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A B S T R A C T

Laser powder bed fusion (LPBF) is an advanced manufacturing technology that uses data-driven, layer-by-layer
accumulation of materials to form metal components and has been widely applied in aerospace and other fields.
Effectively controlling pore defects is a key scientific problem and technical difficulty in LPBF industrial pro-
duction. Based on the open-source discrete element method code Yade, the particle distribution of the powder
bed was obtained. Based on the open-source computational fluid dynamics code OpenFOAM, the pore evolution
during the LPBF formation process at the mesoscopic scale was predicted. The thermal–force factors affecting the
molten pool included the surface tension, Marangoni effect, gasification recoil force, and mushy drag force. The
laser energy model used a body heat source based on interface tracking. First, dimensionless analysis of the
molten pool evolution in the case of LPBF single-track formation was carried out. The molten pool evolution was
mainly influenced by the gasification recoil force, Marangoni effect and surface tension, and the main influ-
encing factors on different zones of the molten pool were different. To examine the influences of the laser power,
scanning speed, powder bed thickness, and hatch space on the pore defect in the LPBF formation process,
simulations were carried out and compared with experimental results. When the volumetric energy density was
too small, pore defects occurred due to insufficient fusion of metal particles, and when the volumetric energy
density was too large to cause the “keyhole” effect, pore defects occurred because the entrained gas could not
escape in time. This paper is expected to provide theoretical guidance for the scientific regulation of pore defects
in LPBF production.

1. Introduction

Laser powder bed fusion (LPBF) is an advanced manufacturing
technology that uses data-driven, layer-by-layer accumulation of a
material to form metal components. It uses a laser beam to selectively
act on a powder bed and has been widely applied in the aerospace,
biomedical, and other fields [1]. The scanning of the powder bed by the
laser beam to melt and deposit is a complex process in which multiple
types of physics are coupled and highly dynamic, and the components
are prone to macroscopic defects, including warpage, ball, cracking,
and internal metallurgical defects, such as pore and slag inclusion [2].
Among these, the pore defect is most affected by the process parameters
[3], which can easily cause fatigue cracks [4]. Furthermore, it is diffi-
cult to eliminate pores by post-treatment methods such as heat treat-
ment and hot isostatic pressing, which makes pores one of the key
defects to be controlled during LPBF production [5].

The pore evolution during the LPBF formation process occurs in a
rapidly changing liquid–solid–gas coupled environment at a high tem-
perature. Scholars have conducted many experimental studies on the in-

situ observation of pores [6–8], the influence of the process parameters
on pores [9], the influence of pores on components’ mechanical prop-
erties [10], and the corrosion behaviors caused by pores [11]. Hojjat-
zadeh et al. [12] studied the motion and elimination mechanism of
pores during the LPBF process by means of in-situ, high-speed, high-
resolution synchrotron X-ray imaging experiments and found that the
pores in the laser interaction region escaped from the molten pool
under the high thermocapillary force. Imani et al. [13] used in-process
layer-by-layer optical images to study the influences of the laser power,
scanning speed, and hatch space on the pore defect of LPBF components
and found that reducing the laser power by half could lead to a seven-
fold increase in the number of pores. The current experimental results
have provided a good basis for understanding the evolution mechanism
of pore defects during the LPBF process.

As a high-efficiency and low-cost technology for the quantitative
analysis of physical processes, numerical simulations have been widely
used in recent years to predict temperature, molten pool, stress, mi-
crostructure and other information during the LPBF process [14–18].
Since the complex evolution behaviors of pores mainly occur in the
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molten pool, the size of the molten pool in the LPBF process is often on
the micrometer scale (mesoscopic scale) [19], so that the pore defect
can be effectively described only based on the mesoscopic scale
[20,21]. Simulation methods based on the mesoscopic scale involve
directly predicting the formation and evolution of pores by describing a
series of molten pool dynamic behaviors, such as melting, gasification
and solidification of metal particles under laser action [22,23]. At
present, the mesoscopic-scale simulation studies of the LPBF process
mainly involve two aspects: the particle distribution of the powder bed
[24,25] and the molten pool dynamics [26–34]. Han et al. [35] used the
discrete element method (DEM) to analyze the effect of different
powder bed thicknesses on the powder bed quality and found that lower
and higher powder bed thicknesses would result in large voids and
short-feed defects, respectively. Tang et al. [36] predicted the LPBF
formation process based on the open-source computational fluid dy-
namics (CFD) code OpenFOAM and analyzed the effects of the gasifi-
cation recoil force and surface-tension-induced wetting behavior on the
pore defect. Bayat et al. [37,38] used a combination of numerical si-
mulations and experiments to study the mechanism of pore defect
formation caused by “keyhole” and lack-of-fusion in the LPBF process.
The current simulation results provide a good technical basis for

predicting pore defects in the LPBF process, but systematic research on
the evolution of pores is lacking, especially the influence of various
process parameters on pore defects.

