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Abstract

Powder bed-based additive manufacturing processes such as laser powder bed fusion, binder jetting, and electron beam
melting are commonly utilized in various critical areas such as medical, aviation, and energy. Common to all these operations,
the powders are first spread onto the build platform in a layer-by-layer fashion and selectively fused or bound with a suitable
method. The quality of the process depends on several parameters, including how the powders are spread onto the build
platform. The powder spreading operation, which involves spreading powders on a powder bed with a roller or spreader, is
an important step in these operations and can affect various process outputs. In this study, powder spreading is numerically
investigated using the discrete element method to determine the effects of layer thickness, rotation, and translation
velocities, selected as parameters with a powder spreader roller. To account for the relationship between powder spreading
parameters and the powder volume packing fraction, as well as the interactions between particles themselves and between
the particles and the build plate, the Hertz-Mindlin contact model, including normal tangential forces, as well as the Johnson-
Kendall-Roberts (JKR) contact model, including the effects of surface energy, were added to the numerical model. A Design
of Experiment combined with analysis of variance (ANOVA) was utilized to gain a broader understanding of the relationship
between process parameters, green density, and dynamic angle of repose.
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Oz

Lazerle toz yataginda flizyon, baglayici pUskiirtme ve elektron isini ile ergitme gibi toz yatagi tabanli yontemler, tibbi, havacilik
ve enerji gibi gesitli kritik alanlarda yaygin olarak kullaniimaktadir. Bu islemlerin hepsinde ortak olarak, tozlar 6nce katman
Uretim platformuna yayilir ve uygun bir yontemle segici olarak ergitilir veya baglanir. Siirecin kalitesi, tozlarin Gretim
platformuna nasil yayildigi da dahil olmak lzere birgok siire¢ parametresine baglidir. Bir merdaneyle veya yayici ile tozlarin
toz yatagina serilmesi islemi olan toz yayma operasyonu, bu islemlerde 6nemli bir adimdir ve yogunluk, ylizey purizlGlGgi
gibi gesitli stireg giktilari tizerinde etkili olabilir. Bu galismada, toz yayma, katman kalinhgi, donis ve gegis hizlarinin parametre
olarak segcildigi bir toz yayici silindiri ile, ayrik elemanlar yéntemi kullanilarak sayisal olarak incelenmistir. Toz yayma
parametreleri ile toz hacim paketleme orani arasindaki iliski, partikillerin kendileri arasinda ve partikil ile Gretim plakasi
arasindaki etkilesimleri dikkate almak i¢in normal ve tegetsel kuvvetleri iceren Hertz-Mindlin temas modelinin yaninda ylizey
enerjisinin etkilerini iceren Johnson-Kendall-Roberts (JKR) temas modeli sayisal modele eklenmistir. Deney Tasarimi ve
varyans analizi (ANOVA) ile birlestirilmis olarak, stire¢ parametreleri ile yogunluk ve dinamik yigin agisi arasindaki iliskiyi daha
genis bir anlayis kazanmak igin kullaniimigtir.

Anahtar Kelimeler: Eklemeli imalat, Toz Serpme, Ayrik Elemanlar Yéntemi, ANOVA

1. INTRODUCTION

Additive manufacturing has been proven to be an effective and versatile approach to produce intricate geometries
from a variety of materials [1]. Its geometric capabilities are beyond comparison with traditional techniques.
Among additive manufacturing processes, powder bed-based processes such as laser/electron beam powder bed
fusion and binder jetting have found numerous critical applications in many industries [2]. In these processes,
powder fed to the system with either a piston-based or hopper-based system is spread onto the build platform using
a spreader. The powder is then selectively melted or bound together by a suitable means depending on the
manufacturing type used. In general, the spreading operation is employed using either a roller, knife, or brush.
Depending on the spreading conditions, final part quality may be affected. Thus, it is imperative to understand the
effects of powder spreading conditions on powder bed quality [3].
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Although the final geometry is obtained after melting
the powder in fusion-based powder bed processes or
after sintering in binder jetting operations, it has been
shown that the powder bed quality can affect the final
part [4]. The powder bed quality also has a detrimental
effect on energy absorption in powder bed fusion [5].
In binder jetting, it can significantly affect the powder-
binder interaction, sintering, and infiltration behavior
[6]. The quality of the powder layer in the powder
spreading process is influenced by the geometry,
motion, and material properties of the spreading tool.
Additionally, the powder feedstock and its
characteristics play a significant role, impacting both
the powder layer quality and, consequently, the final
product's properties and overall quality.

