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Abstract

Laser powder bed fusion (LPBF) has the advantages of rapid and customized production and has gradually been used in
aerospace, biomedicine, and other fields. However, the current LPBF technology still faces many obstacles, such as the failure
to fully explore the influence of the powder layer parameters (particle size distribution, thickness of spreading layer, etc.) on the
LPBF multi-layer forming process. Based on the open-source discrete element method framework Yade and the open-source
finite volume method framework OpenFOAM, the simulation flow for the LPBF multi-layer single-track process was
established. Among them, the considered force influence factors included gasification recoil, surface tension, Marangoni effect,
viscous force, mushy zone drag force, and gravity, and the considered thermal influence factors included gasification, convection,
and radiation heat dissipation. In order to analyze the influence of particle size distribution and spreading layer thickness on the
LPBF multi-layer process, the forming processes of the first eight layers of powder bed with three different particle size
distributions and two different spreading layer thicknesses were calculated. Regarding the surface roughness of the formed layer,
it was found that when the proportion of large-size particles increased, the surface roughness of the formed layer would increase.
Regarding the actual thickness of the powder layer and the depth of the solidified track, it was found that they were mainly related
to the thickness of the spreading layer, but were not affected by the particle size distribution. Regarding the porosity of the formed
zone, it was found that when the spreading layer thickness was smaller, the higher the proportion of small-size particles, the lower
the porosity of the formed zone; when the spreading layer thickness was larger, the smaller the proportion of large-size particles,
the lower the porosity of the formed zone. This paper is expected to provide support for in-depth understanding of the effects of
particle size distribution and spreading layer thickness on the LPBF multi-layer forming process.

Keywords Laser powder bed fusion - Particle size distribution - Spreading layer thickness - Surface roughness - Porosity -
Numerical simulation
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Ce, C1,C2 Equivalent[zg], metal-phase, and gas-phase
specific heat capacities, respectively

k Mixed thermal conductivity

Olaser Laser energy density

Neon Convective heat transfer coefficient
on the interface

Teon External convection temperature

oy Stefan-Boltzmann constant

€ Emissivity

Trua External radiation temperature

V etal Metal volume of the element

Vieum Sum of the metal volume of the laser
action elements under the same
horizontal position

Az Element equivalent size, such as the
side length of the cube

Qlaser Surface energy density of the laser

n Laser absorption rate of the metal

Piiser Laser power

R Radius of the laser spot

X,y Horizontal coordinates of the
center point of the element

X0s Yo Horizontal coordinates of the
center point of the laser spot

Vigser Scanning speed of the laser

1 Introduction

As one of the main technologies of metal additive manufactur-
ing, laser powder bed fusion (LPBF) uses a laser to melt metal
powder layer by layer to form complex metal components [2,
3]. Thanks to its advantages of rapid and customized produc-
tion, LPBF technology has gradually been applied in aero-
space, biomedicine, and other fields [4, 5]. However, the cur-
rent LPBF technology still faces many obstacles. For exam-
ple, high dimensional accuracy and low porosity are still key
indicators of concern to LPBF producers [6, 7].

At present, researchers have carried out a large number of
experimental studies on LPBF process optimization. The re-
search objects mainly include powder layer parameters (alloy
type [8], particle size distribution [9], spreading layer thick-
ness [10], etc.), laser parameters (laser power [11], spot size
[12], etc.), scanning parameters (scanning speed [13], hatch
space [14], scanning strategy [15], etc.). Sutton et al. [16]
reviewed the commonly used powder characterization tech-
niques, such as scanning electron microscopy, laser light dif-
fraction, X-ray photoelectron spectroscopy, and differential
thermal analysis. These powder characterization methods
can be used to study particle morphology, chemistry, and mi-
crostructure, and then optimize the powder properties. Arisoy
et al. [17] analyzed the influences of laser power, scanning
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speed, hatch space, scanning strategy, and other process pa-
rameters on grain size and orientation for LPBF forming
IN625 parts, and optimized the process parameters using
methods such as response surface regression. The obtained
experimental research results [8—17] provided good support
for LPBF process optimization.

