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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 AïF) 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 [6ï8], 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, 
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and surface roughness, adversely affecting the final part's mechanical properties and 

dimensional accuracy. 

 

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

powder distribution. 

 

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 [9,10,12,16ï22]. 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 [6,8,11,12,23ï25]. 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 Ò0.1 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 



Ph.D. Thesis ï Mohamed Awad Salim 

 

McMaster University - Mechanical Engineering 

 

 

   

 

8 
 

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 
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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.  
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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 Hertzï

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.  
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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: 

¶ 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. 

¶ 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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яΝΥѐ xЮШÉŔЯШÑЮШüőċŰŊЯШ~ЮШüőŸƨЯШ~ЮШxŔЯШòЮШüőċŰŊЯШcЮШüőŸƨЯШ ƨůĲƖŔĦċũШƚŔůƨũċƣŔŸŰШŸŉШƣőĲШǰŸƽШĤĲőċƻŔŸƖШ
ċŰĬШƓŸƽĬĲƖШƚƓƖĲċĬŔŰŊШůĲĦőċŰŔƚůШŔŰШƓŸƽĬĲƖШĤĲĬрĤċƚĲĬШċĬĬŔƣŔƻĲШůċŰƨŉċĦƣƨƖŔŰŊЯШÂŸƽĬĲƖШ
ÑĲĦőŰŸũШΟΦΠШыΞΜΞΝьШΝΜΜΠтΝΜΝΣЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƓŸƽƣĲĦЮΞΜΞΝЮΜΦЮΜΝΜЮ 

яΝΦѐ ?ЮШòċŸЯШñЮШxŔƨЯШsЮШìċŰŊЯШìЮШ[ċŰЯШ~ЮШxŔЯШcЮШ[ƨЯШcЮШüőċŰŊЯШñЮШòċŰŊЯШÄЮШüŸƨЯШñЮШ ŰЯШ ƨůĲƖŔĦċũШ
ŔŰƚŔŊőƣƚШŸŰШƣőĲШƚƓƖĲċĬŔŰŊШŸŉШƓƖċĦƣŔĦċũШΟΝΣШxШƚƣċŔŰũĲƚƚШƚƣĲĲũШƓŸƽĬĲƖШŔŰШÉx~ШċĬĬŔƣŔƻĲШ
ůċŰƨŉċĦƣƨƖŔŰŊЯШÂŸƽĬĲƖШÑĲĦőŰŸũШΟΦΜШыΞΜΞΝьШΝΦΤтΞΜΥЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƓŸƽƣĲĦЮΞΜΞΝЮΜΡЮΜΥΞЮ 

яΞΜѐ éЮШxċůƓŔƣĲũũċЯШ~ЮШÑƖŸŉċЯШ ЮШ ƚƣċƖŔƣċЯШ]ЮШ?ќ ƻŔŰŸЯШ?ŔƚĦƖĲƣĲШEũĲůĲŰƣШ~ĲƣőŸĬШ ŰċũǃƚŔƚШŸŉШƣőĲШ
ÉƓƖĲċĬŔŰŊШ~ĲĦőċŰŔƚůШċŰĬШfƣƚШfŰǰƨĲŰĦĲШŸŰШÂŸƽĬĲƖШ7ĲĬШ9őċƖċĦƣĲƖŔƚƣŔĦƚШŔŰШ ĬĬŔƣŔƻĲШ
~ċŰƨŉċĦƣƨƖŔŰŊЯШ~ŔĦƖŸůċĦőŔŰĲƚШы7ċƚĲũьШΝΞШыΞΜΞΝьШΟΦΞЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΟΟΦΜоůŔΝΞΜΠΜΟΦΞЮ 

яΞΝѐ üЮШñŔċŰŊЯШ~ЮШüőċŰŊЯШÅЮШòċŰЯШÄЮШòŔŰЯШuЮШüőċŰŊЯШÂŸƽĬĲƖрƚƓƖĲċĬŔŰŊШĬǃŰċůŔĦƚШċŰĬШƓċĦťŔŰŊШ
ƕƨċũŔƣǃШŔůƓƖŸƻĲůĲŰƣШŉŸƖШũċƚĲƖШƓŸƽĬĲƖШĤĲĬШŉƨƚŔŸŰШċĬĬŔƣŔƻĲШůċŰƨŉċĦƣƨƖŔŰŊЯШÂŸƽĬĲƖШÑĲĦőŰŸũШ
ΟΥΦШыΞΜΞΝьШΞΤΥтΞΦΝЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƓŸƽƣĲĦЮΞΜΞΝЮΜΡЮΜΟΣЮ 