Several studies have examined various aspects of
powder spreading in additive manufacturing using both
experimental and numerical methodologies. For
instance, Onler et al. explored the impact of powder
spreading parameters, alongside other process
variables, in binder jet additive manufacturing. They
found that factors such as layer thickness, roller
rotation direction, and roller transverse velocity
significantly affect both green part densities and quality
[7]. Gilebart et al. highlighted the importance of both
assembling procedures and contact laws in determining
the properties of cohesive powders. Through detailed
simulations, they provided insights that can be used to
better control and predict the behavior of these
materials in practical applications [8]. Maximenko et
al. investigated the influence of powder spreading
parameters on part distortion during binder jetting
using the discrete element method. Their findings
suggested that the distortion of previously deposited
layers depends on factors such as the amount of powder
removed during spreading, the thicknesses of the
deposited layers, and the dimensions of the
manufactured components. Through modeling and
simulation, they provided insights and guidelines for
optimizing the powder spreading process, contributing
to better control over the final dimensions and quality
of binder-jetted parts [9]. Zhang et al. integrated the
discrete element method with neural networks to
develop a powder spreading process map. Their study
highlighted the dominant role of the rotational speed of
the roller in determining the surface roughness of the
spread layer [10]. Additionally, Miyanaji et al.
demonstrated the importance of powder characteristics
in the binder jetting process, showing that particle size,
shape, distribution, and flowability significantly affect
the quality and properties of the fabricated parts. By
optimizing these powder characteristics, manufacturers
can achieve better control over the binder jetting
process and produce high-quality parts. They also
presented a comprehensive study on optimizing the
binder jetting process for printing green parts,
highlighting the importance of binder saturation, layer
thickness, and powder characteristics. By fine-tuning
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these parameters, manufacturers can achieve high-
quality green parts, paving the way for improved final
products after sintering [11,12].

The discrete element method (DEM), pioneered by
Cundall and Strack, has been widely utilized for
particle analysis and simulations across various
systems. Given the difficulties and expenses associated
with experimentally investigating powder spreading,
DEM offers a cost-effective and powerful platform for
understanding powder spreading in  additive
manufacturing. For instance, Parteli and Paschel
developed a numerical workbench to analyze the
effects of surface roughness due to these parameters.
They demonstrated the utility of particle-based
simulations in studying and optimizing the powder
application process in additive manufacturing. By
analyzing the effects of particle properties and
spreading mechanisms, their study provides valuable
insights for achieving better control over powder layer
quality, ultimately enhancing the performance and
reliability of additive manufacturing processes [13].
Meanwhile, Mindt et al. monitored the load during the
spreading process of titanium alloy powder. They
highlighted the often-overlooked importance of powder
bed layer characteristics as a primary input in additive
manufacturing. By demonstrating how these
characteristics influence final part quality, their study
calls for improved control and optimization of the
powder bed layer to achieve better outcomes in AM
processes [14]. Haeri et al. investigated the effects of
speed parameters on coating and plate displacement,
revealing that cylindrical spreaders are superior to
blade types in terms of powder packing density. Their
study demonstrates the potential of using DEM
simulations to optimize blade-type spreaders for
powder bed preparation in additive manufacturing. By
identifying the optimal blade design and operational
parameters, they provide valuable insights for
improving the uniformity and quality of powder layers,
ultimately enhancing AM process performance [15].
Chen et al. and Meier et al. employed DEM-based
numerical models to investigate particle dynamics and
the powder recoating process, respectively, validating
their findings with experiments [16]. Nan et al. studied
friction-induced jamming in powders experimentally
and incorporated these findings into simulations [17].
Fouda et al. analyzed the effects of particle material and
spreader type on packing density, emphasizing process
parameters and system mechanisms. Their study
examines the behavior of powder particles during the
spreading process and identifies factors influencing the
uniformity and density of the powder layer. Key
findings highlight the importance of particle size,
shape, and cohesion in achieving a consistent powder
bed, which is crucial for the quality of the final
manufactured parts. Their results provide insights for
optimizing the spreading process to improve additive

