste

with the packing density but are gener

fference between the packing density

ess also fluctuaotfedenalexecgetdhpg btuhedid

ess at the | eading edge, where the me

g density. The | ayer thickness exceeds

iFli lggiter aSiemdi i at at o ngermontdatd cmwgn treorl | er

thickness and packing density decreasete
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(a)
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Figure2-7. Powder layer characteristics thie forward-rotating roller rotating at 16ad/s(i.e., subrolling

case) versuthebuilding plate length(a) Packing density (solid lines) and mass fraction (dashed lings), (
layer thickness, ana)top view and front view of the powder bed after spreading with the speed of 0.05

m/s.(d) Top view and front view of the powder bed after spreading with the speed ohs1ddlored by
powder position in Alirection (i.e., layer thickness).
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e
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Figure2-8. (ai d, fi i) Velocity vector fields illustrating powder distribution for a forwaidating roller
moving at 0.15 m/s and rotating at tE@i/sduring spreading. Subfigureaid) show the development of
powder dynamics on the trailing edge (left side) of the building plate over time, while subfijuyes (
depict the development on the leading edge (right side) over the same time intervals. Siéfinmesg
the powder heap during the spreading process, with velocity vectors colored bgotmpanent of
velocity, highlighting the flow and heap formation.

The roller generates significant force as i
away from the edge behind it. This force, caé
the negampueerert of the circumfedemtial pglplec
along by the roller, |l eading to smaller disc

to the scenario in which the roller i s not

showhi gh8e. As the roll er appr osapceheeds piohved dre a
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collides with the solid boundary at the end
powder and influences how it interacts with
circumferential speed pull s poawddrngf riam ttoh e |
in opposite directions. Consequently, there
edge, resulting in a noticeable decrease i1

i I I ustFrigt8fie.i Mt | ow spreading speeds, the ¢
powder to disperse backward along the buil di
Il n some cases, such as at 0.025 and 0.05 m/s

| ayekneadhds c causing the mass fraction to exce

SuperRolling
Il n this experimeotalti sgtoup)] |l arfopeantdes at ¢

from 0.025 m/s to O0.15 m/s while rotating
simul ations, It I's ensured that the spreadi
circumferenti al speed of t he roll er. The o

fluctuating around a consistent awemrgge Vval

significant reduction in packing density is
this reduction being inversely proportional
continuous cavity is formed @&tloaitheading. e
tc Al #M8td YO and become small and discontinuous

speedwn () Uer),, as prFéeg@kceead At a spreading sij
m/ s, the mass fraction peaks at the trailing
substanti al reducti on Ritg29%e A< atdhegs pdegadi ra
i ncreases, the mass fraction tends to fluct

density, which is followed by a marked reduc
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thickness along the building plate | ength mi
consistently remains higher than the desire
where it falls below thieg28des i Betdhvaheemasas f
and | ayer thickness decrease as the spreadin
The main featrwonetafnga rfodrlvear,d partotulaglyisr
its rapid clockwise rotati-oompdme st raoandata omo
y-component on the rol | ercébosmproenamt s uerxf & we.ceTh
pushes the powder in the opposite directior

posi tciovnpoyent disperses the powder (powder

the roller has passed. Thi s pmodexs biundrde ang
causing the | ayer thickness to exceed the de
at the |l eading FeEdgdapgdas il lustrated in

Similar to other roller configurations, as t
speed powder collides with the solid boundar
the powder és direction and afpfoevadtes iltagyeirnt &
roll eréds high circumferential speed also pul

hi gh moment um, di spersing itFiig@@ppoBhitse di
activity |l eads to noticeable powder buil dup
continuous cavity at Ftihedlee avdhienng tehdeg es,p raesa dsih
increases to match the circumferenti al spee
momentum transfer from theomporeardt)ng arsg e d
circumferenti adompereant()h.eghhiibveebsxi aeacefredeac

at the | eading edge, ma k iIFmn @ 2+9dte aehidg2erdrt i nuous
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i Therefore, a high spreading speed and a
packing density across the building plate.
(a)
- ' I ' |w=-60 rad/s i Vymis
120+ < — == 0.025
— --0.05
100k — --0075
= &%0:9
— ==015

80
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(b)
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0.1
—0.15

Position (Z) (um)

0

Figure2-9.Powder layer characteristics aforward-rotating roller rotating at 68ad/s(i.e., supeirolling
case) versuthebuilding plate length(a) Packing density (solid lines) and mass fraction (dashed lings), (
layer thickness, ana)top view and front view of the powder bed after the spreading process with the
speed of 0.05/s.(d) Top view and front view of the powder bed after spreading with the speed of 0.15
m/s, colored by powder position in-direction (i.e., layer thickness).
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t=0.381s

leading edge
1

] 1
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| L
t=0.684 s d||t=0.684 s i
Powder accumulation
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Velocity-x component (m/s)
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Figure2-10. (ai d, fii) Velocity vector fields illustrating powder distribution for a forwaadating roller
moving at 0.05 m/s and rotating at &@l/sduring spreading. Subfigureaid) show the development of
powder dynamics on the trailing edge (left side) of the building plate over time, while subfijiyes (
depict the development on the leading edge (right side) over the same time intervals. Sudfiiamey
the powder heap during the spreading process, with velocity vectors colored bgotmpanent of
velocity, hghlighting the flow and heap formation.
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e
er\ t=0.144 s

