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The quality of parts manufactured by laser powder bed fusion is closely related to the uniformity and
density of the powder bed. In this work, the discrete element method is used to simulate the powder
spreading process by different spreader geometries with rough substrate surfaces. The results indicate
that reducing the spreader inclination angle significantly increases the number of force chains, enhances
compaction, and consequently improves the quality of the powder bed. Studies also show that opti-
mizing the bottom structure of the spreader can effectively reduce exposed areas. An arc-shaped
structure promotes particle packing and filling, improving the powder distribution characteristics. A
narrow spreader significantly affects the packing density of the powder bed at low layer gaps, whereas a
wide spreader is relatively less constrained. At high spreading speeds, the spreader with an inclination
angle of 135° produces the highest quality of the powder bed. R1000 performs excellently at larger layer
gaps. The above findings provide valuable guidance for optimizing powder spreading strategies in the

laser powder bed fusion process.
© 2025 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al
training, and similar technologies.
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1. Introduction and density directly influence the laser melting efficiency and the

stability of part performance (Ali et al., 2022; Qin et al., 2024;

Laser powder bed fusion (LPBF), as an important process in
additive manufacturing, has gained significant attention for its
capability to produce high-precision and high-performance com-
ponents. It is widely applied in aerospace, biomedical, and auto-
motive manufacturing industries (Bremen et al., 2012; Ngo et al.,
2018; Zhao et al., 2022). The core principle of the LPBF process is
to use a high-energy laser beam to selectively melt metal powder
layer by layer on the powder bed, thereby constructing the desired
components (Khairallah et al., 2016; Murr et al., 2012). The quality
of the powder bed is critical to the LPBF process, as its uniformity
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Wang et al.,, 2023).

During the LPBF process, various factors influence the quality of
powder beds, including particle-related properties (e.g., size dis-
tribution, powder morphology, and adhesions), operation-related
parameters (e.g., powder spreading speed, layer thickness, and
spreader shape), and substrate-related characteristics (Cao et al.,
2021; Miao et al., 2022; Salehi et al., 2023). Among these factors,
the geometry of the spreader, as a key operational parameter, has a
significant impact on powder distribution and flow behavior (Phua
et al.,, 2021). Spreader with different geometries (such as roller or
spreader) vary in contact angle, edge shape, and interaction mode
with the powder, leading to differences in the characteristics of
powder layer regarding to thickness, surface roughness, and den-
sity (Gao et al., 2024; Sehhat & Mahdianikhotbesara, 2021). In
recent years, the impact of spreader geometries on powder
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spreading quality has garnered increasing attention. Nan and Gu
(2020) found that roller-based spreading results in a smaller to-
tal particle volume than spreader-based spreading, and it is more
sensitive to variations in particle surface energy. Cao (2019) further
pointed out that compared to vertical and chamfered spreaders,
non-rotating roller spreading achieves the highest packing density
and the best bed uniformity. Furthermore, Wang et al. (2021, 2022)
found that compared to vertical spreaders, spreaders with curved
or inclined surfaces can deposit more particles within a compact
space, while rollers perform better at larger layer gaps. This is
because smaller inclination angles and larger curvature radius
help create a buffer zone to store powder, ensuring uniform
spreading while reducing particle collisions. Regarding the effect
of spreader inclination angle, Li et al. (2024) discovered that when
the spreader inclination angle is less than 90°, the packing density
of the powder bed decreases with increasing inclination angle,
while the surface roughness first decreases and then slightly in-
creases as the inclination angle grows. Similarly, Yao et al. (2021)
observed that the packing density and uniformity of the powder
bed exhibit a trend of initially increasing and then decreasing with
the increase in spreader angle. In addition, Li et al. (2020) found
that compared to double-cylinder spreaders, super-elliptical
spreaders increase the contact area, reduce disturbance and
dilatancy effects, and effectively improve the quality of the powder
bed. Meanwhile, Haeri (2017) and Wu et al. (2022) further
improved powder bed quality by optimizing the geometric design
of spreader profiles, providing new directions for spreader design
optimization.