In this paper, the particle distribution of the powder bed was de-
termined by the DEM, and the pore evolution during the LPBF process
was predicted at the mesoscopic scale using OpenFOAM. First, the
evolution process of the molten pool in the case of LPBF single-track
formation was predicted, and the corresponding dimensionless analysis
was performed. To examine the influence of different process para-
meters on pore defects, corresponding simulations were then carried to
examine the effects of the laser power, scanning speed, powder bed
thickness, and hatch space, and the results were compared with ex-
perimental results. This paper is expected to provide theoretical gui-
dance for the scientific regulation of pore defects in the LPBF produc-
tion.

2. Physical modeling and numerical solution

2.1. Particle distribution of powder bed

The premise of studying the pore evolution in the LPBF process on
the mesoscopic scale is to obtain the particle distribution of the powder
bed, and its calculation is divided into two parts: determining the
particle size distribution and determining the spreading distribution.
The particle size distribution must be measured by an experimental
method (such as laser particle sizer), and then a specific distribution
curve (such as a Gaussian distribution) is used for fitting [39]. The
spreading distribution is based on the obtained particle size distribution
and is calculated by the Lagrangian algorithm. The most widely used
calculation algorithm for spreading powder is the DEM, and the core
idea is to study individual particles as the research object. The normal
and tangential contact between the particles and the forces between
particles and the roller or scraper were considered, and the particle
motion and position were updated to obtain the particle distribution
[40]. Fig. 1 shows the flow chart for calculating the particle distribution
of the powder bed used herein. The particle size distribution was
Gaussian, and the spreading distribution was calculated using the open-
source DEM code Yade [41]. The particle center and radius data were
then imported into 3D modeling software to obtain the geometric
model, and finally, pre-processing software was used to obtain the mesh

Fig. 1. Flow chart for calculating the particle distribution of the powder bed.

Fig. 2. Schematic diagram of the LPBF formation process.
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model required for the simulation. The particles were considered to be
spherical, and the particle contact force model was the soft ball model
[25]. The particle density was set to 7270 kg/m3, the contact friction
angle was set to 0.3, Poisson’s ratio was set to 0.34, Young’s modulus
was set to 195 GPa, and the other parameters were the default Yade
settings.

2.2. Prediction model of pore defects

After obtaining the particle distribution of the powder bed, a cor-
responding numerical algorithm can be used to calculate the pore
evolution during the LPBF formation process. The LPBF process con-
tains complex thermal–force couplings and involves factors including
the surface tension, Marangoni effect, gasification recoil force, viscous
force, mushy drag force, and gravity. Fig. 2 shows the heat exchange
pathways that occur during the LPBF process. To ensure the feasibility
and efficiency of the numerical calculations, the following three as-
sumptions were made: the flow behaviors of the liquid metal and gas
were regarded as laminar flows of incompressible, Newtonian fluids,
the mass loss caused by vaporization of the molten metal was ignored,
and the influence of the density change on the volume was negligible.

To directly describe the evolution behaviors of the pores, a two-
phase flow calculation model was used. In this model, the volume
fraction factor 1 represents the volume fraction of the metal-phase in
the element, and the value is between 0 and 1. The governing equations
for 1 are as follows [42]:

+ =
t

u·( ) 01
1 (1)

+ = 11 2 (2)

where 1 and 2 are the volume fractions of the metal and gas phases in
the element, respectively; t is the time, s; and u is the velocity, m/s.

Fig. 3. Geometric model used in LPBF calculation.

Table 1
Required material properties.