яΞΞѐ ?ЮШòċŸЯШsЮШìċŰŊЯШ~ЮШxŔЯШÑЮШüőċŸЯШòЮШ9ċŔЯШñЮШ ŰЯШÅЮШüŸƨЯШcЮШüőċŰŊЯШcЮШ[ƨЯШñЮШòċŰŊЯШÄЮШüŸƨЯШ
ÉĲŊƖĲŊċƣŔŸŰШŸŉШΟΝΣxШƚƣċŔŰũĲƚƚШƚƣĲĲũШƓŸƽĬĲƖШĬƨƖŔŰŊШƚƓƖĲċĬŔŰŊШŔŰШƚĲũĲĦƣŔƻĲШũċƚĲƖШůĲũƣŔŰŊШ
ĤċƚĲĬШċĬĬŔƣŔƻĲШůċŰƨŉċĦƣƨƖŔŰŊЯШÂŸƽĬĲƖШÑĲĦőŰŸũШΟΦΤШыΞΜΞΞьШΝΝΤΜΦΣЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƓŸƽƣĲĦЮΞΜΞΝЮΝΝΤΜΦΣЮ 

яΞΟѐ xЮШìċŰŊЯШüЮШüőŸƨЯШEЮШxŔЯШcЮШÉőĲŰЯШ ЮШòƨЯШÂŸƽĬĲƖШĬĲƓŸƚŔƣŔŸŰШůĲĦőċŰŔƚůШĬƨƖŔŰŊШƓŸƽĬĲƖШ
ƚƓƖĲċĬŔŰŊШƽŔƣőШĬŔǭĲƖĲŰƣШƚƓƖĲċĬĲƖШŊĲŸůĲƣƖŔĲƚШŔŰШƓŸƽĬĲƖШĤĲĬШŉƨƚŔŸŰШċĬĬŔƣŔƻĲШůċŰƨŉċĦƣƨƖŔŰŊЯШ
ÂŸƽĬĲƖШÑĲĦőŰŸũШΟΦΡШыΞΜΞΞьШΥΜΞтΥΝΜЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƓŸƽƣĲĦЮΞΜΞΝЮΝΜЮΜΝΤЮ 

яΞΠѐ EЮsЮÅЮШÂċƖƣĲũŔЯШÑЮШÂƁƚĦőĲũЯШÂċƖƣŔĦũĲрĤċƚĲĬШƚŔůƨũċƣŔŸŰШŸŉШƓŸƽĬĲƖШċƓƓũŔĦċƣŔŸŰШŔŰШċĬĬŔƣŔƻĲШ
ůċŰƨŉċĦƣƨƖŔŰŊЯШÂŸƽĬĲƖШÑĲĦőŰŸũШΞΥΥШыΞΜΝΣьШΦΣтΝΜΞЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƓŸƽƣĲĦЮΞΜΝΡЮΝΜЮΜΟΡЮ 

яΞΡѐ ÉЮШcċĲƖŔЯШ§ƓƣŔůŔƚċƣŔŸŰШŸŉШĤũċĬĲШƣǃƓĲШƚƓƖĲċĬĲƖƚШŉŸƖШƓŸƽĬĲƖШĤĲĬШƓƖĲƓċƖċƣŔŸŰШŔŰШ ĬĬŔƣŔƻĲШ
~ċŰƨŉċĦƣƨƖŔŰŊШƨƚŔŰŊШ?E~ШƚŔůƨũċƣŔŸŰƚЯШÂŸƽĬĲƖШÑĲĦőŰŸũШΟΞΝШыΞΜΝΤьШΦΠтΝΜΠЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƓŸƽƣĲĦЮΞΜΝΤЮΜΥЮΜΝΝЮ 

яΞΣѐ ÑЮШ ŔŔŰŸЯШuЮШÉċƣŸЯШEǭĲĦƣШŸŉШÂŸƽĬĲƖШ9ŸůƓċĦƣŔŸŰШŔŰШÂũċƚƣŔĦШxċƚĲƖШÉŔŰƣĲƖŔŰŊШ[ċĤƖŔĦċƣŔŸŰЯШŰЮĬЮ 