The studies shown above indicate that the types of spreaders
and their design parameters (such as spreader inclination angle)
have a significant impact on powder spreading behavior. However,
these studies primarily analyze the influence patterns and un-
derlying mechanisms of powder spreading performance based on
smooth substrate surfaces. In practice, the substrate surface where
powder deposit is generated from the melting and solidification of
previous powder layer, hence it might display various roughness
(Chu et al., 2023). The interactions of different spreaders on rough
substrate surfaces require further in-depth investigation. There-
fore, this study employs the discrete element method to quanti-
tatively investigate the powder spreading performance of different
spreader geometries under rough substrate conditions. The study
focuses on analyzing the effects of the geometric characteristics of
spreader and operational parameters on powder spreading
behavior in terms of powder bed packing density, uniformity, and
particle flow behavior. By comparing the performance of different
spreaders under rough substrate conditions, this study provides a
theoretical foundation for the design optimization of spreaders
and the improvement of additive manufacturing process.

2. Model description and simulation conditions
2.1. DEM

Discrete element method (DEM) (Cundall & Strack, 1979; Tsuji
et al., 1992) is a numerical approach used to simulate the dynamic
behavior of particulate systems by tracking the motion of indi-
vidual particles within the system. In the DEM, the interaction
forces between particles mainly consist of normal and tangential
viscoelastic contact forces, friction, and cohesive forces, such as
van der Waals force. The motion of particles is divided into
translational and rotational components, governed by Newton's
second law:
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dv; .
mi% = Z]I'(:I (fc,ij + fdlj) +m;g (1)

do; .
=70 (M + M, ) (2)

where v; and o; represent translational and rotational velocities of
the particle i respectively, and k. is the number of particles inter-
acting with particle i. The simulated forces include the particle
weight m;g, and inter-particle forces, such as elastic contact force
fjj, viscous damping force f; ;. These contact forces are resolved
into normal components and tangential components. The torque
acting between particle i and particle j is divided into rotational
torque (M, ;) and rolling friction torque (M, ;). M ; is induced by
tangential forces, causing particle i to rotate, while M, ; is gener-
ated by rolling friction, opposing the relative rotation of particle i.

The contact forces between particles are typically described by
the Hertz-Mindlin contact model (Hertz, 1882; Mindlin, 1949;
Mindlin & Deresiewicz, 1953), which decomposes the contact
force into normal and tangential components, corresponding to
the elastic deformation and frictional properties of the particles,
respectively. The normal force is based on Hertzian contact theory,
reflecting the force generated by elastic deformation during par-
ticle contact. Note that the normal contact force must also account
for the adhesive forces between powder particles. This study
employs the van der Waals force model based on Hamaker theory
to describe particle adhesion. Van der Waals force, an intrinsic
attractive force between materials, can be calculated using the
following equation (Hamaker, 1937; Lifshitz & Hamermesh, 1992):

5+in il (rﬂrrj)z
d2 — (rifrj)
(3)

where H is the Hamaker constant, which determines the magni-
tude of the force, and d is the distance between the centers of
particles i and j. When the closest distance between the surfaces of
two particles exceeds 1 pm, the van der Waals force becomes
negligible as it is several orders of magnitude smaller than gravity
and is thus excluded from this simulation.

2T,‘ rj

d2z— (ri+rj)2 d2 — (ri - rj)

1 2rir;

2.2. Simulation conditions

In this work, the particles used are Ti-6Al-4V (TC4) titanium
alloy powders, with their actual morphology shown in Fig. 1(a).
Considering that highly spherical powders prepared via gas at-
omization are commonly used in LPBF, the particle shape is
assumed spherical in this work (Chen et al., 2019; Roy et al., 2024).
The particle size distribution of the TC4 powders is shown in Fig. 1
(b). In this study, multiple spreaders were designed, as shown in
Fig. 1(c). All spreaders have a height of 2000 pm. Spreaders A to
E have inclination angles of 30°, 45°, 90°, 120°, and 135°, respec-
tively. All spreaders share the same width and a length of 50 pm.
Spreaders F to H are structurally modified based on the vertical
spreader (C). The bottom of spreader F has a length of 20 pm along
the x-direction, while spreaders G and H feature an arc-shaped
bottom design with radii of 30 um and 60 pum, respectively.
Spreaders I to L are designed by increasing the thickness of
spreaders C and F to H, aiming to examine the effect of spreader
thickness on powder spreading performance. Among them, the
bottom of spreader ] has a length of 1000 pm along the x-direction,
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Fig. 1. (a) SEM image of Ti-6Al-4V powder; (b) particle size distribution of the powder used in the simulation; (c) spreaders A-E correspond to 30°, 45°, 90°, 120°, and 135°;
spreaders F-H correspond to cut-blade, R30, and R60; spreaders I-M correspond to wideblade, cut-wideblade, R1000, R2000, and half-roundblade, respectively; (d) powder
spreading substrate illustration (Note that the substrate roughness of the rough region was characterized using the maximum peak height S, which is S, = 60 pm in this model).

while spreaders K and L feature an arc-shaped bottom design with
radii of 1000 pm and 2000 pm, respectively. Spreader M is a semi-
circular spreader with a radius of 1000 pm.

