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Abstract
Because the selective laser melting (SLM) formation process involves rapid melting and solidification of slices, the SLM process
places high demands on the tightness, uniformity, and flatness of the powder layer. Based on the discrete element method (particle
contact force model, particle collision judgment algorithm, and particle motion equation) and the SLM laying powder process, a
numerical simulation of the SLM laying powder process was carried out. For the performance measurement experiment of the
TC4 titanium alloy powder, the powder bulk density, tap density, and angle of repose were calculated and analyzed. It was found
that the tap density increased by 7.5% compared to the bulk density, and the calculated average angle of repose (32.6°) was in
good agreement with the experimental data (33.2°), thus verifying the accuracy of the calculation model used for the SLM laying
powder. The influences of different scraping methods and scraping speeds on the quality of the laying powder were calculated
and analyzed. It was found that the scraping method using a roller (not rotating) obtained the highest tightness and most uniform
powder distribution, and, as the scraping speed increased, the laying tightness tended to decrease linearly. The results of the
numerical simulation study of the SLM laying powder process can be used to guide the actual SLM laying powder process and,
alternatively, provide basic data for the numerical simulation of SLM molten pool dynamics based on the particle scale.

Keywords Laying powder . Selective laser melting . Discrete element method . Tightness . Numerical simulation . Additive
manufacturing

Abbreviations
me Equivalent mass of particle i and particle j
un, ut Normal and tangential relative displacements

of the particles, respectively
t Time
Dn, Dt Normal and tangential damping

coefficients of the contact model,
respectively

En, Et Normal and tangential elastic coefficients
of the contact model, respectively

Fn, Ft Normal and tangential components of
the particle contact force, respectively

Ie Equivalent moment of inertia of the particle
θ Rotation angle of the particle itself
r Radius of rotation
M External torque of the particles
μ Coefficient of friction of the particles
sgn A symbolic function
P̃ Created box for the particle P
Lij Spherical center distance between particle i

and particle j
ri, rj Radius of particle i and particle j, respectively
mi Mass of particle i
u::i Acceleration of particle i
Fsum External force of the particle i at the centroid
Ii Moment of inertia of particle i
θ
::
i Angular acceleration of particle i

Msum External moment of the particle i at the centroid
u̇ið ÞN Particle velocity of the next time step
θ̇ið ÞN Angular velocity of the next time step
Δt Time step
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1 Introduction

Based on the idea of “layer by layer” formation, additive
manufacturing technology can directly and digitally

manufacture digital models into three-dimensional solid parts
with high flexibility and no restrictions on the part’s structure
[1]. Selective laser melting (SLM), as one of the additive
manufacturing technologies for directly forming complex

Fig. 1 SLM technology and metal powder: a SLM schematic, and b metal particle morphology

Fig. 2 Numerical simulation of the dynamic behavior of an SLM molten pool: a, b based on the workpiece scale [14], and c based on the particle
scale [15]
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metal parts, has been demonstrated in aerospace, automotive,
medical, and other fields [2] (Fig. 1a). Since the formation
process involves changes in the state of rapid melting and
solidification of the slice, the SLM process has high demands
for metallurgical quality and performance of the applied ma-
terial. On the one hand, the metal powder raw material is
required to have high sphericity, good fluidity, and narrow
particle size distribution, and on the other hand, the powder
coating should have good flatness, uniformity, and tightness
[3, 4] (Fig. 1b).

Numerical simulation technology has been widely used in
industrial production for its perceptibility and forward-think-
ing, and has become an effective technical means for studying
physical processes and controlling defects in mechanical
manufacturing [5, 6]. In the past 10 years, numerical simula-
tion studies on the SLM formation process have gradually
emerged, and these theoretical research works can be roughly
divided into two directions: based on the workpiece scale
[7–9], and based on the particle scale [10–12]. The so-called
workpiece scale refers to the powder layer (including metal
particles and pores) as a special material, indirectly describing