Trailing edge ~-- leading edge
| I

v

t=0.2734 s d t=0.2734 s i
Powder peak Cavity
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Figure2-11. (ai d, fii) Velocity vector fields illustrating powder distribution for a forwadating roller
moving at 0.15 m/s and rotating at &@/sduring spreading. Subfigureai @) show the development of
powder dynamics on the trailing edge (left side) of the building plate over time, while subfigiyes (
depict the development on the leading edge (right side) over the same time intervals. Sidfilmey
the powder heap during the spreading process, with velocity vectors colored bgotmpanent of
velocity, hghlighting the flow and heap formation.

2.4.2. Macroscopic Analysis

2.4.2.1. Effects of the Spreading Speed on the Macroscopic Properties
The influence of the spreading speed on
mass fraction, |l ayer thickness, and uni

47
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de

Wh

by
t h

erage values and variat i oFnisg2ydet hTibne tchuer rsd nu

udy shows that the packing demet atyi md & e

umtodrati ng roll ers experiences a reduction
at aligns withYrQrepe oiufsi ¢ &Islear cdas t he spre
tating roller increases from 0.025 to 0.1
cking density RIfg222r& F®Wr d$hhesl@owmgyiemol | er ,

60 rad/ s, the same increase in spreading
cking density of -ro2.18%.g Sionmillear, | yr,ottalt @ ngu
% reductionsiitry padakirngt hkensame conditions.
nsity of the powderr dlalyiemrg dreolell eorp,e dwhbiyc it hre

uctuates with a maxi mum change of only 7%

tation,i tthaltahnecesdprwadi ng speed, compensat e
nsity due to the high spreading speed.

en considering mass fraction, it is essent
Nohatingotaoungeorldndgsuml |l ers falls bel
i ckness. Il n contrast, t ol |l aydrl amidi akor d g
ceeds the desired | ayer thickness. Consenq
cking denmostiattyi negfptredorun-g @ r Bndgsubl | ers. At t

exceeds the packing sduepnesri t yngnr ohkeecaseNCc
ss fraction experiences a reduction of 48

l'1ing roller, which rotates at 60 rad/ s, [
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Figure2-12. Packing density and mass fraction characteristics of stodg versus spreading speed for
different roller configurationga) Average packing density (solid lines) and average mass frddashed
lines) and f) variation coefficient of packing density (solid lines) and mass fra¢tiashed lines)

As the spreadinmnptapeaead) ofolllee mocreases fro
average |l ayer thicknessFidg2lr3e alshees-rchoyuantt verrg %,
roll er, rotating at 60 rad/ s, al so shows a
same increase in spreamdolinigi speradl | élro,r eowteat, |
demonstrates an even anwereage glnayercatnhi aglrdascd

|l ayer
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|l ower than the desired | ayer thickness. Con\
supreorl i ng and rolling roll ers execreceld itnhge de
roll er, an increase in spreadblg spedeadtioomi

|l ayer thickness.

No-not ati ng -raontdatd ocmwgn treorl | er s maintain a const
(approximately 2.9% of the desired | ayer t
clockwise rotational speed to the rmltkRre dyn

case 06l Isiulbg and 10. 4-Be0li Ini nd)e. c@esmrerod!l Isyup erre

rotational speed andgpgrpradadignprogead, itshe ama
a specific level of wvari at iwern eirn tchoa ngeaalkil rog
rotation compared to clockwise rotation is

to the turbul ent motion of powder resul ting

powder burst).
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Figure2-13. Average layer thickness and surface roughness of study zone developed by different roller
configurations versuthe spreading speed

The enhanced spreadiongtsm@edoilhnetrhel ocsentye mi

rotating roller with more pronounced effect:
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the-roubing roller closetlt gt mmgroolsl ¢ehatTld b d
rotating,otabung-polalnidngsurbol | er s can be exnp
understanding momentum transfer friosm nohte r ol
rotati ng®d moves solely with the spreading s

attain velocities approxiaamatel ) .eqlumlt hteo déehs

of thercoanteg roll er, the addition of <circ
surface speed, thereby entbhanci wgl] Y) he part
Conversely,-r oMiltihngt hreo Isluebr |, the circumferent |
direction, reducing the roller surface spe
vel ochtiesw (Y). Despite the reduction, t he
remains effective in the direction of Ssprea
moves away from the |l eft solid boundary of
toward the rrnyhdueotlo dt tbeo uchrdaaggi ng f orce, in

