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A Numerical Study on the Keyhole
Formation During Laser Powder
Bed Fusion Process
The dynamic phenomenon of a melt pool during the laser powder bed fusion (LPBF)
process is complex and sensitive to process parameters. As the energy density input
exceeds a certain threshold, a huge vapor depression may form, known as the keyhole.
This study focuses on understanding the keyhole behavior and related pore formation
during the LPBF process through numerical analysis. For this purpose, a thermo-fluid
model with discrete powder particles is developed. The powder distribution, obtained
from a discrete element method (DEM), is incorporated into the computational domain
to develop a 3D process physics model using FLOW-3D. The melt pool formation during
the conduction mode and the keyhole mode of melting has been discerned and explained.
The high energy density leads to the formation of a vapor column and consequently
pores under the laser scan track. Further, the keyhole shape resulted from different laser
powers and scan speeds is investigated. The numerical results indicated that the keyhole
size increases with the increase in the laser power even with the same energy density.
The keyhole becomes stable at a higher power, which may reduce the occurrence of
pores during laser scanning. [DOI: 10.1115/1.4044100]
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1 Introduction
Laser powder bed fusion (LPBF) process is a metal-based addi-

tive manufacturing (AM) technology, which utilizes a laser to
sequentially melt the powder particles. Due to the line-by-line and
layer-by-layer scanning process, complex geometries can be fabri-
cated using LPBF. However, the process itself would induce
defects due to high thermal gradient and residual heats [1]. The
severity of defects formation depends upon the process parameters,
and hence, the proper selection of process parameters is a must.
Several studies have been carried out to find the optimum process

window that would give full density parts [2,3]. Single-track exper-
iment would provide knowledge about the track profile, mode of
melting, etc. However, it would require build preparations, part fab-
rication, metallography, etc., to get all the information that is costly
as well as time-consuming. Hence, predictive simulation models in
LPBF are very important as it would reduce the experimental
efforts. In addition, simulation tools also help to understand the
underlying physical phenomenon that is otherwise difficult to
observe from experiments [4].
The melt pool behavior during the single-track formation

depends on the process parameters selected such as laser power
and scan speed [5]. Furthermore, the surface quality of the layer
would additionally depend on the hatch spacing [6]. Lee and
Zhang [7] developed a high-fidelity numerical model by including
physics such as the Marangoni effect and recoil pressure, which
are important to correctly predict the melt flow during the selective
laser melting (SLM) process. The recoil pressure due to evaporation
causes significant depression, and its inclusion within the model
helps predict melt pool depth accurately. In addition, the transverse
cross-section profile of the molten pool was found to be relatively
symmetric about the center of the laser. In a similar manner, Wu
et al. [8] demonstrated that the recoil pressure triggered keyhole for-
mation significantly affects the flow behavior, which in turn affects
the track morphology. Melt pool predicted with recoil pressure is
deeper and narrower compared with the identical model without

the recoil pressure. Khairallah et al. [9] incorporated a ray tracing
laser heat source to predict the heat transfer and fluid flow during
the LPBF process. The single-track simulation explained the
complex melt flow as well as the formation of pores and denudation
zones. Tan et al. [10] utilized the powder scale model to study the
evolution of porosity during different modes of melting. It was
found that pores formed due to lower energy density were irregular
in shape while those formed with high energy density were spheri-
cal or elliptical in shapes. Besides, multiphysics model has been
applied to compare the melt pool formation between two different
materials: steel and molybdenum [11]. The melt pool size predicted
for molybdenum is much smaller than steel due to its higher thermal
conductivity.
During the LPBF process, pores may form due to incomplete

