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ARTICLE INFO ABSTRACT

Keywords: The presence of keyhole-induced porosity significantly limits the application of laser powder bed fusion (L-PBF)
Keyhole fluctuation in the additive manufacturing industry. Typically, a trial-and-error approach is used to select the best printing
Optimization

strategies for material type, powder bed, and laser beam to optimize the manufacturing process. This paper
proposes an optimization strategy that uses adaptive laser power based on key understanding of the physical
mechanisms of keyhole fluctuations. We identify and analyze five stages of the keyhole pore formation process,
including the "J'-like keyhole formation, keyhole closure, keyhole pore collapse, keyhole pore splitting, and
keyhole pore motion. Our simulation results suggest that reducing the laser power at the onset of "J"-like keyhole
formation is an appropriate optimization approach. We propose adaptive indices to quantify keyhole fluctuations
and predict the onset of "J"-like keyhole formation, which facilitates the use of adaptive laser power for opti-
mization. Two parametric studies are conducted to investigate the impact of the optimization criterion and laser
power adjustment on keyhole instability. The results demonstrates that our optimization strategy can effectively

Adaptive laser power
Laser powder bed fusion

stabilize the keyhole and reduce the occurrence of keyhole porosity.

1. Introduction

Laser powder bed fusion (L-PBF) is a process to create a three-
dimensional (3D) object by selectively melting a flat powder bed layer
by layer with a laser beam. Despite its prevailing application, a signifi-
cant defect may arise due to keyhole-induced porosity during the
melting process [1-4]. Previous experimental studies have focused on
investigating the impact of various controlling parameters on the
printing outcomes, including laser scanning speed, layer thickness, laser
beam incident angle [5], ambient pressure [6], and energy density [7,8]
(see a summary in Table 1). For instance, a boundary for keyhole
porosity in the laser power-velocity space can be identified by repeating
the manufacturing process with different laser powers and scanning
velocities, offering a guideline for selecting an appropriate laser strategy
[1]. Indeed, experimental studies have provided valuable insights into
the understanding and optimization of practical printing procedures for
quality control of manufactured parts. However, experimental ap-
proaches often select fixed parameter values for the entire printing
process through costly trial and error. The selected parameters are often
too conservative for avoiding the occurrence of inherent defects, espe-
cially porosity, which hinders the improvement of manufacturing
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efficiency [1].

Optimization approaches have been applied to improve the pro-
duction rate and mechanical properties of fabricated parts. For example,
two adaptive laser power strategies [9,10] have recently been proposed
to address keyhole-induced porosity at the start and turn points of the
laser scanning path. Analytical approaches, such as using normalized
enthalpy [9] and the Weber number [10], are employed to analyze the
optimization strategy to reduce keyhole instability. However, previous
studies have partial or even no consideration to the influence of signif-
icant keyhole fluctuations, such as perturbative and intrinsic oscillations
[11], that commonly occur during typical melting processes [1]. This is
because accurately predicting the formation of keyhole pores remains
challenging for the implementing adaptive laser power throughout the
entire scanning path.

In this study, we propose a mechanism-based optimization strategy
to stabilize the keyhole and reduce the keyhole porosity using a high-
fidelity, physics-based computational approach. The proposed
approach has three innovative features: (1) it enables us to uncover the
underlying physical mechanisms that govern the two oscillation modes
of a keyhole throughout the entire scanning path. (2) It introduces an
adaptive parameter to quantify keyhole dynamics and predict keyhole
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Table 1
Typical experimental studies of laser powder bed fusion.

Variables Typical specific factors
Powder Grain Size Distribution [12,13] Powder layer thickness [14,
layer 15]

Radius ratio of laser and powder Preheating temperature [16]
[13]

Laser beam Laser energy density [13,17,18] Energy distribution [19-21]
Hatch distance [7,22-24] Scanning strategy [25-28]

Material Printing materials (Aluminum, stainless steel, Ti—6Al—4 V, inconel)

type [29,30]

pore formation. (3) It establishes an adaptive laser power strategy that
helps to reduce the formation of keyhole pores without compromising
printing efficiency.

2. Methodology and model setup
2.1. Methodology

This work employs our recently developed computational frame-
work, which includes key components of a multiphase model, phase
transition model, laser absorption model, and multi-physics governing
equations as described in our previous work [31]. The framework has
been thoroughly validated using various metrics, including the
morphology of melt track, laser absorption, the shape of keyhole, the
formation of keyhole pores, phase transitions, and powder motion
[31-33]. The numerical method is briefly described here to complete the
presentation.