яΞΤѐ ~ЮШüŔċĲĲЯШÅЮШcĲƖƚőůċŰЯШ ЮШ~ċőůŸŸĬЯШ Ю7ЮШ9ƖċŰĲЯШ[ċĤƖŔĦċƣŔŸŰШŸŉШĬĲůŔŰĲƖċũŔǍĲĬШĤŸŰĲШ
ůċƣƖŔǂоƓŸũǃĦċƓƖŸũċĦƣŸŰĲШĦŸůƓŸƚŔƣĲƚШƨƚŔŰŊШũċƖŊĲШċƖĲċШƓƖŸŢĲĦƣŔŸŰШƚŔŰƣĲƖŔŰŊШыx ÂÉьЯШsŸƨƖŰċũШŸŉШ
~ċŰƨŉċĦƣƨƖŔŰŊШċŰĬШ~ċƣĲƖŔċũƚШÂƖŸĦĲƚƚŔŰŊШΟШыΞΜΝΦьЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΟΟΦΜоŢůůƓΟΜΞΜΜΟΜЮ 

яΞΥѐ uЮsЮШÉĲũƨŊċЯШÑőƖĲĲШ?ŔůĲŰƚŔŸŰċũШÂƖŔŰƣŔŰŊШĤǃШéĲĦƣŸƖШÂƖŔŰƣŔŰŊШŸŉШ[ŔŰĲШ~ĲƣċũШÂŸƽĬĲƖƚЯШΞΜΜΝЮ 

яΞΦѐ ÅЮШÅŸƣőŉĲũĬĲƖЯШxЮШxċŰǍũЯШsЮШÉĲũǍċůЯШ?ЮШ?ƖƨůůĲƖЯШ~ЮШÉĦőůŔĬƣЯШéŔĤƖċƣŔŸŰċũШ~ŔĦƖŸŉĲĲĬŔŰŊШŸŉШ
ÂŸũǃůĲƖШċŰĬШ~ĲƣċũШÂŸƽĬĲƖƚШŉŸƖШxŸĦċũũǃШ]ƖċĬĲĬШÂƖŸƓĲƖƣŔĲƚШŔŰШÂŸƽĬĲƖр7ċƚĲĬШ ĬĬŔƣŔƻĲШ
~ċŰƨŉċĦƣƨƖŔŰŊЯШsШ~ċƣĲƖШEŰŊШÂĲƖŉŸƖůШΟΜШыΞΜΞΝьШΥΤΦΥтΥΥΜΦЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΜΤоƚΝΝΣΣΡр
ΜΞΝрΜΣΞΤΝрΡЮ 
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яΟΜѐ ~ЮШxŔЯШñЮШìĲŔЯШüЮШÂĲŔЯШ9ЮШ~ċЯШ7ŔŰĬĲƖШŢĲƣƣŔŰŊШċĬĬŔƣŔƻĲШůċŰƨŉċĦƣƨƖŔŰŊаШŸĤƚĲƖƻċƣŔŸŰƚШŸŉШ
ĦŸůƓċĦƣŔŸŰрŔŰĬƨĦĲĬШƓŸƽĬĲƖШĤĲĬШƚƨƖŉċĦĲШĬĲŉĲĦƣƚЯШ~ċŰƨŉШxĲƣƣШΞΥШыΞΜΞΝьШΡΜтΡΟЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮůŉŊũĲƣЮΞΜΞΝЮΜΠЮΜΜΟЮ 

яΟΝѐ cЮШ]ŸŰŊЯШuЮШÅċǯЯШcЮШ]ƨЯШ]Ю?ЮШsċŰċťŔШÅċůЯШÑЮШÉƣċƖƖЯШ7ЮШÉƣƨĦťĲƖЯШfŰǰƨĲŰĦĲШŸŉШĬĲŉĲĦƣƚШŸŰШ
ůĲĦőċŰŔĦċũШƓƖŸƓĲƖƣŔĲƚШŸŉШÑŔрΣ ũрΠéШĦŸůƓŸŰĲŰƣƚШƓƖŸĬƨĦĲĬШĤǃШƚĲũĲĦƣŔƻĲШũċƚĲƖШůĲũƣŔŰŊШċŰĬШ
ĲũĲĦƣƖŸŰШĤĲċůШůĲũƣŔŰŊЯШ~ċƣĲƖШ?ĲƚШΥΣШыΞΜΝΡьШΡΠΡтΡΡΠЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮůċƣĬĲƚЮΞΜΝΡЮΜΤЮΝΠΤЮ 