melting known as lack of fusion pores or due to over-melting
known as keyhole pores. When the energy density is very high,
material evaporation occurs, which leads to the formation of a
keyhole. Zhao et al. [12] used ultrafast X-ray imaging for real-time
monitoring of the LPBF process. The static laser source applied to
the powder bed system shows the development of keyhole and the
formation of pore after the laser turn off. Parab et al. [13] captured
the transient behavior of the keyhole using high-speed synchrotron
X-ray imaging. The keyhole shapes formed during the LPBF of
Al-Si10-Mg at Ti-6Al-4V were presented, and the images showed
the change in keyhole shape with the change of processing param-
eters such as laser power and scan speed. Likewise, Cunningham
et al. [14] carried out a detail X-ray imaging experiment to
observe the keyhole threshold and morphology in laser melting of
Ti-6Al-4V alloy. The captured images show the transition from
conduction to keyhole mode of melting. The shape and size of
vapor depression vary widely across the P-V space. The results
also show that the spot size affects the magnitude of vapor depres-
sion. These experiments certainly help visualize and understand the
powder dynamics, keyhole formation, etc., especially the complex-
ity of the process itself to be fully captured by the simulation. In
addition, the micro-CT-based porosity study has shown that
within the same line energy density (LED), the porosity level
would depend on the power [15]. As the power increased to
140 W at LED of 0.4 J/mm, the pore number increased while
there was a drop in the pore number and volume as the power
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was further increased. It is difficult to explain such results from the
experiment only, as the underlying physics is not known; hence,
high-fidelity simulation would help understand the keyhole beha-
vior during the LPBF process.
In this study, a powder scale model is developed including

complex physics such as Marangoni effect, recoil pressure, evapo-
ration, multiple reflections within keyhole, etc., which are important
to predict different modes of melting during the LPBF process. The
melt pool predicted at different modes: conduction and keyhole
melting were compared and validated against the experiment, and
then the effect of power and speed toward the keyhole behavior
has been investigated.

2 Discrete Element Method
LPBF is a powder bed AM process. Due to the presence of the

porosity between the powders, the laser interaction would be differ-
ent compared with the flat surface. Ye et al. [16] studied the effect of
powder bed thickness on the laser absorptivity, and the results indi-
cated that at low power, the difference in absorptivity is significant.
Hence, it is important to model the powder particles as there would
be multiple reflections of laser rays inside the powder bed. Discrete
element method (DEM) is a numerical scheme developed to simu-
late the behavior of discrete interacting bodies [17], and therefore, it
is a suitable approach to simulate the powder distribution in the
LPBF process. An opensource DEM code called LIGGGHTS
(LAMMPS Improved for General Granular and Granular Heat
Transfer Simulations) is used to simulate the powder distribution
process. The powder generation and recoating process of LPBF is
simulated by designing a reduced size of the dispenser platform
and build platform as shown in Fig. 1. The distribution of the
powder diameter with range 0–45 μm is discretized to get the per-
centage mass distribution. This discretized particle size range is
then utilized to generate the powder particles based on the mass

contribution. Due to the use of an explicit time integration
scheme and small particle diameters, very small time-step size
should be used. The time step is chosen which satisfies the Rayleigh
criteria shown in Eq. (1) [18]. In order to maintain a reasonable
time-step size, the minimum powder radius used is 10 μm

Δt =
πRmin

�����
ρ/E

√
0.163v + 0.877

(1)

where Δt is the time-step size, Rmin is the minimum radius of the
powder particles, ρ is the density, E is the modulus of elasticity,
and v is the speed of powder. The material properties of
Ti-6Al-4V such as modulus of elasticity, poisons ratio, etc., used
during the simulation have been summarized in Table 1.
In the DEM algorithm, all particles are identified separately by

their radius, mass, moment of inertia, etc., and all the particles are
tracked by solving their trajectories. The general forms of model
equations are presented (Eqs. (2) and (3)) [19]. The force balance
for the particle with index i is

miẍi = Fi,n + Fi,t + Fi,b (2)

Ii
dωi

dt
= ri,c × Fi,t + Ti,r (3)

where Fi,n is the normal particle–particle contact force, Fi,t is the
tangential contact force, and Fi,b is the body force (gravity in this
case). The torque due to tangential force is given by ri,c ×Fi,t,
while Ti,r is an additional torque on the particle modeled by
means of a rolling friction. The particle–particle contact models
have been explained in detail in Ref. [19].
The spherical powder particles are generated based on the distri-

bution and dropped into the dispenser platform. During the spread-
ing process, there is an interaction between particles and mesh walls
in addition to the particle–particle interaction. Figure 1(a) shows the
randomly distributed powder particles over the dispenser platform.
As the powder settles in the platform, it is moved along the positive
Z-direction, and the recoater blade is moved toward the build plat-
form. During this process, the interaction between powder particles
and build platform determine the powder bed distribution, which is
depicted in Fig. 1(b). Besides, the powder distribution over the build
platform also depends on several factors such as build platform
surface, size distribution, and an angle of repose [20]. The distance
of 60 µm is maintained between the tip of the blade and the build
platform considering the maximum diameter of the particle is
45 µm.