Parameter Value Unit

Density of metal 7270 kg/m3

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 × 105 J/kg
Latent heat of vaporization 7.45 × 106 J/kg
Viscosity of liquid metal 0.00345 Pa·s
Surface tension 1.6 N/m
Temperature-dependent coefficient of surface

tension
−8 × 10−4 N/(m·K)

Molar mass 5.593 × 10−2 kg/mol
Ambient pressure 101,325 Pa
Boltzmann constant 1.380649 × 10−23 J/K
Emissivity 0.26
Stefan-Boltzmann constant 5.67 × 10−8 W/(m2·K4)
Density of air 1 kg/m3

Specific heat of air 718 J/(kg·K)
Thermal conductivity of air 0.02346 W/(m·K)
Viscosity of air 1.48 × 10−5 Pa·s

Table 2
Laser processing parameters.

Parameter Value Unit

Laser spot diameter 54 μm
Scanning speed 1.5 m/s
Laser power 250 W
Absorption coefficient 0.35
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The equations of conservation of momentum, energy, and mass are
as follows:

=u· 0 (5)

here:

= +1 1 2 2 (6)

= +µ u u u I2 1
2

1
2

( ) 1
3

( · )T
(7)

=n
| |

1

1 (8)

= n· (9)

where , ,1 2 are the mixed, metal-phase, and gas-phase densities,
respectively, kg/m3; p is the pressure, Pa; is the stress tensor; µ is the

mixed dynamic viscosity, Pa·s; I is the identity matrix; g is the grav-
itational acceleration, m/s2; KC is the drag coefficient of the mushy

zone [43], 1/s; fl is the liquid-phase fraction; CK is a small user-defined
value, such as 1 × 10−6; is the temperature-dependent coefficient of
surface tension, N/m; is the interface curvature, 1/m; n is the unit
normal vector on the interface; T is the temperature, K; d

dT
is the rate of

change of with the temperature, N/(m·K); P0 is the standard atmo-
spheric pressure, Pa; Lv is the gasification latent heat of the metal, J/kg;
m is the molecular mass of the metal, kg; kB is the Boltzmann constant,
J/K; Tv is the gasification temperature of the metal, K; c c c, ,e 1 2 are the
equivalent, metal-phase, and gas-phase specific heat capacities, re-
spectively, J/K; k is the mixed thermal conductivity, W/(m·K); Qlaser is
the laser energy density, W/m3; hc is the convective heat transfer
coefficient on the interface, W/(m2·K); Tc is the external convection
temperature, K; s is the Stefan-Boltzmann constant, W/(m2·K4); is the

Fig. 4. Top view of the temperature and molten pool distributions at different times.

Fig. 5. Mid-sectional view of the temperature and molten pool distributions at different times.
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emissivity; and Tr is the external radiation temperature, K.
The right-hand terms in Eq. (3) characterize the effects of the

pressure, viscous force, gravity, mushy drag force, surface tension,
Marangoni effect, and gasification recoil force on the flow of the molten
pool. The right-hand terms in Eq. (4) were used to characterize the
effects of heat conduction, laser heating, convection, radiation, and
gasification heat dissipation on the heat exchange process of the molten
pool. Considering that the laser energy density in the LPBF formation
process is extremely high, the use of a surface heat source can easily
cause calculation divergence, and the calculation efficiency will be
greatly limited. Therefore, the laser energy was applied in the form of a
body heat source:

=Q
f q

zlaser
z laser

(10)

=
+

q P
R

x x vt y y
R

2 exp 2
( ) ( )

laser
laser

2
0

2
0

2

2 (11)

where f z is the percentage of laser energy occupied by the element; z
is the element equivalent size, such as the side length of a cube, m; qlaser
is the surface energy density of the laser, W/m2; is the laser absorp-
tion rate of the metal; Plaser is the laser power, W; R is the radius of the
laser spot, m; x y, are the horizontal coordinates of the center point of
the element, m; x y,0 0 are the horizontal coordinates of the center point
of the laser spot, m; and v is the scanning speed of the laser, m/s.

Since the shape of the molten pool and the position of the laser spot
are constantly changing during the LPBF process, it is necessary to
accurately find the elements to which energy is being applied before
loading the laser energy. First, the single-layer interface was obtained
based on the 1 information for each element, and then the first-layer
elements under the laser action were determined based on the position

of the laser spot. Second, based on the first-layer elements, the elements
within a certain distance along the direction of gravity were found.
Finally, to ensure that the sum of the laser energy percentages of the
elements at the same horizontal coordinate was one, the laser energy
was distributed based on the metal-phase percentage of each element.

