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Abstract

Powder spreading is critical in Laser Powder Bed Fusion (PBF-LP), 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 Method (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 non-rotating, counter-rotating, and sub-rolling configurations due to powder
dragging. In contrast, the super-rolling 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 forward-rotating rollers significantly improve packing density, layer thickness,
and mass fraction as rotational speed increases, while counter-rotating rollers show a
decline in these metrics. Despite improving productivity, larger roller sizes lead to greater
powder bursts, non-uniformity, and surface roughness, highlighting the need for optimized
operational parameters.

Lastly, adaptive rotational speed strategies (Profiles A—F) are introduced to address
challenges in high-speed spreading. Profile F stands out as the optimal configuration,
achieving maximum packing density, minimal variation coefficients, and superior mass

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 PBF-LP powder spreading
processes, emphasizing the interplay between spreading speed, roller size, and rotational
strategies. These findings provide valuable insights for enhancing efficiency, reliability,

and quality in roller-spreading in additive manufacturing.
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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 subtractive manufacturing 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 ability to produce intricate geometries and
reduce material waste [1]. Among the various AM techniques, Laser Powder Bed Fusion
(PBF-LP) has emerged as one of the most prominent methods for producing high-quality

metal parts.

1.2. Laser Powder Bed Fusion (PBF-LP)

Laser Powder Bed Fusion (PBF-LP) is a powder-based additive manufacturing process that
uses a high-intensity laser to melt layers of metal powder to create a solid part. The process
begins with the deposition of a thin layer of powder by blade or roller onto the building
plate, followed by the melting of the powder using a laser, as described in Figure 1-1. This
sequence is repeated layer by layer until the final part is completed. PBF-LP offers several
advantages, including producing parts with complex geometries, high dimensional
accuracy, and excellent mechanical properties [2,3]. 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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Figure 1-1: PBF-LP system schematic with roller-spreading mechanism [4,5]

1.3. Spreading Mechanisms in PBF-LP

The powder spreading process in PBF-LP is a critical step that directly affects the quality
of the powder bed and, consequently, the final part. Two primary spreading mechanisms
are used in PBF-LP: roller spreading and blade spreading. The roller-spreading technique
uses a roller to distribute the powder across the building plate [6-8], as presented in Figure
1-2b. The roller can be configured in different ways, such as non-rotating, counter-rotating,
or forward-rotating, each affecting the 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 effectively. [7]. The blade-spreading technique uses a
blade to distribute the powder across the building plate [9,10], as illustrated in Figure 1-2a.
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 compaction [11]. The
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 thickness, low packing density,



Ph.D. Thesis — Mohamed Awad Salim  McMaster University - Mechanical Engineering

and surface roughness, adversely affecting the final part's mechanical properties and

dimensional accuracy.
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Figure 1-2. Simulation setup of the spreading process using both the blade and the roller [12]. (a) 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 in PBF-LP. 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 powder bed [6]. In
contrast, blade spreading tends to produce lower packing density, as it does not provide the
same level of compaction. However, blade spreading is simpler in design and more suitable
for specific applications where high packing density is not critical [9]. Several studies have
compared the performance of roller spreading and blade spreading. For instance, Zhang et
al. [7] conducted a Discrete Element Method (DEM) simulation to compare the two
spreading methods. They found that roller spreading achieved higher packing density due

to the normal force exerted by the roller. Similarly, Haeri et al. [11] demonstrated through
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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

The roller configuration plays a significant role in determining the quality of the powder

bed. There are three primary roller configurations used in PBF-LP:

Non-Rotating Roller: In this configuration, the roller does not rotate as it moves
across the powder bed. This configuration is less common but useful in specific
scenarios where minimal disturbance to the powder bed is desired [10].
Counter-Rotating Roller: In this configuration, the roller rotates in the same
direction as its movement, as shown in Figure 1-3. This counter-rotation helps to
break up powder agglomerates and promotes more uniform powder distribution.
However, it can also decrease packing density at higher rotational speeds due to the
increased momentum transfer in the spreading direction to the powder particles
[13].

Forward-Rotating Roller: In this configuration, the roller rotates in the opposite
direction as its movement, as shown in Figure 1-3. 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 bed [14].

The choice of roller configuration depends on the specific requirements of the PBF-LP

process. For example, forward-rotating rollers are often used when high packing density is



Ph.D. Thesis — Mohamed Awad Salim  McMaster University - Mechanical Engineering

desired, while counter-rotating rollers are preferred for applications requiring uniform

powder distribution.

Counter-rotating roller Forward-rotating roller

Position (um)

20 140 260 380 500 620

Figure 1-3. Sketches of counter-rotating and forward-rotating rollers during spreading of powder, which is
coloured by powder position in Z-direction (i.e., layer thickness).

1.4.3. Effect of spreader's dynamics on different rolling-spreading

configurations

The key parameters influencing blade and roller dynamics can be summarized as spreading
and circumferential speeds. The circumferential speed, in turn, is determined by the roller's
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 reorganize. Conversely,
lower spreading speeds allow for more time for particle rearrangement, resulting in higher
packing density [9,10,12,16-22]. The effect of spreading speed varies depending on the

roller configuration. For example, in counter-rotating rollers, higher spreading speeds can
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amplify the reduction in packing density [6,8,11,12,23-25]. Meanwhile, the forward-
rotating roller can grip and drag powder into the bed, increasing the packing 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 energy [27]. Several studies have investigated the impact of spreading speed
on powder bed quality. Yao et al. [10] found that a spreading speed of <0.1 m/s yielded
favourable results for stainless steel 316L powder, while higher speeds led to reduced
packing density and increased surface roughness. Similarly, Meier et al. [17] observed 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
counter-rotating rollers, higher rotational speeds can decrease packing density due to the
increased circulation of particles in the powder heap, which prevents them from settling
into the bed [13]. In forward-rotating 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 speed [8]. Experimental and simulation studies have
provided insights into the effects of rotational speed on powder bed quality. For instance,
Seluga [28] observed that increasing the rotational speed of a counter-rotating roller led to
a marginal increase in powder bed density at low speeds, but this effect diminished at
higher speeds. Similarly, Zhang et al.[8] found that the rotational speed of a counter-
rotating roller significantly impacted powder bed density, with higher speeds leading to
reduced density due to increased particle circulation. Limited studies have explored the

impact of roller radius on powder bed quality. For example, Zhang et al. [8] conducted
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DEM simulations to investigate the effect of roller diameter of a counter-rotating roller on
powder bed density. They found that larger rollers resulted in higher packing density due

to increased particles in the compression zone.

Vibration is an essential dynamic parameter that has emerged to improve uniformity for
both blade and roller spreaders. Introducing vibrations into the spreading process can
enhance powder compaction and improve layer uniformity. Vibration has been explored as
a potential method to improve powder spreading in PBF-LP. Vibrating spreaders can help
to compact the powder bed and reduce the formation of cavities and voids [29]. However,
the use of vibration in powder spreading also has some drawbacks. For example, excessive
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 compaction without

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 particle shape, also play a crucial role in determining the quality of the powder bed.
Fine powders, for example, tend to have poor flowability due to interparticle cohesion,
which can lead to uneven spreading and low packing density [17]. Coarser powders, on the
other hand, generally exhibit better flowability but may result in lower packing density if
the particle size is too large [10]. The particle size distribution of the powder can also affect
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 particles. However, the use of multimodal powders can also
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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 non-spherical particles [11]. However, certain non-spherical particles, such as
ellipsoidal particles, can achieve high packing density if well-aligned during the spreading

process.

1.4.5. Effect of powder bed characteristics on part quality

The density of the powder bed directly impacts the quality of the final printed part. Higher
powder bed density generally results in better part quality, reducing the likelihood of
defects such as porosity, lack of fusion, and keyholing [31]. Conversely, low powder bed
density can lead to poor part quality, increasing the likelihood of defects and reducing the
part's mechanical properties [32]. Several studies have investigated the relationship
between powder bed density and part quality. For example, Gong et al. [31] found that
higher powder bed density resulted in better mechanical properties, such as tensile strength
and fatigue resistance, in Ti-6Al-4V parts produced by PBF-LP. 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 can significantly impact the quality of the final printed
part. These defects can lead to uneven melting and density variations, acting as stress
concentrators and reducing the part's mechanical properties [7]. Additionally, cavities and
voids can lead to poor interlayer bonding, compromising the part's structural integrity [11].
Several strategies have been proposed to reduce the formation of cavities and voids in the

powder bed, including optimizing spreading parameters, such as spreading speed and roller

8
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configuration and using vibration to promote particle rearrangement [10]. However, these
strategies must be carefully controlled to avoid introducing additional defects, such as

particle segregation and uneven powder distribution [33].

Layer thickness is another critical parameter affecting the powder bed's quality. Thicker
layers generally result in higher packing density, providing more space for particle
rearrangement [17]. 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
compacted [32]. Conversely, thinner layers can result in lower packing density due to the
increased static and dynamic wall effects, which hinder particle rearrangement [16].
However, thinner layers are often preferred for high-precision applications, as they allow
for finer control over the part geometry [34]. Surface roughness is another important factor
that influences the quality of the final printed part. High surface roughness can lead to poor
part quality, increasing the likelihood of defects such as cracks and stress concentrations
[35]. Conversely, low surface roughness generally results in better part quality, reducing

the likelihood of defects and improving the part's mechanical properties [24].

Optimizing the powder spreading process by carefully selecting the spreading mechanism,
spreading speed, and roller configuration is essential to mitigate these defects. This thesis
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 in PBF-LP.
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1.5. Research Gap and Motivation

Despite the extensive research on powder spreading in PBF-LP, several gaps remain in
understanding how different roller-spreading parameters, such as spreading speed,
rotational speed, and roller configuration, affect the powder bed quality. Most studies have
focused on blade-spreading and counter-rotating roller configurations, but there is a lack
of comprehensive research on forward-rotating roller configurations. Furthermore,
challenges associated with high spreading speed should be investigated to find innovative
ways to avoid these challenges, such as cavity formation. This research addresses these
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 research aims to develop strategies to optimize
the powder spreading process in PBF-LP, 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 in PBF-LP for
different roller-spreading configurations, especially forward-rotating

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

LP for different roller-spreading configurations.

10
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4. To investigate the interaction effects between spreading and circumferential speeds
and their combined impact on powder bed quality.
5. To propose strategies for 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
behaviour of granular materials, such as metal powders, at the particle level. In DEM, each
particle is treated as an individual entity, and the interactions between particles are
modelled using contact mechanics. This method allows for the detailed analysis of particle
motion, packing density, and force distribution during the powder spreading process [36].
The translational and rotational motions of each particle are governed by Newton's Second
Law of Linear and Rotational Motion [37,38]. The DEM first computes all acting forces
and then determines accelerations. Through time integration, the velocity and position of

each particle are accurately calculated [36].

A mathematical model based on contact mechanics describes particle interactions,
incorporating normal and tangential forces, cohesion, and rolling resistance. The Hertz—
Mindlin contact [39] model with Johnson-Kendall-Roberts (JKR) [40] cohesion is used to
account for particle adhesion and energy dissipation. The static and dynamic angles of
repose of stainless steel 316L powder are experimentally measured and compared with
simulation results to validate the model. The material properties, including friction

coefficients and surface energy, are calibrated to represent powder behaviour accurately.

11
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The simulations were performed using Altair EDEM software [41], employing a carefully
selected time step that does not exceed 20% of the Rayleigh time to maintain numerical
stability and accuracy. Besides, 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 plate to assess powder bed uniformity. Additionally, surface 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 (PBF-LB/M), with a particular focus on
the powder spreading process. The structure of the thesis reflects a logical progression from
comprehensive analysis of roller dynamics to advanced strategy development, as outlined
below:

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

e Chapter 2 investigates the effect of spreading speed on powder bed quality using
roller-based spreading configurations, particularly forward-rotating rollers. This
chapter establishes the baseline impact of translational dynamics on the powder

layer's uniformity and density and the adverse effects of high spreading speed.
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Chapter 3 extends the investigation by analyzing the effect of circumferential
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 develop a more comprehensive understanding of roller
dynamics.

Chapter 4 builds on the insights gained from Chapters 2 and 3 to propose adaptive
rotational speed strategies. These 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.

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

strategies and outlines 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
(PBF-LP) framework, given its pivotal role in configuring the powder bed. This
configuration significantly influences subsequent processing steps and ultimately
determines 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 PBF-LP. 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 non-rotating, counter-rotating and forward-rotating rollers with low
clockwise rotational speed (sub-rolling) due to powder dragging. However, a forward-
rotating roller with high clockwise rotational speed (super-rolling) 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 (PBF-LP) has emerged as a leading additive manufacturing

technique that can produce complex and high-precision components, and it has diverse
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applications ranging from aerospace to biomedical engineering. At the heart of PBF-LP
lies the controlled deposition of successive layers of fine powder, which is followed by
laser scanning to selectively fuse and solidify the material [1-3]. The initial spreading of
the powder material significantly influences the efficiency and quality of this layer-by-
layer deposition process. In the domain of powder dispersion techniques in additive
manufacturing, roller-spreading and blade-spreading represent two separate approaches.
Roller-spreading [4-6] involves using a roller mechanism to distribute powder, while
blade-spreading [7,8] utilizes a blade to push and distribute the powder material across the
printing surface. Roller-spreading and blade-spreading techniques have significant
differences in powder distribution efficiency. Roller-spreading typically achieves higher
packing density due to the normal force exerted by the roller, which compacts the powder
more effectively and promotes tighter particle packing through uniformly distributed force

chains [5].

Reducing production time is of utmost importance in additive manufacturing, specifically
concerning the duration of powder spreading [9,10]. 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 product development, and enables rapid delivery of
customized or on-demand parts. Moreover, shorter production times yield cost savings 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 spreading process 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 cost-effectiveness, thereby bolstering competitiveness across various
industries. The augmentation of spreading speed in spreader operations demonstrates a
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 powder bed at a
spreading speed. This force causes powder particles to slide and deform against each other,
promoting their redistribution and breaking up agglomerates [11]. An escalation in the
speed at which the blade spreads contribute to a reduction in the packing 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 higher packing density.
This behaviour is observed consistently across various blade shapes [19-23]. Yao et al.
[8]reveal an optimal operating parameter for spreading SS316L, which suggests that a
spreading velocity of <0.1 m/s yields favourable results. However, the identified gap in the
literature review underscores the necessity for additional experiments encompassing a
more comprehensive range of traverse speeds to corroborate this finding. The spreading
speed significantly influences the generation of shear force, a factor influenced by the
counter-rotating 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 density [4,6,13,19,22—-24]. Hence, the
spreading speed governs roller-spreading's essential shearing and dragging mechanisms.
The circumferential speed of a counter-rotating roller pushes the powder forward in line
with the spreading speed, ensuring consistent behaviour at different rotational speeds.
Conversely, in Seluga's experimental work[25], it was observed that there was a marginal
increase in powder bed density alongside an increase in traverse speed within the 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 speeds, powder 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 counter-rotating roller processes
precipitates a reduction in layer thickness [12,16,20]. 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
non-uniformity in packing density [8,15,21]and augmented surface roughness of the
powder layer [4,17,22,23]. Particularly at heightened traverse speeds, particles deposited
onto the powder bed retain substantial momentum, continuing to flow over a considerable
distance. Consequently, this post-flow behaviour results in an uneven surface and, in some

instances, may give rise to the formation of a discontinuous layer.
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Limited studies suggest that a forward-rotating roller improves powder bed density more
than a counter-rotating roller or blade. The forward-rotating roller can grip and drag
powder into the bed, increasing the density [26,27]. 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 energy [28]. The circumferential speed
of a forward-rotating roller drags the powder backward, opposing the spreading speed.
Therefore, the effect of increasing the spreading speed with a forward-rotating 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 PBF-LP. The study aims to understand the complex
relationships associated with the roller's spreading speed under various rotation speed
conditions, focusing on the forward-rotating configuration identified in the literature
review. The investigation encompasses an in-depth exploration of the connections between
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 thickness and 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 roller-based powder distribution in PBF-LP.

2.3. Methodology

The PBF-LP process encompasses a powder-spreading system comprising three

fundamental components: powder delivery, spreading and collection, as depicted in Figure
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2-1d. A simplified computational domain focuses on the powder spread process. The
domain is shown in Figure 2-1a and includes the powder supply and collector chambers as
well as the building plate and roller of radius 2.5mm (R,.). The dimensions of the domain
and its components are normalized using the desired layer thickness (&). Specifically, the
domain length L, is 606 and the width L,, is 256. Periodic conditions are applied in the y-
direction. The roller is swept down the length of the domain with a uniform speed (;)

while simultaneously rotating at a specified angular speed (w).

Roller-spreading cases can be classified into non-rotating, counter-rotating, and forward-
rotating rollers based on the direction of the roller's rotational speed relative to its
translational spreading speed. In the non-rotating case, the roller moves at a constant
spreading speed (Figure 2-1b, V;= 0.15 m/s) without any rotational motion, allowing the
powder to be spread purely by translational movement. In the counter-rotating case, the
roller rotates counterclockwise while advancing with spreading speed (Figure 2-1c, V; =
0.15 m/s and w = 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
Vs+wR,). For the forward-rotating case, the roller rotates clockwise while advancing with
spreading speed (Figure 1d, V;=0.15 m/s and w = 60 rad/sec), introducing a circumferential
speed velocity opposite to the direction of spreading at the roller bottom (i.e., surface

velocity equals V; - wR,.).
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Figure 2-1. (a) Schematic of DEM model of powder spreading process in PBF-LP using a rolling-
spreading technique. (b) Non-rotating roller with a spreading speed of 0.15 m/sec. (c) Counter-rotating
roller with spreading speed of 0.15 m/sec and counterclockwise rotational speed of 60 rad/sec. (d) Forward-
rotating roller with a spreading speed of 0.15 m/sec and clockwise rotational speed of 60 rad/sec . In (b),
(c), and (d), both the powder and roller are colored according to velocity magnitude.

2.3.1. Mathematical model
In bed particles, the translational motion and rotational motion of each particle [29,30] are

governed by the following expressions:

dv;
m; d_]; =mg + z:5":1(1’:17,11 + Fjjs)c (1)
P
dw;
fi d_tl = Zl(Tij,s +Tijr) (2)
]=

where m;, v;, w;, and I; are the mass, velocity, angular velocity, and moment of inertia of
particle i, respectively; F;;, and F;; ¢ are the normal and tangential interaction forces on
particle i due to other particles j, and 7;; ¢ and 7;;,- are the torques generated by tangential
force and rolling friction. The kinematics of all particles are updated by the time integration

of the previous equations [31] .
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Normal and tangential forces represent contributions of the contact forces between particles
and the damping forces, which are added artificially to resolve the dissipation of kinetic

energy. The normal and tangential forces have contact and damping force contributions:

Fij,n _Fgll]—‘erl] 3)

Fijs_chlj+Fdl] (4)

Hertz-Mindlin contact model[32]with Johnson-Kendall-Roberts (JKR)[33] cohesion
formulates the contact forces between particles (the same used for particles and walls with
different coefficients), accounting for the influences of Van der Waals forces within the

contact zone:

AE"

FlYj = 3R*r — 4/mr3 yE*] (5)

. :usl Ul

s

Feuj = mm{|8G \/R*a”as| ©)
—Ine %
—Ine %

F§ii= [ ( m [G*m*(R*a™)%5]%5y Sfl ®)

where R*, m*, E*, and G are the equivalent radius, mass, Young’s modulus, and shear

modulus:
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m* = mym;/(m; + m;) (10)
E* = EE/(E(1—v]) + E(1—v{)) (11)

where R;, m;, E;, G;, and v; are the radius, mass, Young’s modulus, shear modulus, and
Poisson’s ratio, respectively; e, y, U, and y, are the coefficient of restitution, the surface

energy, and the sliding and rolling friction coefficients; u - and u are the normal and

tangential relative velocities between particles i and j when a collision occurs; and a™ and
a® are the normal and tangential overlaps between particles i and j when a collision occurs.
Friction torque is generated due to the moment of the tangential contact force. The rolling

friction torque is created by applying a torque to the contact surfaces:

Tijs_R XFCSU (13)

Tijr = —H Rl [ (14)

2.3.2.Numerical model

The powder particle interactions are simulated by applying contact, friction, and cohesion
forces as described in the previous mathematical model section. Altair EDEM software
(2021.1) 1s used [34]. Selecting an appropriate time step is critical for achieving
convergence and numerical stability. The time step used in these simulations is 1.62949e¢-
7 seconds, equivalent to 20% of the Rayleigh Time, ensuring that the simulations accurately
capture the dynamic processes and high-frequency phenomena while preventing instability

and numerical errors. The mesh size was selected to be three times the radius of the smallest

26



Ph.D. Thesis — Mohamed Awad Salim  McMaster University - Mechanical Engineering

particle to ensure accurate detection of particle contacts, resulting in 4,018,008 cells within
the computational domain.

2.3.3.Performance Parameters of the Spreading Process

Packing density, layer thickness, and mass fraction are defined to characterize the powder
bed layer and help examine how roller-spreading parameters impact the efficacy of powder
packing. The packing density (pp) is defined as the ratio of the volume that is actually
occupied by particles (V},) to the volume of the spatial configuration being encompassed
(Veuboia), With the latter being determined based on the desired layer thickness. Local
packing densities are determined by dividing the building plate into N regions in the x-
direction. The normalized variance of the packing density (ppyc) over the bed gives a
measure of the bed structure uniformity.

The local powder layer thickness (§(x)) is the average of the maximum elevation of the
particles resting on the building plate within each local (x-location) region. The global
average or actual thickness (8,.¢) 1s simply the average of the local thickness and surface
roughness (R,) calculated using the centerline average method. The layer thickness and

roughness can also be normalized with the desired layer thickness.
1
Ry == 16:() = Sgeel (15)
N

The mass fraction (MF) of the powder layer is the ratio of the mass of powder particles
deposited on the building plate to the total mass of the powder layer that is supposed to fill
the desired layer thickness. A global average mass fraction MFg,, and its normalized
variance MF,. are obtained from the local MF values in the x-direction. The packing

density is equivalent to the mass fraction when the layer thickness is equal to or less than
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the desired thickness. However, if the layer thickness exceeds the desired value, the mass
fraction becomes greater than the packing density. The packing density and layer thickness
combination measures how much powder material is effectively placed on the surface
during the spreading process. Moreover, the mass fraction indicates the spreader’s ability
to distribute powder over the building plate.

In this study, we have taken a meticulous approach to address several simplifications and
assumptions, especially regarding the use of an empty build plate for powder spreading.
The choice of an empty build plate is not arbitrary; it is a careful decision that allows for
better control of variables and isolates the effects of the roller on powder distribution.
Simulating a loose powder layer introduces additional complex interactions beyond the
primary focus of this investigation, including the dynamics of the roller and its impact on
powder spread. By focusing on an empty build plate, we can concentrate on understanding
the fundamental mechanisms of roller behavior without introducing the confounding
variables that a loose powder layer may bring, thereby improving the clarity and precision
of the findings.