3 Thermo-Fluid Simulation
3.1 Simulation Domain. A 3D thermo-fluid model is devel-

oped using a FLOW-3D software as shown in Fig. 2. During the
LPBF single-track formation, a laser travels along a line with prede-
fined speed. The width and depth of the melt pool depend on the
process parameters used, and the higher energy densities result in a
wider and deeper melt pool [21]. As this study is focused on
keyhole mode melting, a bigger computational domain along the
depth is required. Hence, a 3D model with a domain size of
1200 µm×400 µm×520 µm is developed. The powder over the

Fig. 1 (a) Powder added to the dispenser platform and
(b) powder particles settled over build plate after the recoating
process

Table 1 Ti-6Al-4V properties for DEM simulation

Parameters Values

Density (kg/m3) 4420
Modulus of elasticity (GPa) 114
Poisson’s ratio 0.41
Coefficient of restitution 0.5
Sliding friction coefficient 0.5
Rolling friction coefficient 0.1
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base platform is imported from the LIGGGHTS simulation result.
The domain is represented based on the fluid fraction. Powder and
solid have a fluid fraction of 1, and the void has 0 fluid fraction.
Since the volume of fluid is used to predict the surface formation, a
hexahedral mesh of 5 µm is applied to the computational domain
which resulted in 2.1 million cells. In addition, all the walls of the
domain are assigned with adiabatic boundary conditions.
During the simulation, the laser was turned on at 200 μm in pos-

itive X- and Y-direction, and the total length of 800 μmwas scanned.
After the laser traveled 800 μm, it was turned off, and the melt pool
was let to solidify. The simulated scan length would be enough to
investigate the behavior of the keyhole formed due to parameter set-
tings. The scan time of 2 ms took 48 h of computational time with
16 Intel® Xeon® E5-2695 processors.

3.2 Material Properties. The physical properties such as
thermal conductivity, specific heat, and density are the function of
temperature. Therefore, the temperature-dependent material proper-
ties summarized in Fig. 3 are used to define solid and powder
Ti-6Al-4V. In addition, other properties are listed in Table 2.

3.3 Boundary Conditions. During the simulation, momentum
and energy balance equations are solved to predict the fluid flow and
temperature, respectively. The heat input from the laser is modeled
as a moving Gaussian distribution heat source in the horizontal
direction and the equation of the source is presented in Eq. (4),

q(w) =
2aP
πr2

exp −
2w2

r2

( )
(4)

where q is the heat flux at a radial distance w from beam center, P is
laser power, a is absorptivity of the material based on Fresnel reflec-
tion, and r is the laser beam radius.
As the heat source is applied, the temperature of the powder and

substrate increases and the powder begin to melt. When the melting
point is reached, the flow is primarily governed by the surface
tension which is defined by

γ = γm +
dγ
dT

ΔT (5)

where γ is the surface tension, γm is the surface tension at the
melting point, dγ/dT is the surface tension gradient, and ΔT is the
temperature difference. Metals generally have negative surface
tension gradient, and therefore, melt flow occurs from higher tem-
perature region to lower temperature region. Due to the melt flow,
the surface deforms with time, and the deformed surface is captured

by updating the fluid fraction using Eq. (6) [23]

∂F
∂t

+ (V .∇)F = 0 (6)

In addition, when the temperature within the melt pool exceeds
the boiling temperature, metal evaporation occurs leading to
recoil pressure. The pressure boundary condition used in the

Fig. 2 3D computational domain used for single-track
simulation

Fig. 3 Temperature-dependent material properties of Ti-6Al-4V
[22]

Table 2 Properties of Ti-6Al-4V in a thermo-fluid simulation

Parameters Values

Solidus temperature, TS (K) 1878
Liquidus temperature, TL (K) 1928
Boiling temperature, Tv (K) 3533
Latent heat of fusion, Lf (kJ/kg) 286
Latent heat of evaporation (kJ/kg) 9830
Viscosity (kg/m s) 0.005
Surface tension (N/m) 1.68
Surface tension gradient (N/m K) −0.00026
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simulation is [24]