The powder spreading substrate used in this study is divided
into smooth and rough regions, as shown in Fig. 1(d). The smooth
region is located at the front of the substrate, while the rough
region at the rear simulates the solid-state forming zone. The
rough substrate features a surface texture with an angle of 45°
relative to the powder spreading direction. The TC4 particle pa-
rameters used in the simulation (He et al.,, 2021) are shown in

Table 1

TC4 powder parameters used in the simulation.
Parameter Value
Particle size, d 13-80 pm
Particle density, p 4430 kg/m3
Coefficient of sliding friction, yg 0.3
Coefficient of rolling friction, 0.01
Young's modulus, Y 1.1 x108 Pa
Coefficient of restitution, e 0.4
Poisson's ratio, v 0.3
Hamaker constant, H 1.2 x10729 ]
Time step 0.005 ps
Spreading speed 0.025-0.15 m/s
Layer gap 120-250 pm
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Table 1. In the process of material parameter calibration, the
angle of repose serves as a key indicator for evaluating the ratio-
nality of powder parameters and the validity of the model. Using
the powder deposition simulation method proposed by Wang et al.
(2020), this work obtained an angle of repose of 25°. Compared to
the reported range of 24°-29° in the literature (He et al., 2021;
Meier et al., 2019), the simulated result falls within a reasonable
range, demonstrating the rationality and validity of the con-
structed particle model and selected material parameters.

2.3. Powder layer characterization

The powder layer characteristics are presented by packing
density and uniformity in this work. As shown in Fig. 2, a cubic
region is set 500 pm away from the fixed spreader to calculate the
packing density (p) of the particles within this region. The packing
density is defined as the ratio of the particle volume to the cube
volume (p = Vygtictes/Veuve)- BY continuously collecting data dur-
ing the movement of the spreader, the average packing density
Pavg» Which reflects the powder layer's compactness, and the co-
efficient of variation ¢,., which characterizes the powder layer's
uniformity, are calculated. The corresponding formulas are as
follows:
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Fig. 2. Schematic diagram of the cubic region used to quantify powder layer characteristics during the powder spreading process.
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where n represents the number of packing density p measure-
ments collected during data acquisition, and ¢, denotes the
standard deviation of the average packing density ¢,,. These two
indicators are commonly used to describe the macroscopic pack-
ing characteristics of the powder layer (Si et al., 2021). In general, a
larger ¢g,; and a smaller ¢, indicate that the powder layer has
higher density and better uniformity (Yao et al., 2021).

3. Results and discussion
3.1. Effect of spreader geometries on powder distribution

Fig. 3 shows the top-view simulation results of powder
spreading under different spreaders conditions. On a smooth
surface, the top view does not clearly indicate which spreader
achieves the best spreading performance. On the rough surface, it
can be observed that for spreaders A-E, as the spreader inclination
angle increases, a large number of void defects appear in the
powder bed. Spreaders F-H, due to the adjustments in their bot-
tom structure, show some improvement in reducing exposed areas
on the substrate surface compared to spreader C. Spreaders I-M,

I GG Mmoo w >

=Er X«

Fig. 3. Comparison of spreading results for different spreaders: spreaders A-E
correspond to 30°, 45°, 90°, 120°, and 135°; spreaders F-H correspond to cut-blade,
R30, and R60; spreaders I-M correspond to wideblade, cut-wideblade, R1000,
R2000, and half-roundblade.
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through the optimization of the wide spreader bottom structure,
significantly enhance the powder bed packing performance.