the temperature and flow field evolution in the SLM formation
process by setting equivalent physical parameters and flow
behavior models (Fig. 2a, b). Gusarov et al. [13] proposed
the use of equivalent thermal conductivity to characterize the
thermal conduction of the powder layer. The equivalent radi-
ation heat transfer model was used to calculate the heating
effect of the laser beam on the powder layer, and the influence
of the laser beammode on the SLM process was studied. Yuan
et al. [14] carried out the numerical simulation of the SLM
process based on Fluent, analyzed the internal flow of the
molten pool caused by the Marangoni effect, and compared
the influence of different process parameters on the size of the
molten pool. This kind of simulation method can describe the
temperature, flow, and stress field evolution in the SLM pro-
cess by equivalent processing methods, but cannot describe
the SLM formation process intuitively, and the accuracy de-
pends mainly on the rationality of the equivalent processing
models. The so-called particle scale refers to modeling based
on the actual particle morphology, directly calculating the
heating and melting effects of the laser on the metal particles
and then describing the complex flow behavior of the metal

Fig. 3 Particle size and laying distribution: a experimental determination of the particle size distribution (Gaussian fitting); b regular distribution under
uniform size; c regular distribution under bipolar distribution; d raindrop model; and e discrete element method
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liquid between the particles (Fig. 2c). Khairallah et al. [15]
used the multi-physics code ALE3D to study the dynamic
behavior of an SLM molten pool based on the particle scale
and directly calculated the distribution of pore defects at dif-
ferent scanning speeds. Panwisawas et al. [16] compared the
effects of different lamination thicknesses on the formation
effect, based on the open-source computational fluid

dynamics (CFD) code OpenFOAM. This kind of simulation
method can directly describe the SLM formation process and
directly predict the formation and evolution of defects such as
pore and ball, but the premise is to obtain a reasonable particle
size and laying distribution.

Numerical simulations of laying powder include particle
size and laying distributions. Methods for obtaining particle

Fig. 4 Schematic of the soft ball
model

Fig. 5 Schematic of the collision
judgment
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size distribution include artificial designation and experimental
determination. The types of artificial designation [17] are di-
vided into uniform size (single particle diameter), bipolar dis-
tribution (two particle diameters), normal distribution (particle
diameter that satisfies the law of normal distribution), etc.
Experimental determination [18] refers to the experimental
measurement of the particle diameter, using statistical methods
to obtain the actual particle diameter distribution curve, and
using a correlation function (such as normal distribution) to
fit the curve (Fig. 3a). It is clear that a more reasonable particle
size distribution can be obtained by an experimental method.
The purpose of the laying distribution is to obtain the particle
locations, and the calculation methods include regular distribu-
tion [19], raindrop model (RDM) [20], and discrete element
method (DEM) [21, 22]. The regular distribution requires arti-
ficially designated particle locations (Fig. 3b shows the regular
distribution under uniform size, and Fig. 3c shows the regular
distribution under a bipolar distribution). The core idea of plac-
ing new particles in RDM is to first anchor the existing parti-
cles in the vertical direction and then rotate to the equilibrium
position (Fig. 3d). The core idea of DEM is to use a single
particle as the calculation object, considering the normal con-
tact and tangential contact between the particles, and the forces
between the particles and the roller to obtain the laying distri-
bution (Fig. 3e). In comparison, the regular distribution only
truly reflects the actual particle distribution for simplified cal-
culation scenarios. The implementation algorithm of RDM is
simple, but it is difficult to control the tightness (particles ac-
count for the volume percentage of the entire powder layer,
which is also called packing fraction), and it is often necessary

to artificially remove or add particles to obtain reasonable
tightness. DEM can obtain a laying distribution that is basically
in line with the actual situation, but its implementation algo-
rithm is more complicated.