Similar to the high-power laser welding process [18], the
LPBF forming process is also a typical high temperature and
high transient physical process. At present, high-speed cam-
eras [19, 20] and X-ray in-situ imaging technology [21, 22]
can provide a means for people to observe the LPBF process
in real time, but such methods are difficult to obtain three-
dimensional and accurate real-time data, such as the changes
in the three-dimensional shape of the molten pool. In view of
this, numerical simulation technology has been more and
more widely used in the field of LPBF [23-25]. The related
numerical simulation technologies are mainly based on the
mesoscopic scale, that is, first obtain the particle distribution
of the powder bed [26, 27], and then calculate the heating
effect of the laser on the metal particles to describe the dy-
namic behavior of the molten pool [28], and finally obtain the
solidified track [29]. The current research objects of LPBF
numerical simulation mainly include spreading layer thick-
ness [30, 31], powder bed tightness [32], laser power [33],
laser exposure time [34], scanning speed [35], and hatch space
[36], in order to obtain a reasonable process parameter map.
The author [37] calculated the LPBF spreading process based
on discrete element method (DEM), analyzed the influence of
different scraping methods and scraping speeds on the quality
of the powder bed, and found that the powder bed tightness
obtained by the scraping method of the roller (not rotating)
was the highest. Le et al. [38] established a physics-based
computational fluid dynamics (CFD) model to describe the
fluid flow and heat transfer of the LPBF process. By calculat-
ing the molten pool flow patterns of the medium-deep and
well-deep keyholes, the keyhole-induced porosity was pre-
dicted. The obtained simulation research results [23-38] pro-
vided some help for in-depth understanding of the LPBF
forming process, but previous research [9] has shown that
the LPBF process is expected to enter a quasi-steady state at
least after the first six layers were formed. For example, the
actual thickness of the powder layer is basically stable after the
sixth layer was formed. The LPBF numerical simulation re-
searches [23-25, 28-36, 38] that have been carried out are
often limited to the first two layers of forming process, and
the influences of powder layer parameters (particle size distri-
bution, spreading layer thickness, etc.) on the LPBF multi-
layer process were not fully analyzed. This is also the focus
of this paper.

Based on the open-source DEM framework Yade and the
open-source CFD framework OpenFOAM, this paper predict-
ed the LPBF multi-layer single-track forming process at the
mesoscopic scale. In order to analyze the influences of particle
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size distribution and spreading layer thickness on the surface
roughness of the formed layer, the actual thickness of the
powder layer, the depth of the solidified track and the porosity
of the formed zone, the forming processes of the first eight
layers of powder bed with three different particle size distri-
butions and two different spreading layer thicknesses were
calculated, and the experimental results were compared and
verified. This paper is expected to provide support for in-depth
understanding of the effects of particle size distribution and
spreading layer thickness on the LPBF multi-layer forming
process.

2 Modeling approaches
2.1 Simulation of the spreading powder process

The premise of describing the LPBF forming process based on
the mesoscopic scale is to obtain the particle distribution of the
powder bed. In this paper, the open-source DEM framework
Yade was used to simulate the spreading powder process [37].
Figure 1 shows the steps required to obtain the first layer of
powder bed, including: (a) the diameters of the metal particles
were measured with instruments such as a laser particle size
analyzer, to obtain the particle size distribution of the metal
powder; (b) regarding the morphology of metal particles as an
ideal spherical shape, a “particle cloud” was generated above
the substrate according to the particle size distribution curve,
and the “particle cloud” is actually loose and suspended par-
ticles as one of the initial conditions for the powder spreading

simulation; (c) the “particle cloud” fell under gravity and laid
loosely on the substrate; (d) the gap between the roller and the
substrate was set to the required thickness of the powder bed,
and the roller moved parallel to the substrate at a certain speed
(during the spreading process, the normal and tangential con-
tact between the particles and the force between the particles
and the roller were considered); (e) after the roller had swept
over the substrate, it stopped moving, and the radius and
sphere center coordinates of the particles directly above the
substrate were derived. Before Yade was used to calculate the
spreading powder process, the set parameters mainly included
material parameters (density, Young’s modulus, Poisson’s ra-
tio, contact friction angle), particle size distribution, “particle
cloud” position and roller moving speed, and other parameters
adopted Yade’s default settings.