2.3. Prediction process of pore defects

Combined with the above-mentioned theoretical model, the particle
distribution of the powder bed was first calculated based on the open-
source DEM code Yade. The particle size distribution was Gaussian (the
central value was 25 μm, and the variance was 5 μm), the roller speed
was 3 mm/s, and the powder bed thicknesses were 50 and 80 μm, re-
spectively. The obtained packing density values corresponding to these
powder bed thicknesses were 58.47% and 61.00%, respectively. Based
on the open-source CFD code OpenFOAM, the dynamic behavior of the
molten pool during the LPBF process was predicted, and the molten
pool evolution and influences of various process parameters (laser
power, scanning speed, powder bed thickness, and hatch space) on the
pore defect were analyzed. The calculation time step was set to
1 × 10−8 s.

3. Results and discussions

3.1. Dimensionless analysis of molten pool evolution

Dimensionless analysis of the molten pool evolution during the
LPBF formation process was conducted first, and the geometric model is
shown in Fig. 3. The thickness, length, and width of the powder bed
were 50, 1000, and 150 μm, respectively, and the substrate thickness
was 50 μm. The powder material used was 316L stainless steel, and its

Fig. 6. Molten pool and its velocity distributions at 400 μs: (a) top view; (b) mid-sectional view.
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alloy composition (mass percentage) was 65.395% Fe, 0.03% C, 1.0%
Si, 2.0%Mn, 0.045% P, 0.03% S, 12.0% Ni, 17.0% Cr, 2.5%Mo. Table 1
shows the required material properties calculated by JMatPro v7.0.

Table 2 shows the laser processing parameters. The calculation was
a single-track formation process, in which the initial temperature of the
metal particles and substrate was 300 K, and the laser moved linearly
from the coordinate (50 μm, 75 μm) horizontally to the coordinate
(950 μm, 75 μm), then the laser stopped heating, and the system con-
tinued to cool for 100 μs.

Figs. 4 and 5 show the top and mid-sectional views, respectively, of
the temperature and molten pool distributions at different times, where
the Y-direction coordinate of the midsection was 75 μm. The solid-
metal particles were gradually heated by the laser to form a molten
pool, and the shape of the molten pool was basically stable after a
period of time. Due to the extremely high laser energy density, the
temperature of the liquid metal in the laser action region was high,
which was prone to gasification. Thus, the front part of the molten pool
formed a distinct concave shape. As the laser spot moved, the liquid

metal gradually cooled and solidified to form a solidified track. Fig. 6
shows the molten pool and its velocity distributions at a specified time.
The velocity distribution shows that the liquid surface in the laser ac-
tion region exhibited clear downward movement under the influence of
the gasification recoil force, while the liquid surface behind the molten
pool underwent significant tangential motion under the influence of the
Marangoni effect. Therefore, the molten pool evolution during the LPBF
process is a result of the combined effects of the Marangoni effect,
gasification recoil force, and surface tension.

To quantitatively analyze the influences of the Marangoni effect,
gasification recoil force, and surface tension on the flow behavior of the
molten pool, Fig. 7 shows the distributions of the different forces ex-
perienced by the molten pool at a specified time, and the yellow curve
in the figure represents the molten pool boundary. The results show
that gasification recoil force mainly acted on the front part of the
molten pool, i.e., Zone 1, the Marangoni effect mainly acted on the
front and middle parts of the molten pool, i.e., Zones 1 and 2, and the
surface tension acted on the entire liquid surface, i.e., Zones 1, 2, and 3.

Fig. 7. Distributions of different forces on the molten pool at 400 μs.

Table 3
Typical dimensionless numbers of LPBF molten pool.

Dimensionless number Definition Meaning

Peclet number =Pe UL Used to measure the relative importance of convection and diffusion to the heat transfer inside the molten pool [2]

Marangoni number =Ma d
dT

L T
µ

Used to measure the importance of the Marangoni effect on the molten pool flow [2]

Froude number =Fr U
gL

Used to measure the importance of gravity on the molten pool flow [44]

Weber number =We LU2 Used to measure the importance of surface tension on the molten pool flow [45]