Precoil = 0.54P0 exp
ΔHv(T − Tv)

RTTv

( )
(7)

where P0 is the atmospheric pressure, ΔHv is the specific enthalpy
of metal vapor, Tv is the boiling temperature, T is the surface tem-
perature, and R is the universal gas constant. Equation (7) can be
simplified as

Ps = A exp B 1 −
Tv

T

( ){ }
(8)

where A= 0.54*P0 and B is a coefficient that is the ratio of latent
heat of evaporation to a product of the gas constant and Tv.
The recoil pressure or evaporation pressure would increase the

melt pool depth due to the formation of vapor depression, which
may lead to keyhole formation depending upon the magnitude of
the material evaporation. The vapor formation would change the
absorptivity within the keyhole as vapor has a different rate of
absorption than the molten metal. Also, within this keyhole, multi-
ple reflections of the laser occur from the keyhole walls, which have
been approximated by Fresnel reflection as

a = 1 −
1
2

1 + (1 − ε cosϕ)2

1 + (1 + ε cosϕ)2
+
ε2 − 2ε cosϕ + 2 cos2 ϕ
ε2 + 2ε cosϕ + 2 cos2 ϕ

( )
(9)

where ϕ is the angle between the incident ray and the surface
normal, ɛ depends on material properties and laser type and is
related to electrical conductance per unit depth (σst) of metal, the
real part of the dielectric constants (ɛ1, ɛ2), and the permittivity of
vacuum (ɛo), and ω represent the angular frequency that is one of
the laser properties [24]

ε2 =
2ε2

ε1 + ε21 +
σst
ωεo

( )2
[ ]1/2 (10)

4 Results and Discussion
4.1 Typical Simulation Result. During the LPBF process, the

selection of process parameters would determine the melt behavior.
Depending upon the laser power and scan speed, incomplete
melting, conduction mode melting, and keyhole mode melting are
possible. The following sections discuss the melt pool behavior
and the significance of different physics during the conduction
mode and the keyhole mode of melting. The melt pool cross sec-
tions have been compared with the experimental results from the lit-
erature [21,25].

4.1.1 Conduction Mode. In this case, the laser power of 195 W
and a scan speed of 1000 mm/s is used. Since the melt pool pene-
tration would not be high, the substrate size was reduced, and
200 µm thick substrate is used only for this case. Figure 4 presents
the temperature distribution and the melt flow during laser motion.

The figure shows the melt pool while the laser is still in motion and
the velocity is maximum at the laser application area, which gradu-
ally decreases toward the solidification front. Also, the melt pool
gradually solidifies as the laser beam moves further away.
Depression is observed at the laser application area which is due

to the recoil pressure. But, the recoil pressure at this setup is not
enough to develop a keyhole, and therefore, melt pool is stable.
Cunningham et al. [14] performed X-ray imaging during the single-
track formation of similar process parameters, which is presented in
their supplementary results. The numerical simulation can predict
the shape of the depression formed at those parameters.
The simulation melt pool depth is around 70 μm, which suggests

that the penetration would be enough to form a strong bond between
layers when 30 µm layer thickness is used in the experiment. No
pores are observed during 0.8 mm scan length simulation due to
the stability of the melt pool. The melt region after the single
track has completely formed is shown in Fig. 5. A depressed area
is formed at the end of the scan track. Bertoli et al. [26] have
explained the transient behavior of the single track at the beginning
and end of the scan. Bump is formed at the laser turn-on region and
height profile slopes downward at the laser turn off region. Figure 6
compares the simulation result with the experiment carried out with
the same processing parameters [25]. A near semi-circular melt pool
shape is predicted with the applied parameters, and the melt pool
cross-section comparison shows that the simulation can be used
to predict the melt pool penetration and boundary during the
LPBF process. The melt pool profile is in good agreement with
the result of the experiment.