Based on the discrete element method (particle contact
force model, particle collision judgment algorithm, and parti-
cle motion equation) and the SLM laying powder process, a
numerical simulation of the SLM laying powder process was
carried out. In order to verify the accuracy of the SLM laying
powder calculation model, the powder bulk density, tap den-
sity, and angle of repose were calculated and compared with
the experimental results of the performance measurement ex-
periment of TC4 titanium alloy powder. Then, in order to
analyze the influence of different scraping methods and scrap-
ing speeds on the quality of laying, the different SLM laying
processes were calculated and compared. The results of the
numerical simulation study of the SLM laying powder process
can be used to guide the actual SLM laying powder process
and to provide basic data for the numerical simulation of the
SLM molten pool dynamics based on the particle scale.

2 Physical modeling and numerical solution

DEM originates from molecular dynamics, which treats the
entire medium as consisting of a series of discrete units of
independent motion, with each element having a certain ge-
ometry (shape, size, arrangement, etc.) and physical and
chemical characteristics. The motion of the unit conforms to
the classical equation of motion, and the deformation and

Fig. 6 Schematic of the SLM
laying powder process: a start; b
substrate pushes out powder; c
roller or scraper lays powder; and
d finish

Fig. 7 Calculation flow
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evolution of the entire medium are described by the motion
and position of each unit [23]. The basic principle of DEM is
(1) dividing the research object into relatively independent
units; (2) according to the interaction between units and
Newton’s law of motion, using an iterative method to deter-
mine the force and displacement of all units in each time step

and update the position of all units; and (3) by tracking and
calculating the microscopic motion of each unit, obtaining the
macroscopic motion law of the whole research object. The
basic assumptions of DEM are that (1) the selected time step
is small enough that the disturbance from other units cannot be
propagated in a single time step, except for the unit that is in
direct contact with the selected unit; and (2) speed and accel-
eration are constant over a single time step. The DEMphysical
model and solution flow (contact force model, collision judg-
ment, motion equation, etc.) used in this paper will be de-
scribed below.

2.1 Particle contact force model

The SLM laying process is a typical multi-particle action pro-
cess, considering that metal particles may be slightly de-
formed during the collision process, and the shape of most
metal particles may be considered as near-spherical.
Therefore, this paper uses a soft ball model to describe the
relationship between force and displacement during particle

Fig. 9 Calculation of the bulk density: a 0 s, initial particle cloud; b 2.75 s, particles dropping; c 6.5 s, stable particle cluster; d 6.75 s, baffle separating
particle cluster; and e 7.5 s, baffle moving upwards a certain distance (unit: μm)

Fig. 8 Particle size distribution of the TC4 powder [27]
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collision. The soft ball model can be used to simulate the
simultaneous collision of two or more particles, and it was
considered that the collision occurs within a certain period
of time, and then the contact force between the particles was
calculated according to the overlap between the balls.

The soft ball model uses the vibrational motion equation to
characterize particle and particle contact, and particle and
boundary contact (Fig. 4). The normal (parallel to the two-
particle centerline) and tangential (vertical to the two-particle

centerline) vibrational motions during the particle contact pro-
cess are decomposed, and the normal vibrational motion equa-
tion was obtained as follows:

me
d2un
dt2

þ Dn
dun
dt

þ Enun ¼ Fn ð1Þ

The tangential vibrational motion during the particle contact
process was characterized by tangential sliding and rolling:

Fig. 10 Calculation of the tap density: a 0 s, initial particle cloud; b 6.5 s, stable particle cluster; c 15 s, simple harmonic vibration of the container; d 17 s,
baffle separating particle cluster; and e 17.5 s, baffle moving upwards a certain distance (unit: μm)

Table 1 Calculation results of the bulk density and the tap density

Calculation number Calculation of the bulk density Calculation of the tap density

Number of particles Bulk density
(kg/m3)

Average bulk density
(kg/m3)

Number of particles Tap density
(kg/m3)

Average tap density
(kg/m3)

First calculation 18,797 2496 2494 18,075 2689 2681
Second calculation 17,581 2497 18,015 2680

Third calculation 17,450 2488 17,250 2675
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me
d2ut
dt2

þ Dt
dut
dt

þ Etut ¼ Ft ð2Þ

Ie
d2θ

dt2
þ Dt

dut
dt

þ Etut

� �
r ¼ M ð3Þ

The tangential sliding and rolling of the particles are affect-
ed by the friction between the particles. The sliding model can
establish the limit conditions for the tangential sliding and
rolling of the particles:

Ft ¼ μEnunsgn Et ut þ dθ
2

� �� �
ð4Þ

2.2 Particle collision judgment

The premise of calculating contact force is to judge which
particles collide. Collision judgment algorithm has become

the subject of extensive research in the fields of robotics, com-
puter graphics, and numerical simulation. It is roughly divided
into two categories (hierarchical algorithm and flat algorithm).
The idea of the hierarchical algorithm is to subdivide the space
by a recursive algorithm, thereby limiting the number of ele-
ments in the first pass approximation check and ensuring that
the low-level volume coincidence can only occur when the
corresponding high-level volumes coincide [24]. The flat al-
gorithm directly judges the element boundary and does not
perform layered processing. Considering the complexity of
the related algorithm, this paper uses the flat algorithm to
judge the particle collision in the SLM laying process.

Before judging the collision of the particles, a box ~P was
first created for the particle P, then the position and size of ~P
were determined by the center and radius of P, so that the
particle was just surrounded by the box. The necessary and
sufficient condition for the collision of the two boxes is that
the positions in the three directions overlap (Fig. 5):

Fig. 11 Geometric model used
for calculating the angle of repose
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ðP̃i∩P̃jÞ≠Φ⇔ ∧
w∈ x;y;zf g ððP̃w0i ; P̃

w1
i Þ∩ðP̃w0j ; P̃

w1
j ÞÞ≠Φ��

ð5Þ It should be noted that the collision of the two boxes does
not mean that the two particles collide. Therefore, after the

Fig. 12 Calculation of the angle of repose: a-f powder free fall (the times were 5, 15, 40, 75, 100, 125 s); g 150 s, stable accumulation shape; and h 155 s,
generating a baffle to obtain the final accumulation body

Fig. 13 Final accumulation bodies obtained by three calculations: a-c top view; and d-f side view and the angles of repose
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collision judgment between the boxes was completed, it was
necessary to further judge the particle center, the radius, and
the distance between the two particles:

P̃i∩P̃jÞ≠Φ ∪ Lij < ri þ r j
� �

⇒ Pi∩Pj
� �

≠Φ
� ð6Þ

2.3 Particle motion equation

After obtaining the contact force of the particles, according to
Newton’s law of motion, the equation of motion of the particle
i was obtained as follows:

miu
::
i ¼ Fsum ð7Þ

I iθ
::
i ¼ M sum ð8Þ

Using the Euler method to simultaneously integrate both
sides of Eqs. (7) and (8), the particle velocity u̇ið ÞN and the

angular velocity θ̇ið ÞN of the next time step can be obtained:

u˙ i
� �

N ¼ u˙ i
� �

N−1 þ
Fsum

mi

� �
N
Δt ð9Þ

θ˙ i
� �

N ¼ θ˙ i
� �

N−1 þ
M sum

I i

� �
N
Δt ð10Þ

By the simultaneous integration of both sides of Eqs. (9)
and (10), the updated particle displacement (ui)N + 1 and the
rotation angle (θi)N + 1 can be obtained:

uið ÞNþ1 ¼ uið ÞN þ u˙ i
� �

NΔt ð11Þ

θið ÞNþ1 ¼ θið ÞN þ θ˙ i
� �

NΔt ð12Þ

2.4 SLM laying process modeling

The prerequisite for obtaining a powder distribution that is
reasonable and suitable for the SLM formation process is to
establish a reasonable and complete SLM laying simulation
process. Figure 6 shows a schematic diagram of the SLM

Fig. 14 Different scraping methods: a straight scraper; b scraper with chamfer; and c roller
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laying process, which consists of four steps: (1) a particle
cluster is produced above the substrate, in which the initial
particle positions are randomly distributed in a certain space;
(2) the substrate pushes the powder cluster to the front of the
roller or scraper; (3) the roller or scraper moves forward to lay
powder; and (4) after the laying is finished, a powder layer
with a certain thickness is obtained in the formation cavity.