2.2 Mathematical model of the molten pool dynamics

After obtaining the particle distribution of the powder bed, the
corresponding CFD model can be established to describe the
dynamic behavior of the LPBF molten pool. In order to ensure
the feasibility and efficiency of numerical calculations, this
paper made the following two assumptions: the mass loss
caused by metal gasification was not considered, and the flow
behavior of liquid metal and gas was regarded as laminar flow
of incompressible Newtonian fluid. The VOF model [39] was
used here to track the distributions of metal-phase and gas-
phase, the considered force influence factors included gasifi-
cation recoil, surface tension, Marangoni effect, viscous force,
mushy zone drag force [40], and gravity, and the considered

Fig. 1 Simulation of the
spreading powder process: a
particle size distribution; b
generate a “particle cloud”; ¢
particles laid loosely on the
substrate; d spreading powder; e
finish
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Fig. 2 Schematic diagram of the
dynamic behavior of the molten
pool and the laser heat source
model (the red in the figure
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Fig. 3 Simulation flow for the
LPBF multi-layer single-track

process: (al~a4) forming the first

layer of powder bed (spreading
powder—geometric model of the
powder bed—CFD simulation—

STL model of the solidified track

surface); (b1~b4) forming the
second layer of powder bed
(spreading powder—geometric
model of the powder bed—CFD
simulation—STL model of the
solidified track surface)

(a1)

(b1)

Table 1 Physical properties of 316L stainless steel

Parameter Value Unit
Density of metal 7270 kg/m®
Specific heat of metal 790 J/(kg'K)
Thermal conductivity of metal 24.55 W/(m'K)
Solidus temperature 1658 K
Liquidus temperature 1723 K
Evaporation temperature 3090 K
Latent heat of melting 2.7 % 10° Jkg
Latent heat of gasification 7.45 x 10° Jkg
Viscosity of liquid metal 0.00345 Pa-s
Surface tension 1.6 N/m
Temperature of surface tension —8x107* N/(m'K)
Molecular mass 93 x107%¢ kg
Ambient pressure 101325 Pa
Boltzmann constant 1.380649 x 107 JK
Emissivity 0.26

Stefan-Boltzmann constant 5.67x10°% W/(m>K*)
Density of air 1 kg/m®
Specific heat of air 718 J/(kg'K)
Thermal conductivity of air 0.02346 W/(m-K)
Viscosity of air 148 x 107 Pas

k=-V-n )
Vm I YGiaser
Qlaser = Vs:: : lAaSZe (10)
znPlaser (x_x()_vlasert)2 + O’_J’o)z
= @ -2 11
Y laser T R2 eXp R2 ( )

The laser heat source model (Egs. 10 and 11) is original.
Fig. 2 is the schematic diagram of the dynamic behavior of the
molten pool and the laser heat source model for the LPBF
process. The metal particles melted after being heated by the
laser to form a molten pool. The molten pool appeared dented
under the combined influence of gasification recoil, surface
tension, Marangoni effect, and other factors, and appeared in
the shape of “droplet” on the horizontal surface. In order to
effectively apply the laser energy to the powder bed, this paper
first extracted the interface between the metal phase and the
gas phase according to the distribution of cvy; then took (xo, o)
as the center and R as the radius to find the first layer elements
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Table 2  Calculation schemes used to analyze the powder layer parameters