manufacturing outcomes [18]. Han et al. developed a
systematic approach to determine the optimal layer
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thickness considering packing density, correlating it
with microstructure and tensile strength. Their study
investigates how parameters such as particle size
distribution and spreading speed affect the thickness
and uniformity of the powder layer. The findings
indicate that optimal control of these parameters can
lead to more consistent layer thickness, which is
essential for high-quality additive manufacturing parts
[19]. Phua et al. calibrated particle properties using
DEM-based  models, matching  experimental
measurements. Their results demonstrate how surface
roughness and features impact the uniformity of new
powder layers [20]. Gurnon et al. proposed a multi-
layer DEM model, contrasting with single-layer
studies, and validated it experimentally. Their findings
emphasize that precise control of spreading dynamics
is essential for achieving high-quality powder layers,
which in turn influence the final part properties [21].
Chen et al. introduced a counterclockwise rotating
roller in DEM-based analysis, offering new insights
into physical mechanisms [22], while Valerio et al.
elucidated spreading operations using a numerical
DEM model [23].

As summarized above, powder spreading plays a
crucial role in  powder bed-based additive
manufacturing processes. Although various aspects of
powder spreading have been comprehensively
investigated in the literature, discrete element-based
approaches can be further useful for improving powder
spreading without incurring experimental costs. Hence,
this study focuses on the statistical analysis of
spreading parameters on powder bed quality. To
achieve this, a full factorial design of experiment-based
DEM simulations has been carried out. Analysis of
Variance (ANOVA)-based statistical investigations
were performed to identify the relationship between
spreading parameters and both powder density and the
dynamic angle of repose.

The optimization of powder spreading in powder bed-
based additive manufacturing processes is crucial for
ensuring high-quality output in critical applications
such as medical implants, aerospace components, and
energy systems. Despite the significant role of powder
spreading, there is limited understanding of how
specific parameters like layer thickness, roller rotation
and translation velocities impact the final product's
quality. This study addresses this gap by employing the
discrete element method (DEM) to numerically
investigate these effects, incorporating advanced
contact models to capture the intricate interactions
between particles and the build platform using a design
of experiment, ANOVA and response surface method
(RSM) based statistical approaches. This study
approach provides deeper insights into the mechanics
of powder spreading, enabling better control and
optimization of additive manufacturing processes,
ultimately leading to enhanced product performance
and reliability.
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1. METHOD

2.1. Discrete Element Method

The Discrete Element Method (DEM) is a powerful
numerical technique employed to simulate systems
composed of numerous discrete particles [18]. A
typical DEM simulation begins with the initialization
phase, where particles are spatially oriented and
assigned initial velocities. This is followed by the
explicit time-stepping phase, where forces acting on
each particle are computed based on initial conditions,
physical laws, and contact models. Nearest neighbor
sorting is periodically conducted during this phase to
reduce computational complexity by limiting the
number of potential contact pairs. Forces considered in
macroscopic simulations include friction, contact
plasticity or recoil, gravity, and various attractive
potentials such as cohesion, adhesion, liquid bridging,
and electrostatic attraction.