2.2. Multi-phase model of the melting process

The proposed computational framework is based on fully resolved
Computational Fluid Dynamics (CFD) and Discrete Element Method
(DEM) to model the melting process of L-PBF [33]. During the melting
process, there are co-existing multiple phases, including the solid metal,
melt flow, metallic vapor, and ambient gas. Given the focus of this study
on the thermo-mechanical dynamics of the keyhole and keyhole pore in
a bare plate, it is reasonable to simplify the melting process as a
solid-fluid two-phase problem [34]. Metal vapor and shielding gas are
treated as one ambient gas [6,35,36] in the formation of the keyhole
depression. Mass transfer, recoil pressure, and latent heat of the metallic
vapor are taken into consideration in the modelling of the melting
process. To facilitate numerical modeling [37], the solid or partially
melted metal is modeled as a high-viscosity fluid with Darcy’s effects
[14,32,37,38].

The volume of fluid (VOF) method is utilized to solve the co-existing
multiphase fluids based on their corresponding volume fractions, which
include the solid metal, melt flow, and ambient gas. The volume frac-
tions of the metal and gas are represented by a; and as, respectively,
ranging from O to 1 and satisfying the condition @3 + a2 = 1. The
equivalent properties of the multiphase system, including density (p),
viscosity (¢), thermal conductivity (k), and heat capacity (C), are ob-
tained as follows:

p=ap, +azp,
H= iy + aopty
k= a1k1 + agkg ’ (1)

P1 P2,

C= 01*61 + ay Cz
p p

where the subscripts (1 and 2) denote the metal phase and the gas phase,
respectively.
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2.3. Multi-way phase transitions and laser absorption

Different phase transition processes may occur during the melting
process of L-PBF, such as melting, solidification, evaporation, and
condensation. The following describes the specific models adopted for
these phase transition processes and the laser absorption model.

1. Melting and solidification

The melting and solidification processes are simplified by assuming a
significant change in the viscosity of the metal fluid. The alteration of
metal viscosity y with temperature is described using the following
expression [37]:

1 4 In(Ty) + In(Ts)
Iny = Eerfc {m . (lnT ——

o (Inug —Ingy) + Ing, 2

where p, and y; are the viscosities at the solidus temperature Ts and
liquidus temperature Tj, respectively. The term erfc () denotes the
complementary Gaussian error function.

2. Evaporation

The mass loss rate (my), recoil pressure (P.), and heat loss rate (Qy)
of the metal due to evaporation in the ambient atmosphere are calcu-
lated using a recently proposed evaporation model [39], i.e.,

. pP; /T M

my = — (1 ~p, T_3‘BF )Pe\/mﬂ 3
eD2 o _ T3 _

P,e:7(2D +1)(F + TG |Pe 4

Qv = mle (5)

where T is the temperature of the liquid surface; P, is the saturated vapor
pressure; P3 and T; are the pressure and temperature out of the Knudsen
layer [40], respectively; M is the molar mass and R is a universal gas
constant; L, is the latent heat of evaporation; D, F~ and G~ are dimen-
sionless variables related to the ratio of isochoric and isobaric specific
heat capacity of the gas and the Mach number out of the Knudsen layer
[391.

3. Condensation

Badillo’s condensation model [41-43] is utilized to calculate the rate
of vapor condensation within a closed keyhole pore, i.e.,

6v2 k(T — Tp)
m= Vel =T

6
N 5 WL, (6)

where k; is the heat conductivity of the metal, Ty, is the boiling tem-
perature, L, is the latent heat of evaporation, and w is the characteristic
length of the interface which is approximated by the size of the CFD cell
[43].

4. Laser absorption model

The laser absorption model is built on our proposed VOF-compatible
ray-tracing model [31,33]. This model features key considerations of the
Fresnel reflection and refraction at the metal surface for the incident
laser, laser attenuation and absorption in the metal during the scanning
process, the impact of the metal state on the attenuation distance, and
the influence of surface temperature on laser reflectivity. Detail of the
laser absorption model and its numerical implementation can be
referred to [31,33].
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2.3.1. Governing equations of the multiphysics processes
1. Advection equation

Two interphase mass transfer rates, namely m, and m,, are consid-
ered to represent the vaporization of liquidus metal into metallic vapor
and the condensation of metallic vapor into liquidus metal, respectively.
Both the metal and gas phases are assumed to be incompressible and are
solved using the following advection equation:

2ay1h, — 201
01 17 o (yu) = 20— 2020

dt P, Va|

. 7

02:1—(11

where u is the velocity; a; and a3 represent the volume fractions of the
metal and the gas, respectively; |Va; | is an interface term to transform a
surface term per unit area into a volumetric term [44-46]; a7 or @z is a
sharp surface term to smear out the interphase [47].

2. Momentum equation

Based on the Navier-Stokes equation, the following momentum
equation is introduced to consider various physical phenomena,
including the surface tension, Darcy’s effects, recoil pressure, and
Marangoni’s flow, as shown in the RHS of the following equation.