Calculation Spreading layer Particle size Layer Laser power Number of elements (ten  Number of Calculation time
scheme thickness (p1m) distribution number (W) thousand) threads used (hour)
al 30 Type A 1 215 166.4 10 62.2
a2 2 204.8 10 112.7
a3 3 2432 10 136.5
a4 4 246.4 10 149.9
a5 5 272 10 208.4
ab 6 2944 10 206.0
a7 7 320 20 63.4
a8 8 3424 20 164.9
bl 30 Type B 1 215 166.4 10 48.2
b2 2 204.8 10 68.7
b3 3 2432 10 122.7
b4 4 246.4 10 135.7
b5 5 272 10 145.6
b6 6 2944 10 189.2
b7 7 320 10 176.5
b8 8 3424 20 168.5
cl 30 Type C 1 215 166.4 10 39.7
c2 2 204.8 10 37.1
c3 3 2432 10 91.8
c4 4 246.4 10 45.8
c5 5 272 10 102.7
c6 6 294.4 10 119.1
c7 7 320 10 127.6
c8 8 3424 10 164.8
d1i 45 Type A 1 265 185.6 10 72.0
d2 2 243.2 10 139.3
d3 3 300.8 10 242.7
d4 4 294.4 10 277.4
ds 5 329.6 20 230.7
dé 6 3712 30 187.2
d7 7 403.2 30 184.6
ds 8 4384 40 136.3
el 45 Type B 1 265 185.6 10 58.1
e2 2 2432 10 127.4
e3 3 300.8 10 150.6
e4 4 2944 10 236.5
e5 5 329.6 10 239.5
e6 6 371.2 20 220.1
e7 7 403.2 20 161.5
e8 8 438.4 30 110.1
fl 45 Type C 1 265 185.6 10 47.1
2 2 2432 10 65.5
3 3 300.8 10 116.8
4 4 294.4 10 126.1
5 5 329.6 20 103.1
f6 6 3712 20 113.4
7 7 403.2 20 168.0
f3 8 4384 20 149.3
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Fig. 4 Particle size distribution curves

under the laser action; then take the first layer elements as the
starting point, found the elements within a certain distance
along the direction of gravity, marked the found elements as
the laser action elements; finally calculated the distribution of
Vaum» and distributed the laser energy based on V...

2.3 Simulation flow for the LPBF multi-layer single-
track process

Figure 3 shows the simulation flow for the LPBF multi-layer
single-track process. Its main steps include: (a) based on the

Fig. 5 Molten pool at the
intermediate time and
morphology of the final solidified
track for each forming layer under
calculation scheme a

1st layer

2nd layer

3rd layer

4th layer

5th layer

6th layer

7th layer

8th layer

Molten pool

open-source DEM framework Yade, the spreading powder
process was simulated, the radius and sphere center coordi-
nates of the powder bed particles were derived, and the mate-
rial parameters [40] set here were density (7270 kg/m?>),
Young’s modulus (195 GPa), Poisson’s ratio (0.3), and con-
tact friction angle (0.1); (b) according to the particle radius and
sphere center coordinate data, the powder bed geometric mod-
el was generated with the aid of 3D modeling software, and
pre-processing operations such as meshing were carried out;
(c) based on the above theoretical model, the open-source
finite volume method (FVM) framework OpenFOAM [40]
was used to predict the dynamic behavior of the LPBF molten
pool; (d) with the help of post-processing software, the solid-
ified track surface data was extracted and the corresponding
stereo lithography (STL) model was derived; (e) the obtained
STL model was imported into Yade, and steps (a~d) were
repeated to form the next layer of powder bed.

3 Results and discussion
3.1 Calculation parameters

The metal powder material used here was 316L stainless steel,
and its alloy composition (mass percentage) was Fe 65.395%-
Cr 17.0%-Ni 12.0%-Mo 2.5%-Mn 2.0%-Si 1.0%-P 0.045%-
C 0.03%-S 0.03%. Table 1 shows the physical properties of
316L stainless steel calculated by JMatPro v7.0.