2.2. Governing Equation

A ‘super-spherical approach’ was used for the particle
type because powders exhibit very dense particle flow
and require effective layering during the spreading
process [22,24]. In this layering process, the motion of
powder particles is governed by Newton's second law
of motion, which describes the individual translational
and rotational motion of particles. As depicted in
Figure 1, the equations governing the motion of each
particle in the system at time 't', arising from
interactions with other particles 'j' present in the system
or with other components, can be expressed as follows:

du;
m—t = G+ Z(F;; +FY)
7

(1)

dw;
iz = Z(Tf.ii + ) )
J

Where uj, li, mj and w; are, respectively, translational
velocity, moment of inertia, the mass, and rotational
velocity of particle i; Fj and Fj; are, respectively, the
normal and tangential interaction forces between
particle i and j. Gj is the gravitational force of particle
i. The normal and tangential forces inherent in the
system can be derived directly from the contact and
damping force formulas, i.e., Fj} = F; + F};; and
Fjj = F¢;j + Fq;;. Then, the model proposed by Tsuji
et al [25], this model is also based on the Hert-Mindlin
contact force model, simplified for ease of use, which
makes an acceptable accuracy demonstrate of the
particle dynamic behavior during the particle contacts
[26], is applied to calculate the damping forces (Fg';;
and Fg;;) and tangential contact forces F_;; as a result
of the deformation of the particles. Ty;; is the torque
which is formed by the contact forces driving the other
particle which cause particle i to rotate, and T, ;; is the
rolling friction torque that opposes to the rotation of
particle i.
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Van der Waals forces begin to dominate when the
diameters of the particles in the system are smaller than
100 microns. Consequently, calculating cohesion
forces between particles becomes necessary. The JKR
contact model addresses this requirement. The JKR
contact model is essentially an extension of the Hertz-
Mindlin contact model, designed to calculate contact
forces acting on elastic and adhesive particles.
Equations 3 and 4 are used to determine the contact
radius and pull-off force, respectively.

2 1/2

a Tya
«=5~2(%) @)
4E*ad
Fy = g = A(ryE"a®)'/? (4)

Where a, y and E are circular are of radius, surface
energy and young modulus, respectively.

Particle i

Particle ;

Boundary

Figure 1. lllustration of force and torque for two
interacting super-spherical particles

2.3. Material

To simulate particle dynamic behaviors and their
fundamentals using DEM, the material properties and
conditions must be accurately described and input into
the program as parameters and boundaries. Although
some of these parameters are challenging to measure
[27], they are often sourced directly from the literature
[18,28].

In this study, Ti6Al4V (Titanium Alloy), which is
widely used in additive manufacturing, is employed to
provide a common basis for comparison. The physical
and mechanical properties of the particulate material
required for the simulations are listed in Table 1. These
properties are characterized by their specific
applications and have been defined in previous studies.
Commercial steel is chosen as the material for the build
plate [29].
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Table 1. Properties and input parameters of Ti6AI4V
(Titanium Alloy) material [18]

Properties Clearance

Particle Material Density (kg/m?®) 4300
Walls Material Density (kg/m®) 8500
Particle Shear Modulus (MPa) 1
Particle Poisson Ratio 0.3
Wall Shear Modulus (MPa) 1
Wall Poisson Ratio 0.3
Particle-Particle Coefficient of Restitution 0.5
Particle-Wall Coefficient of Restitution 0.5
Particle-Particle Coefficient of Sliding Friction 0.5
Particle-Wall Coefficient of Sliding Friction 0.5
Particle-Particle Coefficient of Rolling Friction 0.01
Particle-Wall Coefficient of Rolling Friction 0.1

2.4. Particle Size Distribution and Layer Thickness
Particle size distribution is a critical parameter for the
spreading operation and has both positive and negative
effects on packing fraction. Various particle
distribution methods are used in the literature, such as
random, half-normal, log-normal, and linear-normal
distributions. For a more precise simulation, gas-
atomized Ti-6Al-4V powders were considered. Particle
size distributions were measured using a particle size
analyzer (Mastersizer-2000, Malvern), and particle
morphology was assessed using scanning electron
microscopy (XL30 SFEG, Philips). As shown in Figure
2, the particle diameter distribution is approximately 50
microns, with particles close to this diameter occupying
most of the total volume. Among the investigated
particle distributions, the log-normal size distribution
was found to be more representative of the actual
conditions than the others. Therefore, the particle
diameter distribution was chosen based on the log-
normal size distribution [30].