2.5 Numerical solution of the SLM laying process

This paper is based on the open-source discrete element meth-
od code Yade [25, 26] for numerical simulation of the SLM
laying process. Among them, the geometry model was
imported in the form of the STL model, and the SLM laying
process was implemented by custom code (including the up
and down movement of the substrate, the linear motion and
rotation of the roller, the linear motion of the baffle, etc.); the
particle size distribution was obtained by experimental deter-
mination; metal particles were considered as elastic materials
with contact friction; and the time step was calculated from the

particle radius, stiffness, and mass. Figure 7 shows a flow
chart of the calculations herein.

3 Results and discussion

According to the above physical modeling and numerical
solution process, this paper completed a numerical simula-
tion of the SLM laying process based on Yade. In order to
verify the accuracy of the SLM laying powder calculation
model, the powder bulk density, tap density, and angle of
repose were calculated and compared with the experimen-
tal results of the performance measurement experiment of
TC4 titanium alloy powder by Liu et al. [27]. Then, in
order to analyze the influence of different scraping
methods and scraping speeds on the quality of laying, the
different SLM laying processes were calculated and com-
pared. In addition, the computing resources used in this
paper were configured as Intel Xeon Gold 5120 CPU
(32GB RAM), and the post-processing tool was ParaView.

Fig. 15 Laying powder process with the straight scraper: a 0 s, initial particle cloud; b 5.25 s, substrate pushing out powder; c 10 s, laying powder; d 15 s,
laying powder; e 21.25 s, recycling powder; and f 35.25 s, finish
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3.1 Powder fluidity verification

Powder fluidity is an important indicator for characterizing the
process performance of powders and has a direct impact on the
powder laying effect during SLM formation. In order to verify
the accuracy of the laying powder model used in this paper, the
fluidity of the titanium alloy powder was calculated and com-
pared with the experimental data from the powder performance
measurement. The metal powder used was a TC4 titanium
alloy powder, and the corresponding particle size distribution
is shown in Fig. 8. During the calculation, the particle density
was set to 4500 kg/m3, the contact friction angle was 0.5,
Poisson’s ratio was 0.25, and Young’s modulus was 110 GPa.

First, the bulk density and tap density of the TC4 powder
were calculated. The bulk density refers to the ratio of powder
mass to container volume in the natural filling state, and the
tap density refers to the ratio of the powder mass to container
volume after proper vibration of the container. In order to
ensure the calculation efficiency, the container size in this
paper was set to 1 mm×1 mm×5 mm, and the calculation

process of the bulk density was divided into three steps (Fig.
9): (1) a particle cloud with a particle size and percentage that
satisfies the distribution in Fig. 8 was randomly generated in
the container; (2) the particle cloud fell freely under the action
of gravity and formed a stable particle cluster; and (3) a baffle
with a height of 1.5 mm was generated and moved upward by
a certain distance, and the bulk density was determined by the
mass of the powder under the baffle. There are two differences
between the tap density calculation and the above process
(Fig. 10): (1) after forming a stable particle cluster, the con-
tainer was subjected to a simple harmonic vibration of 10 s
(the amplitude was 5μm and the frequency was 50 Hz); and
(2) the height of the baffle was 1.3 mm. Table 1 shows the
calculation results of the bulk density and tap density. From
the comparison results, the tap density was increased by 7.5%
compared to the bulk density. It can be seen that container
vibration has an important influence on powder filling.