To visually illustrate the variation in powder coverage within
the rough region, we conducted a quantitative analysis of the
uncovered areas in the powder bed. Figs. 4(al)-(a3) show the
proportion of exposed area in the rough region relative to the
entire area in each powder bed. As shown in the figure, as the
spreader inclination angle increases from 30° to 120°, the exposed
area fraction rises from 14.4 % to 33.7 %. When the angle further
increases to 135°, the exposed area fraction slightly decreases to
30.8 %. For narrow spreaders such as 90°, cut-blade, R30, and R60,
the exposed area fraction gradually decreases from 31.8 % to 26.9 %.
Additionally, the exposed area fraction for the wide spreader
(wideblade) is 1.5 % higher than that of the narrow spreader (90°).
However, by optimizing the bottom structure of the wide spreader
(e.g., cut-wideblade, R1000, and R2000), the exposed area fraction
can be significantly reduced to 9 %. Among all spreaders, the half-
roundblade exhibits the best performance, with an exposed area
fraction of only 8.5 %.

The coordination number distribution is an important indicator
of the compactness of the powder layer. For any given metal par-
ticle, the coordination number refers to the number of other par-
ticles in direct contact with it (Xiang et al., 2016). Generally, a
higher coordination number indicates a denser packing of the
powder layer, thereby reducing the likelihood of defects during the
printing process. Figs. 4(b1)-(b3) show the impact of different
spreaders on the particle coordination number distribution. As
seen in Fig. 4(b1), the coordination number distribution for 30° is
slightly skewed to the right and is more concentrated, indicating
that the particle packing is denser, resulting in a smaller exposed
area. In contrast, the coordination number peaks for other
spreaders shift to the left, indicating reduced particle contact and
less compact packing. In Fig. 4(b2), the coordination number dis-
tributions for 90°, cut-blade, R30, and R60 are quite similar, indi-
cating that the powder beds formed by these spreaders have
similar particle packing densities. Fig. 4(b3) shows that the coor-
dination number distributions for wideblade and cut-wideblade
are clearly shifted to the left, suggesting fewer particle contacts
and looser packing, resulting in a larger exposed area. In contrast,
the coordination number distributions for R1000, R2000, and half-
roundblade are more concentrated, indicating increased particle
contacts and denser packing, which significantly reduces the
exposed area. Particularly, the half-roundblade has the most
concentrated coordination number distribution, the densest par-
ticle packing, and thus the lowest exposed area.

The powder deposition on the smooth surfaces for different
spreaders is also examined, and the results are shown in Fig. 5. It
can be observed that spreaders K and M achieve the highest
powder deposition per unit area. As the spreader inclination angle
increases, the powder deposition decreases when the angle is
below 90°, increases after exceeding 90°, with a slight decline
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Fig. 4. (a1)-(a3): Proportion of exposed area in the powder layer within the rough region for different spreaders; (b1)-(b3): Effect of different spreaders on coordination number
distribution (spreaders A-E correspond to 30°, 45°, 90°, 120°, and 135°; spreaders F-H correspond to cut-blade, R30, and R60; spreaders [-M correspond to wideblade, cut-

wideblade, R1000, R2000, and half-roundblade).

observed at an inclination angle of 135°. Narrow spreaders (C, F-H)
somewhat increase the powder deposition, but the effect is more
significant with the wide spreaders (I-L).

Overall, regardless of whether on smooth or rough substrate
surfaces, the powder bed quality generated by spreaders A, K, L,
and M is superior to that of the other tools.

In addition, representative spreaders (e.g., 90° (C), R30 (G), and
R1000 (K)) were selected to investigate the effect of substrate
roughness on the quality of the powder bed. Fig. 6 illustrates the
top views of the powder beds generated by the three spreaders
with the roughness of 10 pum and 30 pm. Combined with Fig. 3, it
can be seen that when the substrate roughness increases from
0 um to 30 um, a small amount of bare areas appear for spreaders
90° and R30, resulting in a decrease of the bed quality. With the
roughness further increasing to 60 pm, a large percentage of bare
areas appear for all the three spreaders, but the percentage of bare

areas by R1000 is significantly lower than that of the other two. In
order to better evaluate the performance of different spreaders,
subsequent studies will focus on the substrate with a roughness of
60 pm and explore the effect of different spreaders on the powder
bed quality.