Volume (%)

10 El 50 70 90 110 130 150
Particle Size (um)
Figure 2. A sample particle size distribution of Ti-
6Al-4V powders considered in the simulation

In this study, the particle diameter was set to 50
microns, and the log-normal size distribution was
defined with a standard deviation of 0.05 and a mean of
zero for all materials. As shown in the scanning
electron microscopy images in Figure 3, the particles
are predominantly spherical, with a small number of
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satellite-shaped particles. Therefore, super-spherical-
shaped particles were modeled, consistent with
approaches used in the literature [8].

) Wl .
Figure 3. Scanning Electron Microscopy images of
Ti-6Al-4V particles considered in the study

(@)

Powder
Heap

Building (b)

Plate

Powder
Bed

Roller

Figure 4. DEM simulation set-up showing roller,
feedstock and building plate (a) before, and (b) after
the spreading operation for one layer

2.5. Simulation Setup

A powder spreading system, featuring a spreader and a
build plate, is commonly used in production methods
such as Selective Laser Melting (SLM), Binder Jetting
(BJ), and Selective Electron Beam Melting (SEBM).
This system, modeled as shown in Figure 4, consists of
three main components: the roller, the powder heap,
and the build plate, which defines the layer geometry
by providing the desired depth. As illustrated in Figure
4(a), powders are produced at a rate of ten thousand
units per second using a virtual plate positioned
appropriately within the system. These powders are
deposited in front of the roller under the influence of
gravity, forming a heap. After the heap is formed by the
virtual plate, the roller rotates at a specific angular
velocity and moves forward at a set translational speed
to fill the gap created by the layer thickness on the build
plate, thereby forming the powder bed, as shown in
Figure 4(b). Another critical physical parameter is the
vertical gap between the roller and the build plate,
which directly impacts the system. This gap affects the
packing density of the deposited powder and its surface
roughness, which corresponds to the vertical resolution
of the 3D printed component. In the simulations
performed for this study, the gap was maintained at a
constant 50 microns, a standard value used in typical
electron beam melting (EBM) machines [31,32]. This
standardization ensures consistency and allows
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meaningful comparisons between simulation results
and real-world manufacturing processes.

The discrete element method (DEM) is a numerical
technique well-suited for predicting the motion of
individual powder particles and their dynamics during
the powder spreading process. Due to these
capabilities, DEM has been used extensively in
simulations. In this paper, varying simulations were
conducted using the DEM software EDEM® provided
by Altair. To achieve more accurate results, the Hertz-
Mindlin and Johnson-Kendall-Roberts (JKR) contact
models were employed to determine interactions
between particles and between particles and walls.

2.6. Simulation Parameters

In this study, we employed a full factorial design of
experiments approach, incorporating layer thickness,
rotational speed, and translational speed as key factors.
The layer thickness values chosen were 100, 120, 130,
and 140 um. The roller rotational velocities were set at
150, 200, and 250 rpm, while the roller translational
velocities were set at 10, 20, and 30 mm/sec. These
parameter choices were informed by previous studies
[18,23,33]. With 4 levels of layer thickness and 3 levels
each of rotational and translational velocities, a total of
36 simulations were conducted to thoroughly explore
the parameter space and analyze their effects on the
system.

Figure 5. Virtual measurement of dynamic angle of
repose

2.6.1. Dynamic angle of repose and packing fraction
measurements

The dynamic angle of repose for different rotational
and translational velocities at each layer thickness was
measured by capturing screenshots at various time
intervals, ensuring that the rollers were in identical
positions. To pinpoint the precise moment for
determining the dynamic angle of repose, all time steps
of the simulation were carefully reviewed. The specific
moment when the powders first filled the space
designated for the layer thickness, as shown in Figure
5, was identified as the time to reach the steady state,
as suggested by [34]. This approach enabled a precise
assessment and analysis of the dynamic angle of repose
under the varying experimental conditions.
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|gure 6. Virtual box employed for measurement of
volume packing fraction