particl es. When the spreading speed is high
continue flowing for a specific distance duc¢
the rol lessi Vvihimomexct um exchange causes part
building pl ate, reducing the packing densit
|l eads to more powder disturbance, causing a
thicknesby, Cpavereskes settle more quickIly an

|l ow spreading speeds due to the reduced ki n

momentum exchange | eads to |l ess disturbance
di strihbwgthieon,packing density, smoot her surf a
and, unfortunately, |l onger tot al printing ti
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rotating roller contributes to elevated par:t
particl es, andi i er atsyrdd ergeiBid@ie 2 Bea os Ubng
roll er moves forward at a sprreatdatnign g preeldl, e
increased spreading speed causes the powder
moment um. This -behbhvngr cohbka@as tsaurbtt atvi g anod
coumtodrati ng configuratiom$ @3pekbdngemai hbebe
spreading speed. The momentum exchange resul
significant role than the momentum induced Db
Conversely, different behavioolisngbsetvVed, w
t he circumferenti al speed equal s or exceec
circumferenti al speed component pull.s the pc
This causes the powder to disperse over the
powder burst), compensating for the reductio
This compensation helps sustain itnlge spaecldi,ng
di ffering from the -rbethatvii og st athismedg eideddn d qis unbo
roll ers.

Adopting a high spreading speed for the roll
production ti mes. However, it i's essenti al
decrease packing density and | apedetrhingknéees
behavior oDl thegsupkler explained previousl
speed can be employed to establish a ©bal ar
momentum transfers t or optaarttiincgd ersa widMhre na itas @ eonrs

spreading speed of 0.15 m/s while gradually
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the thresheéeéjd) vad usei gni fi cant enhancement in
Specifically, the packing density ibgreases
62%, as iHilg2sltd athe & iogbuspeprowrattsi amhe noti on t ha
powder quantity due to the occurrence of po
momentum transfer to particles, compensates

from the drag ef feacts pasesaaddinagt esdp eveidtish hi gh

0.03
0.028
0.026

0.024

pP‘vc

0.022

[}
pP.avg' %o

0.02

0.018

0.016

0.014

0.012
0 10 20 30 40 50 60 70 80

w,rad/s

(b)

150

140

0 10 20 30 40 50 60 70 80
w,rad/s

Figure2-14. Macroscopic characteristics of powder layer formed by forwatating roller moves at 0.15
m/sversus rotational speef) Packing density and its variation coefficie(it) Layer thickness and
surface roughness
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Furthermore, the increase in packing densit)
the coefficient of variation, with a decrea
t hat 1 mplementing a higher cl| odkwihs e prretaati ina

speed can effectively enhance packing dens

variability, thus optimizing roller spreadin
2.4.2.2. Effect of the Resultant Speed

The combined effect of the rollerds transl af
process is examined by considering the resul
and circumferenti al speeds. Anal ysel at ishelwys

stable at higher values when the resultant s
rolling roller). However, the mass fraction
further bel owFzgb® @aenwdrowel yi,n as the resul
past zero, there are noticeable and identica
This trend suggests that higher positive res
speeds eagrot@agumtreeldilng roll er s, adversely aff
spreaderés ability to distribute powder uni
thickness decreases as the resultant speed
preseRig#rYenThe thickness is the highest whe

indicating the effect of powder bursts due t

as the resultant speed becomes positive. I n
at negative values, and it decreases to al mo
values. This trend suggests that clockwise r
in a higher | ayer thicknessntaeardc Isaucrkfvaicsee rroaut
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(positive circumferential speed) tends to sm
Therefore, achieving an opti mal bal ance bet
crucial for maiantdiyniamg a&fhiigh ent powder spr
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Figure2-15. Average packing density and mass fraction vetisesesultant speed
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Figure2-16. Average layer thickness and surface roughness versus the resultant speed

2.5. Conclusions

|l nvestigating the effects of escalating spre
powder bed characteristics kast agri mwi-daendd vcaolut
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rotating rollers, serving as baselines, exhi
generally results in decreased packing dens
because the higher spreading speedaggangfer.
the powder off the building platerowWwathngts
roll er amplifies this effect, causing a mor
|l ayer thicknessrovmpangdrbebldemenBoeetoftbpr
speed in the -rcaatsaet ionfg ar ofl d rewa radt a-r bbwi md¢ oc k
configuration), it follows a similar trend.
However, 4+ hbé¢lfiogwaod!l er at a high-rowllddkivwgi se
configuration) presents a promising solutic
configuratcobncumherent hal speed equals or ex
bal ance effectively manages forward and bac
powder bur st phenomenon compensating for t
spreading sperdassudhes baltamate the packing
can be maintained or even enhanced. The fi
clockwise rotational speed in conjunction w

i mprove the phackminfgyordmintsy tgyf amhe powder bed.