3.2. Effect of spreader geometries on particle velocity

During the powder spreading process, the spreader directly
acts on the powder particles, and its shape influences the force
state of the powder, thereby affecting the flow and distribution
characteristics of the particles. This directly impacts the unifor-
mity and density of the powder bed (Penny et al., 2024). The ve-
locity vector distribution of particles under different spreader
conditions is shown in Fig. 7. To visually illustrate the movement of
particles in the powder bed under different conditions, we
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smooth surface: spreaders A-E correspond to 30°, 45°, 90°, 120°, and 135°; spreaders
F-H correspond to cut-blade, R30, and R60; spreaders I-M correspond to wideblade,
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Sp=10 pm

Fig. 6. Top view of the powder bed generated by the spreaders C (90°), G (R30) and K
(R1000) with roughness of 10 pm and 30 pm.

employed the method used in Wang et al.'s work (2021), which
involves subtracting the spreading speed from the particle velocity
along the spreading direction. Different colors in the figure
represent the magnitude of the velocity. As shown in the figure,
significant particle circulation is observed in the powder beds
corresponding to spreaders 30°, 45°, cut-wideblade, R1000,
R2000, and half-roundblade. This circulation facilitates the redis-
tribution of particles on the rough surface, thereby covering the
substrate more effectively. For the 135° spreader, the movement
trend of the particles shows a downward inclination. This is due to
the larger inclination angle of the 135°, which results in a relatively
smaller lateral pressure applied to the particles. The larger angle
makes it easier for particles to slide rather than form rotational
flow. Additionally, it can be observed that the particle movement
direction in the central region of the powder bed is approximately
aligned with the texture direction of the rough substrate surface,
at a 45° angle (using spreader A as an example). However, when
the spreader inclination angle is sufficiently large (e.g., 135°), this
movement trend is completely eliminated.
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Fig. 7. Particle velocity vector distribution at a specific moment during the powder
spreading process under different spreader conditions (spreaders A-E correspond to
30°, 45°, 90°, 120°, and 135°; spreaders F-H correspond to cut-blade, R30, and R60;
spreaders I-M correspond to wideblade, cut-wideblade, R1000, R2000, and half-
roundblade).

3.3. Effect of spreader geometries on particle dynamics

To comprehensively explore the impact of spreader geometry
on particle motion and distribution, we further analyzed the
interaction forces between particles and the rough substrate, be-
tween particles and the spreader, and among particles. The vari-
ation patterns of these forces provide deeper theoretical insights
into powder spreading efficiency and uniformity.

Fig. 8 shows the average contact force between particles and
the substrate surface over time for different spreaders. It can be
observed that for spreaders with different inclination angles
(30°-135°) (Fig. 8(a)), the force fluctuations increase significantly,
particularly when the spreader is inclined. Compared to the ver-
tical spreader at 90°, the force fluctuations are more pronounced.
This phenomenon is closely related to the influence of spreader
angle on particle motion and packing behavior. Inclined spreaders
introduce a horizontal component of force, altering the particle
movement pattern. Compared to vertical spreaders, inclined
spreaders cause particles to slide or roll along the spreader's in-
clined direction rather than directly forming a uniform accumu-
lation on the substrate. This sliding behavior results in frequent
changes in particle-substrate contact points, thereby intensifying
the fluctuations in contact force. Additionally, the obstructive ef-
fect of the rough substrate on particle flow is amplified under the
action of the inclined spreader. Sliding particles may experience
momentarily large contact forces due to collisions and blockages
with the substrate surface. As seen in the figure, when the
spreader inclination angle is 135°, the force fluctuations are
particularly frequent, further validating the influence of spreader
angle on force fluctuations.
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Fig. 8. Average contact force between particles and the substrate surface: (a) spreaders with different inclination angles, (b) narrow spreaders, and (c) wide spreaders.

Adjusting the bottom structure of the vertical spreader (90°) (e.
g., cut-blade, R30, and R60) also significantly alters the powder
spreading path and deposition behavior of the particles (Fig. 8(b)).
The modified spreaders increase the contact points between par-
ticles and substrates, making the local collisions and force prop-
agation paths more complex. At the same time, the rolling and
sliding actions of the particles are enhanced, leading to more
frequent interactions between the particles and the substrate. This
results in a more complex distribution of contact forces, signifi-
cantly increasing the fluctuations in the average contact force.