Next, the angle of repose of the TC4 powderwas calculated.
The angle of repose refers to the maximum angle formed by
the surface of the freely deposited powder and the horizontal

Fig. 16 Laying powder processes with other scraping methods: a, b scraper with chamfer; c, d roller (not rotating); and e, f roller (rotating)
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plane in a static equilibrium state. The geometric model used to
calculate the angle of repose is shown in Fig. 11. The model
consists of four parts: the powder storage chamber, the powder
outlet, the powder baffle, and the recycling chamber. The di-
ameter of the powder outlet was 0.3 mm, the diameter of the
powder baffle was 2 mm, and the vertical distance between the
powder outlet and the powder baffle was 2 mm. The calcula-
tion of the angle of repose was divided into three steps (Fig.
12): (1) a particle cloud was generated randomly in the powder
storage chamber; (2) the particles gradually accumulated on

the baffle through the powder outlet under the action of gravity
until the accumulation pattern was basically stable; and (3) a
baffle was generated between the powder outlet and the baffle
to obtain a final deposit. In this paper, the stacking process was
calculated three times (the total number of particles were
26,848, 28,707, and 28,088), and the final deposit obtained is
shown in Fig. 13. The calculated average angle of repose
(32.6°) was in good agreement with the experimental data
(33.2°) [27]. Therefore, the accuracy of the calculation model
for the SLM paving process used in this paper was verified.

Fig. 17 Force state of particles with different scraping methods (straight scraper, scraper with chamfer, roller (not rotating), roller (rotating)): a, c, e, g
normal contact force; and b, d, f, h tangential friction (red means maximum force and blue means no force)
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3.2 Effect of the scraping method on the SLM laying
process

In order to analyze the influence of different scraping methods
on the SLM laying process, this paper used three scrapers
(straight scraper, scraper with chamfer, and roller) and four
scraping methods (straight scraper laying powder, scraper
with chamfer laying powder, roller (not rotating) laying pow-
der, and roller (rotating) laying powder). The geometric model
used in the calculation is shown in Fig. 14, wherein the convex
portion (which is the layup region) in the formation cavity had
a plane size of 7 mm×3mm, and the vertical distance from the
lower surface of the scraper was 120μm, and the calculation
process can be found in Section 2.4. In addition, the spreading
speed during the calculation of this section was 500μm/s.

Figure 15 shows the calculation results at different times
during the straight scraper laying powder process. It can be
seen that a portion of the powder moved forward under the
action of the straight scraper, and another portion of the pow-
der gradually spread out in the formation cavity. After the

laying process was completed, a portion of the powder was
recovered to the right cavity. Figure 16 shows the calculation
results of the laying powder process in the other powder

Fig. 18 Laying distributions with different scrapingmethods (straight scraper, scraper with chamfer, roller (not rotating), roller (rotating)): a-d side view;
and e-h top view

Table 2 Calculation results of laying tightness with different scraping methods

Scraping method First calculation Second calculation Third calculation Average
tightness (%)

Number of particles Tightness (%) Number of particles Tightness (%) Number of particles Tightness (%)

Straight scraper 25,136 30.16 26,876 30.67 27,226 30.07 30.30

Scraper with chamfer 27,355 42.33 27,449 42.11 27,681 42.19 42.21

Roller (not rotating) 27,360 45.45 27,392 45.47 27,673 45.24 45.39

Roller (rotating) 28,223 43.13 26,532 42.93 27,091 43.21 43.09

Fig. 19 Tightness of the local laying area with different scrapingmethods
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scraping modes. As is apparent from the comparison results,
since the contact surfaces of the two scrapers (the scraper with
chamfer and the roller) with the powder were curved, the
forward and laying movements of the powder were simulta-
neously performed.

In order to quantitatively analyze the influence of the dif-
ferent scrapingmethods on the laying process, this paper com-
pared the stress state of the particles under different scraping
modes (Fig. 17). It can be seen from the comparison results
that when the straight scraper was used for laying powder, the
particles in front of the scraper were subjected to the normal
contact force and the tangential friction force under the com-
bined action of gravity and the horizontal thrust of the scraper,
but there was essentially no interaction between the particles
below the scraper. When using the scraper with the chamfer,
the roller (not rotating), and the roller (rotating) for laying,
since the contact surfaces of the scrapers and the powder were
curved, the particles under the scrapers were both laid and
moved forward under the dual action of gravity and pressing
of the scraper. Figure 18 shows the laying distributions under
different scraping methods. It can be seen that, compared to
other powder scraping methods, from the side view results