rotating roller operating at a spreading sp
rotational speed, enhances the packing densi
whil e reduciionng ctoheef fv &n ieatt by 46 %. Converse
increases to 10.4% of the desired | ayer thic
configurations increase to 3. 7%.
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The study emphasi zes optimizing the roller

motions to achieve superior powder bed chara

further exploration into the complex dynami
i mmedi ate applications in enhancing the eff]i
techniques. Future work can expand on these
properties, roll er designs and <dynamdcs to

process.
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3.1. Abstract

Roller-spreading is a fundamental process in laser powder bed fusiorLfPBRelping

to create a tightly packed and uniform powder layer for optimal printing quality. This
control over packing density and thickness helps optimize the printing procdsettéar
accuracy and reliabilityn the recent study, discrete element method (DEiktulations

of stainless steel 316 are used to investigate the impact of circumferential speed-on roller
spreading. Three roller configurati@gnsonrotating, counterotating, and forward
rotatingwere analyzed to assess their impact on packing density, layer thickness, and mass
fraction. The results demonstrate that roller circumferential speed significantly influences
powder bed uniformity, with forwardbtating rollers exhibiting higher packing density at

a rotational speed close to the rolling speed iamaroved mass fraction compared to
countefrotating and nosmotating configurations. However, high rotational speeds lead to
fast backward motion of powder (powder burst), leading to surface roughness and
variations in layer thickness. The study also ergs the impact of roller size on powder
distribution, revealing that smaller forwardtating rollers enhance powder compaction,
leading to a denser, more uniform layer with improved thickness and surface roughness.
Maintaining steady spreading and cirdenential speeds is also a key factor in maintaining
consistency within the spreading process. Besides, It is practical to have a buffer zone
between building plate boundaries and the printing area to avoid cavities andifoom

areas. Careful optimizan of rollerbased operations is crucial for improving quality and
productivity by controlling the interaction between rotational speed, roller size, and

normalized powder size.
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3.2. Introduction

Laser powder bed fusioPBFLP) is a highly effective additive manufacturing process for
producing diverse parts and components [1,2]. This process involves usingratémngity

laser to selectively melt zones of powder materials layer by layer, utilizing the laser as an
energy soure. PBFLP comprises two major processes within each fabrication phase:
powder spreading and laser scanning [3,4]. Numerous factors, including laser power, laser
scanning speed [5,6] laser scanning strategy, and powder ctionp@af, can impact the
guality and performance of components manufactureBBi-LP. Notably, the powder
spreading process is a key factor in determining the structure of the powder bed, which, in
turn, influences the subsequent processing steps and ultimately dictates the quality of the
final products. Moreover, the characteristics ln¢ feedstock materials, encompassing
shape, size distribution, surface morphology, composition, and flowability of the powders
[8], significantly influence the qualities fothe additively manufactured parts.
Comprehending and optimizing the underlying factors involved in powder spreading is

crucialto improving the overall quality of components manufactured thr@RfRLP.

Generally, the PBEP process requires highly dense powder layers with lower surface
roughness to produce ngorous layers after the laser scanning $83p Studies[10]
indicate that higher powder bed packing density simultaneously results in higher melt
tracks but shallower and narrower melt pools. When a powder bed is loose or has cavities,
they will cause powder melting issues, leading to worse melting defects likg pabres,

and denudation, which will cause worse maguality parts for PBAP. In other words,

a powder bed with a dense, uniform state is desirable forlFPFBBesideghese, the
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structure of a powder layer determines its properties by how the powder is spread across
it. Powders with a dense structure favour a higher thermal condugiitityand absorb

more laser powdt2]. Tran et al[12] investigated the impact of particle size distribution

on laser scattering and absorptivify2]. To sum up, PBfEP research also showed that
before the laser scans the powder layer, the final part's properties depend on how the

powder spreads o{t3].

Roller-spreading and blaespreading are two distinct techniques employed in the
spreading of powder. Rollapreading14i 16] utilizes a roller to distribute the powder
evenly, whereas blaespreading[17i 19] involves using a blade to push the powder.
Roller-spreading generally results in a higher packing density because the roller applies a
normal force that compresses the powder efficiently. This compression enhances particle
arrangement by generating evenly distributed force chains, forming a mongecto
powder layerf20]. Roller-spreading is driven primarily by the interaction between the
roller and powder material. The roller's circumferential and spreading speeds contribute to
four main spreading mechanisms: rolling, compression, shearing, and dragging. The
spreading spe&k governs rollesspreading's shearing and dragging mechanisms, while
circumferential speed controls its rolling and compression mechar@mpast work21]
covered the effect of the spreading speed on rspezading performance idifferent
scenarios: countaotating, forwardrotating and nosmotating. Interestingly, Meyer et al.