4.1.2 Keyhole Mode. During the keyhole mode melting, the
material evaporation leads to a repulsive force within the melt
pool and an opening is formed which is filled with the vapor. The
evaporation pressure developed would depend on the evaporation
flux. This pressure acts to open the keyhole. As the size of the
vapor column increases, more vapor is trapped inside it, and the
absorption of the keyhole wall further increases. Hence, the depres-
sion, as well as the vapor column, continues to grow.
On the other hand, surface tension pressure along with

convection-induced pressure and hydrostatic pressure act to close
the keyhole. However, the magnitude of convection-induced pres-
sure and hydrostatic pressure could be neglected due to its weak

Fig. 4 Powder and substrate melting during laser application

Fig. 5 Melt region formed after complete melting and
solidification

Fig. 6 Melt pool boundary comparison between the experiment
[25] and the simulation
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contribution [27]. As the vapor column becomes wider, the ten-
dency of it to collapse due to surface tension becomes less.
Figure 7 shows the relationship between the excess evaporation

pressure ((p+ po)/po) and the surface tension pressure based on
the normalized keyhole radius a/σ [27]. The pressure on the
keyhole wall (p+ po) is normalized with ambient pressure po, and
the keyhole radius (a) is normalized with laser beam radius σ.
The two equilibrium states (A and B) shown in Fig. 8 are obtained
from energy and pressure balance equations given in Eqs. (11) and
(12), respectively [27].

qabs = qλ + qabl (11)

pabl(a) = pΥ(a) (12)

where qabs is the absorbed energy flux density, qλ is the heat con-
duction losses, qabl is the energy carried away by evaporation,
pabl(a) is the evaporation pressure, and pΥ(a) is the surface
tension pressure. When the vapor column is below the point A
(ra), the surface tension force can close the vapor column, but if
the vapor column continues to grow beyond A, the surface
tension force is unable to close the vapor column and the stable
keyhole is formed. Due to this, point A is regarded as an unstable
equilibrium [27]. As the vapor column continues to grow, at a
certain point, another equilibrium can be observed which is repre-
sented by point B. This is a stable equilibrium where the surface
tension would act dominantly to close the vapor column if it
further grows.
A high line energy density has been used to observe the keyhole

mode of melting. 195 W laser power and 400 mm/s scan speed are

used for this purpose as it would result in pores due to keyhole
melting [15]. As the energy density is very high, the temperature
within the keyhole exceeds the evaporation temperature, and mate-
rial evaporation leads to the recoil pressure. Hence, vapor depression
is formed, which further enhances the laser absorption due to multi-
ple reflections through the keyhole walls. This causes more vapor to
form and keyhole depth increases. Figure 8 presents the formation of
the depression, which shows the changingmultiple reflections due to
the change in the surfacemorphology.At 20 μs, the penetration is not
deep; however, as the material is continuously irradiated with the
laser, there is an increase in the depression. During this period,
there is a high interaction between evaporation pressure and
surface tension. A surface tension force tries to close the vapor gap
developed, which can be observed at 140 μs. But, due to the high
intensity of the laser, the keyhole remains open during most of the
melting process. However, the keyhole closes as the vapor column
reaches close to the equilibrium. Due to this, pores are formed, and
some of them are trapped in the solidification front.
Figure 9 illustrates the formation of pore during the keyhole

mode melting. Figure 9(a) shows the transient keyhole behavior.
At 300 µs, the keyhole formed remains open, and with the further
development of the keyhole, the surface tension force becomes
dominant over the evaporation pressure and the flow tends to
close the vapor column. When the force is enough to break the
column, a bubble is formed as seen at 360 µs, with strong velocity
field around the bubble. These bubbles are either trapped in the soli-
dification front or they collapse. At 390 µs, the bubble has collapsed
to the advancing keyhole. The numerical model is able to capture
the essence of the keyhole as well as bubble formation in regard
to the high-speed X-ray images discussed in the literature [14,28].
Figure 9(b) shows the temperature distribution and shape of the
vapor depression. The keyhole wall temperature exceeds the evap-
oration temperature. This suggests that there is continuous evapora-
tion of metal. Due to the formation of vapor column, substantial
displacement of liquid from the center of the spot occurs and the
liquid moves to the melt pool away from the laser center. Due to
this, a surface wave is formed at the rear of the melt pool since
the flow is dominant toward the keyhole rear wall. The formation
of the surface wave would play a detrimental role in the morphology
of the single track. A bubble trapped at the solidification front is also
identified. The bubbles which are trapped are the pores that remain
within the single track after it is fully formed.
The formation of the transverse profile of the melt pool is