In this study, the volume packing fraction defined as the
percentage of the total volume of powders within a
given unit volume was measured for different rotational
and translational velocities at each layer thickness. This
measurement was conducted using a virtual box within
the EDEM simulation environment, as shown in Figure
6. The density sensor box was designed to fully
encompass the layer thickness to ensure accurate
density measurements. The positioning of the layer
thickness for density determination was carefully
aligned to cover the entire layer thickness, in
accordance with established practices [16,35]. This
approach enabled a precise and thorough assessment of

the volume packing fraction under various
experimental conditions.
2 Layer Thickness [microns] Rotational Velocity [rpm] Transitional Velocity [mm/s]
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Figure 7. Virtual box employed for measurement of volume packing fraction
2.6.2. Analysis of Variance identical individual simulation parameter. Fon

To assess the impact of the examined parameters, we
utilized a commonly employed statistical method
known as Analysis of Variance (ANOVA). ANOVA is
frequently used to ascertain if there are any statistically
significant distinctions among the means of various
groups. Statistical comparisons were conducted using a
two-tailed Student's t-test, with a significance threshold
of p < 0.05. Additionally, to better interpret the
ANOVA outcomes beyond mere statistical
significance, we calculated the relative contributions of
spreading parameters and their interactions [36]. The
ANOVA results pertaining to parameters with
substantial contributions were subsequently tabulated
and graphically represented.

I11. RESULTS

3.1 Dynamic Angle of Repose

Figure 7 illustrates the main effects of how spreading
parameters influence the dynamic angle of repose,
which consistently ranges from 23° to 32° under
various conditions. In this figure, the y axis shows the
mean of the simulations results generated using the

instance, the first point corresponding to 100 um layer
thickness considers all the rotational and transitional
velocity combinations with 100 umm layer thickness.
The angle of repose was found to increase linearly with
layer thickness. In contrast, rotational and translational
velocities did not show a consistent trend in the angle
of repose. To validate these observations, an Analysis
of Variance (ANOVA) presented in Table 2 assessed
the effects of three key parameters: layer thickness,
rotational velocity, and translational velocity. In this
table, DF represents degree of freedom, Adj SS
represents adjusted sum of squares and adj MS
represents adjusted mean of squares. The F-value is the
ratio of the variance between the group means to the
variance within the groups. The p-value, or probability
value, is a measure used in statistical hypothesis testing
to determine the significance of the observed results
[37]. A significance level of 0.05 is used to determine
the significance of the investigated factor. Layer
thickness was identified as the most significant factor,
accounting for 55.91% of the total variation, with a
highly significant F-value of 110.55 (p < 0.001).
Rotational velocity, however, had minimal impact,

283



Powder Spreading in AM

Int. J. Adv. Eng. Pure Sci. 2024, 36(3): <278-289>

contributing only 0.01% of the variation with a non-
significant F-value of 0.03 (p = 0.868). Translational
velocity similarly contributed 0.11% of the variation,
supported by an insignificant F-value of 16.580 (p =
0.645). Additionally, the squared term of translational
velocity showed a significant effect with an F-value of
46.46 (p = 0.000), accounting for 23.45% of the
variation. The unexplained variation, indicated by the
error term contributing 13.15%, highlights the
complexity of the analysis. Overall, these findings
emphasize the substantial influence of layer thickness
on the dynamic angle of repose, consistent with
existing literature [23], and underscore the minimal
effect of rotational velocity in this context.

According to the results in the table, a response

surface method equation was found to be as follows:

AoR = 30,1+ 0,051LT + 0,0118RV — 1,526TV
—0,000292LT * LT
—0,000102RV * RV

+0,02642TV = TV + 0,000201LT

* RV + 0,00353LT TV
+ 0,000103RV = TV

Table 2. Analysis of variance for dynamic angle of repose (AoR).