[22] adopted a different approach by studying the effects of the total surface velocity, which
considers both the traverse and rotation speed of a cewotaéing roller, through
experimental investigations. They found that packing density decreases withntesu

velocity (i.e., summation of the spreading and circumferential speeds).
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The impact of rotational speed on the packing density has been extensively studied,
especially in cases of countertating rollers. Most studies have shown that powder bed
density decreases with increased rotation sgé@edl 6,23 25]. Nan et al[15] explained

this decreasing trend through simulations, suggesting that at higher rotational speeds, the
intensified circulation of particles in the powder heap in front of the roller hindered their
deposition onto the powder bed. However, the simulatiork wonducted by Zhang et
al[16] revealed that rotation speed did not significantly affect powder bed density. The
effects of gap height and roller rotational speed on the spreading process have been
investigated15], which showed that a reduction in gap height or rotational speed leads to
areduction in particle segregation and, finally, a reduction in packing density. Furthermore,
rotation speed influences not only powder bed density but also the surface coriditen o
powder bed. Experimental work by Sedg3] indicated that layer quality can break down

if the rotation speed increases. Zhang dtlél conducted simulation work demonstrating

that the diameter of the count@rtating roller directly impacts powder bed density, with

an increase in the roller diameter resulting in higher powder bed density. Besides, they
found that an increase in countetating roller size prompts an increase in the number of
particles in the compression zone where the ordinary contact force becomes more
grounded, thus impving the densification of the powder bed. However, the impact of
roller size must be expanded with different rotational speed configurations to understand

this impact ultimately.

Numerous experimental studies documented in the liter26i€9] have consistently
highlighted that the forwardbtating roller significantly enhances powder bed density

compared to a counteotating roller or wiper(i.e. blade). This improvement can be
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attributed to the gripping and dragging action of the forwatdting roller, effectively
pulling powder into the powder bed and increasing the overall d¢@8ityHowever, the
extent of powder bed density improvement achieved by using a feratatihg roller is
associated with other parameters, such as powder flowability or attached mechanical
mechanisms. Nevertheless, the use of a forsatating roller may hee adverse effects

on powder spreading. Firstly, after the roller passes over, the poedieah spring back

due to the release of elastic energy stored in the powdd@Bpdrhis phenomenon can

lead to an uneven surface and inaccurate layer thickd@ssSecondly, the sizeable shear
force exerted by the forwantating roller may deteriorate the powder bed surface,
causing the printed parts beneath the new layer to [@8ft Thirdly, the substantial
compaction force can cause some particles to adhere to the roller, resulting in craters on

the powder bed surfa¢28].

A deeper understanding of how rolgpreading parameters affect powder bed
characteristics and spreading performance is achieved in this study by examining the
interaction between the roller's circumferential speed and powder behaviour through a
comprehenive numerical analysis using the discrete element method (DEM). The work
will comprehensively cover various flow regions due to the interaction between roller
dynamics and the powder and the nonuniformity resulting from the circumferential speed.
Furthernore, it will explore the impact of circumferential speed(i.e., roller's radius and

rotational speed ) on packing density, layer thickness, and mass fraction

3.3. Methodology

3.3.1Discrete element method model

66



Ph.D.Thesisi Mohamed Awad Salir McMaster University Mechanical Engineerin

The discrete element method (DEM) is one of the best mathematical méthodan
estimatahelayout of powder during spreading by solving Newton's second law of motion
[31] in which equation (1) governs translational motion and equation (2) governs rotational
motion. The geed and location of all particles are calculated by the itegration of

Newton'sequationg32].

a o ad"Q O 1
Qo
Q
“ . 5
Om Y

Where "Oand”Yare the total force and torqueiagton the patrticle i, respectivelBesides,

a ,0,] andQare the mass, velocity, angular velocity, and moment of inertia of particle
“QThe contact forces between particles, which account foirtigactof Van der Waals
forces within the contact zopareformulated usingHertzMindlin with JKR (Johnson
KendallRoberts) Cohesiof83,34] The cohesive force of the JKR model is formulated as

follows:

Y ¢ Tro 3
G,Yzl T “IL7T

0
where'Y', 'O, and r are the equivalent radius, equivalent Young's modulus, surface
energy and radius of contact area. expressionsYfoiJ and r and any details abaiie
mathematical modalsed in this worlhave ber discussed in oupreviouswork [21].
EDEM softwarg35] estimatesll forces and torques acting on powder particlescees
thetime-integration otheparticlés acceleratiorin EDEM simulations, a time step of 20%

of the Rayleigh Time is selected to ensure solution stability and mesh size of three times

the minimum radius of thearticle to ensure accurate particle contact detection.
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Figure 3-1a illustrates thecomputational domain of the DEM model, which is used to

simulate powder spreading in laser powder bed fudRwiler spreads 112.32 mg of SS316

powder over the building platereating a powder layer withz®0 umt h i ¢ k nThe s

study conducted by Yao et @86]s ugge st s

t hat a 180pm/syaettls n g

favourable resultor SS316 spreadingo,the Roller moves forward at a set spreading

speedof 50 mm/sedw) while also swirling at an angular spegd) [during spreading

(a)

v el

ensuring even distribution of the powder layer over the building plate of area

pC T L TT Tt

(a)

Roller

powder delivery

EStudy area for
| macroscopic

12 mm.