2.3.4.Material calibration and model verification

The calibration of the Discrete Element Method (DEM) poses a well-known challenge in
the literature [35,36]. As a preliminary evaluation of the model's performance, we compare
the static angle of repose (AOR) formed by SS316 powder samples in both experimental
and simulation settings. The simulation parameters of the material, including surface
energy and sliding/rolling friction coefficients, are adjusted to match the experimental and
numerical predictions of the AOR. Table 2-1 [8,37] presents the simulation parameters

range for SS316L, which are used in the process of material calibration. A reduced Young's
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modulus was chosen to optimize the numerical stability of the model. This lower modulus
helps achieve faster convergence during simulations by reducing the time step and ensuring
efficient computation[18]. According to existing references, the AOR of SS316 is reported
to be 21.3°[15,18]. By conducting an analysis of the effects of surface energy on the AOR,

an optimal value of 0.001 J/m? is identified, leading to an AOR of 21.0°, as illustrated in

Figure 2-2a.
Table 2-1.DEM parameters of Alloy SS 316L alloy.
Parameter Value
Poisson's ratio,v 0.3
bulk density,p 7800 kg/m3
Young's modulus, E 22 GPa
Coefficient of restitution, e 0.64
Coefficient of sliding friction, 0.6
Coefficient of rolling friction, u, 0.085
Surface energy,y 0.0001-0.002 J /m?

Further validation of the numerical model is done by comparing the dynamic repose angle
(DRA) of SS316 powder during powder spreading. Measurements by Yao et al.[8] were
done using a rectangular blade moving with a spreading speed of 0.05 m/sec for
monomodal powder sizes of 34.8, 100, 123.2, and 166.4 um. The current model's roller is
replaced with a similar blade to match the experimental setup, and the dynamic repose
angles of powders of different sizes show good agreement with the experimental
measurements, as illustrated in Figure 2-2b-e and Table 2-2. The error in the comparison

remains below 9.6% in all cases.
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Table 2-2. 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),um | Experimental value | Yao simulation Current simulation
34.8 45.9° 44.0° 44°
100 30.4° 31.9° 33°
123.2 30.1° 32.2° 33°
169.4 32.3° 32.5° 33°
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Figure 2-2.Simulated angle of repose of SS316, assuming y = 0.001 J/m?. (a) Static angle of repose; (b)
Dynamic Repose Angle (DRA) for 34.8-um-diameter powder. (c) DRA for 100 um powder. (d) DRA for
123.2 pm powder. (e) DRA for 166.4 pm powder during blade spreading.
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2.3.5.Simulation Conditions

This study focuses on the influence of spreading speed on powder flow dynamics within
the context of the roller spreading process. Spreading speed varies from 0.025 m/s to 0.15
m/s. The use of spreading speeds between 0.05 and 0.15 m/s aligns with many studies [§]
that explore the fundamental mechanics of the powder-spreading process under controlled
conditions. The interplay between the spreading speed and the roller rotation speed is
considered by using four different rotation speeds: a non-rotating roller (w = 0), a counter-
rotating roller (w = 60 rad/s), and two forward-rotating roller rotational speeds (10 and 60
rad/s). The two forward-rotating roller speeds are employed to simulate the effect of
spreading speed when V;/R,. = w and when V;/R, < w, respectively.

SS316 powder with a single particle size of 50 um is used, mitigating the complicating
influence of powder size distribution, and the ratio of powder size to the desired layer
thickness is maintained at 0.25. After carefully considering various factors, we have chosen
a selection of mono-sized particles with a particle diameter-to-layer thickness ratio of 0.25.
This choice simplifies the model, ensures numerical stability, and allows us to isolate the
effects of powder size distribution, focusing on the impact of spreading speed. This
controlled environment enables us to study the influences of roller speed and spreading
conditions without introducing the added complexities of polydisperse powders. The 0.25
ratio closely reflects realistic powder sizes [38] , ensures sufficient powder packing,

minimizes wall effects, and keeps our focus clear and unwavering.

2.4. Results and Discussion

As in the introduction, the effects of spreading speed have been previously investigated for

non-rotating and counter-rotating rollers. Less attention has been paid to forward rolling,
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and little-to-no consideration has been given to the bed quality with the various regimes of
forward rolling. There are cases that can be considered: pure rolling, sub-rolling, and super-
rolling. Pure rolling occurs when the roller’s circumferential speed (wR,) matches the
spreading speed (1), sub-rolling occurs when the roller’s circumferential speed is less than
the spreading speed, and super-rolling occurs when the roller’s circumferential speed is
greater than the spreading speed. We start by presenting the results of the impacts of the
spreading speed of non-rotating and counter-rotating rollers for our specific case of D/§ =
0.25 and then examine and compare the effects of forward rolling. The results section is
categorized into two types of analyses: microscopic and macroscopic. Microscopic
analysis investigates the variations in local packing density, mass fraction, layer thickness
over the building plates, and cavity formation. Conversely, macroscopic analysis examines
the variations in average packing density, mass fraction, layer thickness, and powder
distribution uniformity concerning spreading speed.

2.4.1. Microscopic Analysis

2.4.1.1. Effect of Spreading Speed on the Non-Rotating Roller

The non-rotating roller functions analogously to a blade and operates based on its spreading
speed to distribute powder over the building plate. The packing density of the powder layer
created by a non-rotating roller behaves similarly along the length of the building plate at
different spreading speeds, which range from 0.025 to 0.15 m/s. Initially, the packing
density increases to a certain level within the first 10% of the building plate length. Then,
it fluctuates around this level, which is inversely proportional to the spreading speed, with
more noticeable fluctuations at higher spreading speeds. Towards the final 20% of the

building plate length, the packing density sharply rises to a maximum value before
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decreasing, as illustrated in Figure 2-3a. At a high spreading speed of 0.15 m/s, the roller
displaces powder from the trailing edge (left side) to the leading edge (right side) of the
building plate, resulting in the formation of a significant cavity on the trailing edge, as
depicted in Figure 2-3c,d. The layer thickness distribution along the building plate mirrors
the trend observed in packing density. The layer thickness fluctuates below the desired
value throughout the majority of the building plate length, specifically to the last 20%.
Notably, the peak in packing density corresponds to a peak in layer thickness, which
frequently surpasses the desired layer thickness, as depicted in Figure 2-3b. This finding
indicates a difference between this area’s packing density and mass fraction. Additionally,
the fluctuations in layer thickness increase with the spreading speed.

The behavior of powder spreading using a non-rotating roller can be explained by the
dynamics of the roller and its interaction with the powder throughout the spreading process.
At high spreading speeds, the roller pushes the powder away from the trailing edge due to
the significant momentum transfer from the roller to the powder, creating a cavity. After
the roller passes over the powder layer, the velocity of the powder decreases, and its
direction changes to fill this cavity, as there is minimal resistance to flow. However, the
amount of backflow is insufficient to fill the cavity, resulting in a large and continuous
cavity at the trailing edge, as shown in Figure 2-4a—d. As the roller reaches the leading
edge, the high-velocity powder collides with the solid boundary at the end of the building
plate. This collision alters the powder’s direction and interaction with the developing
powder layer. The result is a powder buildup just before the leading edge and a significant
reduction in packing density before the solid boundary (i.e., rebound zone), as illustrated

in Figure 2-4f—.
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Figure 2-3.Powder layer characteristics of the non-rotating roller versus the building plate length; (a)
packing density (solid lines) and a mass fraction (dashed lines); (b) layer thickness; (c) top view and front
view of the powder bed after spreading with the speed of 0.05 m/s; and (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 Z-direction (i.e.,
layer thickness).
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Figure 2-4.(a—d, f—i) Velocity vector fields illustrating powder distribution for a non-rotating roller moving
at 0.15 m/s during spreading. Subfigures (a—d) show the development of powder dynamics on the trailing
edge (left side) of the building plate over time, while subfigures (f-i) depict the development on the leading
edge (right side) over the same time intervals. Subfigure (e) shows the powder heap during the spreading
process, with velocity vectors colored by the x-component of velocity, highlighting the flow and heap

formation.
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2.4.1.2. Effect of the Spreading Speed on Counter-Rotating Roller

The counter-rotating roller, which operates at an angular speed of 60 rad/s, undergoes
variations in spreading speed from 0.025 to 0.15 m/s. The trend of packing density along
the building plate for the counter-rotating roller is similar to that of the non-rotating roller.
At lower spreading speeds, the packing density remains relatively stable along the length
of the building plate with only minor fluctuations. However, as the spreading speed
increases, significant variations occur, particularly in the last 20% of the building plate. In
this region, the packing density sharply rises to peak values before abruptly decreasing, as
shown in Figure 2-5a. Similarly, the layer thickness shows more intense fluctuations at
higher spreading speeds, especially in the final 20% of the plate. This thickness remains
below the desired value for most of the build plate length, as illustrated in Figure 2-5b.
These fluctuations correspond with the peaks in packing density observed in Figure 2-5a,
where the layer thickness exceeds the desired value, indicating that the mass fraction is
greater than the packing density at this location. At a spreading speed of 0.05 m/s, the
powder layer appears uniform and compact with minimal disturbances. In contrast, at a
spreading speed of 0.15 m/s, the powder layer exhibits significant non-uniformity, with
more pronounced small voids and lower powder compaction, which is consistent with the
fluctuations observed in the graphs, as presented in Figure 2-5a,d. Consequently, small
vacancies (voids) form within the powder layer produced by the counter-rotating roller as
the spreading velocity increases (see the difference between this figure and Figure 2-5c¢,d).
This finding from our simulations aligns with the results obtained by Chen et al. from their

experimental imaging [4].
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Figure 2-5.Powder layer characteristics of a counter-rotating roller rotating at 60 rad/s versus building plate
length. (a) Packing density (solid lines) and mass fraction (dashed lines), (b) layer thickness, and (c) 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 of 0.15 m/s, colored by powder position in Z-
direction (i.e., layer thickness).
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Figure 2-6. (a—d, f—i) Velocity vector fields illustrating powder distribution for a counter-rotating roller
moving at 0.15 m/s and rotating at 60 rad/s during spreading. Subfigures (a—d) show the development of
powder dynamics on the trailing edge (left side) of the building plate over time, while subfigures (f-i)
depict the development on the leading edge (right side) over the same time intervals. Subfigure () shows
the powder heap during the spreading process with velocity vectors colored by the x-component of
velocity, highlighting the flow and heap formation.

The operation of a counter-rotating roller can be explained as the interplay between the
linear spreading velocity in the x-direction and the circumferential velocity generated by
the roller’s counterclockwise rotation. The circumferential velocity introduces an

additional x-velocity component to the roller surface, enhancing the transfer of x-

momentum to the powder layer, as shown in Figure 2-6e. As the roller initiates the powder
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spreading process on the building plate, it is anticipated that the powder will be displaced
from the trailing edge, resulting in a cavity similar to that observed with a non-rotating
roller. However, observations show a notable decrease in the powder layer after the roller
has passed instead of a clearly defined cavity, as illustrated in Figure 2-6a—d. This reduction
is attributed to the heightened momentum transfer from the roller to the powder. The
counterclockwise rotation of the roller also introduces a y-direction momentum
component, dispersing and lifting the powder upwards, which prevents the formation of a
distinct cavity at the trailing edge and promotes a reduction in powder density within the
layer. Analogous to the behavior of a non-rotating roller, as the counter-rotating roller
approaches the leading edge, the high-velocity powder collides with the solid boundary at the
end of the build plate. This collision alters the powder’s trajectory and interaction with the
forming layer, leading to powder accumulation just before the leading edge and a significant

decrease in packing density near the solid boundary, as shown in Figure 2-6f-i.

2.4.1.3. Effect of the Spreading Speed on Forward-Rotating Roller

The movement of a forward-rotating roller pertains to its horizontal displacement in the
positive x-direction across a surface caused by its spreading speed. Concurrently, the
roller’s clockwise rotation generates additional velocity at its surface. The x-component of
this velocity, being in the negative x-direction, contributes to the roller’s surface speed by
subtracting the spreading speed and the x-component of the tangential speed. This analysis
allows us to divide the roller’s movement into two distinct categories: sub-rolling and
super-rolling. Sub-rolling occurs when the spreading speed is greater than or equal to the
circumferential speed, while super-rolling occurs when the spreading speed is less than or

equal to the circumferential speed.
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Sub-Rolling
In this setup, a roller rotates forward at a speed ranging from 0.025 m/s to 0.15 m/s while

rotating clockwise at 10 rad/s. In each simulation, the spreading speed is ensured to be
greater than or equal to the circumferential speed. At a spreading speed of 0.025 m/s, the
packing density remains stable along the entire length of the building plate, with only a
slight reduction at the leading edge. As the spreading speed increases, the packing density
at the trailing edge experiences an initial reduction, and it then increases to a specific value
with fluctuations around it; it finally decreases again at the leading edge, as shown in Figure
2-7a. These fluctuations become more pronounced at higher spreading speeds. Notably, the
packing density reductions at the trailing and leading edges intensify as the spreading speed
increases. A small and discontinuous cavity formation in the powder at the trailing edge at
0.15 m/s supports this observation, as presented in Figure 2-7c,d. The mass fraction trends
align with the packing density but are generally higher. As the spreading speed increases,
the difference between the packing density and the mass fraction narrows. The layer
thickness also fluctuates along the building plate, often exceeding the desired layer
thickness at the leading edge, where the mass fraction is significantly higher than the
packing density. The layer thickness exceeds the desired value at a spreading speed of 0.025
m/s, as illustrated in Figure 2-7b. Similar to non-rotating and counter-rotating rollers, the

layer thickness and packing density decrease with increasing spreading speed.
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Figure 2-7. Powder layer characteristics of the forward-rotating roller rotating at 10 rad/s (i.e., sub-rolling
case) versus the building plate length. (a) Packing density (solid lines) and mass fraction (dashed lines), (b)
layer thickness, and (c) 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 of 0.15 m/s, colored by
powder position in Z-direction (i.e., layer thickness).
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Figure 2-8. (a—d, f—i) Velocity vector fields illustrating powder distribution for a forward-rotating roller
moving at 0.15 m/s and rotating at 10 rad/s during spreading. Subfigures (a—d) show the development of
powder dynamics on the trailing edge (left side) of the building plate over time, while subfigures (f-i)
depict the development on the leading edge (right side) over the same time intervals. Subfigure (€) shows
the powder heap during the spreading process, with velocity vectors colored by the x-component of
velocity, highlighting the flow and heap formation.

The roller generates significant force as it moves quickly across the powder, pushing it
away from the edge behind it. This force, caused by the roller’s speed, is counteracted by
the negative x-component of the circumferential speed. As a result, less powder is pulled
along by the roller, leading to smaller discontinuous cavities at the trailing edge compared

to the scenario in which the roller is not rotating (the cavity is large and continuous), as

shown in Figure 2-8a—d. As the roller approaches the leading edge, the high-speed powder
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collides with the solid boundary at the end of the build plate. This collision redirects the
powder and influences how it interacts with the developing powder layer. Additionally, the
circumferential speed pulls powder from the heap in front of the roller, causing it to spread
in opposite directions. Consequently, there is a buildup of powder just before the leading
edge, resulting in a noticeable decrease in packing density near the leading edge, as
illustrated in Figure 2-8f—i. At low spreading speeds, the circumferential speed causes the
powder to disperse backward along the building plate, countering the motion of the roller.
In some cases, such as at 0.025 and 0.05 m/s, more powder accumulates above the desired

layer thickness, causing the mass fraction to exceed the packing density.

Super-Rolling
In this experimental setup, a forward-rotating roller operates at a spreading speed ranging

from 0.025 m/s to 0.15 m/s while rotating clockwise at 60 rad/s. Throughout the
simulations, it is ensured that the spreading speed is either smaller than or equal to the
circumferential speed of the roller. The packing density remains relatively stable,
fluctuating around a consistent average value at different spreading speeds. However, a
significant reduction in packing density is observed at the leading edge, with the extent of
this reduction being inversely proportional to the spreading speed. It is observed that a
continuous cavity is formed at a leading edge at a low spreading velocity (i.e.,V; =
0.025 and 0.05 m/s ) and become small and discontinuous cavities at a high spreading
speed (i.e., V; = 0.15 m/s), as presented in Figure 2-9¢,d. At a spreading speed of 0.025
m/s, the mass fraction peaks at the trailing edge and gradually decreases, culminating in a
substantial reduction at the leading edge, as shown in Figure 2-9a. As the spreading speed
increases, the mass fraction tends to fluctuate around values higher than the packing

density, which is followed by a marked reduction at the leading edge. The variation in layer
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thickness along the building plate length mirrors the trend observed in packing density. It
consistently remains higher than the desired layer thickness, except at the leading edge,
where it falls below the desired value, as presented in Figure 2-9b. Both the mass fraction
and layer thickness decrease as the spreading speed increases.

The main feature of a forward-rotating roller, particularly in the context of super-rolling, is
its rapid clockwise rotation. This rotation produces a negative x-component and a positive
y-component on the roller’s rear surface. The negative x-component exerts a force that
pushes the powder in the opposite direction of the spreading motion. In contrast, the
positive y-component disperses the powder (powder burst) across the building plate once
the roller has passed. This process increases powder accumulation on the building plate,
causing the layer thickness to exceed the desired level along the entire plate length, except
at the leading edge, as illustrated in Figure 2-10a—d.

Similar to other roller configurations, as the roller approaches the leading edge, the high-
speed powder collides with the solid boundary at the end of the plate. This collision alters
the powder’s direction and affects its interaction with the developing powder layer. The
roller’s high circumferential speed also pulls additional powder from the heap in front with
high momentum, dispersing it in opposite directions, as shown in Figure 2-10f—i. This
activity leads to noticeable powder buildup just before the leading edge and creates a
continuous cavity at the leading edge, as shown in Figure 2-9c. When the spreading speed
increases to match the circumferential speed, an equilibrium is established between the
momentum transfer from the spreading speed (positive x-component) and the
circumferential speed (negative x-component). This balance reduces the size of the cavity

at the leading edge, making it discontinuous, as presented in Figure 2-9d and Figure 2-11{—
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1. Therefore, a high spreading speed and a clockwise rotational speed maintain a stable

packing density across the building plate.
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Figure 2-9.Powder layer characteristics of a forward-rotating roller rotating at 60 rad/s (i.e., super-rolling
case) versus the building plate length. (a) Packing density (solid lines) and mass fraction (dashed lines), (b)
layer thickness, and (c) top view and front view of the powder bed after the spreading process with the
speed of 0.05 m/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 Z-direction (i.e., layer thickness).
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Figure 2-10. (a—d, f—i) Velocity vector fields illustrating powder distribution for a forward-rotating roller
moving at 0.05 m/s and rotating at 60 rad/s during spreading. Subfigures (a—d) show the development of
powder dynamics on the trailing edge (left side) of the building plate over time, while subfigures (f-i)
depict the development on the leading edge (right side) over the same time intervals. Subfigure (€) shows
the powder heap during the spreading process, with velocity vectors colored by the x-component of
velocity, highlighting the flow and heap formation.
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Figure 2-11. (a—d, f-i) Velocity vector fields illustrating powder distribution for a forward-rotating roller
moving at 0.15 m/s and rotating at 60 rad/s during spreading. Subfigures (a—d) show the development of
powder dynamics on the trailing edge (left side) of the building plate over time, while subfigures (f—i)
depict the development on the leading edge (right side) over the same time intervals. Subfigure (e) shows
the powder heap during the spreading process, with velocity vectors colored by the x-component of
velocity, highlighting 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 macroscopic properties, including packing density,

mass fraction, layer thickness, and uniformity, is examined by evaluating these properties’
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average values and variations within the study area, highlighted in Figure 2-1d. The current
study shows that the packing density of the powder layer developed by non-rotating and
counter-rotating rollers experiences a reduction with increasing spreading speed, a trend
that aligns with previous research [17—19]. Specifically, as the spreading speed of the non-
rotating roller increases from 0.025 to 0.15 m/s, there is a notable reduction in average
packing density of 28.7%, as shown in Figure 2-12. For the counter-rotating roller, rotating
at 60 rad/s, the same increase in spreading speed results in a more significant reduction in
packing density of 42.8%. Similarly, the sub-rolling roller, rotating at 10 rad/s, shows a
29% reduction in packing density under the same conditions. Conversely, the packing
density of the powder layer developed by the super-rolling roller, which rotates at 60 rad/s,
fluctuates with a maximum change of only 7%. This result indicates that the clockwise
rotation, balanced with the spreading speed, compensates for the reduction in packing
density due to the high spreading speed.

When considering mass fraction, it is essential to note that the layer thickness developed
by non-rotating, counter-rotating, and sub-rolling rollers falls below the desired layer
thickness. In contrast, the layer thickness developed by super-rolling and rolling rollers
exceeds the desired layer thickness. Consequently, the mass fraction is identical to the
packing density of non-rotating, counter-rotating, and sub-rolling rollers. At the same time,
it exceeds the packing density in the case of rolling and super-rolling rollers. Notably, the
mass fraction experiences a reduction of 48.2% when the spreading speed of the super-

rolling roller, which rotates at 60 rad/s, increases from 0.025 to 0.15 m/s.
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Figure 2-12. Packing density and mass fraction characteristics of study zone versus spreading speed for
different roller configurations. (a) Average packing density (solid lines) and average mass fraction (dashed
lines) and (b) variation coefficient of packing density (solid lines) and mass fraction (dashed lines).

As the spreading speed of the non-rotating roller increases from 0.025 to 0.15 m/s, the

average layer thickness decreases by 17.2%, as shown in Figure 2-13. The counter-rotating

roller, rotating at 60 rad/s, also shows a 22% decrease in average layer thickness with the

same increase in spreading speed. Moreover, the sub-rolling roller, rotating at 10 rad/s,

demonstrates an even more significant reduction in average layer thickness of 32.7%. The

layer thicknesses produced by the non-rotating, counter-rotating, and sub-rolling rollers are
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lower than the desired layer thickness. Conversely, the layer thicknesses produced by the
super-rolling and rolling rollers exceed the desired layer thickness. For the super-rolling
roller, an increase in spreading speed from 0.025 to 0.15 m/s results in a 50% reduction in
layer thickness.

Non-rotating and counter-rotating rollers maintain a constant level of surface roughness
(approximately 2.9% of the desired layer thickness in this study). However, adding
clockwise rotational speed to the roller dynamics increases surface roughness (3.7% in the
case of sub-rolling and 10.4% in the case of super-rolling). Generally, regardless of the
rotational speed and spreading speed, the roller-spreading process is random, maintaining
a specific level of variation in the packing density distribution. However, counterclockwise
rotation compared to clockwise rotation is better in terms of powder layer uniformity due
to the turbulent motion of powder resulting from the clockwise rotational speed (i.e.,

powder burst).
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Figure 2-13. Average layer thickness and surface roughness of study zone developed by different roller
configurations versus the spreading speed.