When the spreader thickness increases (e.g., cut-wideblade and
R2000) (Fig. 8(c)), this effect is somewhat suppressed. Due to the
larger contact area of the wide spreader, the particle deposition
area becomes more extensive, and the distribution is more uni-
form. The contact points between the particles and the substrate
are more numerous and distributed more evenly, reducing local-
ized accumulation or sliding. This results in smaller fluctuations in
the contact force between the particles and the substrate. The
wide spreader can transmit forces more evenly across the entire
contact area, preventing excessive local contact forces. Addition-
ally, bottom circular structures (e.g., R1000 and half-roundblade)
amplify this effect because the circular design causes particles to
concentrate in specific locations, creating higher localized pres-
sure. When particles slide or rearrange under the pushing of
spreaders, the contact forces in these localized areas can rapidly
increase, leading to greater fluctuations in the contact force. From
the figure, it can be observed that the contact force between par-
ticles and the substrate should not be too small, as this would
prevent the particles from tightly adhering to the substrate sur-
face, leading to an increase in particle gaps. During the deposition
process, particles are more likely to slide or redistribute, resulting
in an increased area of uncovered regions, which reduces the
performance of the powder bed.

Fig. 9 shows the average contact force between particles and
spreader surfaces over time on rough substrates. It can be
observed that the contact force applied by certain spreaders
significantly increases at specific moments. Taking the 135° in-
clined spreader in Fig. 9(a) as an example, the inserted figure
shows the distribution of average contact force between the
spreader and particles at t = 18.6 ms. The reason for the large
forces observed at certain moments is that when the spreader
applies pressure to the particles, the particles come into contact
with each other and begin to accumulate. If the gap between the
lower end of the spreader and the substrate is small, particles tend
to accumulate in localized areas and become trapped, leading to a
sharp increase in localized pressure. This accumulation effect not
only causes particle blockage, further increasing resistance, but
also manifests as a sharp rise in contact force. Additionally,
although smaller particles typically flow more easily during the
spreading process, they may also accumulate in localized areas
between the spreader and the substrate. When a large number of
small particles gather, they can increase the surface area of the
contact region, leading to higher localized pressure. Furthermore,
by filling voids, these small particles may induce blockage of larger
particles, exacerbating the increase in contact force.

During the powder spreading process, the variation in contact
force between particles and the spreaders not only reflects the
particle packing and flow behavior but may also lead to potential
issues. Excessive contact force between the particles and the
spreader can accelerate tool wear, especially during particle
accumulation, blockage, and force concentration. This high-
intensity contact force is prone to causing edge wear, dulling, or
even cracking, thereby shortening the tool's lifespan. At the same
time, the peak contact force may lead to particle accumulation,
causing uneven powder spreading, which in turn affects the den-
sity, surface finish, and structural performance of the printed part.
Moreover, excessively compacted particles can result in uneven
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material layer thickness, reducing the accuracy and mechanical
properties of the finished product. Therefore, from Fig. 9(a), it can
be observed that the 30° (spreader A) and 90° (spreader C)
spreaders exhibit relatively higher stability in contact force.
Combined with the analysis results from Figs. 4(a1)-(a3), it can be
further confirmed that the 30° spreader performs optimally in
reducing contact force fluctuations and improving powder
spreading uniformity. For narrow spreaders (Fig. 9(b)), the changes
in the bottom structure lead to frequent fluctuations in the average
contact force between the spreader and the particles. Increasing
the spreader's thickness produces similar effects, as shown in
Fig. 9(c), where R1000 and half-roundblade exhibit more pro-
nounced force fluctuations. Compared to straight shapes, curved
spreaders compress and release particles periodically during
movement, causing the accumulation pressure to be released
suddenly, which results in larger force fluctuations.

Fig. 10 shows the distribution of normal contact force chains
between particles, with different colors representing the magni-
tude of the force. It can be observed that strong force chains are
mainly concentrated in the gap area in front of the spreader.
During the powder spreading process, as the particles move, the
force chains continuously break and reform, causing the contact
force in the powder bed to change dynamically.

To more intuitively observe the variation in inter-particle
forces, Fig. 11 presents the curve of the average contact force be-
tween particles over time on a rough surface. In Fig. 10, the red
dashed line marks the computational region of the study, which is
approximately 500 pm in length and 250 pm in width. From Fig. 10,
it can be observed that when the spreader inclination angle is
small (e.g., 30° and 45°), the force applied by the spreader to the
particles is larger, causing significant compression and



Y. Wu, E Chu, C. Zhang et al.

(@
140
30°
120 + ———45°
——90°
100 | o
—135°

80

Average force on particles by contact (10°N)

Particuology 104 (2025) 289-301

(b)

80

90°
cut-blade

70

Average force on particles by contact (10°N)

10
o 1 1 1 1 1 1 1 o 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 1] 5 10 15 20 25 30 35 40

Time (ms) Time (ms)
=

(c)% 1400
A wideblade
g 1200 + cut-wideblade
€ ——R1000
S ——R2000
o L
2 LU half-roundblade
g 800t
S
§ eo0|
s
o 400}
4
€ 200}
Q
o
©
a-’ 0 1 1 1 I 1
> 0 5 10 15 20 25 30 35 40
< .