explained with Fig. 10. At 260 μs, when the laser is right on top,
a depression is formed, which continues to grow (300 μs). As the
laser beam moves away, the melt flow is inward which tend to
close the depression as seen in 330 μs. After some time, a fully
solidified transverse keyhole profile is obtained. The simulated
keyhole profile has been compared with the experimental result
from the literature in Fig. 11 [21]. The developed numerical
model can predict the keyhole shape formed due to high energy
density. The transverse profile is in good agreement with the exper-
imental transverse profile.

Fig. 7 Equilibrium points during the formation of vapor column
[27]

Fig. 8 Multiple reflection vectors from the keyhole wall
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The final single track after solidification is shown in Fig. 12.
Several pores are observed within the tracks. These are the pores
that were trapped within the solidified melt region. This suggests
that the keyhole pores are formed when the process parameters
resulting in high energy density is used.
A single-track experiment with the same laser parameters had

been carried out using the EOS M270 LPBF system [15].
Ti-6Al-4V powder (0–45 μm) was used to form a 12-mm long
single track, and micro-CT was carried out to observe the pores
formed within the single track. Figure 13 shows the cross-section

Fig. 9 (a) Velocity field, keyhole profile, and breakage of the
keyhole to form bubble and (b) 2D temperature and velocity
field along the longitudinal section

Fig. 10 Fluid flow in the transverse direction during keyhole
melting

Fig. 11 Melt pool boundary compared with the experiment [21]
for 195 W laser power and 400 mm/s scan speed

Fig. 12 Melt region formed after complete melting and
solidification

Fig. 13 2D images of the pores formed at the beginning of the
single track and their 3D-rendered morphology

Fig. 14 Pore number and volume from a different level of power
with LED=0.4 J/mm [29]
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as well as 3D-rendered pores formed at the beginning 3 mm of a
single track. Within this region presented, ten keyhole pores are
observed.

4.2 Effect of Power and Speed on Keyhole Formation. Line
energy density (LED) is the function of laser power (P) and scan

speed (v).

LED =
P

v
(13)

At the same energy density, the behavior of the flow and single
track would depend upon the power and speed. The range of
optimum scan speed varies with the level of power [5]. An experi-
mental study had been carried out to investigate the effect of power
and speed on the level of porosity during the formation of 12 mm
long single tracks [29]. Figure 14 presents the pore number and
pore volume resulting from the different combination of power
and speed with an LED of 0.4 J/mm. The results indicated that
the pore number and the pore volume increased to a certain level
of power and then dropped with a further increase in power at the

Fig. 15 Keyhole shape at different time steps from different parameters: (a) P=100 W, v=250 mm/s,
(b) P=200 W, v=500 mm/s, (c) P=300 W, v=750 mm/s, and (d ) P=400 W, v=1000 mm/s

Table 3 Power and speed with LED=0.4 J/mm

LED= 0.4 J/mm

Power (W) 100 200 300 400
Scan speed (mm/s) 250 500 750 1000

Journal of Manufacturing Science and Engineering OCTOBER 2019, Vol. 141 / 101002-7



same energy density. This interesting behavior is difficult to explain
with experimental study alone, and therefore, the developed numer-
ical model has been utilized to understand the physics that leads to
such behavior.
Again, LED of 0.4 J/mm was used for numerical study, which

would result in the formation of a keyhole, and the corresponding
power and scan speed have been listed in Table 3. The range of
laser power is increased to gain more insight toward the keyhole
mode melting as the power used in the experiment was limited to
195 W.
Figure 15 displays the keyhole shapes when the laser has moved