__________________

Powder heap

powder collection

ww g

(d)

Figure3-1. (a) Schematic of DEM model of powder spreading process inlfB&sing a rollingspreading
technique. (b) Nomotating roller (c) Counterotating roller (d) Forwargtotating roller.

Figure 3-1b-d illustrates three distinct rollespreading configurations: naotating,

counterrotating, and forwardlotating rollers. In the@on-rotating configuration (Figure

3-1b), the roller, modelled as a round blade, advances at a spreading speed of 50 mm/s

without any rotational motion. As a result, the velocity at the roller's bottom point equals

the spreading spedde. w

w). In the counter-rotating configuration (Figure3-1c),

the roller exhibits rotational and translational motion, with its circumferential speed aligned
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with the spreading velocity. In this study, the roller rotates counterclockwise, leading to a
bottom point speed that is the sum of the spreading and circumferential 6peeds
@ 1 Y).Intheforward -rotating configuration (Figure3-1d), the roller also combines
translational and rotational motion; however, unlike the cowwotating case, the
circumferential speed at the roller's bottom opposes the spreading velocity. Consequently,
the bottom point velocity is determined by subtragtime circumferential speed from the
spreading speele.,® @ 1 'Y). In this study, the forwardbtating roller rotates in
a clockwise directionBased on the direction and magnitude of the bottom point velocity
(w), the forwardrotating roller can be further classified into three-sahfigurations:
I.  Sub-rolling: & is positive andiligned with the spreading direction, indicating
that the rotational speed is lower than the rolling rotational speed j Y ).
II. Rolling: ® is zero, meaning the rotational speed matches the rolling rotational
speed.
lll.  Superrolling: & is negative, opposing the spreading direction, signifying that

the rotational speed exceeds the rolling rotational speed.

Packing density”( ) and layer thickne$s @ are fundamental factors to consider when
evaluating the packing of powder particles during the spreading process. The packing
density, calculated as the ratio of the volume occupied by particles to the volume of the
spatial configuration they encompagaantifies how closely powder particles are packed

in the deposited layer. Its variation coefficieht;  and surface roughness of the powder
layer (Y ) provide insights into the uniformity of the powder bed's structure over the
building plate length. In addition, the mass fraction'@ plays a crucial role in assessing

the performance of forwanmtating rollers as spreaders. The mass fraction measures the
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ratio of the mass of deposited powder particles to the total mass of the powder layer
intended for deposition. While packing density reflects particles' spatial arrangement, mass
fraction measures the actual mass distribution within the powder layer. fitetges
comprehensively understand the powder layer's quality and characteristics during powder
spreading. The current study employs the same mathematical desdebed well in the

past work [21].

This study used monsized stainless steel 316 powder, marked as SS316. Thesmzedo
powder choice is crucial for minimizing the complexities that can arise from variations in
powder size distribution, making our analysis more efficient in studyingfnt ef roller
dynamics. We have provided all the properties of SS3T&bte 3-1, which are used in

DEM simulations. We have determined the surface energy of SS316 through precise
material verification, which includes measuring the static and dynamic angles of repose, as

elaborated in previous reseafeii].

Table3-1: DEM parameters of Alloy SS 316L

Parameter Value ref
Poisson's ratio, 0.3 [36,37]
bulk density’ 7800°Q Th
Young's modulus, E 22 GPa
Coefficient of restitution, e 0.64
Coefficient of sliding frictiort, 0.6
Coefficient of rolling friction,’ 0.085
Surface energy, 0.001ur4 [21]
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To ensure a comprehensive analysis,haee divided the powder into six groups, each

with a range of particle sizes (particle diameter, D). These particle sizes are normalized
relative to the | ayer thickness (normalized
0.4, 0.5, 0.575, and 0.6%his normalization allows us to establish two distinct powder

domains: those with particle sizes less than 0.5 and those exceeding 0.5. This categorization

is crucial for understandingowderspreading behaviour.