Time (ms)

Fig. 11. Average contact force between particles: (a) spreaders with different inclination angles, (b) narrow spreaders, and (c) wide spreaders.

—u—v=0.025 m/s
—A—v=0.1 m/s

—e—v=0.05 m/s
—v—v=0.15 m/s

[
o

4]
o

D
o

AN \
/AN

w
o

N
o

-
o

The proportion of exposed area (%)

o

ABCDEFGHI JKLM
Different shaped powder spreaders

—s—gap=120 ym —e— gap=150 pm

g - —A—gap=200 ym —v— gap=250 ym

$ 35| (0) .

© ~

T 30+ ] .\-\l /

(1] a

8 -

8 25

S 2 '

G

5 WL/

I \ /

2 \

S 101 W .
g. 5 o—%—e

= r — g0 .\

o " e

o e e e e e
= A BCDETFGHI

J KLM
Different shaped powder spreaders

Fig. 12. Proportion of exposed area in the powder layer within the rough region for different spreaders: (a) different spreading speeds; (b) different layer gaps (spreaders A-E
correspond to 30°, 45°, 90°, 120°, and 135°; spreaders F-H correspond to cut-blade, R30, and R60; spreaders [-M correspond to wideblade, cut-wideblade, R1000, R2000, and

half-roundblade).

accumulation of particles, which increases the contact force be-
tween the particles. This action makes the particles adhere more
tightly to the substrate surface, improving the powder coverage
(Figs. 3 and 4). As the inclination angle increases, the force exerted
by the spreader on the particles gradually becomes more uniform,
reducing the degree of particle compression and accumulation.
Consequently, the contact force decreases and stabilizes. This
trend is particularly pronounced at inclination angles of 120° and
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135° (Fig. 11(a)). For spreaders such as 90°, cut-blade, R30, and R60
(Fig. 11(b)), the bottom structures are similar, leading to minimal
differences in the shear effects on the particles during the flow
process. As a result, the contact forces between particles are
relatively similar. However, for wide spreaders (Fig. 11(c)), the
changes in bottom shape significantly affect the particle flow
behavior. Spreaders with an arc-shaped bottom structure, such as
R1000 and half-roundblade, promote better particle accumulation
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and filling, resulting in larger contact forces. This, to some extent,
enhances particle flow and uniform distribution. Therefore, R1000
and half-roundblade offer more significant advantages during the
powder spreading process.

3.4. Influence of operational parameters on the powder spreading
process

Spreading speed and layer gap are two important operational
parameters. We carry out more simulations and analyze their ef-
fect under different spreading geometries. As shown in Fig. 12(a),
with the increase in spreading speed, the area of uncovered re-
gions in the powder bed generated by various spreaders shows a
growing trend. Particularly, when the spreader inclination angle is
less than 90°, the uncovered area increases significantly with the
inclination angle. Among all spreaders, R1000 and half-
roundblade consistently have the smallest proportion of uncov-
ered areas in the powder bed, regardless of speed, demonstrating
excellent spreading performance. Fig. 12(b) shows that when the

layer gap reaches 200 um, the exposed area in the powder bed
disappears for all spreaders, indicating that a larger layer gap helps
improve powder spreading uniformity. However, at smaller layer
gaps, R1000 and half-roundblade still demonstrate the best
spreading performance, with the smallest uncovered area.
Furthermore, the study found that under different spreading
speeds and layer gaps (e.g., gap = 120 pm and 150 pm), whether
using narrow or wide spreaders, optimizing the bottom structure
effectively reduces the uncovered area in the powder bed, thereby
further improving spreading quality.