(5)

Source DF Contribution Adj SS Adj MS F-Value P-Value
Model 9 86,85% 206,005 22,889 19,08 0,000
Linear 3 56,03% 132,907 44,302 36,93 0,000
Layer Thickness (LY) 1 55,91% 132,612 132,612 110,55 0,000
Rotational Velocity (RV) 1 0,01% 0,034 0,034 0,03 0,868
Translational Velocity 1 0.11% 0,261 0,261 022 0,645
(TR)
Square 3 23.97% 56.856 18.952 15.80 0.000
LT*LT 1 0.21% 0.492 0.492 041 0.527
RV*RV 1 0.22% 0.517 0.517 0.43 0.517
TV*TV 1 23.54% 55.847 55.847 46.56 0.000
2-Way Interaction 3 6.85% 16.242 5.414 451 0.011
LT*RV 1 0.51% 1.211 1.211 1.01 0.324
LT*TV 1 6.32% 14.989 14.989 12.50 0.002
RV*TV 1 0.02% 0.042 0.042 0.04 0.853
Error 26 13.15% 31.188 1.200
Total 35 100.00%
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Figure 8. Parameters effect on volume packing fraction [%]

3.2. Bulk Density/Packing Fraction

Figure 8 provides insight into the main effects of
volume packing fraction revealing that, under the
investigated simulation parameters, increasing layer
thickness and translational velocity lead to a significant
decrease in volume packing fraction, while rotational
velocity tends to increase it, consistent with findings by
Haeri et al. [15] Zhang et al [30]. In their study, the
translational velocities ranged from 40 mm/s to 160
mm/s and the volume packing fractions corresponding
to these velocities ranged from 0.53 to 0.45,
respectively. In the same study, when the effect of layer
thickness on the volume packing fraction is considered,
the volume packing fraction increases between 0.15
and 0.5, corresponding to a layer thickness of 50
microns and a layer thickness of 175 microns.
However, the effect of rotational speed on volume
packing fraction was found to be very small compared
to other parameters. Fouda et al. also revealed similar
findings. In their study, volume packing fractions
corresponding to translational velocity speeds between
10 mm/s and 100 mm/s ranged between 47.5% and
25%. It is clearly seen that the increasing of
translational velocity of roller reduces the packing
volume fraction [18]. A similar situation was also
found in this, the upper and lower values of volume
packing fraction are determined to be 2800 kg/m? and
2600 kg/m3, respectively. Table 3 presents the ANOVA
results for volume packing fraction, offering further
clarity on the influencing factors. Layer thickness
emerges as a significant contributor, explaining 18.29%
of the total variation with a highly significant F-Value
of 124,28 (p < 0.001). Although rotational velocity
demonstrates statistical significance, its impact is
relatively modest, accounting for 3.69% of the
variation (F-Value = 25.09, p = 0.007). In contrast,
translational velocity emerges as the most influential
factor, explaining a substantial 65.90% of the total
variation, supported by a remarkably high F-Value of
447,86 (p < 0.001). Despite its lesser significance,
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rotational velocity still plays a discernible role. Overall,
this analysis underscores the significant influence of
layer thickness and translational velocity on volume
packing fraction, highlighting the complexity of the
system.

According to the results in the table, a response surface
method equation was found to be as follows:

VPF =70,03+ 0,0766RV — 0,5128TV + 0,000257LT
* LT — 0,000082RV * RV
+0,00522TV = TV — 0,000181LT
* RV + 0,001881LT =TV
— 0,000589RV * TV

(6)

The literature commonly suggests that the dynamic
angle of repose tends to increase with higher
translational velocities. This trend typically indicates
more challenging particle flow, leading to increased
volume fraction and decreased production quality
[38,39]. However, contrary to these expectations, this
study did not yield clear statistical results regarding the
dynamic angle of repose concerning the primary
parameters. Notably, only the influence of layer
thickness on the dynamic angle of repose was evident.
As depicted in Figure 8, the effect of spreading
parameters on volume packing fraction shows a very
clear distribution, whereas no clear results were
obtained for the effect on the dynamic angle of repose.
Consequently, a direct correlation between increased
layer thickness and the rise in the dynamic angle of
repose is established. Nevertheless, despite this insight,
a definitive relationship with volume packing fraction
remains elusive.