SO|ldIfled track morphology

SScanning
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Fig. 6 Middle section of the
solidified tracks for each forming
layer under calculation scheme a

The focus of this paper is the influences of powder layer
parameters (particle size distribution, spreading layer thickness)
on the LPBF multi-layer forming process, such as the surface
roughness of the formed layer, the actual thickness of the pow-
der layer, the depth of the solidified track, and the porosity of
the formed zone. To this end, the process schemes shown in
Table 2 were calculated, with reference to the simulation flow
shown in Fig. 3. Among them, the particle size distributions
type A, type B, and type C referred to Ref. [9], and Fig. 4 shows
the curves of the particle size distributions type A, type B, and
type C. The mesh model sizes of all calculation schemes in
Table 2 were X-direction (1000 wm), Y-direction (200 wm),
and Z-direction (50 um of the substrate + total thickness of
the powder layers + 50 pm of the air layer). Taking the calcu-
lation scheme of forming the fourth layer of powder bed with
the spreading layer thickness of 30 um as an example, the mesh
model size was X-direction (1000 wm), Y-direction (200 pwm),
and Z-direction (220 wm). In addition, the laser spot diameter
was 70 pum, the scanning speed was 1 m/s, the laser absorption
rate was 0.35, the ambient temperature was 300 K, the calcu-
lation time step was 2.5 x 107’ s, and the computing resource
configuration used was Intel Xeon Gold 6240 CPU (dual CPU,
72 threads, 128 GB memory).

Comparing the calculation time used for each calcula-
tion scheme in Table 2, it could be found that since the
proportion of small-size particles of type A was signifi-
cantly higher than that of types B and C, the calculation
time required for type A was significantly longer. In ad-
dition, the calculation time was also affected by the
spreading layer thickness, the current forming layer num-
ber, the number of threads used, and the number of
schemes currently calculated by the workstation.

3.2 Influence of particle size distribution on the
surface roughness of the formed layer

Figure 5 is the simulation result of forming each layer of
powder bed under calculation scheme a. On the whole, the
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forming process of each powder layer was basically similar,
in which the metal particles were heated by the laser to form a
molten pool, and the molten pool was basically kept in a
droplet shape, then gradually solidified to form a pit, and
finally, a solidified track was obtained. In order to analyze
the influence of particle size distribution on the surface rough-
ness of the formed layer, the Y-direction middle section of
each layer of the solidified track was extracted here. It was
believed that the height fluctuation degree of the top surface of
the solidified track in the section could reflect the surface
roughness of the solidified track. The height fluctuation de-
gree of the top surface was obtained by calculating the arith-
metic mean of the absolute value of the deviation from the
average height at each point of the profile. Figure 6 shows the
middle section of each layer of solidified track under calcula-
tion scheme a. In order to visually compare the middle section
results of different layers of solidified track, Fig. 7 summarizes
the middle section results of each layer of solidified track
under calculation scheme a~f. It can be seen intuitively from
Fig. 7 that for one of calculation schemes a~f, the height
fluctuations of each layer of the solidified tracks were not
much different, so it can be concluded that the surface rough-
ness of each formed layer was basically the same under the
same calculation scheme. When the spreading layer thickness
was 30 um (Fig. 7a~c), the solidified track height fluctuation
was the smallest when the particle size distribution was type
A, and the maximum when the particle size distribution was
type C. The same conclusion can be drawn by comparing the
results when the spreading layer thickness was 45 um (Fig.
7d~f), so it can be concluded that the particle size distribution
has a greater influence on the surface roughness of the formed
layer. When the particle size distribution was type A, compar-
ing the calculation results under different spreading layer
thicknesses (Fig. 7a, d), it can be found that the solidified track
height fluctuations under the two calculation schemes were
not much different. This conclusion is also true when the
particle size distributions were type B (Fig. 7b, ¢) and type
C (Fig. 7c, 1), so it can be concluded that the spreading layer
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Fig. 7 Summary of the middle
section of the solidified tracks for
each forming layer under each
calculation scheme (different
colors represent the middle
section of different layers of
solidified tracks): a calculation
scheme a; b calculation scheme b;
¢ calculation scheme c; d
calculation scheme d; e
calculation scheme e; f
calculation scheme f
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Fig. 8 Height fluctuation value of 32
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thickness has little effect on the surface roughness of the
formed layer.