0.125 mm, 0.25 mm, 0.375 mm, 0.5 mm, 0.675 mm, and 0.75 mm.
The respective times, which would vary with scan speed, have been
shown in the figure. The behavior of the keyhole changes with a
change in process parameters. For a lower power (100 W) and
speed (250 mm/s), the keyhole opening is rather small as shown
in Fig. 15(a). The keyhole opening increased with an increase in
power and speed. For higher power (400 W) and speed
(1000 mm/s), the keyhole opening is larger in diameter and the
closing force is not enough due to which keyhole remains open
for a longer time. In addition, the depth of the penetration is

lower for lower power and speed. This behavior may be explained
with the expression shown in Eq. (14), which shows that the melt
pool depth is more affected by the laser power than the scan
speed. The nondimensional depth (δ*) of the melt pool (ratio of
depth to the beam diameter) takes the form [30]

δ* = fn
ACP

ρhs
������
Dvσ3

√
( )

(14)

whereC is a constantwith no dimension and hs is enthalpy atmelting.
The 100 W laser power leads to very small vapor opening due to
lower intensity while 400 W power leads to higher vapor opening
and higher melt pool depth.
Besides, the interaction between evaporation pressure and surface

tension is different for different laser power and scan speed. When
the intensity is not enough, the equilibrium state is nonexistent,
which represents the conduction mode of melting. As the intensity
keeps on increasing, deep penetration is observed, and after some
point, there exist equilibrium states that decide the stability of the
keyhole melt pool as shown in Fig. 16 [27]. The keyhole front wall
becomes more inclined with increasing laser power and scan speed.
Figure 17 shows the temperature distribution during laser melting

when the power and speed of 300 W and 500 mm/s and 400 W and
1000 mm/s, respectively, are used. The temperature of the melt pool
exceeds the evaporation temperature; therefore, the material evapo-
ration occurs at the keyhole walls. However, the keyhole opening is
different for these two cases. In this regard, the evaporation pressure
effect for two cases would be different and hence the evaporation
pressure and surface tension pressure interaction.
Figure 18 exhibits the melt pool boundary formed after solidifi-

cation. The pores trapped within the melt pool are also identified.

Fig. 16 Intensity dependence in the relationship between vapor
column and evaporation pressure [27]

Fig. 17 Temperature distribution when laser has moved 0.8 mm
with P=300 W, v=750 mm/s and P=400 W, v=1000 mm/s

Fig. 18 Melt region with different level of power with LED of
0.4 J/mm
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The melt pool depth increased with increasing power from 100 W to
300 W; however, there is a drop in the melt pool depth, when the
power is further increased from 300 W to 400 W. This may be
due to the change in absorptivity within the melt pool. At some
point, when the vapor column exceeds the beam diameter, the
absorptivity of the melt pool remains constant, which would
explain the reduction of the melt pool depth as speed is also
increased along with power. Trapp et al. [31] have performed an
experiment to measure the absorptivity of metallic powders
during the LPBF process. It was observed that the absorptivity of
melt pool increases with the increase in power due to keyhole for-
mation; however, the absorption finally saturates and remains cons-
tant on further increase in power. In addition, as the keyhole wall
became more inclined with increasing power and speed, the final
melt pool shape is also affected by this.

5 Conclusions
A 3D thermo-fluid model has been developed to simulate the

LPBF process and investigate the keyhole behavior and pore forma-
tion. DEMwas used to simulate the particle distribution in a powder
bed, and the output was exported as a domain for the thermo-fluid
simulation model. A moving Gaussian heat source, surface tension
gradient, and evaporation pressure along with multiple reflections
within a keyhole were included to predict the melt pool and
keyhole behavior. The melt pool results with both conduction and
keyhole mode melting have been compared with the experiments
from the literature; the melt pool shape and size from the transverse
cross-section show a reasonable agreement. As to the keyhole forma-
tion in LPBF, its stability strongly depends on the process parameters
used. Following are the major findings derived from this study:

• In conduction mode melting, the applied energy is lower with
only small depression formed in the melt track. There is no sig-
nificant interaction between the surface tension pressure and
the evaporation pressure in such cases, and thus, no pores
were observed.

• In keyhole mode melting, the radius of the keyhole is a strong
function of the laser power, and therefore, the keyhole beha-
vior changes with the laser power even at the same energy
density. The size of the keyhole radius and its instability deter-
mines the frequency of bubble formation within the melt pool.

• The keyhole depth increased with an increase in the laser
power from 100 W to 300 W, but then slightly decreased
when the power was further increased from 300 W to
400 W, possibly due to the saturation of the laser energy
absorption within the keyhole.
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