яΟΞѐ ]ЮШòċŰŊЯШòЮШñŔĲЯШÉЮШüőċŸЯШxЮШÄŔŰЯШñЮШìċŰŊЯШ7ЮШìƨЯШÄƨċũŔƣǃШ9ŸŰƣƖŸũаШfŰƣĲƖŰċũШ?ĲŉĲĦƣƚШ[ŸƖůċƣŔŸŰШ
~ĲĦőċŰŔƚůШŸŉШÉĲũĲĦƣŔƻĲШxċƚĲƖШ~ĲũƣŔŰŊШ7ċƚĲĬШŸŰШxċƚĲƖрƓŸƽĬĲƖрůĲũƣШÂŸŸũШfŰƣĲƖċĦƣŔŸŰаШ Ш
ÅĲƻŔĲƽЯШ9őŔŰĲƚĲШsŸƨƖŰċũШŸŉШ~ĲĦőċŰŔĦċũШEŰŊŔŰĲĲƖŔŰŊаШ ĬĬŔƣŔƻĲШ~ċŰƨŉċĦƣƨƖŔŰŊШ[ƖŸŰƣŔĲƖƚШΝШ
ыΞΜΞΞьШΝΜΜΜΟΤЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮĦŢůĲċůЮΞΜΞΞЮΝΜΜΜΟΤЮ 

яΟΟѐ ìЮШ ċŰЯШ~ЮШ]őċĬŔƖŔЯШ ƨůĲƖŔĦċũШƚŔůƨũċƣŔŸŰШŸŉШƓŸƽĬĲƖШǰŸƽШĬƨƖŔŰŊШƚƓƖĲċĬŔŰŊШŔŰШċĬĬŔƣŔƻĲШ
ůċŰƨŉċĦƣƨƖŔŰŊЯШÂŸƽĬĲƖШÑĲĦőŰŸũШΟΠΞШыΞΜΝΦьШΥΜΝтΥΜΤЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƓŸƽƣĲĦЮΞΜΝΥЮΝΜЮΜΡΣЮ 

яΟΠѐ ~ЮШòċťŸƨƣЯШ~Ю ЮШEũĤĲƚƣċƽŔЯШÉЮ9ЮШéĲũĬőƨŔƚЯШ§ŰШƣőĲШĦőċƖċĦƣĲƖŔǍċƣŔŸŰШŸŉШƚƣċŔŰũĲƚƚШƚƣĲĲũШΟΝΣxШ
ƓċƖƣƚШƓƖŸĬƨĦĲĬШĤǃШƚĲũĲĦƣŔƻĲШũċƚĲƖШůĲũƣŔŰŊЯШfŰƣĲƖŰċƣŔŸŰċũШsŸƨƖŰċũШŸŉШ ĬƻċŰĦĲĬШ~ċŰƨŉċĦƣƨƖŔŰŊШ
ÑĲĦőŰŸũŸŊǃШΦΡШыΞΜΝΥьШΝΦΡΟтΝΦΤΠЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΜΤоƚΜΜΝΤΜрΜΝΤрΝΟΜΟрΜЮ 

яΟΡѐ sЮ9ЮШÉŰǃĬĲƖЯШuЮ ЮШÑőŸũĲЯШÖŰĬĲƖƚƣċŰĬŔŰŊШũċƚĲƖШƓŸƽĬĲƖШĤĲĬШŉƨƚŔŸŰШƚƨƖŉċĦĲШƖŸƨŊőŰĲƚƚЯШsŸƨƖŰċũШ
ŸŉШ~ċŰƨŉċĦƣƨƖŔŰŊШÉĦŔĲŰĦĲШċŰĬШEŰŊŔŰĲĲƖŔŰŊЯШÑƖċŰƚċĦƣŔŸŰƚШŸŉШƣőĲШ É~EШΝΠΞШыΞΜΞΜьЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΝΝΡоΝЮΠΜΠΣΡΜΠЮ 