In order to quantitatively analyze the above results, it is
believed that the solidified track height fluctuation value (the
difference between the maximum and minimum Z-axis
heights) in the middle section can be used to reflect the degree
of solidified track height fluctuation, and Fig. 8 shows the
height fluctuation value of each layer of solidified track under
each calculation scheme. It can be clearly seen from the com-
parison results that when the spreading layer thickness was
constant, the solidified track height fluctuation value was the
smallest when the particle size distribution was type A, and
the maximum when the particle size distribution was type C.

@ Springer

Layer number

The reason is that compared with the particle size distribution
types B and C, when the particle size distribution was type A,
the average particle size was smaller, and the proportion of
small-size particles was obviously higher. Because the small-
size particles were easy to fill the voids during the spreading
powder process, and it was not easy to form obvious protru-
sions, so the powder bed obtained when the particle size dis-
tribution was type A had high tightness and smooth surface
(Fig. 9), and then a solidified track with a small surface height
fluctuation value was obtained. Table 3 shows the average
values of solidified track height fluctuations for each calcula-
tion scheme. It can be seen that when the spreading layer
thickness was constant, as the proportion of large-size
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Fig. 9 Particles distribution
required to form the fourth layer
of powder bed under each
calculation scheme (red particles
are large-size particles, and blue
particles are small-size particles)
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particles increased, the solidified track height fluctuations in-
creased, and when the particle size distribution was constant,
the fluctuation degree of the solidified track height under dif-
ferent spreading layer thicknesses was basically the same. In
summary, when the proportion of large-size particles in-
creases, the surface roughness of the formed layer will in-
crease; when the particle size distribution was constant, the
surface roughness of different formed layers is basically the
same, and it is less affected by the spreading layer thickness.

3.3 Influence of particle size distribution on actual
thickness of powder layer and depth of solidified
track

Due to the gaps between the particles, the height of the solid-
ified track obtained after the laser action must be lower than
the height of the powder bed, therefore, when the roller rises to
a certain spreading layer thickness and then spreads the pow-
der bed, the actual thickness of the powder layer obtained
must be greater than the set spreading layer thickness. In order
to analyze the influences of particle size distribution and
spreading layer thickness on the actual thickness of the pow-
der layer and the depth of the solidified track, MATLAB

Side view

software was used to extract the average height of the top
surface of each formed layer under each calculation scheme
in Fig. 7, as shown in Fig. 10. On the basis of Fig. 10,
subtracting the bottom surface height of the roller from the
top surface height of the previous solidified track, the actual
average thickness of each powder layer under each calculation
scheme could be obtained, as shown in Fig. 11. On the basis of
Fig. 10, subtracting the top surface height of the current solid-
ified track from the top surface height of the previous solidi-
fied track, the depth of each layer of solidified track under
each calculation scheme could be obtained, as shown in Fig.
12. It can be seen from Fig. 10 that for a particular calculation
scheme, as the number of the forming layer increased, the top
surface height of solidified tracks basically maintained a linear
increase. In addition, the top surface height of the solidified
track was mainly affected by the spreading layer thickness.
The reason is obvious, that is, the greater the spreading layer
thickness, the more metal particles the laser would act on,
which made the top surface of the solidified track higher.
When the spreading layer thickness was constant, there were
only slight differences in the top surface height of the solidi-
fied track under different particle size distributions. It can be
seen from the partial enlarged view in Fig. 10 that the top

Table 3 Average values of

solidified track height fluctuations Particle size

Spreading layer thickness

Average value of solidified track height fluctuation

for each calculation scheme distribution (pm) (nm)
Type A 30 10.5
Type B 30 13.5
Type C 30 22.5
Type A 45 10.1
Type B 45 13.1
Type C 45 27
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= calculation scheme a completely determined by the spreading layer thickness ¢ and
=350 |-| @ calculation scheme b 1 the tightness of the powder bed w, which can be obtained:
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2 150 - i layer, respectively. Figure 13 shows the actual thickness of
2 - each powder layer and the depth of each solidified track under
T 100 | ) different spreading layer thicknesses (30 um and 45 pum) cal-
& ' | ' ] . ) culated by Egs. 12 and 13 when the powder bed tightness was
1 2 3 4 6 7 8 0.6. Comparing Fig. 11 with Fig. 13a and Fig. 12 with Fig.