3.3.2.Simulation conditions

This study comprehensively analyzes how circumferential velocity impacts roller
spreadingHence,the study demonstrates thmapact ofrotational spee@ndsize of the
roller (i.e.,roller radius'Y ) on theefficiency of the spreading proce$y performinga
group of DEM simulations.The roller sizes are standardizemhcerningthe thickness of

the layer and are referred to as normalized rolles$iYd ). Thefirst part of thiswork
incorporates three distinct cases that meticulously investigate the combined effects of
rotational speéddirection and magnitude on the rofgreading process powder, with

its normalized size ranging from 0.25 to Q.8&e initial case featuresraundblade(i.e.,
nortrotating roller), while he subsequent two cases involve a court&ting and
forwardrotating rollerwith a normalized roller size of 12.5. Both countetating and
forwardrotating rollers rotate at 10 to 90 rad¥slditionally, Thesecond part of this work
tests the effect of roller size on tegperiment's outcomgsing four different roller radius
dimensions and three differemller configurationsThe studyusesa nonrotating roller

a counteirotating roller that rotates at 40 rad/s, and a forwatdting roller at 40 rad/s

each paired with four different normalized roller sizes: 7.5, 12.5, 17.5, and 22.5. This setup
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aims touniformly distribute SS316 powder, characterized by a normalized powder size of

0.25

3.4. Results and discussion

The results section thoroughly explores the influence of the roller's circumferential speed
on the dynamics and overall performance of the powwdezading process in laser powder

bed fusion. Given that the circumferential speedatermined by the roller's rotational
speed and size, the analysis begins by examining the effect of rotational speed variations,
including its direction relative to the spreading speed. Subsequently, the role of roller size
is investigated for three confirations: nosrotating, counterotating, and forward
rotating rollers. Notably, due to the limited research available on the foratatihg
configuration, we have dedicated particular attention to this area, especially the rolling and
superrolling ca®es. The results section is structured into two distinct analytical categories:
microscopic and macroscopic. The microscopic analysis delves into powder behaviour
during spreading, including powder distribution after spreading, packing density
variations, mass fraction, layer thickness across the Ingighlate, and cavity formation.
Subsequently, the macroscopic analysis focuses on assessing and trending average packing
density, mass fraction, layer thickness, and powder distribution uniformity concerning
variations in rotational speed and roller size. This thorough analysis will provide you with

a comprehensive understanding of the impathefoller's circumferential speed.

3.4.1 Microscopic analysis
3.4.1.1. Powder particle flow regions for Rollespreading.
During the spreading process, various powder flow zones develop in front of the roller,

determined by particle speed and compressive forces. These zones include the avalanche,
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slow flow, quasistatic, and powder layer zones, common to both blade and roller spreading
systems. As shown iRigure3-2 andFigure3-3, these zones span the entire width of the

building plate, highlighting their uniform presence across the spreading area.

In the avalanche zone, the powder particles flow rapidly under gravity and compressive
force on particles. The normal contact forces between particles are weak, but particle
velocities are relatively higher in this zone. The particles fall faster undeitygeand
compressive force and spread to the sllmw zone. The particles in the sleflow zone

move forward with roller movement to the Quatatic zone at a relatively low speed.
Since the particles in the quastatic zone move at low velocity, liteéuae calls this zone
guastistatic. The particles are compressed and squeezed, forming a highly dense layer
whose height is the same as the layer thickness. As the roller moves, thstatimzbne
particles spread and are finally deposited on the sibstoaming a stable powder layer
zone. The powder layer zone is formed underneath the roller's surface within layer
thickness, where the particles are settled and flattened by the translation motion of the

roller.

The addition of rotational motion to the roller introduces new dynamics that affect the
characteristics of the powder layer. When a roller rotates counterclockwise at high speeds,
where the rotational speed exceeds the rolling Speegarticles near the roller surface
acquire higher velocities, approximately equabto ] 'Y . This increased velocity causes

the particles to scatter away from the spreading area, creating a ggphadting zone. As
illustrated inFigure3-2c, this splashing effect disrupts the uniform distribution of powder,
reducing packing density and a thinner powder layer. In contrast, when the roller rotates

clockwise with a high rotational speed that meets or exceeds the rolling speed (i.e., rolling
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and superolling configuration), particles beneath the roller surface are propelled with high
velocity @ =w 1 'Y) backward after the roller passes over them. This
phenomenon results in a powder burst zone, where particles are ejected and scattered
behind the roller, as depictedkigure3-3c. The backward movement of particles relative

to the spreading direction within the compact region causes the burst. Unliketaiomg,
countefrotating, or blade configurations, which do not exhibit significant powder burst
effects, this phenomenon psimarily induced by the forwartbtating roller dynamics of

the roller rather than the applied compressive forces [36].