Note: U is the characteristic velocity of the molten pool, which can be taken as the maximum speed of the molten pool, m/s; L is the characteristic length of the
molten pool, which can be taken as the molten pool length, m; is the thermal diffusivity of the liquid metal, m2/s; T is the difference between the maximum
temperature of the molten pool and the solidus temperature of the metal, K; and g is the value of gravitational acceleration, m/s2.
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From the calculated values, the gasification recoil force in Zone 1 was
almost three times the surface tension force and ten times the Mar-
angoni force. Therefore, the liquid surface in Zone 1 was mainly af-
fected by the gasification recoil force, and the downward movement
formed a depression. The liquid surface in Zone 2 was mainly affected
by the Marangoni and surface tension forces, and the two forces were of
the same order of magnitude. However, since the direction of the sur-
face tension force was normal of the liquid surface and the direction of
the Marangoni force was tangential, the liquid surface in Zone 2 re-
covered smoothly along the normal direction under the action of sur-
face tension, and tangential motion occurred under the action of the
Marangoni effect. The temperature and its gradient in Zone 3 were low,
so the liquid surface in Zone 3 mainly recovered smoothly under the
action of surface tension.

To further analyze the effects of different forces on the flow beha-
vior of the molten pool, Table 3 gives the typical dimensionless num-
bers of the LPBF molten pool. According to the above prediction results,
the dimensionless numbers Pe Ma Fr We, , , (defined in Table 3) were
roughly 162, 17,886, 63, and 9, respectively. = > >Pe 162 1 means
that the heat conduction inside the molten pool was mainly caused by
convection, i.e., intense convection occurred inside the molten pool.

= > >Ma 17886 1 means that the Marangoni effect had an important
influence on the flow behavior of the molten pool. = >Fr 63 1 means
that gravity had little effect on the flow behavior of the molten pool.

=We 9 1 means that surface tension had an important influence on
the flow behavior of the molten pool. Based on the above analysis, the
molten pool evolution during the LPBF process was mainly affected by
the gasification recoil force, Marangoni effect, and surface tension. The
front part of the molten pool formed a depression under the action of
the gasification recoil force, the central part underwent intense internal
convection under the combined action of Marangoni effect and surface
tension, and the back part gradually recovered smoothly under the
action of surface tension.

3.2. Influences of process parameters on pore defects

To analyze the influences of the process parameters on pore defects,
the LPBF formation processes under different laser powers, scanning
speeds, powder bed thicknesses and hatch spaces were calculated.
Table 4 lists the process parameters for the different calculation
schemes, and the calculation parameters not listed in the table were the
same as those in Section 3.1. In addition, the length of the solidified
tracks in calculation schemes 1–7 was 900 μm, and the length of the
solidified tracks in calculation schemes 8–10 was 825 μm. The cooling
time after melting each solidified track was 100 μs.

3.2.1. Influence of laser power on pore defects
To analyze the effect of the laser power on the pore defect during

the LPBF process, Figs. 8 and 9 show the prediction results of the so-
lidified tracks for Schemes 1–5. The calculation results of the solidified
tracks in Fig. 8 show that when the laser power was low, the depth of
the solidified track was small, and the bottom of the solidified track
could not be tightly combined with the substrate. The reason was that
the applied energy density was low, so that the energy absorbed by the
metal particles at the lower end of the powder bed in the formation
region was limited. Thus, effectively melting the particles was difficult,
which caused pore defects in the bottom of the solidified track due to
insufficient fusion. As the laser power increased, the depth of the soli-
dified track gradually increased, and the metal particles in the forma-
tion region were effectively melted, forming a dense solidified track
that established good metallurgical bonds with the substrate. When the
laser power was too large (Fig. 9), the temperature on the laser action
region was extremely high, and the region was prone to the “keyhole”
effect, which is similar to that in high-power laser welding processes.
Gas entrapment occurred in the complex molten pool flow process, and
if the gas could not escape in time, pore defects occurred inside theTa
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Fig. 8. Top and mid-sectional views of the solidified tracks under different laser powers.

Fig. 9. Top and mid-sectional views of the solidified track at different times under a laser power of 600 W (the pink area is the mixture of the metal and gas phases).

Fig. 10. Top and mid-sectional views of the solidified tracks under different scanning speeds.

Fig. 11. Top and mid-sectional views of the solidified tracks for different powder bed thicknesses.
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solidified track. Therefore, when the laser power was too low, the
bottom of the solidified track could contain pore defects due to in-
sufficient fusion, and when the laser power was too high, pore defects
would occur inside the solidified track because the entrained gas could
not escape in time.