The enhanced spreading speed in the counter-rotating roller closely mirrors that of the non-

rotating roller with more pronounced effects. Likewise, the enhanced spreading speed in
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the sub-rolling roller closely mirrors that of the non-rotating roller. The behaviors of non-
rotating, counter-rotating, and sub-rolling rollers can be explained similarly by
understanding momentum transfer from the roller to the particles. When the roller is not
rotating (o« = 0) and moves solely with the spreading speed, the majority of the particles

attain velocities approximately equal to the spreading speed (Vyqrticies = Vs). In the case

of the counter-rotating roller, the addition of circumferential speed increases the roller’s
surface speed, thereby enhancing the particle velocities (Vpgriicies = Vs + @R;).
Conversely, with the sub-rolling roller, the circumferential speed acts in the opposite
direction, reducing the roller surface speed and consequently lowering the particle
velocities (Vpgarticies = Vs — wR;). Despite the reduction, the resultant particle speed
remains effective in the direction of spreading. At a high spreading speed, the powder
moves away from the left solid boundary of the building plate while being compressed
toward the right solid boundary due to the dragging force, indicating the presence of fewer
particles. When the spreading speed is high, the particles deposited on the powder bed
continue flowing for a specific distance due to the excessive momentum exchanged with
the roller. This excessive momentum exchange causes particles to be dragged out of the
building plate, reducing the packing density. This considerable transferred momentum
leads to more powder disturbance, causing an uneven surface and a reduction in layer
thickness. Conversely, particles settle more quickly and uniformly onto the powder bed at
low spreading speeds due to the reduced kinetic energy and momentum. This minimized
momentum exchange leads to less disturbance of the powder bed, resulting in a more even
distribution, higher packing density, smoother surface, more consistent layer thickness,

and, unfortunately, longer total printing time. The increased rotational speed of the counter-
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rotating roller contributes to elevated particle momentum, leading to less densely packed
particles, and it is aligned with literature reviews [4,6,13,19,22-24]. When a sub-rolling
roller moves forward at a spreading speed, it behaves similarly to a non-rotating roller. The
increased spreading speed causes the powder to shift from the left side due to its generated
momentum. This behavior of a sub-rolling roller is consistent with non-rotating and
counter-rotating configurations as long as the circumferential speed remains below the
spreading speed. The momentum exchange resulting from the spreading speed plays a more
significant role than the momentum induced by the circumferential speed.

Conversely, different behavior is observed when dealing with a super-rolling roller, where
the circumferential speed equals or exceeds the spreading speed. The backward
circumferential speed component pulls the powder in the opposite direction of spreading.
This causes the powder to disperse over the building plate after the roller passes (i.e.,
powder burst), compensating for the reduction in powder due to the high spreading speed.
This compensation helps sustain the packing density despite the high spreading speed,
differing from the behaviors observed in non-rotating, counter-rotating, and sub-rolling
rollers.

Adopting a high spreading speed for the roller offers advantages in reducing spreading and
production times. However, it is essential to recognize that high spreading speeds can
decrease packing density and layer thickness. To counteract these effects, considering the
behavior of the super-rolling roller explained previously, a higher clockwise rotational
speed can be employed to establish a balance between the forward and backward
momentum transfers to particles. When a forward-rotating roller dispenses powder at a

spreading speed of 0.15 m/s while gradually increasing its rotational speed from zero to
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the threshold value (w = Vs /R,), a significant enhancement in packing density is observed.
Specifically, the packing density increases by 69.4%, and the layer thickness increases by
62%, as illustrated in Figure 2-14. This observation supports the notion that the increase in
powder quantity due to the occurrence of powder bursts, which are caused by backward
momentum transfer to particles, compensates for the reduction in powder amount resulting

from the drag effect associated with higher spreading speeds.
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Figure 2-14. Macroscopic characteristics of powder layer formed by forward-rotating roller moves at 0.15
m/s versus rotational speed. (a) Packing density and its variation coefficient. (b) Layer thickness and
surface roughness.
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Furthermore, the increase in packing density is accompanied by a substantial reduction in
the coefficient of variation, with a decrease of at least 46%. These findings demonstrate
that implementing a higher clockwise rotational speed in conjunction with a high spreading
speed can effectively enhance packing density and layer thickness while reducing
variability, thus optimizing roller spreading.

2.4.2.2. Effect of the Resultant Speed

The combined effect of the roller’s translational and rotational motions on the spreading
process is examined by considering the resultant speed, which is the sum of the spreading
and circumferential speeds. Analysis shows that the packing density remains relatively
stable at higher values when the resultant speed is slightly negative or near zero (i.e., super-
rolling roller). However, the mass fraction increases rapidly as the resultant speed moves
further below zero, as shown in Figure 2-15. Conversely, as the resultant speed increases
past zero, there are noticeable and identical declines in packing density and mass fraction.
This trend suggests that higher positive resultant speeds, corresponding to higher spreading
speeds or counter-rotating or sub-rolling rollers, adversely affect packing density and the
spreader’s ability to distribute powder uniformly over the building plate. The layer
thickness decreases as the resultant speed shifts from negative to positive values, as
presented in Figure 2-16. The thickness is the highest when the resultant speed is negative,
indicating the effect of powder bursts due to clockwise rotation, and it gradually decreases
as the resultant speed becomes positive. In contrast, the surface roughness is relatively high
at negative values, and it decreases to almost zero as the resultant speed approaches positive
values. This trend suggests that clockwise rotation (negative circumferential speed) results

in a higher layer thickness and surface roughness. In contrast, counterclockwise rotation
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(positive circumferential speed) tends to smooth the surface and reduce the layer thickness.
Therefore, achieving an optimal balance between spreading speed and roller rotation is

crucial for maintaining a high-quality and efficient powder spreading process.
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Figure 2-15. Average packing density and mass fraction versus the resultant speed.
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Figure 2-16. Average layer thickness and surface roughness versus the resultant speed.

2.5. Conclusions

Investigating the effects of escalating spreading speeds of various roller configurations on
powder bed characteristics has provided valuable insights. The non-rotating and counter-
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rotating rollers, serving as baselines, exhibit similar trends. An increased spreading speed
generally results in decreased packing density and layer thickness. This result occurs
because the higher spreading speed transfers more momentum to the particles, dragging
the powder off the building plate. With its additional rotational speed, the counter-rotating
roller amplifies this effect, causing a more significant reduction in packing density and
layer thickness compared to the non-rotating roller. Due to the dominance of spreading
speed in the case of a forward-rotating roller at a low clockwise rotational (sub-rolling
configuration), it follows a similar trend.

However, the forward-rolling roller at a high clockwise rotational speed (i.e., super-rolling
configuration) presents a promising solution. A delicate balance is achieved in this
configuration, where the circumferential speed equals or exceeds the spreading speed. This
balance effectively manages forward and backward momentum transfers, leading to a
powder burst phenomenon compensating for the powder reduction caused by high
spreading speeds. This balance reassures us that the packing density and layer thickness
can be maintained or even enhanced. The findings show that implementing a higher
clockwise rotational speed in conjunction with high spreading speeds can significantly
improve the packing density and uniformity of the powder bed. Specifically, a forward-
rotating roller operating at a spreading speed of 0.15 m/s, with a gradually increasing
rotational speed, enhances the packing density by 69.4% and the layer thickness by 62%
while reducing the variation coefficient by 46%. Conversely, the surface roughness
increases to 10.4% of the desired layer thickness, and the surface roughness values of other

configurations increase to 3.7%.
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The study emphasizes optimizing the roller’s combined translational and rotational
motions to achieve superior powder bed characteristics. The study lays the groundwork for
further exploration into the complex dynamics of roller spreading processes and has
immediate applications in enhancing the efficiency and quality of additive manufacturing
techniques. Future work can expand on these findings by exploring different material
properties, roller designs and dynamics to refine and enhance the powder-spreading

process.
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3.1. Abstract

Roller-spreading is a fundamental process in laser powder bed fusion (PBF-LP), helping
to create a tightly packed and uniform powder layer for optimal printing quality. This
control over packing density and thickness helps optimize the printing process for better
accuracy and reliability. In the recent study, discrete element method (DEM) simulations
of stainless steel 316 are used to investigate the impact of circumferential speed on roller-
spreading. Three roller configurations—non-rotating, counter-rotating, and forward-
rotating were 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 forward-rotating rollers exhibiting higher packing density at
a rotational speed close to the rolling speed and improved mass fraction compared to
counter-rotating and non-rotating 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 explores the impact of roller size on powder
distribution, revealing that smaller forward-rotating rollers enhance powder compaction,
leading to a denser, more uniform layer with improved thickness and surface roughness.
Maintaining steady spreading and circumferential 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 and non-uniform
areas. Careful optimization of roller-based 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 fusion (PBF-LP) is a highly effective additive manufacturing process for
producing diverse parts and components [1,2]. This process involves using a high-intensity
laser to selectively melt zones of powder materials layer by layer, utilizing the laser as an
energy source. PBF-LP 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 composition [7], can impact the
quality and performance of components manufactured by PBF-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 of the feedstock materials, encompassing
shape, size distribution, surface morphology, composition, and flowability of the powders
[8], significantly influence the qualities of the additively manufactured parts.
Comprehending and optimizing the underlying factors involved in powder spreading is

crucial to improving the overall quality of components manufactured through PBF-LP.

Generally, the PBF-LP process requires highly dense powder layers with lower surface
roughness to produce non-porous layers after the laser scanning step [9]. 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 like balling, pores,
and denudation, which will cause worse macro-quality parts for PBF-LP. In other words,

a powder bed with a dense, uniform state is desirable for PBF-LP. Besides these, 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 conductivity [11] and absorb
more laser power [12]. Tran et al. [12] investigated the impact of particle size distribution
on laser scattering and absorptivity [12]. To sum up, PBF-LP research also showed that
before the laser scans the powder layer, the final part's properties depend on how the

powder spreads out [13].

Roller-spreading and blade-spreading are two distinct techniques employed in the
spreading of powder. Roller-spreading [14-16] utilizes a roller to distribute the powder
evenly, whereas blade-spreading [17-19] 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 more compact
powder layer [20]. 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 speed governs roller-spreading's shearing and dragging mechanisms, while
circumferential speed controls its rolling and compression mechanisms. Our past work [21]
covered the effect of the spreading speed on roller-spreading performance in different
scenarios: counter-rotating, forward-rotating and non-rotating. 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 counter-rotating roller, through
experimental investigations. They found that packing density decreases with resultant

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 counter-rotating rollers. Most studies have shown that powder bed
density decreases with increased rotation speed [15,16,23-25]. 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 simulation work conducted 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
investigated [15], 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 condition of the
powder bed. Experimental work by Seluga [23] indicated that layer quality can break down
if the rotation speed increases. Zhang et al. [16] conducted simulation work demonstrating
that the diameter of the counter-rotating 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 counter-rotating roller size prompts an increase in the number of
particles in the compression zone where the ordinary contact force becomes more
grounded, thus improving 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 literature [26-29] have consistently
highlighted that the forward-rotating roller significantly enhances powder bed density

compared to a counter-rotating roller or wiper(i.e. blade). This improvement can be
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attributed to the gripping and dragging action of the forward-rotating roller, effectively
pulling powder into the powder bed and increasing the overall density [28]. However, the
extent of powder bed density improvement achieved by using a forward-rotating roller is
associated with other parameters, such as powder flowability or attached mechanical
mechanisms. Nevertheless, the use of a forward-rotating roller may have adverse effects
on powder spreading. Firstly, after the roller passes over, the powder bed can spring back
due to the release of elastic energy stored in the powder bed [27]. This phenomenon can
lead to an uneven surface and inaccurate layer thickness [30]. Secondly, the sizeable shear
force exerted by the forward-rotating roller may deteriorate the powder bed surface,
causing the printed parts beneath the new layer to shift [28]. Thirdly, the substantial
compaction force can cause some particles to adhere to the roller, resulting in craters on

the powder bed surface [28].

A deeper understanding of how roller-spreading 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
comprehensive 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.
Furthermore, 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

3.3.1. Discrete element method model
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The discrete element method (DEM) is one of the best mathematical methods that can
estimate the layout 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 speed and location of all particles are calculated by the time integration of

Newton's equations [32].

dvi
m; E =m;g + Fi 1

dw;
I dtl =T 2

Where F; and T; are the total force and torque acting on the particle i, respectively. Besides,
m;, v;, w; and I; are the mass, velocity, angular velocity, and moment of inertia of particle
i. The contact forces between particles, which account for the impact of Van der Waals
forces within the contact zone, are formulated using Hertz-Mindlin with JKR (Johnson-
Kendall-Roberts) Cohesion [33,34]. The cohesive force of the JKR model is formulated as
follows:

4E*

Fy = |57 = 4y E| 3
where R*, E*, y and r are the equivalent radius, equivalent Young's modulus, surface
energy and radius of contact area. expressions for R*, E*and r and any details about the
mathematical model used in this work have been discussed in our previous work [21].
EDEM software [35] estimates all forces and torques acting on powder particles and does
the time-integration of the particle's acceleration. In 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 the particle to ensure accurate particle contact detection.
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Figure 3-1a illustrates the computational domain of the DEM model, which is used to
simulate powder spreading in laser powder bed fusion. Roller spreads 112.32 mg of SS316
powder over the building plate, creating a powder layer with a 200 um thickness (). The
study conducted by Yao et al. [36] suggests that a spreading velocity of <100 mm/s yields
favourable results for SS316 spreading. So, the Roller moves forward at a set spreading
speed of 50 mm/sec (Vs) while also swirling at an angular speed (w) during spreading,
ensuring even distribution of the powder layer over the building plate of area

12000pum X 5000pm.
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Figure 3-1. (a) Schematic of DEM model of powder spreading process in PBF-LP using a rolling-spreading
technique. (b) Non-rotating roller (c) Counter-rotating roller (d) Forward-rotating roller.

Figure 3-1b-d illustrates three distinct roller-spreading configurations: non-rotating,

counter-rotating, and forward-rotating rollers. In the non-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 speed (i.e.,Vz = V%). In the counter-rotating configuration (Figure 3-1c),

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 speeds (i.e., Vz =

Ve + wR,) . In the forward-rotating configuration (Figure 3-1d), the roller also combines

translational and rotational motion; however, unlike the counter-rotating case, the

circumferential speed at the roller's bottom opposes the spreading velocity. Consequently,

the bottom point velocity is determined by subtracting the circumferential speed from the

spreading speed (i.e., Vz = V; — wR,) . In this study, the forward-rotating roller rotates in

a clockwise direction. Based on the direction and magnitude of the bottom point velocity
(V), the forward-rotating roller can be further classified into three sub-configurations:

I.  Sub-rolling: Vj is positive and aligned with the spreading direction, indicating

that the rotational speed is lower than the rolling rotational speed (w, = V;/R,).

Il.  Rolling: V is zero, meaning the rotational speed matches the rolling rotational

speed.
1. Super-rolling: Vy is negative, opposing the spreading direction, signifying that

the rotational speed exceeds the rolling rotational speed.

Packing density (pp) and layer thickness §(x) 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 encompass, quantifies how closely powder particles are packed
in the deposited layer. Its variation coefficient (pp ) and surface roughness of the powder
layer (R,) provide insights into the uniformity of the powder bed's structure over the
building plate length. In addition, the mass fraction (MF) plays a crucial role in assessing

the performance of forward-rotating 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. These metrics
comprehensively understand the powder layer's quality and characteristics during powder
spreading. The current study employs the same mathematical model described well in the

past work [21].

This study used mono-sized stainless steel 316 powder, marked as SS316. The mono-sized
powder choice is crucial for minimizing the complexities that can arise from variations in
powder size distribution, making our analysis more efficient in studying the effect of roller
dynamics. We have provided all the properties of SS316 in Table 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 research [21].

Table 3-1: DEM parameters of Alloy SS 316L

Parameter Value ref
Poisson's ratio,v 0.3 [36,37]
bulk density,p 7800 kg/m?3
Young's modulus, E 22 GPa
Coefficient of restitution, e 0.64

Coefficient of sliding friction, u, 0.6

Coefficient of rolling friction, u, 0.085

Surface energy,y 0.001 J/m? [21]
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To ensure a comprehensive analysis, we have divided the powder into six groups, each
with a range of particle sizes (particle diameter, D). These particle sizes are normalized
relative to the layer thickness (normalized powder size, D), with values set at 0.25, 0.35,
0.4, 0.5, 0.575, and 0.65. This 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 understanding powder-spreading behaviour.

3.3.2. Simulation conditions

This study comprehensively analyzes how circumferential velocity impacts roller
spreading. Hence, the study demonstrates the impact of rotational speed and size of the
roller (i.e., roller radius, R,.) on the efficiency of the spreading process by performing a
group of DEM simulations. The roller sizes are standardized concerning the thickness of
the layer and are referred to as normalized roller sizes (R,./&). The first part of this work
incorporates three distinct cases that meticulously investigate the combined effects of
rotational speed's direction and magnitude on the roller-spreading process of powder, with
its normalized size ranging from 0.25 to 0.65. The initial case features a round blade (i.e.,
non-rotating roller), while the subsequent two cases involve a counter-rotating and
forward-rotating roller with a normalized roller size of 12.5. Both counter-rotating and
forward-rotating rollers rotate at 10 to 90 rad/s. Additionally, The second part of this work
tests the effect of roller size on the experiment's outcome using four different roller radius
dimensions and three different roller configurations. The study uses a non-rotating roller,
a counter-rotating roller that rotates at 40 rad/s, and a forward-rotating 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 to uniformly 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 powder-spreading process in laser powder
bed fusion. Given that the circumferential speed is determined 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 configurations: non-rotating, counter-rotating, and forward-
rotating rollers. Notably, due to the limited research available on the forward-rotating
configuration, we have dedicated particular attention to this area, especially the rolling and
super-rolling cases. 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 building plate, 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 impact of the roller's circumferential speed.

3.4.1. Microscopic analysis
3.4.1.1. Powder particle flow regions for Roller-spreading.
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, quasi-static, and powder layer zones, common to both blade and roller spreading
systems. As shown in Figure 3-2 and Figure 3-3, 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 under gravity and
compressive force and spread to the slow-flow zone. The particles in the slow-flow zone
move forward with roller movement to the Quasi-static zone at a relatively low speed.
Since the particles in the quasi-static zone move at low velocity, literature calls this zone
quasi-static. The particles are compressed and squeezed, forming a highly dense layer
whose height is the same as the layer thickness. As the roller moves, the quasi-static zone
particles spread and are finally deposited on the substrate, forming 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 speed w,, particles near the roller surface
acquire higher velocities, approximately equal to V; + wR,.. This increased velocity causes
the particles to scatter away from the spreading area, creating a powder-splashing zone. As
illustrated in Figure 3-2c, 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 super-rolling configuration), particles beneath the roller surface are propelled with high
velocity (Vparticie=Vs — wR,) 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 depicted in Figure 3-3c. The backward movement of particles relative
to the spreading direction within the compact region causes the burst. Unlike non-rotating,
counter-rotating, or blade configurations, which do not exhibit significant powder burst
effects, this phenomenon is primarily induced by the forward-rotating 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 super-rolling setup, these bursts can
cause the thickness of the layers to unexpectedly go beyond what we intended, as shown
in Figure 3-4. Figure 3-4 highlights magenta-coloured particles within the desired layer
and green-coloured 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 cases involving forward-rotating, especially for super-rolling, 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 on the powder layer can

be better understood and managed.
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Figure 3-2. Powder flow zones during the spreading of powder with a normalized size of 25% at a
spreading speed of 50 mm/s, visualized by powder speed magnitude under different roller configurations:
(a) non-rotating roller, (b) counter-rotating roller at 20 rad/s(i.e., w = w, ), and (c) counter-rotating roller at
90 rad/s (i.e., w > w,).
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Figure 3-3. Powder flow zones of the forward-rotating roller during the spreading of powder with a size
ratio of 25% at a spreading speed of 50 mm/s, visualized by powder speed magnitude under different roller
configurations: (a) sub-rolling at 10 rad/s, (b) rolling at 20 rad/s, and (c) super-rolling at 90 rad/s
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I Powder particles inside powder layer of thickness §
I powder particles outside powder layer of thickness &

Figure 3-4. Side view of a powder layer with a size ratio of 25%, spread by a super-rolling roller moving at
50 mm/s and rotating at 90 rad/s (i.e., w > w,).
3.4.1.2. The impact of the rotational speed on the distribution of powder along
the building plate

3.4.1.2.1. Non-rotating 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
non-rotating roller. In this configuration, the roller is a round blade that pushes and spreads
powder uniformly across the building plate without rotation. This non-rotating case is the

foundation for understanding the variations in packing density, layer thickness, and mass

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

The spreading process of a non-rotating 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 initial, stable, 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 from x/L, = 0.1 to x/L, = 0.8, is characterized by relatively uniform
packing density, as presented in Figure 3-5a. The packing density fluctuates slightly around
a higher value for small powder sizes(D/é < 0.5). However, for larger powder sizes
(D/& = 0.5), the packing density undergoes significant fluctuations, beginning at the left
edge and varying around a lower average value. In the impact region, starting from
x/L, = 0.8 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 decreasing. As illustrated in Figure 3-6a-b and supplementary Figure 6-1a-b and
Figure 6-2a-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 speeds [21].

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 thickness increases sharply,
reaching a peak above the desired layer thickness before suddenly decreasing, as shown in
Figure 3-5b. For smaller particle sizes (D /& < 0.5), the layer thickness remains consistent
and close to the desired thickness within this stable region. Larger particle sizes (D/§ >
0.5) 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.
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Figure 3-5. Powder layer characteristics for a non-rotating roller (radius = 2.5 mm) moving with a
spreading speed of 50 mm/s along the building plate length with varying powder sizes: (a) Packing density
(pp, %); (b) Normalized layer thickness (8(x)/3,%); (c) Mass fraction (MF,%).
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Figure 3-6.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 position in Z-direction (i.e., layer thickness) at different
rotational speeds and normalized powder sizes. (a)w = 0rad/s&D/6 = 0.25;(b)w = 0rad/s&D/5 =

0.50;(c)w = 20rad/s&D/& = 0.25;(d)w = 20rad/s &D/5 = 0.50;(e)w =90rad/s&D/5 =
0.25;and(f)w = 90rad/s &D /6 = 0.50.
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The variation in mass fraction across the building plate is closely tied to the packing density
and layer thickness behaviour. From the left edge to x/L, = 0.8, where layer thickness
remains below or equal to the desired value, the mass fraction follows the same trend as
packing density, except it is greater in the impact region. In the impact region, the mass
fraction exhibits a similar trend to the packing density but exceeds it due to powder
accumulation near the right edge, as indicated in Figure 3-5c¢. This accumulation occurs

when the packing density peaks and the layer thickness surpasses the desired value.