When powder bursts occur, they lead to a rougher surface and uneven packing density,
which messes with the consistency of the layers. In a gsofpeg setup, these bursts can
cause the thickness of the layers to unexpectedly go beyond what we intensleolva

in Figure 3-4. Figure 3-4 highlights magentaoloured particles within the desired layer

and greercoloured ones above the target thickness. The magenta particles within the
desired layer are stable and compact well, and their volume is used to calculate packing
density. In casemvolving forwardrotating, especially for supeolling, it is essential to
consider evaluating mass fraction, which considers the total mass of particles over the
building plate not within the desired layer thickness. The mass fraction parameter gives us
a clearer picture of a process's effectiveness. It goes beyond just looking at the surface and
helps us understand the overall performance more meaningfully. By integrating these
considerations, the effects of rotational and translational motions owteplayer can

be better understood and managed.
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(a)

m/sec  Avalanche zone

quasi-static zone

Avalanche zone

quasi-static zone

Powder splashing

Velocity (mm/s)

0

Figure3-2. Powder flow zones durintpe spreading of powdewith anormalizedsize of 25%at a
spreadingspeed of 50 mm/s, visualized by powder speed magnitude under different roller configurations:
(a) nonrotating roller, (b) counterotating roller at 20 rad(se.;] 1 ), and (c)counterrotating roller at
90rad/s (i.el, 1 ).
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(a)

Powder layer zone Slow flow zone

quasi-static zone
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Figure3-3. Powder flow zonesf the forwardrotating rollerduringthe spreading of powdewith a size
ratio of 25%at aspreadingpeed of 50 mm/s, visualized by powder speed magnitude under different roller
configurations: (ayubrolling at 10 rad/s(b) rolling at 20 rad/s, and (supefrolling at 90 rad/s
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I Powder particles inside powder layer of thickness §
I powder particles outside powder layer of thickness &

Figure3-4. Side view of a powder layer with a size ratio of 25%, spread by a-sulpeg roller moving at
50 mm/s and rotating at 90 radi®.,] 1 ).
3.4.1.2. The impact ofthe rotational speed on the distribution of powder along

the buildng plate

3.4.1.2.1. Nonrotating roller

To understand the impact of rotational motion on the dynamics of a spreader and the
resulting quality of the spreading process, it is essential first to examine the base case of a
nonrotating roller. In this configuration, the roller is a round bladeghbahes and spreads
powder uniformly across the building plate without rotation. Thismobating case is the
foundation for understanding the variations in packing density, layer thickness, and mass

fraction along the building plate, as outlined in thbsequent analysis.

The spreading process of a aatating roller with a radius of 2.5 mm moving at a speed

of 50 mm/s reveals distinct spatial variations in packing density across the building plate.
The variation can be categorized into three primary regions: the istaale, and impact
regions. In the initial region, packing density increases from the left edge to an average

value as the roller begins to spread the powder. The stable region, which extends
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approximately fromaj 0 1 to j 0 1@, is characterized by relatively uniform
packing density, as preseniadrigure3-5a. The packing density fluctuates slightly around

a higher value for small powder siz€s{ T®). However, for larger powder sizes
(Oj1 ), the packing density undergoes significant fluctuations, beginning at the left
edge and varying around a lower average valoethe impact region, starting from

oj 0  m@to the right edge, packing density increases sharply due to the accumulation of
powder particles redirected by their collision with the solid edge, forming a peak before
suddenly decreagin As illustrated irFigure3-6a-b and supplementaryigure6-1a-b and
Figure6-2a-b, a cavity initially forms at the right edge and becomes more pronounced as
the normalized powder size reaches 0.5, indicating a progressive reduction in packing
density with increasing powder size. Beyond this threshold, multiple cavities appear within
the powder layer due to the drag effect on powder particles. Simultaneously, a cavity
develops near the left side as a result of the moving roller's dragging effect, which

intensifies at higher spreading speftly.

Layer thickness variation follows a trend similar to packing density, with three distinct
regions along the building plate. The layer thickness increases in the initial region and
stabilizes in the stable region. In the impact region, layer thicknessasesresharply,
reaching a peak above the desired layer thickness before suddenly decreasing, as shown in
Figure3-5b. Forsmaller particle size<j @), the layer thickness remains consistent

and close to the desired thickness within this stable region. Larger particleGjizes (

@) exhibit significant fluctuations in layer thickness, often remaining much lower than

the desired thickness across most of the plate. However, near the right edge, substantial
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deviations occur, with layer thickness exceeding the desired value and becoming highly

variable.

(a)

DI5
—0.25
—0.35
—0.40
7 |—o0.50
—0.575
- - 0.65

(b)

D/5
—0.25
|| [—0.35
—0.40
—0.50
—0.575
- - 0.65

D/5
—0.25
—0.35
—0.40
—0.50
—0.575
0 L 1 1 I 1 1 L 1 1 --0.65

Figure3-5. Powder layer characteristics for a aamating roller (radius = 2.5 mmmoving with a
spreading speed of 50 mna®ng the building plate length with varying powder sizes: (a) Packing density
"hmw); (b)) Normalized | ayer thickness (U(x)/U0, %)
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Figure3-6.Top view and front view of the powder bed after spreabingller (radius = 2.5 mm) with a
spreading speed of 50 mm/s, coloubgdpowder position in Airection (i.e., layer thickness} different
rotational speeds and normalized powder si@s 1 QGRQQO)1 1& u(b) i Q0
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