3.2.2. Influence of scanning speed on pore defects
To analyze the effect of the scanning speed on the pore defect,

Fig. 10 shows the predicted solidified tracks for Schemes 4 and 6. When
the scanning speed was large, the depth of the solidified track was
small, and the bottom of the solidified track could not form a tight bond
with the substrate. The reason for this is that the energy applied to the

powder bed per unit time was small in this case, and the metal particles
at the powder bed bottom in the formation zone could not be effectively
melted, thereby causing pore defects at the bottom of the solidified
track due to insufficient fusion. Therefore, when the scanning speed
was too large, the bottom of the solidified track could contain pore
defects due to insufficient fusion, and when the scanning speed was too
small, the LPBF formation efficiency could be too low.

3.2.3. Influence of powder bed thickness on pore defects
To analyze the effect of the powder bed thickness on the pore defect,

Fig. 11 shows the predicted solidified tracks for Schemes 3 and 7. When
the powder bed thickness was large, the solidified track bottom could

Fig. 12. Temperature and molten pool distributions in LPBF formation zone at different times when the hatch space was 55 μm (top view).

Fig. 13. Sectional views of the final formation zone at hatch space of 55 μm.
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not form a tight bond with the substrate. The thicker powder bed meant
that the formation zone needed to absorb more energy to ensure that all
the metal particles effectively melted. When the applied laser energy
remained unchanged as the powder bed thickness was increased, pore
defects could occur due to insufficient fusion at the bottom of the so-
lidified track. Therefore, when the powder bed thickness was too large,
the bottom of the solidified track could contain pore defects due to
insufficient fusion, and when the powder bed thickness was too small,
the LPBF formation efficiency could be too low.

3.2.4. Influence of hatch space on pore defects
To analyze the influence of the hatch space on the pore defect in the

LPBF process, the LPBF multi-track formation processes for Schemes
8–10 were predicted. Four solidified tracks were formed in each case,
and the scanning direction was always in the positive X-direction.
Because the length of each solidified track was only 825 μm, which is
much smaller than the solidified track length in actual LPBF production,
the temperature of the formation zone was set to 300 K before forming
each solidified track during the numerical calculation. Fig. 12 shows the
temperature and molten pool distributions in the LPBF formation zone

at different times when the hatch space was 55 μm. Since the particle
distribution in the powder bed was random, it was apparent that there
were differences in the shapes of the molten pools when the four tracks
were formed, but they remained substantially raindrop-like. During the
formation process of Tracks 2–4, since one side of the laser action re-
gion was a formed solidified track, part of the formed solidified track
was re-melted, which facilitated good metallurgical bonds between
adjacent solidified tracks. Fig. 13 shows the sectional views of the final
formation zone for a hatch space of 55 μm, wherein the four cross-
sections along Y-axis were the midsections of the four solidified tracks.
Based on the mid-sectional results of the four solidified tracks, there
were no pores inside the solidified tracks, but from the results of the
four X-direction cross-sections, pores appeared between adjacent soli-
dified tracks and were distributed at the bottom of the powder bed. The
reason for the occurrence of the pore defect here was that the laser
energy density exhibited a Gaussian distribution in the horizontal
plane, i.e., the energy density around the laser action region was low, so
that the molten pool shape on the YZ plane was a semi-elliptical dis-
tribution. This tended to prevent the adjacent solidified tracks from
establishing good connections at the bottom, and pore defects occurred.

Fig. 14. Top views of solidified tracks for different hatch spaces.
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Fig. 14 shows the top views of the solidified tracks for different
hatch spaces. When the hatch space was small (45 μm), the adjacent
solidified tracks established good metallurgical bonds. However, the re-
melted zone was too large, which tended to reduce the formation effi-
ciency. When the hatch space was large (75 μm), a distinct un-melted
zone appeared between the adjacent solidified tracks. Fig. 15 shows the
X-direction sectional views of the formation zone for different hatch
spaces. Based on the calculation results, pores appeared in all three
calculation schemes, and as the hatch space increased, the pore defect
between the adjacent solidified tracks became more evident. On the one
hand, it was difficult to account for the possible movement of metal
particles in the LPBF numerical calculation, such as the liquid metal
flow driving the metal particles to move. On the other hand, the tem-
perature of the formation zone was set to 300 K before forming each
solidified track, and it was difficult to completely eliminate the pore
defect between the adjacent solidified tracks in the prediction result,
but the behaviors predicted by the simulation were reasonable. In
summary, when the hatch space was large, pore defects could occur due
to insufficient fusion of adjacent solidified tracks, and when the hatch
space was small, the re-melted zone was too large, which tended to
reduce the formation efficiency.