Hence, the spreading behaviour of the non-rotating roller is categorized into two non-
uniform regions near solid edges and a uniform region between them, reflecting the
influence of powder size and motion dynamics on the uniformity and stability of the
powder layer. Notably, larger particle sizes (D/6 > 0.5) exhibit higher fluctuations in

packing density throughout the process.

3.4.1.2.2. Counter-rotating roller
Unlike the non-rotating roller, which primarily relies on translational motion to distribute
powder, the counter-rotating roller (R,-=2.5mm) integrates a rotational speed varying from

10 rad/s to 90 rad/s with a translational speed of 50 mm/s.

The packing density distribution follows a pattern similar to the non-rotating roller, with
three primary regions: initial, stable, and impact regions. For all normalized powder sizes
ranging from 0.25 to 0.65 and at lower rotational speeds (w < w,), packing density
exhibits an initial increase from the left edge to an average value, which decreases with
rotational speed, followed by fluctuations within the stable region, as illustrated in Figure
3-7a and supplementary Figure 6-3a through Figure 6-5a. However, as the rotational speed

increases beyond w,, the initial development phase at the left edge disappears, and packing
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density begins fluctuating around the average value from the start of the spreading process
until the impact region. The integration of counterclockwise rotational speed with a moving
roller reduces the fluctuation range within the impact region, thereby improving uniformity
near the right edge. However, when the powder sizes are larger (D/6 > 0.5), the packing
density distribution across the building plate remains relatively consistent, showing slight
variation irrespective of the rotational speed employed, as illustrated in supplementary

Figure 6-6 and Figure 6-7.

The spreading process of the counter-rotating roller reveals distinct improvements in
powder distribution compared to the non-rotating case. The y-component of the
circumferential speed generated by the rotation prevents powder from escaping the
spreading area and compresses powder particles behind the roller, leading to a more
uniform powder layer, as depicted in Figure 3-6¢-f and supplementary Figure 6-1c-f. This
effect minimizes cavity formation near the edges at moderate spreading speeds, a common
issue in the non-rotating roller case. However, the circumferential speed effect diminishes
at higher spreading speeds, leading to cavity development near the left edge [21].
Additionally, the integration of circumferential speed results in the formation of multiple
small voids within the powder layer, reducing overall packing density. These voids grow
and become more pronounced as the normalized powder size increases beyond 0.5, as

shown in the supplementary Figure 6-2c-f.

Layer thickness variation in the counter-rotating roller case exhibits fluctuations around an
average value across approximately 80% of the building plate length, as presented in Figure
3-7b and supplementary Figure 6-3b through Figure 6-5b. These fluctuations become more

pronounced as the normalized powder size increases, particularly for D/d > 0.5, leading to
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a more non-uniform powder distribution, as shown in supplementary Figure 6-6b and

Figure 6-7b.
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Figure 3-7. Characteristics of a powder layer with a normalized particle size of 0.25 spread using a counter-
rotating roller (radius = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a)
Packing density (p,, %); (b) Normalized layer thickness (5(x)/8,%); (c) Mass fraction (MF,%).
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Within the impact region, fluctuations exceed the desired layer thickness but tend to
decrease as the counterclockwise rotational speed increases, improving uniformity in this
region. The mass fraction distribution within the structure reveals a clear and intriguing
pattern intricately linked to the packing density, primarily due to layer thickness along the
majority of the building plate being below-desired layer thickness, as shown in Figure 3-7¢

and supplementary Figure 6-3 through Figure 6-7c.

The counter-rotating roller introduces a complex interplay between translational and
rotational dynamics, leading to improvements and challenges in powder spreading. While
it effectively reduces cavity formation near the edges for smaller powder sizes and
enhances uniformity in the impact region, it also results in increased packing density and

layer thickness fluctuations, particularly for larger powder sizes.

3.4.1.2.3. Forward-rotating roller

A forward-rotating roller is a spreading mechanism defined by its simultaneous
translational and rotational motion. In this setup, the roller, with a radius of 2.5 mm,
operates at a spreading speed of 50 mm/s while rotating clockwise at a rotational speed (w)
that varies from 10 rad/s to 90 rad/s. The rolling speed (w,) refers to the rotational speed
at which the bottom of the roller maintains a velocity of zero, precisely at 20 rad/s. Based
on the relationship between circumferential speed and translational speed, the forward-
rotating roller operates in three distinct configurations: Sub-Rolling, Rolling, and Super-
Rolling. The Sub-Rolling Configuration occurs when the roller rotates at a speed lower
than the rolling speed, precisely at 10 rad/s. In contrast, the Rolling Configuration describes

a scenario where the roller rotates precisely at the rolling speed. Lastly, in the Super-
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Rolling Configuration, the roller rotates at a speed that exceeds the rolling speed, with

rotational speed reaching up to 90 rad/s.

3.4.1.2.3.1. Sub-rolling
The packing density of the powder layer in the sub-rolling configuration closely resembles
that of the non-rotating and counter-rotating rollers. This configuration exhibits higher
fluctuated packing density throughout most of the building plate, excluding the impact
region, compared to the non-rotating and counter-rotating rollers, as illustrated in Figure
3-8a and supplementary Figure 6-10a through Figure 6-14a. However, within the impact
region, significant fluctuations in packing density occur, mirroring the behaviour observed
in the non-rotating and counter-rotating rollers. Although the spreading speed in the
positive x-direction exceeds the circumferential speed in the negative x-direction at the
roller's bottom, the backward motion induced by the circumferential speed, besides the
impact effect, pulls the powder behind the roller, leading finally to cavity formation at the
right edge of the powder layer. These cavities become increasingly pronounced as the
normalized powder size reaches or exceeds 0.5, particularly at higher values, as illustrated
in Figure 3-9a—b and supplementary Figure 6-8a—b. Small voids develop within the powder
layer for normalized powder sizes of 0.5 or greater, growing more distinct as the powder

size increases, as shown in the supplementary Figure 6-9a-b.

The layer thickness profile along the building plate follows a fluctuating pattern similar to
that observed in non-rotating and counter-rotating rollers. However, the sub-rolling
configuration produces a thicker layer across most of the plate, as evidenced by Figure
3-8b and supplementary Figure 6-10b through Figure 6-14b. Due to the dominance of the

spreading speed over the circumferential speed, the layer thickness remains below the
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desired value along the majority of the building plate length. However, in the impact
region, fluctuations in layer thickness become more considerable, forming pronounced
peaks which surpass the desired thickness. This suggests that within the impact region,
powder accumulation is intensified due to the roller's combined translational (i.e., impact
effect) and rotational motion (i.e., backward motion of powder). Therefore, the mass
fraction distribution along the building plate mirrors the packing density behaviour until
the impact region. However, mass fraction values in the impact region exceed packing
density due to localized powder accumulation. These fluctuations become more
pronounced as normalized powder size increases, and their onset occurs earlier for larger
powder sizes. This behaviour is depicted in Figure 3-8c and supplementary Figure 6-10c

through Figure 6-14c .

The sub-rolling configuration exhibits spreading behaviour that closely resembles the non-
rotating and counter-rotating rollers but with generally higher values of packing density
and layer thickness. Furthermore, the deviation between the sub-rolling configuration and
the non-rotating diminishes as the normalized powder size increases, indicating that as
normalized powder size increases, the effect of circumferential speed in the sub-rolling

configuration diminishes.
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Figure 3-8. Characteristics of a powder layer with a normalized particle size of 0.25 spread using a
forward-rotating roller (radius = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length:
(a) Packing density (p,,, %); (b) Normalized layer thickness (5(x)/0,%); (c) Mass fraction (MF,%).
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Figure 3-9.Top view and front view of the powder bed after spreading by forward-rotating roller (radius =
2.5 mm) with a spreading speed of 50 mm/s, coloured by powder position in Z-direction (i.e., layer
thickness) at different rotational speed and normalized powder sizes ; (a)sub-rolling;w =
—10rad/s &D/§ = 0.25 ;(b)sub-rolling ;w = —10rad/s & D/§ = 0.50;(c)Rolling ; w =
—20rad/s&D/§ = 0.25;(d)rolling ; w = —207rad/s &D/§ = 0.50;(e)super-rolling; w =
—90rad/s &D/§ = 0.25;and(f)super-rolling; w = —90rad/s&D/§ = 0.50.
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3.4.1.2.3.2. Rolling
The Rolling Configuration represents a critical operational mode in powder spreading,
characterized by the roller rotating at precisely the rolling speed (w, = 20 rad/s). In this
configuration, the bottom of the roller maintains zero velocity relative to the building plate.
For normalized powder sizes between 0.25 and 0.575, the packing density of the powder
layer varies slightly around a relatively high level, beginning at the left edge and continuing
to the impact region. Within the impact region, the packing density undergoes a notable
drop, creating cavities at the right edge, an effect that intensifies as the normalized powder
size increases, especially at 0.5, as shown in Figure 3-9c-d and supplementary Figure 6-8c-
d. Similar to the behaviour observed in non-rotating and sub-rolling rollers, larger powder
particles cause the impact region to shift upstream, leading to an earlier onset of density
fluctuations. Nonetheless, the overall packing density remains more stable, with values
closer to the peak density within the impact region. In contrast to the Sub-Rolling
Configuration, which shows noticeable fluctuations, the variations in the Rolling

Configuration are milder, leading to a more consistent and uniform distribution.

For higher normalized powder sizes exceeding 0.5, cavity formation becomes evident
within the powder layer. These cavities grow in size with increasing powder dimensions
due to the combined effects of powder drag and gravitational forces, as illustrated in the
supplementary Figure 6-9c-d. At an extreme normalized powder size of 0.65, the packing
density distribution closely resembles that of the non-rotating and sub-rolling rollers. This
similarity suggests that the gravitational force acting on large powder particles dominates
the spreading dynamics, reducing the influence of roller-induced motion on powder

redistribution.
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Layer thickness analysis further reinforces the high powder compaction effect of the
Rolling Configuration. For normalized powder sizes between 0.25 and 0.575, layer
thickness fluctuates around 100% to 120% of the desired thickness, demonstrating high
powder compaction compared to previous configurations. However, the fluctuations
become more pronounced for high normalized powder sizes (e.g., 0.65), with the average
layer thickness dropping below the target value. As with the packing density, the impact
region is characterized by significant oscillations between high peak values and minimal

thickness levels, indicating localized powder displacement.

The mass fraction follows a pattern similar to the packing density but with more minor
fluctuations. These fluctuations start from the left edge and extend toward the impact
region. The mass fraction generally remains higher on average but gradually decreases as
the normalized powder size increases. Mass fraction fluctuates significantly in the impact
region, particularly for larger powder sizes. Mass fraction variation within the impact
region is due to powder inertia and impact dynamics, which affects powder relocation,

creating a powder peak followed by a significant reduction in mass fraction.

By operating at the critical rolling speed, this configuration reduces excessive powder
displacement while maintaining a relatively stable layer thickness. Although challenges
persist at larger normalized powder sizes due to gravity-induced effects and handling
impact region fluctuations, the Rolling Configuration significantly improves sub-rolling,

non-rotating and counter-rotating rollers.

3.4.1.2.3.3. Super-rolling

In the super-rolling configuration, the variation of packing density exhibits a distinct

behaviour compared to sub-rolling and rolling configurations. For normalized powder sizes

90



Ph.D. Thesis — Mohamed Awad Salim  McMaster University - Mechanical Engineering

ranging from 0.25 to 0.65, once the clockwise rotational speed surpasses the rolling speed,
packing density experiences a slight growth while maintaining a similar fluctuation pattern.
This fluctuation extends across the building plate, but unlike sub-rolling and rolling, the
impact region initiates at 90% of the building plate length rather than 80%. Consequently,

this leads to a more uniform packing density distribution.

Within the impact region, there is a slight increase in packing density before a sudden drop,
intensifying with increasing rotational speed. The reduction in packing density within this
region results in cavity formation at the right edge, as shown in Figure 3-9e-f and
supplementary Figure 6-8e-f, driven by the dominance of circumferential speed over the
spreading speed, pulling powder backward. The severity of these cavities increases with
normalized powder size and rotational speed. However, for lower normalized powder sizes,
such as 0.25, the accumulated powder weight acts as a compressive force, redistributing
powder into the cavity and reducing its size. Notably, for higher normalized powder sizes
(0.575 and 0.65), packing density in the super-rolling configuration becomes more uniform
than in sub-rolling and rolling configurations, as the accumulated powder prevents the
development of internal cavities within the powder layer, as shown in the supplementary

Figure 6-9e-f.

The layer thickness in the super-rolling configuration exhibits fluctuations at values higher
than the desired thickness across most of the building plate length. For all normalized
powder sizes, layer thickness fluctuates significantly from the left edge to approximately
80% of the building plate length, followed by a gradual reduction within the impact region.
Near the right edge, a sharp decrease in layer thickness occurs due to cavity formation. As

rotational speed increases, the overall layer thickness and the reduction near the right edge
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become more pronounced, particularly up to 60 rad/s (3w,). Over most of the building
plate, layer thickness exceeds the desired value by approximately 280%, a phenomenon
attributed to the backward motion of powder caused by circumferential speed dominance.
This results in powder accumulation behind the roller, forming layers up to three times the
desired thickness. As the normalized powder size decreases, the accumulated powder

distributes more evenly across the building plate, reducing surface roughness.

The mass fraction in the super-rolling configuration follows a trend similar to packing
density but exhibits generally higher values. Across the building plate, mass fraction
increases with rotational speed while experiencing fluctuations that are slightly more
pronounced than those observed in packing density, particularly from the left edge to 80%
of the building plate length, as illustrated in Figure 3-8c and supplementary Figure 6-10c
through Figure 6-14c. These fluctuations become more significant as normalized powder

size increases.

Within the impact region, mass fraction reaches a peak before undergoing a substantial
decline, mirroring the behaviour observed in packing density and layer thickness. The
extent of this reduction is amplified with increasing rotational speed. As the normalized
powder size increases, the overall mass fraction decreases, with the reduction becoming
more significant at larger powder sizes, particularly at 0.65. This reduction can be

attributed to the large gravity force and the effect on the large powder size.

The super-rolling configuration improves packing density uniformity and reduces internal
cavity formation, especially at higher normalized powder sizes. However, higher speeds

and larger powder sizes cause noticeable fluctuations and cavity formation at the right
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edge. Layer thickness exhibits significant fluctuations, often exceeding the desired

thickness due to powder accumulation behind the roller.

3.4.1.3. The impact of the roller size on the distribution of powder along the

building plate

The influence of roller radius on packing density, layer thickness, and mass fraction differs
notably among the three roller configurations—non-rotating, counter-rotating, and
forward-rotating—as the roller radius varies from 7.5 to 22.5 times the desired layer
thickness. In these cases, the roller spreads powder with a normalized powder size of 0.25

at a spreading speed of 50 mm/s.

In the non-rotating configuration, since the roller does not impart any additional
circumferential motion, its radius has no direct influence on the spreading dynamics, as
shown in supplementary Figure 6-15. However, the roller must be sufficiently large to
ensure adequate powder deposition across the building plate. As a result, while the overall
packing density and layer thickness remain primarily consistent, a minimal roller radius

may lead to incomplete spreading and uneven layer formation.

In the counter-rotating setup, with the roller moving at 50 mm/s and spinning at 40 rad/s,
the roller radius has a noticeable impact. A larger radius means a higher speed at the bottom
of the roller, which increases the shear force acting on the powder bed. This intensified
shear force promotes a more uniform powder distribution, particularly over the central
region of the building plate. On the other hand, As the roller's speed increases, the powder
particles hit the right edge with more force, which lowers the packing density in that area.

Supplementary Figure 6-16 clearly shows that larger roller radii make this effect even more
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noticeable, leading to a more significant drop in packing density near the right edge of the

powder layer.

For the forward-rotating configuration, characterized by a spreading speed of 50 mm/s and
a rotational speed of 40 rad/s, the roller operates in a super-rolling regime (w > V;/R,),
leading to distinct spreading characteristics. Across approximately 90% of the building
plate starting from the left edge, packing density remains unaffected by roller radius, as
illustrated in Figure 3-10a. However, near the right edge, an increase in roller radius results
in a notable decline in packing density, particularly when the roller radius reaches 17.5
times the desired layer thickness. This makes the layer more uneven and increases cavity
formation in that area. As the roller radius grows, its speed increases, strengthening the
backward dragging force on the powder. This backward pull causes the powder to pile up,
making the layer thicker at specific locations than intended and disrupting uniform
deposition, as shown in Figure 3-10b. At a roller radius of 22.5 times the desired layer
thickness, the layer thickness at the right edge undergoes a sharp reduction, highlighting
the instability introduced by excessive roller sizes. Regarding mass fraction distribution,
for roller radii below 22.5 times the desired layer thickness, uniformity is maintained across
approximately 80% of the building plate. However, beyond this threshold, fluctuations in

mass fraction become more pronounced, as depicted in Figure 3-10c.

These variations indicate that while increasing roller radius may enhance specific spreading
characteristics, excessive roller sizes can introduce undesirable nonuniformities,

particularly in forward-rotating configurations.
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Figure 3-10. Characteristics of a powder layer with a normalized particle size of 0.25 spread using a
forward-rotating roller at a spreading speed of 50 mm/s and rotational speed of 40 rad/s along the building
plate length at different roller radius: (a) Packing density (p,, %); (b) Normalized layer thickness
(8(x)/6,%); (c) Mass fraction (MF,%).

3.4.2. Macroscopic analysis
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This section takes a macroscopic look at how the roller's circumferential motion affects the
powder bed by analyzing the average packing density(ppq,g), average mass
fraction(MF,,4), and average layer thickness(,..) within the study area, as shown in
Figure 3-1a. Located at the center of the building plate and spanning a width of 129, this
area provides a representative section for evaluation. Furthermore, the uniformity of the
powder distribution is assessed through the coefficient of variation of packing density
(ppvc)and variation coefficient mass fraction (ME,.), as well as surface roughness

evaluation (Ra).

3.4.2.1. Effect of rotational speed on overall roller-spreading process

performance

3.4.21.1. Non-rotating roller

Studying how a non-rotating roller spreads powder lays the foundation for understanding
the impact of rotational speed—both in strength and direction. However, this brings up an
important question: Does the analysis still hold if the powder size changes? A non-rotating
roller of a normalized size of 12.5 is investigated to address this question, which spreads
powders with normalized sizes ranging from 0.25 to 0.65 at a spreading speed of 50 mm/s.
The results indicate a pronounced decline in average packing density with increasing
normalized powder size. When the normalized powder size increased from 0.25 to 0.50,
the average packing density decreased by 21.3%, while the increase from 0.25 to 0.65 led
to a dramatic 63.9% reduction, as illustrated in Figure 3-11a. This significant drop in
packing density highlights the inefficiency of larger powder particles in achieving a
compact arrangement within the powder bed. The reduction in packing density is primarily

attributed to gravity force, powder drag and the wall effect. The wall effect, encompassing
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static and dynamic interactions, affects powder spreading by restricting particle movement
and hindering compaction. The static wall effect occurs when powder particles near fixed
boundaries, such as the edges of the build plate or previously printed layers, experience
limited mobility. As powder size increases, this effect becomes more pronounced, leading
to more significant variations in local packing density. Meanwhile, the dynamic wall effect
comes into play when powder near the roller's bottom edge gets disturbed, making the
spreading process less uniform and lowering the overall packing density. When the layer
is thin, the roller applies more direct compression, improving packing density. However,
the roller's impact diminishes as the layer thickens, making powder arrangement less
efficient. Both static and dynamic wall effects are influenced by powder size and layer
thickness. However, their combined impact is best evaluated through the ratio of powder
size to layer thickness (the normalized powder size). As this ratio increases, the wall effect
becomes more significant, contributing to issues such as reduced packing density and

uneven powder distribution.

Simultaneously, the variation coefficient of packing density exhibits a clear increasing
trend with normalized powder size, indicating more significant nonuniformity in powder
distribution. For example, as the normalized powder size increased from 0.25 to 0.5, the
variation coefficient saw a modest rise of 3.8 %. However, the increase became much more
pronounced when the normalized powder size exceeded 0.5, jumping to 12.6% at a
normalized powder size of 0.65, as presented in Figure 3-11a. This notable rise suggests
that larger powder particles increase heterogeneity, further complicating the powder

spreading process. Larger particles get trapped near fixed boundaries while also being
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Figure 3-11.Packing density and layer thickness characteristics for a non-rotating roller as a function of
normalized powder size within the study area. (a) Average packing density (right y-axis) and the coefficient
of variation of packing density (left y-axis); (b) Normalized average layer thickness (right y-axis) and
normalized surface roughness (left y-axis) ;(c) Presentation of powder particles over building plate in case
of D/ <50% and D/3 >50%.
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disrupted more by the roller. This makes the packing density uneven, leading to noticeable
inconsistencies across the powder bed. So, the static and dynamic wall effects behind this

jump are in the variation coefficient for the packing density.

In terms of layer thickness, increasing the normalized powder size resulted in a significant
reduction in the deposited layer thickness compared to the desired value. Specifically, the
average layer thickness formed by the non-rotating roller remained below 90% of the
intended thickness. As the normalized powder size increased from 0.25 to 0.65, the average
layer thickness decreased by 55.5%, as shown in Figure 3-11b. This considerable reduction
indicates that larger powder particles face greater difficulty filling the layer effectively,
leading to increased void formation and reduced powder bed compaction, as presented in
Figure 3-11c. The inability of coarse powders to form stable layers can be attributed to
increased resistance to flow and a reduced capacity for interparticle rearrangement.
Furthermore, as the ratio of powder size to layer thickness exceeds 50%, the static and
dynamic wall effects become more pronounced, preventing efficient powder distribution

and contributing to excessive variability in layer thickness.

Surface roughness also exhibited a strong correlation with normalized powder size. When
the normalized powder size increased from 0.25 to 0.50, the normalized surface roughness
rose from 1.79% to 4.23%. However, surface roughness increased dramatically beyond a
normalized powder size of 0.5. At a normalized powder size of 0.65, the surface roughness
escalated to 10.94%, as illustrated in Figure 3-11b. The sharp rise in surface roughness is
mainly due to more substantial wall effects, which disrupt the even spread of particles and

create more voids. These disturbances become even more pronounced with larger particles,
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leading to more significant surface irregularities and a less uniform powder bed. The
influence of the wall effect on surface roughness is particularly evident at high normalized
powder sizes, where limited particle rearrangement capabilities lead to pronounced

undulations and inconsistencies across the powder layer.

In short, larger normalized powder sizes significantly impact powder bed quality due to
more substantial wall effects. As the normalized powder size increases, packing density
and layer thickness drop while density variations and surface roughness become

pronounced.