(Fig. 18a-d), the top surface of the layer obtained by the
straight scraper was not flat, and from the top view results
(Fig. 18e-h), there were obviously more voids in the layer
obtained by the straight scraper. The reason for the above
results is that when the powder was laid by a straight scraper,
there was no interaction between the particles under the scrap-
er, resulting in a loose particle distribution, and when other
powder scraping methods were used, the particles under the
scrapers were pressed so that the powder tightness was im-
proved. From the calculation results of the tightness of the
layer under different scraping methods (Table 2), it can be
concluded that the tightness obtained by the straight scraper
was almost 30% lower than other cases, and the tightness
arrangement of the four scraping methods from high to low
was roller (not rotating)>roller (rotating)>scraper with
chamfer>straight scraper. The reason why the layer tightness
obtained by the roller (not rotating) was higher than the roller
(rotating) was because forward friction was applied to the
particles during the rotation of the roller, so the particles under
the roller had a stronger tendency to move forward.

The above analysis is for the overall tightness of the layer,
and in actual SLM production, the uniformity of the layer
distribution (the tightness of different layer areas) also has
an important influence on the formation quality. Therefore,
the abovementioned layer area (the convex part in the forma-
tion cavity) was artificially divided into seven equal parts
along the direction of the scraping direction, and Fig. 19
shows the comparison result of the tightness of the seven
partial layer areas under different scraping methods. It can
be seen from the comparison results that the local area tight-
ness obtained by the straight scraper was gradually decreas-
ing. The reason is that the tightness in the laying process
mainly depended on the accumulated pressure above the par-
ticles, and as the accumulated pressure gradually decreased,
the tightness gradually decreased. When other scraping
methods were adopted, the local area tightness satisfied the
rule that the front and rear parts were low in tightness, while
the middle part was high and uniform. The reason is that the
particles in the front and rear portions were affected by the

Fig. 20 Laying tightness with different scraping speeds

Fig. 21 Calculation results of the laying powder process at a scraping speed of 5 mm/s
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powder storage chamber and the recycling chamber. In sum-
mary, the layer obtained by the scraping method of the roller
(not rotating) had the highest tightness and most uniform pow-
der distribution.

3.3 Effect of scraping speed on the SLM laying process

Next, the influence of the scraping speed on the laying process
was analyzed, wherein the scraping method used a roller (not
rotating), and the scraping speeds were set to 0.1, 0.3, 0.7, 0.9,
and 2 mm/s. Figure 20 shows the layer tightness at different
scraping speeds (calculated three times for each scraping
speed), and it can be seen that as the scraping speed increased,
the laying tightness tended to decrease linearly. When the
powder scraping speed was too large (Fig. 21), since the im-
pact force of the roller on the particles was too large, the
particles in the layer region could not be stably maintained,
and the laying could be basically considered as a failure.
Therefore, in the actual SLM laying process, under the pre-
mise of ensuring production efficiency, a lower laying speed
should be adopted as much as possible, which is beneficial to
obtain higher layer tightness.

4 Conclusions

1. Based on the discrete element method (particle contact
force model, particle collision judgment algorithm, and
particle motion equation) and the SLM laying powder
process, a numerical simulation of the SLM laying pow-
der process was carried out.

2. For a performance measurement experiment of the
TC4 titanium alloy powder, the powder bulk density,
tap density, and angle of repose were calculated and
analyzed. It was found that the tap density increased by
7.5% compared to the bulk density, and the calculated
average angle of repose (32.6°) was in good agreement
with the experimental data (33.2°), thus verifying the
accuracy of the calculation model used for the SLM
laying powder.

3. The influences of different scraping methods and scraping
speeds on the quality of the laying powder were calculated
and analyzed. It was found that the scraping method using
a roller (not rotating) obtained the highest tightness and
most uniform powder distribution, and as the scraping
speed increased, the laying tightness tended to decrease
linearly.

4. Compared with the actual laying process, there are some
shortcomings, such as an insufficient number of particles
used in the calculation and the ideal shape of the particle,
which will be the focus of subsequent research.
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