3.2.5. Influence of volumetric energy density on pore defects
The influences of the laser power, scanning speed, powder bed

thickness, and hatch space on the pore defect in the LPBF formation
process were calculated and analyzed. To comprehensively consider the
influences of the process parameters on the pore defect, the volumetric
energy density =E P v h t( · · )v [46] was introduced, where P is the laser
power, W; v is the scanning speed, m/s; h is the hatch space, m; and t is
the powder bed thickness, m. Ev was used to characterize the energy
absorbed by the powder bed per unit volume during the LPBF process.

Combined with the above simulation results, it can be found that when
the volumetric energy density was too small, i.e., when the laser power
was too low, the scanning speed was too fast, the powder bed thickness
was too large, or the hatch space was too large, the formation zone
could contain pore defects due to insufficient fusion of the metal par-
ticles. Fig. 16 shows the experimental results of the influences of dif-
ferent process parameters on pore defects [47], and Table 5 shows the
energy densities of the simulated cases in Fig. 16. The results confirmed
that too small of a volumetric energy density caused pore defects. When
the volumetric energy density was too large, the specific situation
needed to be analyzed individually. In the case where the laser power
was too high, the inside of the solidified track could contain pore de-
fects because the entrained gas could not escape in time, which is
common in high-power laser welding processes. In cases when the
scanning speed was too low, the powder bed thickness was too small, or
the hatch space was too small, the LPBF formation efficiency tended to
be too low. In summary, when the volumetric energy density was too
small, pore defects could occur due to insufficient fusion of metal
particles, and when the volumetric energy density was too large to
cause the “keyhole” effect, pore defects could occur because the en-
trained gas could not escape in time.

4. Conclusions

(1) Using the open-source DEM code Yade and CFD code OpenFOAM,
the particle distribution of the powder bed and the pore evolution
process at the mesoscopic scale during the LPBF process were pre-
dicted. The thermal–force factors affecting the molten pool in-
cluded the surface tension, Marangoni effect, gasification recoil
force, and mushy drag force. The laser energy model used a body
heat source based on interface tracking.

Fig. 15. X-direction sectional views of the formation zone for different hatch spaces.
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Fig. 16. Influences of different process parameters on pore defects of LPBF components [47]: (a) laser power; (b) powder bed thickness; (c) scanning speed; (d) hatch
space.
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(2) The molten pool evolution during the LPBF process was mainly
affected by the gasification recoil force, Marangoni effect, and
surface tension. The front part of the molten pool formed a de-
pression under the action of the gasification recoil force, the central
part underwent intense internal convection under the combined
action of the Marangoni effect and surface tension, and the back
part gradually recovered smoothly under the action of surface
tension.

(3) When the volumetric energy density was too small, i.e., when the
laser power was too low, the scanning speed was too fast, the
powder bed thickness was too large, or the hatch space was too
large, the formation zone could contain pore defects due to in-
sufficient fusion of the metal particles.

(4) When the volumetric energy density was too large, the specific si-
tuation needed to be analyzed. When the laser power was too high,
the inside of the solidified track could contain pore defects because
the entrained gas could not escape in time. When the scanning
speed was too low, the powder bed thickness was too small, or the
hatch space was too small, the LPBF formation efficiency tended to
be too low.
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Table 5
Energy densities of the simulation cases shown in Fig. 16.

Simulation case Laser power (W) Scanning speed (m/s) Powder bed thickness (μm) Hatch space (μm) Energy density (J/m3)

a-1 98 0.09 100 50 2.18 × 1011

a-2 80 0.09 100 50 1.78 × 1011

b-1 190 0.1 150 50 2.53 × 1011

b-2 190 0.1 150 100 1.27 × 1011

c-1 190 0.1 150 50 2.53 × 1011

c-2 190 0.2 150 50 1.27 × 1011

c-3 190 0.3 150 50 8.44 × 1010

d-1 190 0.1 150 50 2.53 × 1011

d-2 190 0.1 300 50 1.27 × 1011

d-3 190 0.1 400 50 9.50 × 1010
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