яΟΣѐ 7Ю9ЮШ7ƨƖůċŰЯШÂЮ ЮШ9ƨŰĬċũũЯШ§Ю?ЮxЮШÉƣƖċĦťЯШ ШĬŔƚĦƖĲƣĲШŰƨůĲƖŔĦċũШůŸĬĲũШŉŸƖШŊƖċŰƨũċƖШ
ċƚƚĲůĤũŔĲƚЯШ]ĲŸƣĲĦőŰŔƕƨĲШΟΜШыΝΦΥΜьШΟΟΝтΟΟΣЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΣΥΜоŊĲŸƣЮΝΦΥΜЮΟΜЮΟЮΟΟΝЮ 

яΟΤѐ sЮÄЮШ]ċŰЯШ Ю7ЮШòƨЯШüЮòЮШüőŸƨЯШ?E~ШƚŔůƨũċƣŔŸŰШŸŰШƣőĲШƓċĦťŔŰŊШŸŉШǯŰĲШĲũũŔƓƚŸŔĬƚЯШ9őĲůШEŰŊШÉĦŔШ
ΝΡΣШыΞΜΝΣьШΣΠтΤΣЮШőƣƣƓƚаооĬŸŔЮŸƖŊоőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮĦĲƚЮΞΜΝΣЮΜΦЮΜΝΤЮ 

яΟΥѐ cЮÂЮШüőƨЯШüЮòЮШüőŸƨЯШÅЮòЮШòċŰŊЯШ Ю7ЮШòƨЯШ?ŔƚĦƖĲƣĲШƓċƖƣŔĦũĲШƚŔůƨũċƣŔŸŰШŸŉШƓċƖƣŔĦƨũċƣĲШƚǃƚƣĲůƚаШ Ш
ƖĲƻŔĲƽШŸŉШůċŢŸƖШċƓƓũŔĦċƣŔŸŰƚШċŰĬШǯŰĬŔŰŊƚЯШ9őĲůШEŰŊШÉĦŔШΣΟШыΞΜΜΥьШΡΤΞΥтΡΤΤΜЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮĦĲƚЮΞΜΜΥЮΜΥЮΜΜΣЮ 

яΟΦѐ ÅЮ?ЮШ~ŔŰĬũŔŰЯШcЮШ?ĲƖĲƚŔĲƽŔĦǍЯШEũċƚƣŔĦШÉƓőĲƖĲƚШŔŰШ9ŸŰƣċĦƣШÖŰĬĲƖШéċƖǃŔŰŊШ§ĤũŔƕƨĲШ[ŸƖĦĲƚЯШsШ
ƓƓũШ~ĲĦőШΞΜШыΞΜΞΝьШΟΞΤтΟΠΠЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΝΝΡоΝЮΠΜΝΜΤΜΞЮ 

яΠΜѐ uЮxЮШsŸőŰƚŸŰЯШuЮШuĲŰĬċũũЯШ Ю?ЮШÅŸĤĲƖƣƚЯШÉƨƖŉċĦĲШĲŰĲƖŊǃШċŰĬШƣőĲШĦŸŰƣċĦƣШŸŉШĲũċƚƣŔĦШƚŸũŔĬƚЯШ
ÂƖŸĦĲĲĬŔŰŊƚШŸŉШƣőĲШÅŸǃċũШÉŸĦŔĲƣǃШŸŉШxŸŰĬŸŰЮШ ЮШ~ċƣőĲůċƣŔĦċũШċŰĬШÂőǃƚŔĦċũШÉĦŔĲŰĦĲƚШΟΞΠШ
ыΝΦΤΝьШΟΜΝтΟΝΟЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΦΥоƖƚƓċЮΝΦΤΝЮΜΝΠΝЮ 

яΠΝѐ ũƣċŔƖШE?E~ШΞΜΞΝЮΝЯШыŰЮĬЮьЮШőƣƣƓƚаооƽƽƽЮċũƣċŔƖЮĦŸůоĲĬĲůоЮ 
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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 [1ï3]. 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 [4ï6] 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 [7,8,11ï

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 [19ï23]. Yao et al. 