3.4.2.1.2. Rotating roller

3.4.2.1.2.1.  Packing density

The packing density of the powder layer during rolling-spreading is shaped by the roller's
rotation, speed and direction, and the size of the powder particles. When employing a
counter-rotating roller at a spreading speed of 50 mm/s, the impact on packing density
varies based on the normalized powder size. For smaller powder sizes (normalized size <
0.5), increasing the roller's counterclockwise rotational speed from 10 rad/s to 90 rad/s
slightly reduces packing density due to the outward pushing force generated by the
momentum exchange between the roller and the powder. This effect is comparable to an
increase in spreading speed, leading to a decrease in packing density. For instance, at a
normalized powder size of 0.35, increasing rotational speed up to 60 rad/s reduces packing
density from 39.5% to 31.1%. However, when the normalized powder size exceeds 0.5, the
rotation effect reverses slightly. As the rotational speed rises from 0 to 40 rad/s, the packing

density rises from 15.2% to 22.9% at a normalized powder size of 0.65, as illustrated in
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Figure 3-12a. Beyond this point, the packing density starts to decline gradually. This
happens because larger powder particles, being heavier, do not respond as much to the
roller's pushing force. In the end, the minimal effect of counterclockwise rotation on
packing density suggests that the spreading speed has a more significant influence on

powder compaction than the roller's rotational movement.

Conversely, a forward-rotating roller exhibits a different influence on packing density. The
average packing density follows a distinct behaviour as the roller's clockwise rotational
speed increases from 10 to 90 rad/s at a constant spreading speed of 50 mm/s. The packing
density increases with clockwise rotational speed, reaching a maximum value before it
decreases slightly. The rate of increase is closely tied to the normalized powder size,
highlighting how rotational speed interacts with powder size to shape the final powder
layer. Notably, the rotational speed at which maximum packing density occurs is close to
the rolling rotational speed (w, = 20 rad/s). As the normalized powder size increases, the
deviation from this rolling condition becomes more pronounced. For example, at
normalized powder sizes of 0.25, 0.35, and 0.5, the corresponding rotational speeds at peak
packing density are 20, 22, and 40 rad/s, respectively, as shown in Figure 3-12a. This
pattern occurs due to the increased influence of backward acceleration of powder particles
caused by the high circumferential speed at the bottom of the roller, which increases kinetic
energy transfer and expands the powder volume on the building plate. However, increased
turbulence due to powder burst phenomena causes a slight reduction in packing density at

excessive rotational speeds.

Apart from average packing density, the variation coefficient of the packing density must

also be considered to evaluate the uniformity of the powder bed. As the normalized powder
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size increases, the nonuniformity of packing density also rises due to intensified wall
effects that cause uneven powder distribution along the building plate. This effect is
especially pronounced at the boundaries of the building plate, where the interaction with
the static walls is stronger. When the normalized powder size is < 0.5, the variation
coefficient remains below 0.1, indicating relatively uniform packing. However, the
variation coefficient rises dramatically once the normalized powder size exceeds 0.5. For
instance, at a normalized powder size of 0.65, the maximum variation coefficient reaches
0.2504, as presented in Figure 3-12b. Analyzing the effect of rotational direction on
packing uniformity reveals a distinct trend. The variation coefficient generally increases as
the rotational speed changes from -90 rad/s (forward-rotating) to 90 rad/s (counter-
rotating). However, in the case of forward rotation and for normalized powder sizes greater
than 0.5, increasing rotational speed significantly reduces nonuniformity. For example, at
a normalized powder size of 0.65, increasing clockwise rotational speed from 20 rad/s
(rolling case) to 90 rad/s decreases the variation coefficient from 0.25 to 0.06. This
indicates that higher rotational speeds in the forward direction enhance powder compaction
and uniformity. Moreover, for normalized powder sizes less than 0.5, the variation
coefficient reaches its minimum at rotational speeds close to the rolling condition (w,). For
instance, at normalized powder sizes of 0.25 and 0.35, the minimum variation coefficients
are 0.00776 and 0.01511, occurring at rotational speeds of 20 and 28 rad/s, respectively.
This minimum nonuniformity occurs when the momentum transfer due to rotational speed
(backward direction) balances the momentum transfer due to spreading speed (forward

direction).
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Figure 3-12. Effect of roller rotational speed on the powder layer's average packing density and variation
coefficient for different normalized powder sizes at a spreading speed of 50 mm/s. (a) Average packing
density and (b) variation coefficient of packing density as a function of rotational speed (w) and normalized
rotational speed (wR,/V;)

The Counterclockwise rotational speed has slightly affected the packing density and
packing density uniformity; however, clockwise rotation speed significantly enhances
packing density and packing density uniformity, especially at higher rotational speeds.

Additionally, utilizing powder with a mean size smaller than 50% of the desired layer
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thickness promotes higher packing density and improved uniformity, with the most

pronounced effect observed when the powder size is 25% of the desired layer thickness.

3.4.2.1.2.2.  Layer thickness

Uniform and controlled layer thickness of the powder layer is a key factor in avoiding
problems during printing, like excessive melting in the lower layer thickness or insufficient
fusion in the larger layer thickness. This study systematically examines how counter-
rotating (counterclockwise rotational speed) and forward-rotating (clockwise rotational
speed ) roller configurations interact with varying powder sizes at a spreading speed of 50
mm/s, shedding light on their effects on powder layer formation.

When employing a counter-rotating roller with rotational speeds ranging from 10 rad/s to
90 rad/s, the resulting layer thickness was consistently thinner than the desired layer
thickness across all tested normalized powder sizes (0.25 to 0.65). The average layer
thickness varied between 34.6% and 95% of the target thickness, with a clear trend showing
that as the normalized powder size increased, the average layer thickness decreased, as
illustrated in Figure 3-13a. This reduction is attributed to the wall effect, which becomes
more pronounced with larger powder particles. For instance, at a clockwise rotational speed
of 20 rad/s, increasing the normalized powder size from 0.25 to 0.65 resulted in a 52%
reduction in average layer thickness. When using a counter-rotating roller with a
normalized powder size of 0.5 or less, increasing the rotational speed from 0 to 90 rad/s
causes a slight decrease in layer thickness. For example, the average layer thickness drops
by 7% as the rotational speed increases from 0 to 90 rad/s with a normalized powder size
of 0.25. This happens because the higher circumferential speed at the bottom, in the same

direction as the spreading motion, leads to a greater pushing force of the powder away from
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the building plate. However, when the normalized powder size exceeded 0.5, layer
thickness exhibited slight fluctuations with increasing rotational speed rather than a

consistent trend.

On the other hand, As the clockwise rotational speed of the forward-rotating roller
increased from 0 to 90 rad/s, the average layer thickness consistently increased across all
normalized powder sizes. This increase can be attributed to the enhanced backward
acceleration of powder particles induced by the high circumferential speed at the roller's
base. This acceleration enhances Kinetic energy transfer, causing the powder to expand on
the building plate (i.e., a powder burst). At normalized powder sizes of 0.25 and 0.50, the
average layer thickness increased by 157% and 182%, respectively, highlighting the strong
correlation between rotational speed and the rate of layer thickness growth, as shown in
Figure 3-13a. A critical observation is that at a clockwise rotational speed of 20 rad/s or
higher (i.e., rolling speed), the average layer thickness exceeded the desired layer thickness.
This characteristic can be leveraged to compensate for material loss due to shrinkage during
layer solidification. Furthermore, for all forward-rotating configurations, increasing the
normalized powder size led to a decrease in average layer thickness. For instance, as the
normalized powder size increased from 0.25 to 0.5, the average layer thickness decreased
by 3.14%, 3.16%, and 16.46% at clockwise rotational speeds of 10, 20, and 60 rad/s,

respectively.

Surface roughness plays a vital role in powder layer quality and print consistency. The
findings indicate that both powder size and roller speed have a significant impact on the
roughness characteristics of the powder layer. For normalized powder sizes below 0.5, the

maximum average surface roughness across the full range of rotational speeds (-90 rad/s
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to 90 rad/s) remained within 5% of the desired layer thickness, as shown in Figure 3-13b.
However, for normalized powder sizes greater than 0.5, the maximum average surface
roughness reached 10%, emphasizing the influence of larger powder particles on surface
irregularities. Increasing the rotational speed for counter-rotating rollers with normalized
powder sizes below 0.5 helped create a smoother surface by reducing surface roughness.
This improvement results from the higher shear stress exerted by the roller, which
redistributes the powder more evenly. On the other hand, As the clockwise rotational speed
of the forward-rotating rollers increases, surface roughness increases due to the increases
in the turbulent motion of the powder. However, when the normalized powder size exceeds
0.5, surface roughness becomes more erratic, showing significant fluctuations regardless
of rotational speed. Additionally, random fluctuations in layer thickness and surface
roughness at high normalized powder sizes (e.g., 0.65) can be attributed to the increased

influence of gravity on larger powder particles and the wall effect.

Interestingly, the roughness of powder layers formed by forward-rotating rollers exhibited
minimal variation with normalized powder size. However, the rate at which surface
roughness increased with rotational speed became more pronounced as powder size
increased. Comparing the two roller configurations, the average surface roughness of
powder layers with normalized sizes <0.5, generated by a forward-rotating roller over a
speed range of 10 to 90 rad/s, was approximately 6.7% of the desired layer thickness. For
powder sizes greater than 0.5, surface roughness increased to 9.8%. In comparison,
counter-rotating rollers resulted in a roughness of 5% for smaller powder sizes and 11%

for larger ones, suggesting that they generally create smoother and more uniform layers.
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In summary, the counter-rotating roller's performance is closely tied to powder size,

whereas the forward-rotating roller is more affected by rotational speed. This highlights

the fundamental difference between the two mechanisms. At the same time, counter-

rotation relies on the powder's characteristics to achieve uniformity, and forward-rotation

is driven by the impact of speed on powder dispersion.
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Figure 3-13.Effect of roller rotational speed on the powder layer's average layer thickness and surface
roughness for different normalized powder sizes at a spreading speed of 50 mm/s. (a) normalized average
layer thickness ;(b) normalized surface roughness as a function of rotational speed (w) and normalized

rotational speed (wR,/V;)

107



Ph.D. Thesis — Mohamed Awad Salim  McMaster University - Mechanical Engineering

3.4.2.1.2.3.  Mass fraction

The mass fraction of the powder layer, which quantifies the actual amount of powder
deposited on the building plate, plays a crucial role in evaluating the performance of the
spreading mechanism. Unlike packing density, which assesses the effectiveness of the
spreading process, the mass fraction becomes particularly relevant in forward-rotating
roller configurations, especially in super-rolling conditions where the deposited layer
thickness exceeds the desired value. In such cases, the conventional metric of packing
density fails to capture the actual effectiveness of the roller, making mass fraction the

primary indicator of its performance.

A key observation in forward-rotating spreading is the consistent and significant increase
in mass fraction with rotational speed, particularly under the super-rolling configuration.
For instance, at a normalized powder size of 0.25, the mass fraction rises by 147% when
rotational speed increases from zero to 90 rad/s, as illustrated in Figure 3-14a. This
dramatic increase occurs due to the intensified powder accumulation on the building plate,
a phenomenon driven by higher rotational speeds, which increases circumferential speed
opposite the spreading direction at the roller bottom, leading to more force pushing powder
in the backward direction, more powder accumulation, and, finally, increasing mass
fraction. However, while increasing rotational speed boosts mass fractions, larger

normalized powder sizes have the opposite effect, reducing the overall mass distribution.

As the normalized powder size increases from 0.25 to 0.5, mass fraction reductions of 10%,
2%, and 8% are observed at rotational speeds of 10 rad/s (sub-rolling), 20 rad/s (rolling),
and 60 rad/s (super-rolling), respectively. This trend becomes even more pronounced when

the normalized powder size extends to 0.65, leading to mass fraction reductions of 66%,
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62%, and 53% at the same rotational speeds. The sharp decline in mass fraction at
normalized powder sizes greater than 0.5 suggests a strong negative correlation between
mass fraction and particle size. Larger powder particles are more affected by gravity and
the wall effect, reducing their ability to disperse effectively and leading to a lower overall

mass fraction.

In addition to mass fraction, its variation coefficient measures uniformity in powder
distribution. For normalized powder sizes of 0.5 and above, the variation coefficient
decreases as the rotational speed increases from 10 to 90 rad/s, suggesting an improvement
in uniformity at higher speeds. The variation coefficient fluctuates but is low under 0.05
over speeds ranging from zero to 90 rad/s, leading to uniform powder distribution, as
shown in Figure 3-14b. Furthermore, the variation coefficient increases significantly with
normalized powder size due to the wall effect. Larger particles struggle to disperse evenly
and compactly, resulting in more inconsistently distributed mass fractions than smaller

powders.

For a more uniform powder distribution with minimal variation in mass fraction, any
clockwise rotational speed within the rolling range works well for normalized powder sizes
below 0.5. However, for larger powder sizes, using a higher clockwise rotational speed

helps improve uniformity
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Figure 3-14. Effect of roller rotational speed on the powder layer's average mass fraction and variation

coefficient for different normalized powder

sizes at a spreading speed of 50 mm/s. (a) Average packing

density and ;(b) variation coefficient of packing density as a function of rotational speed (w) and
normalized rotational speed (wR,./V;)

3.4.2.2. Effect of roller size on

overall roller-spreading process performance

As the roller radius varies from 7.5 to 22.5 times the intended layer thickness, its effect on

packing density, layer thickness, mass fraction, and surface roughness differ across the

three spreading configurations: non-rotating, counter-rotating, and forward-rotating.
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Since the roller is not spinning in the non-rotating setup, its size does not directly impact
how the powder spreads. As a result, the packing density stays consistent at around
42.1+0.4%, with slight variation regardless of roller size. A similar trend is observed in the
counter-rotating configuration at 40 rad/s, where packing density remains nearly constant

at 38.9+0.3%, as shown in Figure 3-15a. However, in the forward-rotating setup with the
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Figure 3-15. Effect of roller radius on the average packing density and variation coefficient of packing
density at different configurations (forward-rotating (i.e., ® = -40 rad/s), non-rotating (i.e., ® = 0 rad/s),
counter-rotating (i.e., ® = 40 rad/s)). (a) Average packing density and (b) variation coefficient of packing
density for different normalized roller radii (R,/6= 7.5, 12.5, 17.5, and 22.5).

111



Ph.D. Thesis — Mohamed Awad Salim  McMaster University - Mechanical Engineering

same rotational speed, a slight increase in packing density is noted as the roller radius
grows, reaching 51.7+0.7%, representing a 1.8% increase. Larger roller sizes in the non-
rotating setup help improve uniformity, leading to a 37.8% reduction in the variation
coefficient, as illustrated in Figure 3-15b. However, a larger roller radius leads to a higher
variation coefficient in the case of a counter-rotating roller (0.04 at roller radius equals 17.5
times the desired layer thickness) and indicates a reduction in packing uniformity. In the
meantime, the forward-rotating configuration exhibits slight changes in the packing density

variation coefficient.

A similar behaviour is observed in layer thickness, where both the non-rotating and
counter-rotating configurations maintain nearly constant values of 178.4+1.7 um and
165.6+0.8 um, respectively, regardless of roller radius, as shown in Figure 3-16a. In the
forward-rotating setup, layer thickness increases significantly by 81% as the roller radius
expands. This growth is driven by the higher circumferential speed of larger rollers, which
generates a stronger backward force, causing more powder to accumulate on the building
plate and forming thicker layers. Surface roughness also fluctuates with roller radius,
although these variations remain minor for non-rotating and counter-rotating rollers, as
illustrated in Figure 3-16b. In contrast, forward-rotating rollers show more pronounced

fluctuations, with smaller radii generally producing smoother powder layers.
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Figure 3-16.Effect of roller radius on the normalized average layer thickness and normalized surface
roughness at different configurations (forward-rotating (i.e., ® = -40 rad/s), non-rotating (i.e., ® = 0 rad/s),
counter-rotating (i.e., ® = 40 rad/s)). (a) Normalized average layer thickness and (b) Normalized surface
roughness for different normalized roller radii (R,./6= 7.5, 12.5, 17.5, and 22.5).

In the non-rotating and counter-rotating setups, mass fraction remains relatively constant
at 42.1+0.4% and 38.9+0.3%, respectively, highlighting its close relationship with packing
density in these configurations, as illustrated in Figure 3-17a. However, in the forward-
rotating setup, the mass fraction rises significantly by 78% as the roller radius increases

due to powder accumulation due to backward circumferential speed. In a non-rotating

setup, a larger roller radius maintains a more uniform distribution of powder. However,
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larger rollers maintain higher nonuniformity in powder distribution in the case of counter-
rotating rollers. The effect is even more pronounced in the forward-rotating setup, where
increasing the roller radius causes a sharp 250.8% rise in mass fraction variation,
highlighting how crucial roller size is for maintaining an even powder layer, as shown in

Figure 3-17b.
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Figure 3-17. Effect of roller radius on the average mass fraction and variation coefficient of packing density
at different configurations (forward-rotating (i.e., ® = -40 rad/s), non-rotating (i.e., ® = 0 rad/s), counter-
rotating (i.e., ® = 40 rad/s)). (a) Average mass fraction and (b) variation coefficient of mass fraction for
different normalized roller radii (R,./6= 7.5, 12.5, 17.5, and 22.5).
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3.4.2.3. Consistency condition for different roller sizes at the same spreading

speed

In a particular scenario where the spreading speed remains constant, it has been observed
that the performance of rollers, including packing density, layer thickness, and surface
roughness, tends to be similar. This is shown in Figure 3-18 when the circumferential speed

remains constant, as indicated in the following equation.

w1Ry1 = wyRy; or wi/wy = Ry3/Rry 4
This proves that the roller's circumferential speed impacts the spreading process along with
the spreading speed itself. Therefore, to ensure consistency in the spreading process, it is
essential to maintain constant spreading and circumferential speeds. Moreover, the size of
the roller does not significantly affect the spreading process. However, it becomes a
significant spreading parameter once combined with the rotational (circumferential) speed.
This finding suggests a correlation between the rotational speed and size of the rollers,
indicating that a certain balance between these parameters can lead to comparable
outcomes in terms of packing density, layer thickness, and surface roughness. It highlights
the importance of considering the interplay between rotational speed and roller size in

achieving consistent performance in roller-based operations.
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Figure 3-18. Distribution of (a) packing density, (b) mass fraction, and (c) normalized layer thickness along
the normalized building plate length for different roller rotational speeds (w = +40 and +66.667 rad/s) and
normalized roller radii (R,/5 = 7.5 and 12.5).
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3.5. Conclusions

The current work investigated the impact of circumferential speed on the spreading process
through a group of DEM simulations. It measured the influence of circumferential speed
by applying a variation of rotational speed and roller size on the spreading process and
observing the changes in packing density, layer thickness and mass fraction. The primary
outcome of the work can be summarized as follows:

A. The non-rotating roller generates relatively uniform layers with lower packing
density than rotating configurations. Forward-rotating rollers enhance powder
compaction and improve distribution across the building plate; however,
excessive circumferential speeds can induce powder bursts, leading to surface
roughness, cavities forming at the right edge and reduced uniformity. In
contrast, high-speed counter-rotating rollers exhibit significant powder
scattering, decreasing uniformity and increasing porosity.

B. Maintaining a buffer zone between the building plate boundaries and the
painting area ensures uniform packing density and layer thickness while
minimizing cavities and uneven distribution caused by wall effects.

C. Larger normalized powder sizes (D/& > 0.5) lead to higher fluctuations in
packing density across all configurations due to the wall effect, with the impact
of circumferential speed diminishing in sub-rolling as powder size increases.
While the rolling configuration stabilizes layer thickness and minimizes
excessive powder displacement, super-rolling enhances uniformity but
introduces cavity formation and thickness fluctuations at larger powder sizes

due to powder accumulation.
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D. Counter-rotating rollers generally reduce packing density due to outward
powder displacement, with minimal impact on uniformity. In contrast, forward-
rotating rollers significantly enhance packing density, with peak values
occurring near the rolling speed (w, = V;/R,), while higher speeds improve
compaction and reduce nonuniformity, particularly for larger powder sizes.
Additionally, normalized powder sizes smaller than 0.5 lead to denser, more
uniform powder beds, with the most consistent results observed at 0.25.

E. Counter-rotating rollers consistently produce thinner layers than the desired
thickness, with increasing rotational speed slightly reducing layer thickness for
smaller powder sizes due to enhanced powder displacement. In contrast,
forward-rotating rollers lead to thicker layers, often exceeding the target
thickness at higher speeds, which can help compensate for material shrinkage
during solidification. Counter-rotating rollers tend to create smoother surfaces,
while forward-rotating rollers cause more roughness as rotational speed
increases, especially with larger powder sizes.

F. Integrating packing density and mass fraction is essential to evaluate forward-
rotating roller configurations. Higher rotational speeds significantly increase
mass fraction, especially in super-rolling conditions, due to enhanced powder
accumulation driven by backward-directed forces. Larger powder sizes lower
the mass fraction due to gravitational effects and wall interactions, creating an
inverse relationship between particle size and mass deposition. For a more even
powder distribution, moderate rotational speeds work best for smaller powders,

while higher speeds help improve uniformity for larger ones.
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G. The findings show that packing density in roller spreading is mainly controlled
by rotational and spreading speeds, with forward-rotating rollers being slightly
influenced by roller size. Smaller rollers with forward rotation improve powder
compaction, resulting in a denser, more uniform layer with better thickness and
smoothness. Moreover, smaller rollers and forward rotation facilitate a more
uniform mass fraction distribution, ensuring consistent powder deposition
throughout the building process.

H. When the spreading speed remains constant, circumferential speed should be
the same to have comparable outcomes in terms of packing density, layer
thickness, and surface roughness, highlighting the importance of carefully
controlling the interaction between rotational speed and roller size to achieve
consistent performance in roller-based operations and improve quality and
productivity.