To further explore the evolution of powder bed performance in
rough regions under varying layer gap conditions for different
spreaders, Fig. 13 was plotted to illustrate the average packing
density (pq,g) and uniformity (¢, ) of the powder layer. As shown in
Fig. 13, with the increase in layer gap, the average packing density
of the powder bed generated by all spreaders shows an upward
trend. When the spreader inclination angle is less than or equal to
90°, the average packing density decreases as the inclination angle
increases, and this phenomenon does not change with the increase
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in layer gap. For narrow spreaders, the results show that as the
layer gap increases, the powder layers generated by 90°, cut-blade,
R30, and R60 gradually become more consistent. This indicates
that the significant impact of narrow spreader types on packing
density is mainly observed under low layer gap conditions, which
is of great significance in practical processes. In contrast, for wide
spreaders, optimizing the bottom structure allows for a higher
average packing density under different layer gap conditions,
demonstrating that the performance of wide spreaders is not
significantly restricted by layer gap. Based on the analysis of both
average packing density (pq,,) and uniformity (¢,), it can be
concluded that the R1000 spreader outperforms all other
spreaders in the rough region, exhibiting the best compactness
and uniformity of the powder bed.

Additionally, this study also analyzed the powder bed charac-
teristics of different spreaders on smooth surface regions under
varying spreading speeds and layer gaps, as shown in Figs. 14 and
15. Fig. 14 demonstrates that as the spreading speed increases, the
average packing density of the powder bed generated by all
spreaders decreases significantly. When the spreader inclination
angle does not exceed 90°, at lower spreading speeds (Fig. 14(a)
and (b)), the packing density decreases with increasing inclination
angle. However, this trend is disrupted at higher spreading speeds.
Narrow spreaders (C, F-H) can enhance powder bed density
through bottom structure optimization, but the effect is less pro-
nounced at high spreading speeds. Among the wide spreaders,
R1000 consistently improves packing density across all spreading
speeds. At low spreading speeds, the half-roundblade produces a
denser and more uniform powder bed. However, at high spreading
speeds (Fig. 14(d)), its performance is worse than the spreader
with the inclination angle of 135°. In Fig. 15, as the layer gap in-
creases, the average packing density generated by each spreader
also increases. On smooth surfaces, the powder bed density
initially decreases and then increases with the increase in spreader
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inclination angle. Both narrow and wide spreaders with optimized
bottom structures improve the powder bed density. When the
layer gap is sufficiently large, the best-performing spreader shifts
from half-roundblade to R1000.

4. Conclusions

DEM method is used in this work to simulate the powder
spreading process of TC4 titanium alloy powder on rough sub-
strate surfaces in the Laser Powder Bed Fusion (LPBF) process. The
powder dynamics behavior of different spreaders under these
conditions is investigated. By thoroughly analyzing the effects of
various spreaders on powder spreading quality and flow behavior,
the related patterns and underlying mechanisms are revealed. The
main conclusions are as follows:

(1) With increasing the tilt angle of spreaders, the percentage of
exposed area of the powder bed on the rough surface in-
creases first from 14.4 % to 33.7 %, then decreases slightly to
30.8 %. While on the smooth surface, the amount of powder
deposition shows a trend of decreasing and then increasing,
with a slight decrease when the inclination angle reaches
135°. The powder bed quality on both surfaces can be
effectively improved by optimizing the structure of the
narrow spreader bottom or increasing the spreader thick-
ness. However, the optimization of the wide spreader bot-
tom structure (e.g. R1000 and R2000) is more effective.
R1000 and half-roundblade perform best on both smooth
and rough surfaces.

(2) During powder spreading, the direction of particle move-
ment in the middle region of the powder pile approximately
coincides with the direction of the texture of the rough
surface at 45°. In addition, particle circulation occurs in the
powder pile, and this circulation helps redistribute particles
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on rough surfaces, improving the coverage. Larger contact
forces between particles and the substrate help particles
adhere more tightly to the surface, reduce inter-particle
gaps, and stabilize particle positions, preventing local
collapse and improving powder bed density. However,
excessive force from the spreader can lead to tool wear and
uneven spreading. Spreaders with arc-shaped structures
improve packing density and distribution uniformity.

(3) On rough surfaces, when the spreader inclination angle is
below 90°, powder bed packing density decreases with the
angle increasing, regardless of the layer gap. Narrow
spreaders increase the packing density at low layer gaps,
while wide spreaders are not affected much. R1000 per-
forms best in terms of compactness and uniformity. On
smooth surfaces, with increasing the layer gap, the powder
bed packing density initially decreases with increasing
spreader tilt angle and then increases. As the layer gap in-
creases, the best spreader changes from half-roundblade to
R1000. At high spreading speed, R1000 and half-roundblade
are the best spreaders for powder bed quality on rough
surfaces, while on smooth surfaces, the spreader with the
angle of 135° performs best.
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