[8]reveal an optimal operating parameter for spreading SS316L, which suggests that a 

spreading velocity of Ò0.1 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 [4,6,13,19,22ï24]. 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 (Ὑ). The dimensions of the domain 

and its components are normalized using the desired layer thickness (‏). Specifically, the 

domain length ὒ is 60‏ and the width ὒ is 25‏. Periodic conditions are applied in the y-

direction. The roller is swept down the length of the domain with a uniform speed (ὠ) 

while simultaneously rotating at a specified angular speed (.(‫  

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, ὠ= 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, ὠ = 

0.15 m/s and rad/sec), introducing a circumferential speed velocity component in 60 = ‫ 

the same direction as the spreading at the roller bottom (i.e., surface velocity equals 

ὠ+‫Ὑ). For the forward-rotating case, the roller rotates clockwise while advancing with 

spreading speed (Figure 1d, ὠ= 0.15 m/s and rad/sec), introducing a circumferential 60 = ‫ 

speed velocity opposite to the direction of spreading at the roller bottom (i.e., surface 

velocity equals ὠ ҍ .(‫Ὑ 
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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: 

ά άὫ В Ὂȟ Ὂȟc (1) 

Ὅ
Ὠ‫

Ὠὸ
†ȟ †ȟ  (2) 

where ά, ὺ, and Ὅ are the mass, velocity, angular velocity, and moment of inertia of ,‫ 

particle Ὥȟ respectively; Ὂȟ and Ὂȟ are the normal and tangential interaction forces on 

particle Ὥ due to other particles Ὦ, and †ȟ and †ȟ 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: 

Ὂȟ Ὂȟ+Ὂȟ  (3) 

Ὂȟ Ὂȟ+Ὂȟ  (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: 

Ὂȟ
τὉᶻ

σὙz
ὶ τ“ὶ‎Ὁz  (5) 

Ὂȟ άὭὲ
‘Ὂȟ

ψὋᶻЍὙz‌‌
 (6) 

Ὂȟ= Ѝ
ὉᶻάᶻὙᶻ‌ Ȣ Ȣό  (7) 

Ὂȟ= Ѝ
ὋᶻάᶻὙᶻ‌ Ȣ Ȣό   (8) 

where Ὑᶻ, άᶻ, Ὁᶻ, and Ὃᶻ are the equivalent radius, mass, Youngôs modulus, and shear 

modulus: 

Ὑᶻ ὙὙȾὙ Ὑ   (9) 
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άᶻ άάȾά ά  (10) 

Ὁᶻ ὉὉȾὉρ ’ Ὁρ ’  (11) 

Ὃᶻ ὋὋȾὋ ρ ’ Ὃ ρ ’  (12) 

where Ὑ, ά, Ὁ, Ὃ, and ’ are the radius, mass, Youngôs modulus, shear modulus, and 

Poissonôs ratio, respectively; e, ‎, ‘, and ‘ are the coefficient of restitution, the surface 

energy, and the sliding and rolling friction coefficients; ό and ό are the normal and 

tangential relative velocities between particles i and j when a collision occurs; and ‌ and 

‌ 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: 

†ȟ Ὑ Ὂȟ  (13) 

†ȟ ‘ὙὊȟ ȿ ȿ
  (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) is 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 
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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 (”) is defined as the ratio of the volume that is actually 

occupied by particles (ὠ) to the volume of the spatial configuration being encompassed 

(ὠ ), 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 (”ȟ ) over the bed gives a 

measure of the bed structure uniformity. 

The local powder layer thickness (‏ὼ) 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 (‏ ) is simply the average of the local thickness and surface 

roughness (Ὑ) calculated using the centerline average method. The layer thickness and 

roughness can also be normalized with the desired layer thickness. 

Ὑ
ρ

ὔ
ȿ‏ὼ ‏ ȿ (15) 

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 ὓὊ  and its normalized 

variance ὓὊ 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 spreaderôs 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 21.3Á[15,18]. By conducting an analysis of the effects of surface energy on the AOR, 

an optimal value of 0.001 ὐȾά  is identified, leading to an AOR of 21.0Á, as illustrated in 

Figure 2-2a. 

Table 2-1.DEM parameters of Alloy SS 316L alloy. 