5
Layer number

Fig. 10 Average height of the top surface of each formed layer under
each calculation scheme (the height coordinate of the bottom surface of
the substrate is 0 um)

surface of the solidified track was the highest when the particle
size distribution was type A. The reason is that the small-size
particles in type A accounted for a larger proportion, which
made the powder bed more compact.

It can be seen from Fig. 11 that for a specific calculation
scheme, as the number of the forming layer gradually increased,
the actual thickness of the powder bed also increased. When the
fifth forming layer was reached, the actual thickness of the
powder bed remained basically stable. In addition, the actual
thickness of the powder bed was greatly affected by the spread-
ing layer thickness, but less affected by the particle size distri-
bution. It can be seen from Fig. 12 that the changing law of the
depth of the solidified track is consistent with the actual thick-
ness of the powder bed. In order to further explain this law, it
can be ideally considered that the actual thickness of the powder
layer T,5,40- and the depth of the solidified track D, are
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Fig. 11 Actual thickness of each powder layer under each calculation
scheme
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13b, it is not difficult to find that the change law was basically
the same. From Egs. 12 and 13, it can be easily calculated that
the actual thickness of the powder layer and the depth of the
solidified track will approach ¢/w and ¢, respectively. When
the powder bed tightness is 0.6 and the spreading layer thick-
ness is 30 pm, the actual thickness of the powder layer and the
depth of the solidified track will approach 50 um and 30 pum,
respectively, and when the powder bed tightness is 0.6 and the
spreading layer thickness is 45 um, the actual thickness of the
powder layer and the depth of the solidified track will ap-
proach 75 um and 45 um, respectively. From the view of
the numerical value, the stable values in Figs.11 and 12 are
basically in line with theoretical calculations. In summary, the
actual thickness of the powder layer and the depth of the
solidified track are mainly related to the spreading layer thick-
ness, but are less affected by the particle size distribution.
When the fifth forming layer is reached, the actual thickness
of the powder bed and the depth of the solidified track remain
basically stable, which theoretically approach the ratio of the
spreading layer thickness to the tightness of the powder bed
and the spreading layer thickness, respectively.
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Fig. 12 Depth of each solidified track under each calculation scheme
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3.4 Influence of particle size distribution on porosity
of formed zone

Section 3..2 has drawn the relevant conclusions that the parti-
cle size distribution affects the surface roughness of the
formed layer. In order to further explore the influence of par-
ticle size distribution on the porosity of the formed zone, the
forming process of calculation scheme c5 was analyzed first.
Figure 14 shows the metal-phase distributions at different
times under calculation scheme c¢5. When ¢=0pus, due to the
large fluctuation of the top surface of the previous solidified
track, large gaps were likely to exist in the current powder bed
(pink circle area); when ¢ =340us, the laser acted on the large
gap, but the gas was difficult to completely exhaust; when 7=
410us, the gas that could not be exhausted was drawn into the
molten pool; when #=1000us, the gas in the molten pool

could not escape smoothly and eventually formed pore de-
fects. So, it can be concluded that the particle size distribution
has an important influence on pore defects.

Figure 15 shows the final distribution of pore defects under
each calculation scheme. Here, the distribution of pore defects
on the Y-direction middle section was used to approximate the
porosity of the formed zone. It can be seen from the compar-
ison results that when the spreading layer thickness was 30
pum, the pore defect when the particle size distribution was
type A was the least, and when the particle size distribution
was type B, the pore defect was the most. When the spreading
layer thickness was 45 pum, the pore defect when the particle
size distribution was type A was the least, and when the par-
ticle size distribution was type C, the pore defect was the most.
The reason is that when the spreading layer thickness was
small, because the actual thickness of the powder layer was
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thickness of spreading layer: 45 micron
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small, the metal particles under the laser action were all heated
and melted. At this time, the main reason for the formation of
pore defect was that the gas was difficult to effectively escape
the molten pool. So when the proportion of small-size parti-
cles was higher, the inter-particle voids could be effectively
filled, making the powder bed more compact, and ultimately
obtaining fewer pore defects, and it should be pointed out that
the proportion of small-size particles with particle size distri-
bution type A is the highest, and the proportion of small-size
particles with type B is the lowest. When the spreading layer
thickness was large, the actual thickness of the powder layer
was large, and the main reason for the formation of pore defect
at this time was that the large-size particles could not be