Future research should focus on experimental validation of these numerical findings and
developing adaptive control strategies to refine powder bed uniformity further and improve

additive manufacturing outcomes.
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4.1. Abstract

High-speed powder spreading in Laser Powder Bed Fusion (PBF-LP) introduces
significant challenges in achieving uniformity, optimal packing density, and consistent
layer quality, which are critical for additive manufacturing. This study leverages Discrete
Element Method (DEM) simulations to systematically evaluate the effects of constant and
variable rotational speed profiles on powder spreading performance at speeds of 0.15 m/s
and 0.30 m/s. Constant rotational speed strategies were assessed, including non-rotating,
counter-rotating, and clockwise configurations. While these approaches demonstrated
varying degrees of success, they could not fully address critical issues such as cavity
formation and non-uniform powder distribution. Variable rotational speed profiles (A-F)
were developed and analyzed to overcome these limitations. Profile F emerged as the most
effective strategy among these profiles, offering substantial improvements across multiple
performance metrics. Characterized by a high initial clockwise rotational speed that
gradually decreases to zero, Profile F achieved the highest packing density, minimal
variation coefficient, and superior mass fraction. It demonstrated enhanced uniformity in
layer thickness and significantly reduced surface roughness, even at high spreading speeds.
This research underscores the importance of adaptive rotational speed strategies in
optimizing powder layer quality. By balancing clockwise and counterclockwise rotational
speeds, Profile F mitigates disturbances caused by high spreading speeds and boundary
interactions. The findings provide valuable insights into improving the efficiency and
reliability of PBF-LP processes, highlighting Profile F as a promising approach for

industrial applications requiring precise and uniform powder deposition.
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4.2. Introduction

Laser Powder Bed Fusion (PBF-LP) is considered a cutting-edge manufacturing technique
in the fabrication of complicated parts. The process relies on spreading fine powder, which
is subsequently fused and solidified through selective laser scanning[1-3]. A spreader
distributes powder evenly across the building plate at a spreading speed during powder-
spreading. Powder-spreading is critical because it directly influences the efficiency and
quality of the subsequent layer-by-layer material deposition. The powder spreading
mechanism plays a pivotal role in determining the initial conditions of the powder bed
before laser sintering, with studies emphasizing the importance of optimizing this phase to
minimize inconsistencies in the solid volume fraction and improve part quality [4]. While
increasing the spreading speed can enhance temporal efficiency and shorten production
cycles, it can also significantly affect cavity formation and lower packing density during
the spreading process [5-9]. High spreading speeds often lead to non-uniform powder
distribution, reduced packing density, and heightened surface roughness. These effects
arise from insufficient time for powder particles to settle and reorganize, resulting in a
turbulent flow and uneven layering [10-12]. So, High-speed powder spreading in Laser
Powder Bed Fusion presents unique challenges in achieving uniformity and optimal

packing density.

After spreading, cavities in the powder layer influence additive manufacturing parts'
quality by affecting density variations, mechanical properties, dimensional accuracy,
surface roughness, and thermal conductivity. Non-uniform packing density caused by

cavities leads to uneven melting and density variations, weakening the structure and
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increasing susceptibility to cracks [13,14]. Cavities also contribute to porosity, weak
interlayer bonding, and defects like keyholing and lack of fusion in metal additive
manufacturing [15-18]. Mechanically, they reduce tensile strength and fatigue resistance
by acting as stress concentrators [19]. Furthermore, the significant variations in layer
thickness caused by cavity formation lead to dimensional inaccuracies and increased
surface roughness, especially in precision applications [20,21]. Cavities cause residual
stresses and warping by disrupting heat transfer. The printing process in laser powder bed
fusion and the quality of printed parts are affected significantly by cavities formed during
the phase of powder spreading. Poor powder flow leads to uneven distribution and density
of the powder bed, creating surface roughness, voids, and ultimately weak bonding
between layers, compromising the final product's mechanical properties and structural

integrity[4,22].

Many strategies, like powder characteristics and spreading techniques, can be used to avoid
cavity formation and its effects. Optimizing powder characteristics, such as ensuring a
narrow particle size distribution and enhancing powder flowability, can significantly

improve layer uniformity([23,24]. Integration vibration with spreader dynamics represents
a good strategy for reducing cavity formation[25]. Roller-based systems, called roller-
spreading [5,8,26], which employ a rotating roller to spread the powder instead of the

blade, like in blade-spreading, can improve powder spreading uniformity.

The interplay between spreading speed and roller configuration significantly influences
roller-based spreading systems' performance. Increasing the spreading speed generally

decreases packing density and layer thickness due to higher momentum transfer, which
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drags powder particles off the build plate [6,10,27]. For non-rotating and counter-rotating
rollers, the effects of spreading speed are pronounced, with the counter-rotating roller
amplifying the reduction in packing density and layer thickness as its rotational speed adds
to the momentum transfer[27,28]. In contrast, forward-rotating rollers exhibit a distinct
behaviour. At low rotational speeds (sub-rolling configuration), they mirror the effects of
non-rotating rollers. Still, at higher clockwise rotational speeds (super-rolling
configuration), a balance between circumferential and spreading speeds is achieved[27].
This balance mitigates the adverse effects of high spreading speeds by inducing a "powder
burst” phenomenon that compensates for particle dragging. So, balancing between the
roller's translational and rotational motions is essential to prevent cavities and maximize

powder bed quality, which will be the main focus of the current research.

Numerical methods like the discrete element method (DEM) have provided insights into
how variations in input parameters, such as powder particle size, spreading dynamics and
shape, affect flowability and packing density, highlighting the direct correlation between

spreading efficiency and quality of the final parts [29,30].

The present work addresses the challenges of high-speed powder spreading in the PBF-LP
process. This study uses discrete element method (DEM) simulations to examine two high-
speed scenarios (0.15 and 0.30 m/s). The research begins by exploring the effects of
constant rotational speeds on cavity formation and systematically analyzing powder layer
uniformity. Building on these findings, a group of variable rotational speed profiles is
proposed to maximize packing density and minimize nonuniformity. This comprehensive

investigation provides valuable guidance for optimizing powder spreading at high
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spreading speeds in PBF-LP processes. This work Methodically investigates balancing
between rotational speed and spreading speed during powder distribution to avoid cavities
and enhance the quality of the powder bed, offering new strategies for achieving consistent

layer deposition and minimizing imperfections.

4.3. Methodology

The roller-spreading system used in the Laser Powder Bed Fusion consists of three main
components: powder delivery, spreading (i.e., Roller), and collection, as illustrated in
Figure 4-1. During the spreading operation, the Roller, with a radius of 2.5 mm, advances
across the building plate at a designated spreading velocity (V;) while simultaneously
rotating at a specified rotational speed (w). This coordinated motion facilitates the uniform
distribution of 112.32 mg of stainless steel 316 (SS316) powder, creating a powder layer

with a thickness (&) of 200 pm.

Roller

4
R,=2.5mm ¢ w(x)

powder delivery i powder collection

1 Building plate

Figure 4-1. DEM model of roller-spreading technique used in PBF-LP
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4.3.1. Mathematical and numerical model

The discrete element method (DEM) is used to effectively predict the distribution of
powder particles during the spreading process. DEM operates by solving Newton's
equations [31,32]of motion to evaluate particle dynamics, with translational motion
governed by Equation (1) and rotational motion by Equation (2). These equations are

integrated over time to determine the speed and position of each particle.

dv;

ml-d—tl=ml-g+Fn+Ft 1
dw;
Il-d—tl=TS+rr 2

where m;, v;, w; and I; are the mass, velocity, angular velocity, and moment of inertia of
particle i, respectively; F, and F; are the normal and tangential interaction forces on a
particle i due to other particles j. 5 and 7, are the torques generated by tangential force
and rolling friction. The kinematics of all particles are updated by the time integration of
the previous equations [33]. The forces between particles include the impact of van der
Waals interactions, modelled using the Hertz-Mindlin contact theory [34] with Johnson-

Kendall-Roberts (JKR) cohesion[35].

As detailed in our previous work[27], the interactions between powder particles are
modelled by incorporating contact, friction, and cohesion forces. Altair EDEM software
(version 2021.1) is utilized for these simulations. [36]. Careful selection of the simulation
time step is essential to maintain numerical stability and ensure convergence. A time step
of 1.62949 x 10~ 7s, representing 20% of the Rayleigh time, is adopted. This value
balances accurately capturing dynamic behaviour and high-frequency phenomena while

avoiding instability and computational inaccuracies. The computational grid is configured
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with a mesh size three times the radius of the smallest particle, ensuring precise particle

contact detection. Consequently, the simulation domain comprises 4018008 cells.

This research utilized mono-sized stainless steel 316 powder (SS316), which was selected
deliberately to reduce complexities associated with variations in particle size distribution.
This simplification enables a more focused investigation of roller dynamics' effects. The
physical and material properties of SS316, essential for the discrete element method (DEM)
simulations, are listed comprehensively in Table 4-1. The surface energy of SS316 was
established through detailed material characterization involving static and dynamic angle

of repose measurements, as outlined in prior studies [27].

Table 4-1. Process parameters and properties used in the simulations

Parameter Value ref
Poisson's ratio,v 0.3
bulk density, p 7800 kg /m3
Young's modulus, E 2.2e+8 pa
[6,37]
Coefficient of restitution, e 0.64
Coefficient of sliding friction, u 0.6
Coefficient of rolling friction, u, 0.085
Surface energy, y 0.001 j/m? [27]

A mono-sized stainless steel 316 (SS316) powder with a particle diameter of 50 um was
chosen, ensuring a particle size-to-layer thickness ratio of 0.25. This specific selection
streamlined the modelling process and supported numerical stability. This deliberate

choice allows for isolating the effects of roller dynamics while minimizing the impact of
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size variability. By employing a controlled environment with mono-sized particles, the
analysis focuses on the influence of roller dynamics without the added challenges of
polydisperse powders. The 0.25 ratio represents realistic powder dimensions [38],
promotes effective packing, reduces wall-induced disturbances, and ensures a clear and
focused investigation of the powder spreading dynamics. This setup simplifies the study

while maintaining fidelity to practical scenarios.

4.3.2.Parameters of powder layer evaluation

The evaluation of powder layer quality relies on two primary parameters: packing density
and layer thickness. The packing density (pp) is defined as the ratio of the particle-
occupied volume to the total volume of the specified spatial configuration. The cuboid
volume, representing the spatial configuration, is derived based on the target layer
thickness. The building plate is segmented along the x-axis, and local densities are
calculated within each segment to investigate variations in packing density. The uniformity
of the bed structure is assessed through the normalized variance of packing density (pp yc)

across the entire bed.

The local powder layer thickness (§(x)) is computed as the average of the maximum
particle elevations in each x-direction segment of the building plate. The global or actual
layer thickness (6,.;) is the overall average of these local thickness values. To characterize
the surface texture of the powder bed, the surface roughness (Ra) is used and can be
determined using the centerline average method, capturing the surface profile's deviation

along the building plate's length. Based on these parameters, the comprehensive analysis
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of the results ensures an accurate assessment of the powder layer’s structural and surface

properties, which are critical for achieving high-quality manufacturing processes.

4.3.3.Simulation setup

The simulation setup examines the rotational speed variation in the roller-spreading process
in PBF-LP to eliminate cavities associated with high spreading speeds. Two spreading
velocities, 0.15 m/s and 0.3 m/s, were selected to represent a high spreading speed scenario
while utilizing a Roller with a radius of 2.5 mm. The study is conducted in two phases,
with the initial phase investigating the effects of constant rotational speeds. Three roller
configurations are explored: counterclockwise rotation, non-rotating translation, and
clockwise rotation. The clockwise case is further subdivided into three categories based on
the rotational speed to rolling rotational speed (w,) ratio with , where w, = V;/R,.. These
categories include sub-rolling (w < w,), rolling (w = w,), and super-rolling (v > w,).
This phase aims to analyze the influence of each configuration on cavity formation during
spreading and to identify the most favourable conditions for achieving uniform powder
distribution. Following the insights gained from the constant speed analysis, the second
phase explores six profiles (will be described in 4.4.2 ) of variable rotational speed. These
profiles are designed to maximize packing density and minimize nonuniformity in the

powder layer.

4.4. Results

The results section explores the impact of roller rotational speed variations on powder layer
quality in PBF-LP under high spreading speeds. In the first phase, we analyze the effects

of constant rotational speeds across different roller configurations on cavity formation and
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powder distribution. The second phase introduces variable speed profiles based on insights
gained from the first phase and examines them to enhance packing density and uniformity.
Key metrics such as cavity formation, packing density, and layer uniformity guide the
identification of optimal spreading conditions, offering valuable insights for efficient

powder spreading at high speeds.

4.4.1. Assessment of constant rotational speed’s integration speed with high

spreading speed

To establish a foundational understanding, we begin with the non-rotating roller
configuration. In this base case, the roller moves at a set spreading speed without any
rotational motion, providing a clear benchmark for evaluating the effect of rotational speed.
DEM simulations of two high spreading speeds of non-rotating rollers, which are 0.15 m/s
and 0.3 m/s, are conducted to address how high spreading speeds affect the quality of
powder layers in the case of roller-spreading. The roller imparts significant momentum to
the powder particles, causing them to shift away from the left edge of the building plate.
This movement results in decreased packing density at the starting edge while packing
density gradually increases and fluctuates around an average value as the roller moves
along the plate, as shown in Figure 4-2 and Figure 4-3. At the higher spreading speed of
0.3 m/s, the roller exerts even more force on the powder, leading to a continuous and large
cavity on the left side of the building plate, as illustrated in Figure 4-4a. As the roller
transitions to the right side, it drives the powder against the solid edge at high speed, which
creates an impact that reflects the powder flow direction to the backward direction. This
reflection causes a localized powder accumulation, resulting in high packing density near

the right edge and a sharp decline shortly after. This behaviour is also reflected in the layer
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thickness: it remains low on the left side, gradually increases to an average level (though
still below the desired thickness), fluctuates around this mean, peaks near the right edge,
and then experiences an abrupt drop. These observations underscore the challenges of

uneven layer distribution at high spreading speeds.

Building on the insights from the non-rotating roller, we introduce the effect of
counterclockwise rotational speed with the roller (i.e., counter-rotating roller). In this
configuration, the roller rotates counterclockwise with rolling rotational speed (w,), where
the roller moves forward along the x-axis. As a result of the combined effects of forward
translation and rotational motion (Vyoier pottom = Vs + @oR;) The roller exerts a more
forward force on the powder particles directly beneath the roller, driving them toward its
spreading direction. The roller applies a more pronounced forward force on the powder
particles directly beneath it. This force propels the particles toward the roller’s motion,
enhancing their alignment and distribution along the intended spreading path. This forward
momentum transfer helps to spread the powder more evenly along the x-axis, filling gaps
efficiently and potentially enhancing packing density distribution. However, the average
packing density remains slightly lower than in the non-rotating case, as shown in Figure
4-2 and Figure 4-3. As the roller rotates counterclockwise while advancing along the
positive x-axis, its motion induces a force component in the y-direction. On the left side of
the roller (facing the -y direction), particles are pushed downward and slightly backward;
on the right side (facing the +y direction), particles are moved upward and slightly forward.
This lateral redistribution of forces helps evenly spread the powder, minimizing the
formation of large cavities and creating small, uniformly distributed voids across the

building plate. This behaviour contrasts sharply with the non-rotating roller, which
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typically results in a single large cavity on the left side of the plate due to the lack of

rotational redistribution.
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Figure 4-2. Characteristics of the powder layer developed by roller moves at 0.15 m/s versus the building
plate length at different constant rotational speeds: (a) packing density and (b) layer thickness.
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Figure 4-3. Characteristics of the powder layer developed by roller moves at 0.30 m/s versus the building
plate length at different constant rotational speeds: (a) packing density and (b) layer thickness.

The decreased packing density with the counter-rotating roller is due to these small void
formations. At the same time, the increase in uniformity results from enhanced shear forces
applied by the roller’s bottom surface. However, at a high spreading speed (e.g., 0.3 m/s),
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the impact of the spreading speed becomes more dominant than the rotational speed. As a
result, a large, continuous cavity forms on the left side, as shown in Figure 4-4b, slightly

improving overall uniformity.

I(a) Non-rotating roller I I(b) Counter-rotating roller I
V. = 0.30 m/sec V; = 0.30m/sec
w=0 w = 120 rad/sec

Small and discontinuous Cayities

Large and continuous Cavity

e
Continuous Cavity 7
-

Position (um)

130.000 240.000 350.000 460.000 570.000

Figure 4-4. The powder bed's top and front views are coloured by the powder position in the Z-direction
(i.e., layer thickness) after spreading at a speed of 0.30 m/s; (2) non-rotating roller (i.e., w = 0);(b) counter-
rotating roller (i.e. w = 120 = V;/R,)

Moving beyond the counter-rotation configuration, we examine the forward-rotating roller
setup, in which the roller rotates clockwise while moving forward along the x-axis. In this
configuration, the speed of the roller's bottom surface is determined by the difference
between the spreading speed and the roller's circumferential speed (Vyouer bottom = Vs —
wR,). This speed can be positive (i.e., sub-rolling), zero (i.e., rolling), or negative (i.e.,
super-rolling), depending on the rotational speed of the roller. In the "sub-rolling"
configuration, the roller rotates at a speed lower than the rolling speed (i.e., w < w,). In
this case, the speed of the bottom surface aligns with the spreading direction but at a

reduced rate. This decrease in speed influences the powder distribution pattern.
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Specifically, the continuous cavity observed on the left side of the building plate, which is
prominent in the non-rotating roller scenario, diminishes and becomes smaller as the
clockwise rotational speed combines with the spreading motion, as shown in Figure 4-5a.
This cavity reduction occurs because the circumferential speed component in the negative
x-direction counteracts the forward force applied by the spreading motion, slightly pushing

the powder backward to fill the cavity partially.

| Forward-rotating roller |

{a)Sub-rolling (b} Pure-rolling (c)Super-rolling

¥V, = 0.30m/sec
w = —40 rad/sec

Large and continuous Cavity
7]

V. = 0.30m/sec
w = —120rad/sec

Large and continuous Cavity

. = 0.30m/sec
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Large and continuous Cavity
]

!
’ Significant reduction "‘ \
in packing densjty Powder peak Large Powder peak ‘\\

Position {um)
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Figure 4-5. The powder bed's top and front views are coloured by the powder position in the Z-direction
(i.e., layer thickness) after spreading at a speed of 0.30 m/s; (a) sub-rolling (i.e., ®=-40 rad/s);(b) rolling
(i.e., ®=-120 rad/s);(c) super-rolling (i.e., @=-160 rad/s)

Continuing along the spectrum, we examine the rolling configuration, where the roller’s
rotational speed is fully synchronized with its forward movement (i.e., w = w,). The cavity
at the left side formed by a non-rotating roller and a sub-rolling roller is filled with powder,
achieving higher and uniform packing density due to increases in clockwise rotational
speed, which increases the force that pulls powder in the backward direction. Due to the

interaction between the powder particles and the roller's right edge, combined with the high
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clockwise rotational speed that pulls the powder backward, a significant peak of powder
forms on the right half of the building plate. This accumulation is followed by
discontinuous cavities concentrated along the right edge, as shown in Figure 4-5b. These
effects collectively lead to an increase in packing density and nonuniformity across the

powder layer, impacting the overall quality of the spread.

To complete the analysis, we examine the super-rolling configuration, in which the roller
rotates at a speed that exceeds the rolling one (i.e., w > w,). At this elevated rotational
speed, the speed of the roller's bottom surface reverses direction to negative x-direction.
This reversal creates a pronounced backward pull on the powder particles, leading to a
significant powder accumulation along the building plate. The dominance of the clockwise
rotational speed over the forward spreading velocity enhances this effect, causing
substantial amounts of powder to shift backward. As a result, a large, continuous cavity
forms along the right edge of the building plate, as illustrated in Figure 4-5c, disrupting the

uniformity and compactness of the powder layer.

Throughout the configurations tested from non-rotating to super-rolling rollers, each
rotational speed improves packing density and layer uniformity but leads to cavity
formation in specific areas of the building plate. For instance, the non-rotating, counter-
rotating, and sub-rolling rollers create cavities on the left side of the building plate, while
the rolling and super-rolling rollers produce cavities on the right side. Furthermore, at high
spreading speeds, all roller configurations tend to generate a powder peak just before
reaching the building plate's right edge due to the impact of the powder on the right edge.
These findings suggest that a constant rotational speed, regardless of its direction or

intensity, still needs to fully resolve the challenges associated with high spreading speed.
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Therefore, we propose a variable rotational speed strategy adjusted based on constant
rotational speed analysis, enabling greater control over powder flow and deposition. This
strategy provides a level of control previously unattainable, instilling confidence in its

potential to address the challenges of high spreading speed.

4.4.2. Assessment of variable rotational speed with high spreading speed

An adaptive approach of variable rotational speed is used to restore the reduction in
packing density due to high spreading speed and address the issue of cavity formation. The
proposed profiles were designed to begin with a clockwise rotational speed, reducing the
likelihood of cavities forming on the left side of the building plate. The rotational speed
then transitions towards zero or a counterclockwise direction as the roller reaches the right
side, helping to prevent cavity formation in that area. This systematic variation in rotational
direction and intensity across the roller’s path is intended to create a more uniform powder

distribution and enhance layer consistency.

In Figure 4-6, six profiles illustrate various approaches to implementing the adaptive
rotational speed strategy, each offering a unique level of control over the roller's speed
along its path. Profile A features a single-step transition, starting with a clockwise
rotational speed at w, during the first half of the path. This is followed by a switch to a
counterclockwise speed at w, for the second half. This basic configuration effectively
addresses cavity formation on both sides of the building plate. Next, profile B introduces
two intermediate steps, transitioning from a clockwise speed at w, to zero to a
counterclockwise speed at w,, in three segments. This segmentation facilitates a smoother

transition, allowing for more gradual control over powder spreading. Subsequent
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refinements in Profiles C, D, E, and F introduce a more sophisticated approach by
employing multiple smaller rotational speed increments. Profile C transitions progressively
from a clockwise rotational speed equal to w, to a counterclockwise rotational speed of
w,. In contrast, Profile D modifies the final step by replacing it with a zero rotational speed,
eliminating any counterclockwise rotation. Profile E adopts a more gradual transition,
starting with a clockwise rotational speed of less than w, and smoothly reducing it to zero.
Finally, Profile F begins with a clockwise rotational speed greater than w, and
systematically decreases to zero, representing the most dynamic configuration among the
profiles. These additional steps provide finer control and allow for more continuous
rotational adjustments. Through these increasing levels of segmentation, each profile
demonstrates a more refined strategy for adjusting rotational speed to enhance powder flow

and deposition quality, effectively addressing the associated with high-speed powder

spreading.
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Figure 4-6.Representation of six Rotational Speed Profiles (A - F) Used in the Current Work
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4.4.2.1. Profile (A)

Profile A's rotational speed configuration strategy employs a single-step transition, with
the roller initially rotating clockwise at rotational speed w, before switching to
counterclockwise rotation at w, along the right half of the building plate. Profile A presents
an opportunity to explore the intricate relationship between rotational motion direction and
powder dynamics, particularly under high spreading speeds of 0.15 m/s and 0.3 m/s. This
rotational strategy provides a foundation for understanding how variations in rotational
speed influence powder distribution during high spreading speed and can be considered a

baseline approach.