Parameter  Value  

Poisson's ratio,’ 0.3 

bulk density,” 7800 kg/m3 

Young's modulus, E 22 GPa 

Coefficient of restitution, e 0.64 

Coefficient of sliding friction,‘ 0.6 

Coefficient of rolling friction, ‘ 0.085 

Surface energy,‎ 0.0001-0.002 ὐȾά  

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 Õm. 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] 

 

Powder size(D),µm 

The dynamic angle of Repose (deg) 

Experimental value Yao simulation Current simulation 

34.8 45.9̄  44.0̄  44̄  

100 30.4̄  31.9̄  33̄  

123.2 30.1̄  32.2̄  33̄  

169.4 32.3̄  32.5̄  33̄  

 

 

Figure 2-2.Simulated angle of repose of SS316, assuming ɔ = 0.001 ὐȾά . (a) Static angle of repose; (b) 

Dynamic Repose Angle (DRA) for 34.8-µm-diameter powder. (c) DRA for 100 µm powder. (d) DRA for 

123.2 µm powder. (e) DRA for 166.4 µm 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 [8] 

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 (‫ π), a counter-

rotating roller (rad/s), and two forward-rotating roller rotational speeds (10 and 60 60 = ‫ 

rad/s). The two forward-rotating roller speeds are employed to simulate the effect of 

spreading speed when ὠ Ὑϳ  and when ὠ ‫ Ὑϳ  .respectively ,‫ 

SS316 powder with a single particle size of 50 ɛm 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 rollerôs circumferential speed (‫Ὑ) matches the 

spreading speed (ὠ), sub-rolling occurs when the rollerôs circumferential speed is less than 

the spreading speed, and super-rolling occurs when the rollerôs 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 Ὀ‏ϳ

πȢςυ 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 areaôs 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 2-4aïd. 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 powderôs 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 2-4fïi. 
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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.(aïd, fïi) Velocity vector fields illustrating powder distribution for a non-rotating roller moving 

at 0.15 m/s during spreading. Subfigures (aïd) show the development of powder dynamics on the trailing 

edge (left side) of the building plate over time, while subfigures (fïi) 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. (aïd, fïi) 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 (aïd) show the development of 

powder dynamics on the trailing edge (left side) of the building plate over time, while subfigures (fïi) 

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. 

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 rollerôs 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 2-6aïd. 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 powderôs 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 2-6fïi. 

 

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 

rollerôs clockwise rotation generates additional velocity at its surface. The x-component of 

this velocity, being in the negative x-direction, contributes to the rollerôs surface speed by 

subtracting the spreading speed and the x-component of the tangential speed. This analysis 

allows us to divide the rollerôs 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. (aïd, fïi) 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 (aïd) show the development of 

powder dynamics on the trailing edge (left side) of the building plate over time, while subfigures (fïi) 

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. 

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 rollerôs 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 2-8aïd. 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 2-8fïi. 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.,ὠ

πȢπςυ ÁÎÄ πȢπυ ÍȾÓ  and become small and discontinuous cavities at a high spreading 

speed (i.e., ὠ πȢρυ ÍȾÓ), as presented in Figure 2-9c,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 rollerôs 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 2-10aïd. 

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 powderôs direction and affects its interaction with the developing powder layer. The 

rollerôs high circumferential speed also pulls additional powder from the heap in front with 

high momentum, dispersing it in opposite directions, as shown in Figure 2-10fïi. 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 2-11fï
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i. Therefore, a high spreading speed and a clockwise rotational speed maintain a stable 

packing density across the building plate. 

 

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. (aïd, fïi) 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 (aïd) show the development of 

powder dynamics on the trailing edge (left side) of the building plate over time, while subfigures (fïi) 

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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Figure 2-11. (aïd, fïi) 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 (aïd) show the development of 

powder dynamics on the trailing edge (left side) of the building plate over time, while subfigures (fïi) 

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 propertiesô 
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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 [17ï19]. 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 



Ph.D. Thesis ï Mohamed Awad Salim 

 

McMaster University - Mechanical Engineering 

 

 

   

 

50 
 

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). 

 

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 (ɤ = 0) and moves solely with the spreading speed, the majority of the particles 

attain velocities approximately equal to the spreading speed (ὠ ὠ). In the case 

of the counter-rotating roller, the addition of circumferential speed increases the rollerôs 

surface speed, thereby enhancing the particle velocities (ὠ ὠ .(‫Ὑ 

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 (ὠ ὠ ‫Ὑ). 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 [4,6,13,19,22ï24]. 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 (ʖ 6 2ϳ ), 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. 

 

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. 



Ph.D. Thesis ï Mohamed Awad Salim 

 

McMaster University - Mechanical Engineering 

 

 

   

 

54 
 

 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 rollerôs 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 

spreaderôs 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. 

 

 

Figure 2-15. Average packing density and mass fraction versus the resultant speed. 

 

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 rollerôs 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 configurationsðnon-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. 