In contrast to the statistical analysis regarding the
dynamic angle of repose, notable findings emerge from
the volume packing fraction analysis, demonstrating
distinct results based on the parameters. The analysis
reveals significant changes according to the three
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primary parameters considered, suggesting meaningful ~ findings from numerous studies in the literature (e.g.,
relationships. As summarized in Figure 7, translational ~ [4,21,40,41]), further emphasizing the substantial
velocity notably influences volume packing fraction  impact of translational velocity on volume packing
more than other factors. This observation aligns with  fraction.

Table 3. Analysis of variance for volume packing fraction (VPF)

Source DF Contribution Adj SS Adj MS F-Value P-Value
Model 9 96.17% 110.268 122.520 72.63 0.000
Linear 3 87.88% 100,756 335.852 199.08 0.000
Layer Thickness (LY) 1 18.29% 20.967 209.669 124.28 0.000
Rotational Velocity (RV) 1 3.69% 4.233 42.333 25.09 0.000
Translati(c_)lps; Velocity 1 65.90% 75555 755,554 447.86 0.000
Square 3 2.53% 2.895 0.9651 5.72 0.004
LT*LT 1 0.33% 0.379 0.3792 2.25 0.146
RV*RV 1 0.29% 0.338 0.3379 2.00 0.169
TV*TV 1 1.90% 2.178 21.783 12.91 0.001
2-Way Interaction 3 5.77% 6.617 22.058 13.08 0.000
LT*RV 1 0.86% 0.983 0.9832 5.83 0.023
LT*TV 1 3.70% 4.246 42.457 2517 0.000
RV*TV 1 1.21% 1.389 13.885 8.23 0.008
Error 26 3.83% 4.386 0.1687
Total 35 100.00%
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IV. CONCLUSIONS

This study numerically investigates the powder
spreading behavior of Ti-6Al-4V alloy using the
discrete element method, considering full factorial
combinations of four levels of layer thickness, three
levels of rotational velocity, and three levels of
translational velocity. The simulation results were
further evaluated using ANOVA. In conclusion, our
investigation into the dynamic angle of repose and
volume packing fraction reveals the intricate interplay
between spreading parameters and  material
characteristics. Regarding the dynamic angle of repose,
our findings align with existing literature, highlighting
the pronounced influence of layer thickness and
translational velocity. Notably, while rotational
velocity showed statistical insignificance, layer
thickness and translational velocity significantly
affected the dynamic angle of repose, with translational

287

velocity emerging as the most influential factor.
However, contrary to expectations, no clear statistical
results were obtained for the dynamic angle of repose
concerning the main parameters, underscoring the
complexity of the system. In contrast, our analysis of
volume packing fraction reveals distinct results based
on the parameters, with translational velocity exerting
the most significant influence. Increasing layer
thickness and translational velocity led to a notable
decrease in volume packing fraction, while rotational
velocity tended to increase it, consistent with previous
research. These observations highlight the multifaceted
nature of volume packing fraction determination, with
translational velocity emerging as a key determinant.
Overall, our study emphasizes the importance of
considering multiple factors in understanding both the
dynamic angle of repose and volume packing fraction.



Powder Spreading in AM

Int. J. Adv. Eng. Pure Sci. 2024, 36(3): <278-289>

It provides valuable insights into the complex dynamics
of granular materials used in additive manufacturing.
Further research into areas such as powder morphology
variation and binder/powder interactions during
spreading could enhance our understanding of particle
behavior and inform the optimization of production
processes. This study examined the spreading of the
first layer in general. In fact, powder bed additive
manufacturing methods involve the formation of
multilayers and after each layer is spread, the binder is
sprayed in binder jetting, while in applications such as
electron beam melting and laser beam melting, each
spread layer is molten. As a result of spraying the
binder or melting the powder, the volume packing
fraction of the layer changes and even the layer
thickness decreases. Even such changes can be
parameterized and added to the model. Improving the
model used and studying this multilayer formation can
lead to much more accurate results. In addition, due to
the use of metal powders in this type of application,
there is a magnetic attraction or repulsion between the
powders. This may even occur between the powders
and the binder. Such effects can also be added to the
numerical model to produce better simulations that
converge to reality.
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