Figure 4-7a demonstrates distinct patterns of packing density of the powder layer at
spreading speeds of 0.15 m/s and 0.3 m/s along the length of the building plate. In the initial
region, spanning from the left edge to x/L, = 0.1, The packing density shows a
progressive increase, reaching a stable value. This is followed by a stable region extending
from x/L, = 0.1to x/L, = 0.45, where the packing density stabilizes at a relatively high
and consistent value. Notably, at a spreading speed of 0.30 m/s, the packing density within
this stable region reaches approximately 50%. This stability can be attributed to the
clockwise rotational speed, which facilitates powder accumulation by inducing a backward
motion of the powder. This backward motion effectively compensates for the reduction in
powder availability caused by the high spreading speed. As the roller advances from
x/L, = 0.5 to 0.75, a sharp decline in packing density is observed, followed by a
stabilization region. This decrease is particularly pronounced at the higher spreading speed
of 0.30 m/s, where the packing density drops to approximately 8%. Notably, this spreading

speed forms small, discontinuous voids near the center that extend toward the right side,

142



Ph.D. Thesis — Mohamed Awad Salim  McMaster University - Mechanical Engineering

as depicted in Figure 4-7c&d. This behaviour is primarily attributed to the roller's switch
from a rotational direction to counterclockwise, which generates a forward force on the
powder. The increased speed of the roller's bottom surface is approximately equal to V; +
w, R,, amplifies this forward motion, pushing excess powder out of the building plate.
Consequently, the combination of high spreading speed and counterclockwise rotation
depletes powder in these regions, leading to the observed cavities and reduced uniformity.
The heightened velocity of powder near the right edge (starting from x /L, = 0.8) causes
particles to strike the solid edge with significant force, altering their trajectories and leading
to rebound effects. As a result, a substantial accumulation of powder occurs in this region,
increasing the packing density to 52% at a spreading speed of 0.3 m/s. Beyond this
localized accumulation, the density sharply drops to 28%, creating an uneven distribution.
Additionally, the impact disperses powder backward, contributing further to the

irregularity along the edge.

The variation in layer thickness along the building plate length mirrors the trends in
packing density, as shown in Figure 4-7b. On the left half of the building plate, the layer
thickness increases and stabilizes, fluctuating around 127% of the intended value at a
spreading speed of 0.3 m/s. This results in a relatively consistent yet overfilled condition
in this region. As the roller transitions to counterclockwise rotation, the layer thickness
experiences a sharp decline, stabilizing around 36% of the desired value at a spreading
speed of 0.3 m/s. Near the right edge, the layer thickness trends mirror the packing density
behaviour, initially increasing before dropping sharply. This drop is caused by the high-
speed impact of powder particles against the solid boundary, disrupting the uniform

distribution.
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Figure 4-7.Powder layer characteristics of roller-spreading rotating under profile A 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 powder bed after spreading at a speed of 0.30 m/s; coloured by the powder position in the Z-
direction (i.e., layer thickness).

In summary, Profile A demonstrates that clockwise rotational speed effectively achieves

high and stable packing density and layer thickness in the first half of the building plate.
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However, the single-step transition to counterclockwise rotation fails to maintain similar
control on the right side. This underscores the need for more sophisticated rotational
strategies to address the limitations of Profile A, particularly in regions influenced by

counterclockwise rotation.

4.4.2.2. Profile (B)

Building on the findings from Profile A, Profile B introduces a more segmented rotational
speed configuration to refine powder distribution. Under rotational speed profile B, the
packing density along the building plate exhibits a distinct trend, as illustrated in Figure
4-Ta. From the left edge to x/L, = 0.05, the packing density increases and reaches 48%
at a spreading speed of 0.3 m/s. Beyond this point, the density stabilizes with minor
fluctuations between x/L, = 0.05and x/L, = 0.15. The roller's clockwise rotation at w,
drives this progression and stability, which induces a backward flow of powder. This
mechanism counteracts the high spreading speed by ensuring adequate powder
accumulation, thereby maintaining a dense and consistent layer along the region between
x/L, = 0.05 and x/L, = 0.15. As the roller transitions to a non-rotating state in the
middle section, the packing density drops and stabilizes at 17.2% at a spreading speed of
0.3 m/s from x/L, = 0.2 to x/L, = 0.7. In this region, high spreading speeds and the
absence of roller rotation contribute to the formation of tiny voids, particularly under high
spreading speeds. This reduction is less pronounced than in Profile A, as the absence of
counterclockwise rotation minimizes the forward displacement of powder. As a result,
more material remains within the building plate, reducing significant cavity formation and
contributing to a more uniform distribution in this region. It is observed that switching the

rotational speed from clockwise to zero and subsequently to counterclockwise creates
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powder peaks near the boundaries, as presented in Figure 4-7c&d. In the final segment,
extending from x/L, = 0.7 to the right edge, the packing density shows significant
fluctuations. This variability is attributed to the introduction of counterclockwise roller
rotation, which increases the velocity of the powder. The high-speed impact with the right
edge alters the motion of the powder, causing localized accumulation and sharp changes in
packing density. This abrupt powder motion near the right edge exacerbates the

fluctuations, driven by the interaction of rotational and translational forces at high speeds.

The variation in layer thickness along the building plate, as illustrated in Figure 4-7b,
closely parallels the observed trends in packing density. In the initial region, extending
from the left edge to x/L, = 0.2, the layer thickness progressively increases, peaking at
136% of the desired thickness at a spreading speed of 0.3 m/s. This overfilled condition
arises due to powder accumulation facilitated by the backward motion of powder induced
by the roller's clockwise rotation. Following this peak, the layer thickness gradually
decreases as the roller transitions from a clockwise rotation to a non-rotating state. It
stabilizes at 46% of the desired thickness between x/L, = 0.2 and x/L, = 0.7 . this
reduction reflects the high spreading speed's role in limiting powder retention without
rotational motion, emphasizing the direct influence of spreading velocity on layer
thickness. In the final region, significant fluctuations in layer thickness emerge as
counterclockwise roller rotation is introduced. This shift amplifies the effects of spreading
speed, causing powder particles to impact the solid edge with increased velocity. The
resulting change in particle direction contributes to localized over-accumulation, reaching

158% of the desired layer thickness, accompanied by pronounced variability.
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Figure 4-8.Powder layer characteristics of roller-spreading rotating under profile B 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 powder bed after spreading at a speed of 0.30 m/s; coloured by the powder position in the Z-
direction (i.e., layer thickness).
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In summary, Profile B demonstrates a significant improvement in powder distribution and
layer thickness uniformity across the region between x/L, = 0.2 and x/L, = 0.7, when
compared to Profile A. However, Profile B exhibits lower layer thickness and packing
density than Profile A. Additionally, challenges remain in achieving consistent uniformity

near the solid edges of the plate.

4.4.2.3. Profile (C)

Profile C enhances system adaptability by implementing finer increments within the
rotational speed configuration. The roller undergoes a gradual transition, commencing with
a clockwise rotation at w,, which progressively decreases in magnitude to 1/6 w, at
x/L, = 0.8. Beyond this point, the rotation reverses to counterclockwise at w,. These
refined adjustments enable smoother and more precise control of the system, significantly

enhancing the uniformity of packing density across most of the building plate.

Figure 4-9a demonstrates the variation in packing density across the building plate under
Profile C, revealing four distinct regions: the initial, stable, transition, and impact regions.
In the initial region, spanning from the left edge to x /L, = 0.1, the packing density steadily
increases to approximately 50% at a spreading speed of 0.30 m/s. This indicates effective
powder accumulation at the beginning of the spreading process. However, small and
discontinuous cavities are observed near the left boundary, especially at the higher
spreading speed of 0.30 m/s, as shown in Figure 4-9c &d. These cavities result from the
insufficient backward force generated by the clockwise roller motion, which is too slow to
compensate for cavity formation fully. In the stable region (from x/L, = 0.1 to

x/L, = 0.75), the packing density slightly stabilizes around 42%, despite fluctuations.
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This stability suggests consistent powder distribution during this phase. The slight decrease
in packing density within this region is attributed to the gradual reduction in the roller's
clockwise rotational speed, which diminishes the backward force acting on the powder and
reduces powder accumulation behind the roller. The transition region, beginning at
x/L, = 0.8, is characterized by a notable 26% reduction in packing density at a spreading
speed of 0.30 m/s. This reduction arises from reversing the roller's rotational direction
counterclockwise, eliminating the backward force and increasing the forward force,
pushing the powder away. Finally, in the impact region, significant fluctuations in packing
density are observed, ranging from 23% to 52%. These considerable variations are
attributed to boundary effects, where high-speed impacts between the powder and the solid
edge induce localized powder reorganization. This behaviour aligns with trends observed
in Profiles A and B, highlighting the influence of boundary dynamics on packing density

in this region.

Figure 4-9b illustrates the layer thickness variation across the building plate under Profile
C, exhibiting trends similar to the packing density distribution. In the initial region, from
the left edge to x/L, = 0.1, the layer thickness increases significantly, reaching 133% of
the desired layer thickness at a spreading speed of 0.30 m/s. This increase indicates
substantial powder accumulation at the start of the spreading process due to the high
clockwise rotational speed. In the stable region spanning x/L, = 0.1 to x/L, = 0.75, the
layer thickness stabilizes around 99% of the desired value, with minor fluctuations. This
stabilization suggests sufficient and consistent powder packing facilitated by the clockwise
rotational speed of the roller, which effectively distributes the powder across the building

plate.
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Figure 4-9. Powder layer characteristics of roller-spreading rotating under profile C 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 powder bed after spreading at a speed of 0.30 m/s; coloured by the powder position in the Z-
direction (i.e., layer thickness).

At x/L, = 0.8, marking the transition region, the layer thickness decreases to 72% of the

desired value at a spreading speed of 0.30 m/s. This reduction is attributed to the change in
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the roller's rotational direction to counterclockwise, eliminating the backward force and
increasing the forward force, pushing the powder away and reducing the deposited layer
thickness. In the impact region, pronounced variations in layer thickness are observed,
ranging from 66% to 163% of the desired value. These fluctuations result from the high-
speed impact of powder with the right edge of the building plate and the sudden change in

powder motion direction, which facilitates localized powder reorganization.

Profile C improves how the system adapts and controls powder by making smooth, gradual
adjustments to the rotating speed. It starts with a gentle decrease in clockwise motion
before switching to counterclockwise. This approach makes a noticeable difference in
packing density and helps keep layer thickness consistent across most of the building plate.
However, there are still some issues to work through. For example, we see a higher level
of nonuniformity near the edges and a slight decline in the stable region over time.
Addressing these problems is crucial for maintaining a consistent layer thickness and

maximizing the uniform packing density.

4424, Profile (D)

Significant packing density fluctuations near the powder layer's right edge are observed
under Profile C. These fluctuations are attributed to the high-speed impact of powder with
the right boundary, leading to localized disturbances. Reducing the powder speed near the
right edge is expected to mitigate these fluctuations and provide a stabilizing effect. Profile
D is introduced to test this hypothesis, retaining the same rotational speed configuration as

Profile C but eliminating the counterclockwise rotation in the final 20% of the building
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plate. Instead, Profile D maintains a zero rotational speed in this region, aiming to dampen

fluctuations and enhance powder layer uniformity.

The behaviour of Profile D closely resembles that of Profile C across most of the building
plate, as illustrated in Figure 4-10a&b, with packing density and layer thickness
distributions following similar trends. However, significant differences arise in the final
20% of the plate, as shown in Figure 4-11. While Profile C exhibits significant fluctuations
and small discontinuous cavities near the right edge, Profile D effectively eliminates these
defects, as shown in Figure 4-10c&d. This results in improved packing density uniformity,
with reductions of 17.8% at a spreading speed of 0.15 m/s and 9.4% at 0.30 m/s. The
observed improvement stems from Profile D’s use of zero rotational speed in the final
section of the plate, replacing the counterclockwise rotation employed in Profile C. By
reducing the powder velocity before impact with the right edge, Profile D dampens the
forward momentum of the powder, minimizing its disruptive effects and preventing the
cavity formation seen in Profile C. Additionally, Figure 4-11a highlights the reduced
packing density fluctuations under Profile D in the last 20% of the plate, demonstrating the

stabilizing effect of halting rotational motion.

On the other hand, despite the improvement in packing density uniformity near the
boundary, Profile D does not significantly alter the fluctuations in layer thickness
distribution, as shown in Figure 4-11b. Both profiles exhibit similar layer thickness
behaviour near the right edge, leading to comparable surface roughness. This suggests that
eliminating rotational motion near the right edge improves packing density consistency but
does not significantly affect the powder’s vertical distribution near the boundary.

Consequently, Profile D successfully addresses packing density defects without
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compromising layer thickness performance, offering a more uniform and stable powder

layer near the plate’s edge than Profile C.
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Figure 4-10.Powder layer characteristics of roller-spreading rotating under profile D 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
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views of the powder bed after spreading at a speed of 0.30 m/s; coloured by the powder position in the Z-

direction (i.e., layer thickness).
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Figure 4-11. Powder layer characteristics of roller-spreading rotating under profiles C and D and moving
forward with 0.30 m/s versus the building plate length. (a) Packing density, (b) layer thickness.
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Profile D introduces zero rotational speed in the last 20% of the building plate to address
large packing density fluctuations and small cavities observed under Profile C. However,
the layer thickness fluctuations and surface roughness remain similar for both profiles,
indicating that Profile D effectively enhances powder layer uniformity without altering

overall layer thickness behaviour.

4.4.25. Profile (E)

In profile E, The roller gradually transitions from a clockwise rotation at
5/6 w, to 1/2 w,, eventually shifting to without rotation. This configuration incorporates
precisely managed transitions, alternating between clockwise and counterclockwise
rotations at varying intensities. These refined adjustments are expected to enhance
continuity in system control, significantly improving the capability to address challenges

related to powder redistribution.

The distribution of packing density along the building plate, as shown in Figure 4-12a,
offers a detailed perspective on the powder spreading process at speeds of 0.15 m/s and 0.3
m/s, utilizing the rotational speed profile E. In the initial region (from the left solid
boundary to x/L, = 0.1), the packing density begins at 4.7% and 23.23% for spreading
speeds of 0.30 m/s and 0.15 m/s, respectively. It then increases sharply, reaching 47.5%
and 50% as the spreader moves forward. This rise reflects the initial accumulation of
powder, forming a base layer. However, the formation of a cavity near the left boundary is
attributed to the high spreading speed and insufficient backward-directed powder
movement due to the clockwise rotational motion, as shown in Figure 4-12c&d. In the
stable region (x/L,=0.1to x/L, =0.78), the packing density stabilizes at

approximately 48% for a spreading speed of 0.15m/s and 46.2% for 0.30 m/s. This
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consistent distribution is attributed to the fine gradual reduction in clockwise rotational
speed, transitioning from 5/6 w, to 1/2 w, . The stability observed in this region reflects
a balance of high spreading speed effect and backward-directed powder movement. In the
transitional region, A significant reduction in packing density occurs at x/L, = 0.8 ,
dropping to 41.9% and 38.4% in the case of a spreading speed of 0.15 m/s and 0.3m/s,
respectively, with the effect being more pronounced at the higher spreading speed of 0.3
m/s. This localized inconsistency is attributed to the transition in rotational speed, changing
from clockwise to zero. This shift amplifies the forward force on the powder, pushing it
excessively forward and leading to a reduction in the material at this location, causing a
dip in density. Beyond this region lies the impact zone, characterized by significant
fluctuations in packing density. For a spreading speed of 0.15 m/s, the packing density
varies between 22.2% and 53.4%, whereas a spreading speed of 0.3 m/s ranges from 39.8%
t0 53.7%, as illustrated in Figure 4-12a. These fluctuations in packing density are attributed
to the high-speed impact of the powder against the solid boundary. This high-speed impact
results from the change in the roller's bottom speed, transitioning from V; — 1/2 w, to V;,

which significantly accelerates the powder towards the solid boundary.

Figure 4-12b presents the layer thickness distribution across the building plate at spreading
speeds of 0.15 m/s and 0.3 m/s under rotational speed Profile E. In the initial region,
spanning from the left edge to x/L, = 0.1, the layer thickness exhibits a sharp increase. It
rises from 76.7% to 121.7% of the desired value at a spreading speed of 0.15 m/s. Similarly,
for a spreading speed of 0.30 m/s, the thickness increases from 43.2% to 113.2% of the
desired value. This steep rise is attributed to the powder accumulation facilitated by the

clockwise rotation of the roller, which effectively pulls and compacts the powder. In the
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stable region (x/L, = 0.1 to x/L, = 0.8), the layer thickness remains consistent with
minor fluctuations, averaging approximately 105.1% and 104.2% of the desired value for
spreading speeds of 0.15 m/s and 0.30 m/s, respectively. This consistency reflects efficient
and uniform spreading due to the gradual decrease in the roller's rotational speed, balancing
the spreading speed and backward powder movement. However, at x /L, = 0.8, where the
roller ceases rotation, the layer thickness decreases to 88.1% and 91.4% of the desired
value for spreading speeds of 0.15 m/s and 0.30 m/s, respectively. This reduction is likely
attributed to diminished powder accumulation as the backward force weakens. In the
impact region (extending from x/L, = 0.8 to the right edge), substantial fluctuations in
layer thickness are observed. For a spreading speed of 0.15 m/s, the thickness ranges from
88.1% to 151.7% of the desired value, while for a spreading speed of 0.30 m/s, it varies
between 66.9% and 183.9% of the desired value. These variations can be attributed to the
high-speed impact of powder with the right solid edge, causing changes in powder flow

direction and localized accumulation.

Overall, Profile E offers an advanced, adaptive method for controlling powder spreading,
effectively addressing redistribution challenges through precise adjustments to the
rotational speed. The packing density and layer thickness distributions along the building
plate remain stable across the majority of the plate but exhibit areas of nonuniformity,
including a sharp increase in the initial region, a significant reduction during the transition
in the rotational direction, and high nonuniformity near the right edge. To improve overall
performance, Profile E should be modified to address and minimize these sources of

nonuniformity.
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Figure 4-12. Powder layer characteristics of roller-spreading rotating under profile E 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 powder bed after spreading at a speed of 0.30 m/s; coloured by the powder position in the Z-
direction (i.e., layer thickness).
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4.4.2.6. Profile (F)

Profile E was refined to develop Profile F to mitigate cavity formation near the left edge at
higher spreading speeds. The modification involved increasing the clockwise rotational
speed beyond w, during the first 20% of the building plate, with a subsequent gradual
decrease following the same slope as Profile E. Furthermore, in the final 20% of the plate,
a clockwise rotational speed of w,/3 is introduced. Beyond this point, the roller rotation
ceases entirely, eliminating rotation over the remaining distance to the right edge of the

plate.

The packing density distribution along the building plate produced by the roller operating
under Profile F closely resembles that of Profile E, with notable differences near the left
boundary, as shown in Figure 4-13a & Figure 4-14a. Under Profile E, the packing density
initially exhibits low values, starting at 23.23% for a spreading speed of 0.15 m/s and
approximately 4.7% at 0.3 m/s. It then gradually stabilizes at around 48% and 46.25% for
spreading speeds of 0.15 m/s and 0.3 m/s, respectively. In contrast, Profile F demonstrates
a significantly higher initial packing density, commencing near its stable value. For a
spreading speed of 0.15 m/s, the packing density increases from 48.48% to a stable value
of 50.8%, while at 0.3 m/s, it rises from 41.45% to a stable value of 47.6%. This
improvement is attributed to the increased clockwise rotational speed at the start of
spreading in Profile F, which enhances the backward powder movement, compensating for
the powder reduction caused by the roller's high spreading speed. Consequently, cavities
near the left solid boundary are effectively eliminated, as presented in Figure 4-13c&d,
leading to an overall improvement in the uniformity of packing density. Under Profile F,

the spreading domain begins with a stable packing density of 50.8% and 47.6% at
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spreading speeds of 0.15 m/s and 0.30 m/s, respectively, which extends with minor
fluctuations over approximately 80% of the building plate length. Between x /L, = 0.75
to x/L, = 0.81, the packing density experiences a sharp decline to 37.3% at a spreading
speed of 0.3 m/s, similar to the behaviour observed in Profile E. This reduction is attributed
to a significant 33.33% decrease in the clockwise rotational speed, which diminishes the
backward force responsible for redistributing powder in the reverse direction.
Consequently, the powder accumulation is insufficient, leading to a pronounced drop in
packing density. In the subsequent impact region, the packing density demonstrates
considerable fluctuations, ranging from 41.5% to 54.4% at a spreading speed of 0.15 m/s
and from 17.5% to 53.8% at 0.30 m/s. These variations can be primarily attributed to the
high-speed impact of the powder against the solid boundary. This impact is driven by
changes in the roller's bottom speed, transitioning from V, — 1/2 w, to V; — 1/3 w, and

then to zero, which substantially accelerates the powder as it approaches the boundary.

Under Profile F, the roller maintains a stable layer thickness with minimal fluctuations
across the first 80% of the building plate, as shown in Figure 4-13b. At a spreading speed
of 0.15 m/s, the layer thickness initially increases from 114.6% to a stable value of 118.4%
of the desired thickness. At a spreading speed of 0.30 m/s, the thickness rises from 105%
to a stable value of 113.9% of the desired thickness. This stability is due to the high initial
clockwise rotational speed, which gradually decreases, effectively balancing the forward
motion of the powder with its backward redistribution, ensuring uniform spreading. The
impact of the high initial clockwise rotational speed is particularly evident when comparing

Profiles E and F, as illustrated in Figure 4-14b. However, when the clockwise rotational
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speed reduces to1/3 w, at x/L, = 0.8, the layer thickness decreases to 94.1% and 95.2%

of the desired thickness for spreading speeds of 0.15 m/s and 0.30 m/s, respectively.
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Figure 4-13. Powder layer characteristics of roller-spreading rotating under profile 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
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views of the powder bed after spreading at a speed of 0.30 m/s; coloured by the powder position in the Z-
direction (i.e., layer thickness).

(a)

60 T T 1 T T 1 T 1 1
50
40
=
a 30F
(o}
2ol ——V=0.15 m/s,profile(E) 1
e —e—VS=0.15 m/s, profile(F)
10F T = -0 Vs=0'30 m/s,profile(E)H
e e VS=0.30 m/s, profile(F)
O 1 1 1 1 1 1 1 1 1

0 0.01 002 0.03 004 005 0.06 007 0.08 0.09 0.1
x/L
X

(b)

160 1 1 1 T T 1 T 1 I
140 |
120
2100}
©
=
o 80
—.—VS:O.‘IS m/s,profile(E)
- 4 -
60 . ——V=0.15 m/s,profile(F)
’
a0k = . ﬂ,’ - VS=0.30 m/s,profile(E)||
R - V¢=0.30 m/s,profile(F)
20 1 1 1 1 1 1 I 1| 1|

0 001 002 003 004 005 006 007 008 0.09 0.1
x/L
X

Figure 4-14. Powder layer characteristics of roller-spreading 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.

Beyond this point, the powder impacts the right boundary, causing a redirection of its

motion backward. This interaction leads to significant fluctuations in layer thickness,
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ranging from 94.1% to 140.8% of the desired thickness at 0.15 m/s and from 67.3% to
182.8% at 0.30 m/s. These fluctuations reflect the instability caused by the high-speed

powder interacting with the boundary.

To sum up, Profile F demonstrates improved uniformity in packing density compared to
Profile E, mainly by eliminating cavities near the left boundary and expanding the high and
stable packing density area. While Profile F demonstrated better uniformity than Profile E,
it failed to fully address the non-uniformities at the impact zone, particularly at high

spreading speeds.