Ph.D. Thesis ï Mohamed Awad Salim 

 

McMaster University - Mechanical Engineering 

 

 

   

 

63 
 

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 [14ï16] utilizes a roller to distribute the powder 

evenly, whereas blade-spreading [17ï19] 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  [15,16,23ï25]. 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 

a reduction 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 [26ï29] 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].  

ά
Ὠὺ

Ὠὸ
άὫ Ὂ 1 

Ὅ
Ὠ‫

Ὠὸ
Ὕ 2 

Where  Ὂ and Ὕ are the total force and torque acting on the particle i, respectively. Besides,  

ά , ὺ, and Ὅ are the mass, velocity, angular velocity, and moment of inertia of particle ‫ 

Ὥ. 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: 

Ὂ
τὉᶻ

σὙz
ὶ τ “ὶ‎Ὁz  3 

where Ὑᶻ, Ὁᶻ, ‎ and r are the equivalent radius, equivalent Young's modulus, surface 

energy and radius of contact area. expressions for  Ὑᶻ, Ὁᶻand 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 µm thickness (ŭ). The 

study conducted by Yao et al. [36] suggests that a spreading velocity of Ò100 mm/s yields 

favourable results for SS316 spreading. So, the Roller moves forward at a set spreading 

speed of 50 mm/sec (ὠ) while also swirling at an angular speed (,during spreading (‫ 

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

ρςπππʈÍ υπππʈÍ.  

 

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.,ὠ  ὠ). 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., ὠ  

ὠ ‫Ὑ) . 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., ὠ  ὠ ‫Ὑ) . In this study, the forward-rotating roller rotates in 

a clockwise direction. Based on the direction and magnitude of the bottom point velocity 

(ὠ), the forward-rotating roller can be further classified into three sub-configurations: 

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

that the rotational speed is lower than the rolling rotational speed (‫ ὠ Ὑϳ ). 

II.  Rolling:  ὠ is zero, meaning the rotational speed matches the rolling rotational 

speed. 

III.  Super-rolling:  ὠ is negative, opposing the spreading direction, signifying that 

the rotational speed exceeds the rolling rotational speed. 

Packing density (”)  and layer thickness ‏ὼ  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 ”ȟ  and surface roughness of the powder 

layer (Ὑ ) provide insights into the uniformity of the powder bed's structure over the 

building plate length. In addition, the mass fraction (ὓὊ) 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,’ 0.3 [36,37] 

bulk density,” 7800 ὯὫȾά  

Young's modulus, E 22 GPa 

Coefficient of restitution, e 0.64 

Coefficient of sliding friction,‘ 0.6 

Coefficient of rolling friction, ‘ 0.085 

Surface energy,‎ 0.001 ὐȾά  [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, Dùŭ), 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, Ὑ) 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 (Ὑ ϳ‏ ). 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 ‫ , particles near the roller surface 

acquire higher velocities, approximately equal to ὠ ‫Ὑ. 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 (ὠ =ὠ ‫Ὑ) 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., ‫ ‫ ), and (c) counter-rotating roller at 

90 rad/s (i.e., ‫ ‫ ). 
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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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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., ‫ ‫ ). 

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 ὼὒ πȢρϳ  to ὼὒϳ πȢψ, 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(Ὀ‏ϳ πȢυ). However, for larger powder sizes 

(Ὀ‏ϳ πȢυ), the packing density undergoes significant fluctuations, beginning at the left 

edge and varying around a lower average value.  In the impact region, starting from 

ὼὒ πȢψϳ  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 (Ὀ‏ϳ πȢυ), the layer thickness remains consistent 

and close to the desired thickness within this stable region. Larger particle sizes (Ὀ‏ϳ

πȢυ) 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. 

 

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 

(”ȟϷ); (b) Normalized layer thickness (ŭ(x)/ŭ,%); (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)‫ πὶὥὨίϳǪὈ‏ϳ πȢςυ ;(b)‫ πὶὥὨίϳǪὈ‏ϳ
πȢυπ;(c)‫ ςπὶὥὨίϳǪὈ‏ϳ πȢςυ;(d)‫ ςπὶὥὨίϳǪὈ‏ϳ πȢυπ;(e)‫ ωπὶὥὨίϳǪὈ‏ϳ

πȢςυ;and(f)‫ ωπὶὥὨίϳǪὈ‏ϳ πȢυπ. 
 










































































































































































































