Fig. 14 Pore defect caused by
excessive surface roughness
under calculation scheme ¢5 (in
the figure, red represents the
metal-phase, blue represents the
gas-phase; the yellow curve is the
boundary of the molten pool; the
pink circle is used to highlight the
pore evolution process)

@ Springer

completely heated and melted, resulting in insufficient fusion
between the formed layers, and finally forming pore defect.
And it should be pointed out that the proportion of large-size
particles with particle size distribution type A was the lowest,
and the proportion of large-size particles with type C was the
highest. Table 4 shows the volume ratio of pores (obtained by
the simulation) and relative density (obtained by the experi-
ment [9]) of parts under each calculation scheme, and the
experiment results can draw conclusions consistent with the
simulation results. In summary, when the spreading layer
thickness is small, the pore defects are mainly affected by
the proportion of small-size particles, that is, the higher the
proportion of small-size particles, the lower the porosity of the
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Particle size distribution: type A
Thickness of spreading layer: 30 um

Fig. 15 Distribution of pore
defects on the Y-direction middle
section of the formed zone under
each calculation scheme (the pink
circles are used to mark out the
pores)

Particle size distribution: type B
Thickness of spreading layer: 30 um

Particle size distribution: type C
Thickness of spreading layer: 30 um

formed zone; when the spreading layer thickness is large, the
pore defects are mainly affected by the proportion of large-
size particles, that is, the lower the proportion of large-size
particles, the lower the porosity of the formed zone.

4 Conclusions

(1) Based on the open-source DEM framework Yade and
the open-source FVM framework OpenFOAM, the sim-
ulation flow of the LPBF multi-layer single-track process
was established, and the meso-scale forming process of
the first eight layers of powder bed calculated. Among
them, the considered force influence factors included
gasification recoil, surface tension, Marangoni effect,
viscous force, mushy zone drag force, and gravity, and
the considered thermal influence factors included gasifi-
cation, convection, and radiation heat dissipation.
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> V! .
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(2) Regarding the surface roughness of the formed layer,
when the proportion of large-size particles increases,
the surface roughness of the formed layer will increase;
when the particle size distribution was constant, the sur-
face roughness of different formed layers is basically the
same, and it is less affected by the spreading layer
thickness.

(3) Regarding the actual thickness of the powder layer and
the depth of the solidified track, they are mainly related
to the spreading layer thickness, but are less affected by
the particle size distribution. When the fifth forming lay-
er is reached, the actual thickness of the powder bed and
the depth of the solidified track remain basically stable,
which theoretically approach the ratio of the spreading
layer thickness to the tightness of the powder bed and the
spreading layer thickness, respectively.

(4) Regarding the porosity of the formed zone, when the
spreading layer thickness is small, the higher the

Table 4 Volume ratio of pores

(obtained by the simulation) and Particle size Spreading layer thickness Volume ratio of Relative density of part
relative density (obtained by the distribution (pm) pores [9]
experiment [9]) of parts under
each calculation scheme Type A 30 0.6% 99.5%
Type B 30 5.1% 95.1%
Type C 30 1.6% 98.5%
Type A 45 1.2% 98.7%
Type B 45 2.4% 97.8%
Type C 45 3.5% 96.8%
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proportion of small-size particles, the lower the porosity
ofthe formed zone; when the spreading layer thickness is
large, the lower the proportion of large-size particles, the
lower the porosity of the formed zone.
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