4.4.3. Macroscopic analysis

The following section explores the impact of rotational speed profiles on the macroscopic
properties of the powder layer, focusing on packing density and layer thickness. This
analysis evaluates these properties' average values and variations across the entire building
plate. Across both spreading speeds, clockwise rotational speeds and profiles such as C, D,
E, and F exhibit higher packing densities. This is primarily due to the clockwise rotational
speed, which generates a backward force that compensates for powder loss caused by high
spreading speeds, effectively balancing spreading and circumferential speeds. Profile F
stands out among these profiles, achieving the maximum packing density, as shown in
Figure 4-15a and Figure 4-16a . This is attributed to its unique rotational speed strategy,
which starts at a high speed greater than w,and gradually decreases to stabilize and enhance
packing density while minimizing fluctuations. Furthermore, Profile F consistently
demonstrates the lowest variation coefficient of the packing density, indicating superior

uniformity in the powder bed. The exceptional performance is attributed to the profile's
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expanded high and stable packing density region, which extends from the left edge to 80%

of the building plate.
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Figure 4-15.Powder layer characteristics of roller-spreading at a spreading speed of 0.15 m/s for various
rotational speed profiles. (a)Average packing density (left y-axis) and its variation coefficient (right y-axis),
(b)normalized average layer thickness (left y-axis) and surface roughness (right y-axis).
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Figure 4-16. Powder layer characteristics of roller-spreading at a spreading speed of 0.3 m/s for various
rotational speed profiles. (a)Average packing density (left y-axis) and its variation coefficient (right y-axis),
(b)normalized average layer thickness (left y-axis) and surface roughness (right y-axis).

Layer thickness and surface roughness are equally critical in evaluating powder spreading

performance. Profiles with clockwise rotational speed generally produce higher layer
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thicknesses due to backward powder accumulation. However, despite its high packing
density, profile F achieves an average layer thickness exceeding the desired thickness by
18.5%, as illustrated in Figure 4-15b and Figure 4-16b. This deviation highlights the
challenges in balancing packing density with precise layer thickness. Surface roughness,
on the other hand, tends to increase with spreading speed. Nevertheless, Profiles D, E, and
F demonstrate smoother surfaces due to effectively balancing spreading and rotational
speeds. Profile F, in particular, strikes an optimal balance, yielding a high packing density
and a relatively smooth surface, even under high spreading speed conditions. These

characteristics emphasize its robustness and adaptability to varying operational conditions.

Packing density and layer thickness are essential metrics, but they are insufficient to
comprehensively evaluate the rotational speed strategies' effectiveness. These parameters
provide valuable insights into the structural attributes of the powder bed with the desired
layer thickness but fail to capture the overall efficiency of spreading process consistency,
especially the nonuniformity of the powder surface after spreading, so the mass fraction
parameter can address this gap. Defined as the ratio of the mass of powder particles
deposited on the building plate to the total mass required to achieve the desired layer
thickness, it provides insights into both the efficiency of the spreader and the uniformity of
powder deposition. Mass fraction serves as a comprehensive metric for assessing the
quality of the powder layer and the spreader's performance. Quantifying the amount of
powder effectively deposited by the roller evaluates spreading efficiency, while its

variation coefficient provides a reliable measure of overall surface uniformity.

Profiles employing high clockwise rotational speeds, particularly in super-rolling

configurations, tend to achieve the maximum mass fraction. At a spreading speed of 0.15

166



Ph.D. Thesis — Mohamed Awad Salim  McMaster University - Mechanical Engineering

m/s, the highest average mass fraction of 65.6% is observed under a constant clockwise
rotational speed of 80 rad/s (super-rolling). However, this comes with a high variation
coefficient of 0.2557, indicating significant nonuniformity, as illustrated in Figure 4-17a.
Similarly, at a spreading speed of 0.30 m/s, the maximum average mass fraction of 60.3%
is achieved at a clockwise rotational speed of 160 rad/s (super-rolling), again accompanied
by a high variation coefficient of 0.5786, reflecting pronounced variability in powder
distribution, as shown in Figure 4-17b. In contrast, Profile F demonstrates a more balanced
performance by combining relatively high mass fraction values with significantly lower
variation coefficients. At a spreading speed of 0.15 m/s, Profile F achieves an average mass
fraction of 53.2%, with a variation coefficient of 0.088, the minimum within all cases,
indicating much-improved uniformity compared to super-rolling cases. Similarly, at a
spreading speed of 0.30 m/s, Profile F achieves an average mass fraction of 50.1%, with a
variation coefficient of 0.2168, reflecting its ability to maintain consistent powder
distribution even at higher speeds. While super-rolling cases achieve the highest mass
fraction values, their elevated variation coefficients suggest poor uniformity,
compromising the powder layer's overall quality. On the other hand, Profile F strikes an
optimal balance by delivering mass fraction values close to the maximum while

maintaining significantly better uniformity.

This consistency across both spreading speeds is attributed to Profile F's optimized
rotational strategy, which balances clockwise and counterclockwise motions to reduce
disturbances and ensure effective powder redistribution. By achieving the highest packing

density, superior mass fraction, and minimal variation coefficients, Profile F emerges as
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the most effective strategy for achieving

conditions like high spreading speeds.
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Figure 4-17.Powder layer characteristics of roller-spreading 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 of 0.30 m/s
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4.5. Conclusions

This study investigated the use of adaptive rotational speed, a novel approach that involves
adjusting the rotational speed of the roller during the spreading process to mitigate the
adverse effects of high spreading speed in laser powder bed fusion. This study used discrete
Element Method (DEM) simulations to examine six adaptive rotational speed profiles
under high spreading speeds of 0.15 m/s and 0.30 m/s. These profiles were selected based

on the performance of constant rotational speed, which was also evaluated in the study.

Constant rotational speed strategies, including non-rotating, counter-rotating, sub-rolling,
rolling, and super-rolling—each impact packing density and layer uniformity in unique
ways, yet consistently lead to cavity formation on the left or right side of the building plate
at high spreading speeds. Constant rotational speed failed to maintain high-quality powder

quality due to an unbalancing between the spreading and circumferential speeds.

Variable rotational speed profiles (A—F) were introduced to mitigate these challenges,
incorporating adaptive transitions in rotational speed to improve powder distribution.
Among these, Profile F emerged as the optimal strategy, outperforming all other
configurations across both spreading speeds. Its unique approach begins with a high
clockwise rotational speed exceeding w,. It gradually decreases to zero, achieving the
highest packing density, minimal variation coefficients for packing density and mass
fraction, and improved surface roughness. Furthermore, Profile F demonstrated average
layer thickness, exceeding the desired value by 18.5%, while maintaining low surface

roughness.
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Despite the impressive performance of Profile F, it has its challenges. The high-speed
impact of the powder against the solid right boundary still led to packing density and layer
thickness fluctuations, particularly at 0.30 m/s. As a result, nonuniformity on the right side
remained a challenge. These hurdles underscore the necessity for further strategies to
address disturbances caused by the right boundary. This call for additional research should
motivate the field to optimize the process and explore the integration of advanced control
systems for real-time adjustment of spreading process parameters based on powder flow

dynamics.

Ultimately, this work underscores the pivotal role of adaptive rotational speed strategies in
elevating powder spreading quality in PBF-LP under high spreading speed. The findings
reveal that Profile F presents a promising avenue for achieving uniform and high-quality
powder layers despite the challenges posed by high spreading speed, instilling a sense of

optimism in the field.
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5 Conclusions

5.1.Summary and conclusions

The research presented in this thesis has systematically advanced the understanding of
powder spreading dynamics in laser powder bed fusion (PBF-LB), focusing on the impact
of roller configurations, spreading speed, rotational speeds, Roller radius, and mean
powder size on roller-spreading performance. Furthermore, this work investigated using
adaptive control strategies to achieve uniform and high-quality powder layers in the case
of high-spreading speed. This study explores the dynamic interaction between spreading
speed and circumferential speed through a detailed series of discrete element method
(DEM) simulations, offering practical insights to enhance the efficiency and consistency

of laser powder bed fusion processes.

The findings collectively demonstrate that the quality of powder spreading is highly
sensitive to operational parameters and that careful optimization of these parameters can
significantly improve powder bed characteristics, such as packing density, layer thickness,
and surface roughness. This chapter synthesizes the key conclusions drawn from the
research and outlines their implications for the field of additive manufacturing while also

proposing directions for future work to address remaining challenges.

This research highlights the crucial role of roller configuration and rotational speed in
shaping powder bed quality. While non-rotating and counter-rotating rollers establish a

baseline performance, they tend to reduce packing density and layer thickness at higher
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spreading speeds due to momentum transfer effects. A higher spreading speed is a key
factor in reducing the processing time of laser powder bed fusion, contributing to a more
efficient and streamlined manufacturing process. In contrast, forward-rotating rollers offer
a more efficient solution, especially in a super-rolling setup where the circumferential
speed matches or exceeds the spreading speed. Balancing forward and backward
momentum creates a powder burst effect that helps counteract material loss while
improving packing density and uniformity. For instance, a forward-rotating roller operating
at a spreading speed of 0.15 m/s with a gradually increasing rotational speed improved
packing density by 69.4%, increased layer thickness by 62%, and reduced the variation
coefficient by 46%. Hence, the super-rolling configuration should be optimized to achieve
a more consistent and high-quality powder layer and avoid the drawbacks of higher

spreading speed.

Forward-rotating rollers enhanced packing density and layer uniformity, particularly in
super-rolling configurations. However, these benefits come with trade-offs, as higher
rotational speeds contribute to increased surface roughness. So, the balance between roller
dynamics parameters is required to balance high powder compaction and carefully against
potential surface quality degradation. Furthermore, the findings emphasize the importance
of maintaining a buffer zone between the powder deposition area and the boundaries of the

building plate to mitigate wall effects and achieve uniform powder distribution.

The study also highlights the critical role of powder and roller size in controlling powder
bed characteristics. Smaller normalized powder sizes (D/0 < 0.5) consistently produced
denser and more uniform powder beds, with the most stable results observed at a

normalized size of 0.25. In contrast, larger powder sizes caused noticeable fluctuations in
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packing density and layer thickness because of gravitational forces and wall effects. On the
other hand, smaller rollers with forward rotation helped improve powder compaction and
uniformity, resulting in denser and more consistent layers. Hence, powder size, layer
thickness, and roller geometry should be selected carefully to optimize powder spreading

and enhance the overall efficiency of the process.

Mass fraction should be considered alongside packing density when evaluating forward-
rotating rollers, particularly in super-rolling configurations. While forward-rotating rollers
promote higher mass deposition through backward-directed forces, larger powder sizes
reduce mass fraction due to gravitational effects and particle-wall interactions. The results
indicate that moderate rotational speeds are optimal for smaller powders, whereas higher
speeds can enhance uniformity for larger ones. When the spreading speed remains constant,
the circumferential speed should be kept consistent to achieve consistent performance in

roller-based spreading.

Another key contribution of this research is developing and evaluating adaptive rotational
speed strategies to address the challenges of high-spreading speeds. Traditional constant
rotational speed strategies, including non-rotating, counter-rotating, and forward-rotating
configurations, were insufficient in maintaining high-quality powder layers at high
spreading speeds (i.e., 0.30 m/s). These strategies often result in cavity formation and
nonuniformity on the left or right side of the building plate due to an imbalance between
spreading and circumferential speeds. Six adaptive rotational speed profiles were
introduced to overcome these limitations, with Profile F emerging as the most effective.
This profile, which begins with a high clockwise rotational speed(i.e., greater than V/R,.)

and gradually decreases to zero, achieved the highest packing density, minimal variation
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coefficients, and improved surface roughness. Despite its success, Profile F faced
challenges related to nonuniformity on the right side of the building plate, particularly at
higher spreading speeds. These findings highlight the potential of adaptive rotational speed
strategies to improve powder spreading quality, underscoring the need for further research

to address boundary effects and optimize real-time control systems.

5.2.Future Work

Although this thesis has comprehensively investigated the impact of roller-spreading
dynamics on the performance of the spreading process, there are still many exciting
opportunities for future research. First, Experimental validation of the DEM simulation
results is essential to confirm the practical applicability of the proposed strategies,
especially for adaptive rotational speed. This could involve imaging techniques like X-rays
to analyze powder bed characteristics in real-time. Second, integrating machine learning
design algorithms with real-time measurements and control systems into laser powder bed
fusion could allow the printer to adjust spreading parameters in real-time. This adaptive
approach could further enhance powder bed uniformity and reduce defects in the final
product. Third, the effects of material properties like shape, size distribution, and cohesion
should be investigated to understand the spreading process comprehensively. Fourth,
developing novel roller designs, including textured or segmented rollers, could provide
additional control over powder distribution and compaction. Finally, further research could

expand into novel spreading methods, particularly for multi-material applications.

In conclusion, this thesis has provided meaningful insights into how roller-spreading
dynamics influence powder distribution. The findings highlight the crucial balance

between translational and rotational motion in achieving uniform, high-quality powder

177



Ph.D. Thesis — Mohamed Awad Salim  McMaster University - Mechanical Engineering

layers while pointing to areas requiring further exploration. Beyond advancing the
scientific understanding of powder spreading mechanics, this work offers practical
solutions that can be readily applied to enhance the quality and efficiency of additive

manufacturing processes.
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6 Appendix 1:

Supplementary Material for Optimizing Roller-Spreading
Performance in Laser Powder Bed Fusion: Numerical
Study of the Circumferential Speed's Effect

6.1. Introduction

This supplementary material provides additional data and visualizations supporting the
study "Optimizing Roller-Spreading Performance in Laser Powder Bed Fusion: Numerical
Study of the Circumferential Speed's Effect.” The figures included illustrate the impact of
roller rotation on powder distribution, with a particular focus on the effect of different
rotational speeds and normalized powder sizes. The dataset includes results for counter-
rotating and forward-rotating rollers, highlighting variations in packing density, layer
thickness, and mass fraction along the building plate length. These insights contribute to a
comprehensive understanding of powder behaviour in laser powder bed fusion (LPBF)

processes, improving the predictability and optimization of spreading performance.

6.2. Description of Figures

e Figure 6-1 and Figure 6-2: Top and front views of the powder bed after spreading
with a counter-rotating roller (radius = 2.5 mm, spreading speed = 50 mm/s). The
figures depict powder position in the Z-direction, representing layer thickness

variations at different rotational speeds and normalized powder sizes.
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Figure 6-3 to Figure 6-7: Characteristics of powder layers with different
normalized particle sizes (0.35, 0.40, 0.50, 0.575, and 0.65) using a counter-rotating
roller. Each figure presents (a) packing density, (b) normalized layer thickness, and
(c) mass fraction along the building plate length.

Figure 6-8 and Figure 6-9: Top and front views of the powder bed after spreading
with a forward-rotating roller under varying rotational speeds and normalized
powder sizes. The roller exhibits sub-rolling, rolling, and super-rolling
configurations.

Figure 6-10 to Figure 6-14: Characteristics of powder layers with different
normalized particle sizes using a forward-rotating roller. Similar to the counter-
rotating roller figures, each figure details (a) packing density, (b) normalized layer
thickness, and (c) mass fraction along the building plate length.

Figure 6-15 and Figure 6-16: Characteristics of a powder layer with a normalized
particle size of 0.25 spread using a non-rotating roller and counter-rotating roller
(40 rad/s) at a spreading speed of 50 mm/s along the building plate length at
different roller radius figures, each figure details (a) packing density, (b)

normalized layer thickness, and (c) mass fraction along the building plate length.

These supplementary figures provide additional context to the main paper, demonstrating

the effect of roller configurations and rotational speeds on powder spreading efficiency and

uniformity.
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6.3. Impact of Rotational Speed on Powder Distribution
6.3.1.Non-rotating and counter-rotating rollers

Position (pm)
20 140 260 380 500 620

Figure 6-1. 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 position in Z-direction (i.e., layer thickness) at different
rotational speeds and normalized powder sizes. ()w = 0rad/s&D/6 = 0.35;(b)w = 0rad/s&D /5 =
0.40;(c)w = 20rad/s&D /5 = 0.35;(d)w = 20rad/s &D /S = 0.40;(e)w = 90rad/s&D/5 =
0.35;and(f)w = 90rad/s & D /5§ = 0.40.
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Position (um)

20 140 260 380 500 620

Figure 6-2. 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 position in Z-direction (i.e., layer thickness) at different
rotational speeds and normalized powder sizes. (Q)w = 0rad/s&D/§ = 0.575 ;(b)w =
Orad/s&D/6 = 0.65;(C)w = 20rad/s&D/6 = 0.575;(d)w = 20rad/s&D /5 = 0.65;(e)w =
90rad/s&D/6 = 0.575;and(f)w = 90rad/s&D/§ = 0.65.
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Figure 6-3. Characteristics of a powder layer with a normalized particle size of 0.35 spread using a counter-
rotating roller (R, = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a) Packing
density (p,, %); (b) Normalized layer thickness (5(x)/3,%); (c) Mass fraction (MF,%).
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Figure 6-4. Characteristics of a powder layer with a normalized particle size of 0.40 spread using a counter-
rotating roller (R, = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a) Packing
density (p_p,%); (b) Normalized layer thickness(5(x)/5,%); (c) Mass fraction (MF,%).
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Figure 6-5. Characteristics of a powder layer with a normalized particle size of 0.50 spread using a counter-
rotating roller (R, = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a) Packing
density (p_p,%); (b) Normalized layer thickness(5(x)/5,%); (c) Mass fraction (MF,%).
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Figure 6-6. Characteristics of a powder layer with a normalized particle size of 0.575 spread using a

counter-rotating roller (R, = 2.5 mm) at a spreadi

ng speed of 50 mm/s along the building plate length: (a)

Packing density (p_p,%); (b) Normalized layer thickness(6(x)/8,%); (c) Mass fraction (MF,%).
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Figure 6-7. Characteristics of a powder layer with a normalized particle size of 0.65 spread using a counter-
rotating roller (R, = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a) Packing
density (p_p,%); (b) Normalized layer thickness(5(x)/5,%); (c) Mass fraction (MF,%).

6.3.2. Forward-rotating rollers
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Figure 6-8. Top view and front view of the powder bed after spreading by forward-rotating roller (R, =2.5
mm) with a spreading speed of 50 mm/s, coloured by powder position in Z-direction (i.e., layer thickness)
at different rotational speeds and normalized powder sizes ; (a)sub-rolling;w = —10rad/s&D/§ =
0.35 ;(b)sub-rolling ;w = —10rad/s &D /& = 0.40;(c)Rolling ; w = —20rad/s&D /6 =
0.35;(d)rolling ; w = —20rad/s &D /8§ = 0.40;(e)super-rolling; w = —90rad/s&D /5 =
0.35;and(f)super-rolling; w = —90rad/s & D/ = 0.40.
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Figure 6-9. Top view and front view of the powder bed after spreading by forward-rotating roller (R, =2.5
mm) with a spreading speed of 50 mm/s, coloured by powder position in Z-direction (i.e., layer thickness)
at different rotational speeds and normalized powder sizes ; (a)sub-rolling;w = —10rad/s&D/§ =
0.575 ;(b)sub-rolling ;w = —10rad/s & D /& = 0.65;(c)Rolling ; w = —20rad/s&D/6 =
0.575;(d)rolling ; w = —20rad/s &D /6 = 0.65;(e)super-rolling; w = —90rad/s&D /5 =
0.575;and(f)super-rolling; w = —90rad/s&D /& = 0.65
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Figure 6-10. Characteristics of a powder layer with a normalized particle size of 0.35 spread using a
forward-rotating roller (R, = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a)
Packing density (p,, %); (b) Normalized layer thickness (5(x)/8,%); (c) Mass fraction (MF,%).
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Figure 6-11. Characteristics of a powder layer with a normalized particle size of 0.40 spread using a
forward-rotating roller (R, = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a)
Packing density (p,, %); (b) Normalized layer thickness (5(x)/8,%); (c) Mass fraction (MF,%).
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Figure 6-12. Characteristics of a powder layer with a normalized particle size of 0.50 spread using a
forward-rotating roller (R, = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a)
Packing density (p,, %); (b) Normalized layer thickness (5(x)/8,%); (c) Mass fraction (MF,%).
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Figure 6-13. Characteristics of a powder layer with a normalized particle size of 0.575 spread using a
forward-rotating roller (R, = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a)
Packing density (p,, %); (b) Normalized layer thickness (5(x)/8,%); (c) Mass fraction (MF,%).

193



Ph.D. Thesis — Mohamed Awad Salim

McMaster University - Mechanical Engineering

I~
N R
vt e v
YAV ".,\‘rm ’

gk A

W, v
M Al 1
sV v

Ry
s
o

(a)

\ Iyt
FLE
'] oy TR
AR [}
AR L R P
\
Sl et
,\‘,"i’l‘u,
a0
(o ]

80

A
70
LT

i
e/
Mo R}

40
=
o
[}
30§ w,radls
—-10
—-20
20 ‘{
—-40
¥
\ AW R
10F =-=-70
---80
0 1 1 1 1 -~ 90
0 0.1 0.2 0.3 0.4 .
x/L
X
100 T T T T T T T T
ool 1(b)

60 oY -
o\ e
w 50 o T
= 40 w,rad/s
-10
30 —-20
—-40
20 —-60
-=--70
10 ---80
0 1 1 1 1 1 1 1 1 1 - ~~-90
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x/’LK
220 T T T T T T T T
__D/5=0.65
200 | I ( C)
1
180" h 8
f’ ll v’"
160 ‘n:};“ | ' B
NE S LS N 1
-, Ve ! ~ , - 1 -
53 14007 v :u’ ,\’\ - s ! ””\\\ ’\,I'lij v ‘(.(\Il’.\l
%120 vl lllf':l w AR ‘\'; \v"‘r" _
'6100 ) 1 e w,rad/s|
v "M\[ —-10
80 4 —-20
! —-40
60 X —-60
-=--70
40 \ ---80
20 L 1 1 I I I L 1 1 -~ 90
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x/L
X

Figure 6-14. Characteristics of a powder layer with a normalized particle size of 0.65 spread using a
forward-rotating roller (R, = 2.5 mm) at a spreading speed of 50 mm/s along the building plate length: (a)
Packing density (p,, %); (b) Normalized layer thickness (5(x)/8,%); (c) Mass fraction (MF,%).
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6.4. Impact of Roller Radius on Powder Distribution
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Figure 6-15. Characteristics of a powder layer with a normalized particle size of 0.25 spread using a non-
rotating roller at a spreading speed of 50 mm/s along the building plate length at different roller radius: (a)
Packing density (p,, %); (b) Normalized layer thickness (5(x)/8,%); (c) Mass fraction (MF,%).
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Figure 6-16. Characteristics of a powder layer with a normalized particle size of 0.25 spread using a
counter-rotating roller at a spreading speed of 50 mm/s and rotational speed of 40 rad/s along the building
plate length at different roller radius: (a) Packing density (p,, %); (b) Normalized layer thickness
(8(x)/8,%); (c) Mass fraction (MF,%).
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