0 2p
—(pu)+V-(puru) =-Vp+V-(u-(Vu))+ co|V n
P (p ) p (n-(Vu)) + co] al‘p1+p2
2
— O 2
k=) p Ve -2 ,
a3 + Gy P+ Py
do 2p
+—=(VT — -VT)|V
(VT (VT Var| L

®

where p is the pressure given by p = pq + pgh; pq is the dynamic pres-
sure; g is the gravitational acceleration, and h is the reference height
[37]; K. is the permeability coefficient; Cy is a small constant to avoid
division by zero; a, is the volume fraction of the molten metal which can
be approximated using a Gaussian error function [37]; C is the curvature
of the metal-gas interface, and c = — V e n. n is the unit normal vector
at the interface, andn = Va,/|Vai]; 2p/(p; +p,) is a sharp surface force
term to smear out the interphase [44,47]; Ts is the solidus temperature;
do/dT represents the change of surface tension coefficient ¢ with respect
to temperature. The volume fraction of the molten metal oy, and the
surface tension coefficient ¢ [37] can be written as:

am:%{1+erf<4/(TlfTs)(T7T1;Ts))}, ©

0] 4 T, + Ts
—|1+4erf| —— (T — T<T
1 fz{ (T*Ts( 2 ))} B
o= + er 1 i (10)

do
—T T>T,
o+ oT > 1

where o) is the surface tension coefficient of the metal at the liquidus
temperature.

(3) Temperature equation

The following temperature equation derived from the energy con-
servation is solved to update the thermal field, which includes multiple
heat transfers due to laser heat, conduction, dissipation, fusion, con-
vection, radiation, and vaporization [37], respectively,
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where L is the latent heat of fusion; h. is the convective heat transfer
coefficient; T, is the reference temperature, and oy, is the Stefan-
Boltzmann constant; S; is the laser input obtained from our previous
VOF compatible ray-tracing model [33] with a modified reflectivity and
absorption coefficient described in the laser absorption model.

2.4. Model setup and parameter selection

To study the effect of laser optimization strategy on the keyhole
instability, this study focuses on the melting process of a bare Ti-6Al-4 V
plate subject to a single track of laser. The plate measures
864 x448x368 um, as shown in Fig. 1, and is larger than the simulation
domain in our previous work [31] to capture longer keyhole evolutions
during the laser melting process. The laser has a spot size of 100 um with
a power of 225 W, moving along the longest dimension direction (864
um). Two scanning velocities of 50 cm/s and 45 c¢m/s are chosen to study
the impact of laser intensity on keyhole fluctuation. The selection of
these specific scanning velocities is based on a keyhole porosity
boundary experimentally identified from [1] at different combinations
of laser power and scan speed. By maintaining a suitable difference in
scanning velocity, specifically 5 cm/s in this study, it becomes more
feasible to quantitatively elucidate the impact of the proposed optimi-
zation strategy. The configuration of adaptive meshing and boundary
conditions are set as identical to those used in our previous work [31],
including a coarser mesh with a grid size of 16 ym and a finer mesh with
a grid size of 4 ym. The time step is 1x107 s. The physical parameters
and temperature-dependent thermal parameters used in the subsequent
simulations are summarized in Appendix A.

3. Mechanism-based optimization strategy

According to previous optimization approaches proposed in the
literature [5,6,48,49], a typical optimization strategy includes three
steps: (i) selection of the stage at which laser optimization will be con-
ducted, such as the rotation of keyhole, the expansion of keyhole, and

368 pm

g

3
o
Ny

864 1m

Fig. 1. Model setup of laser melting of a bare Ti-6Al-4 V plate, showing the
entire simulation domain, the laser and scanning directions, the melt pool, the
keyhole, and rear and front walls of the keyhole.
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formation of "J"-like keyhole; (ii) introducing an index to quantitatively
describe keyhole evolution and differentiate different keyhole charac-
teristics; and (iii) establishing a criterion to determine the need for laser
optimization and developing an optimization strategy, such as adjusting
laser power, scanning velocity, and scanning path.

3.1. Selection of optimization stages

3.1.1. Five stages during a pore-formation process

According to both existing experimental observations and our
simulation results, the entire process of pore formation can be classified
into five stages: "J"-like keyhole formation (Stage I), keyhole closure
(Stage II), keyhole pore collapse (Stage III), keyhole pore splitting (Stage
V), and keyhole pore motion (Stage V), as shown in Fig. 2. Experimental
observations show that the duration of Stages III and IV is only around
several microseconds [1], too short to make it possible for implementing
optimization approaches to avoid pore formation. Once a keyhole pore
is formed, its motion is dominantly influenced by the vortex in the melt
pool, which varies with the position of the pore and keyhole fluctua-
tions. This complex situation makes process optimization difficult.
However, it is more efficient to avoid pore formation by implementing
optimization strategies during early stages of the process, i.e., Stages I
and II. Because of rather different thermo-mechanical dynamics in
stages I and II, different optimization strategies are required, each with
varying levels of stability and efficiency.

3.1.2. Thermo-mechanical dynamics in Stages I and IT

Protrusions are important features in stages I and II, as previously
reported [31]. They aid in the transfer of high-temperature fluid to the
keyhole bottom, accelerate keyhole closure, and influence laser reflec-
tivity. In this section, we discuss the typical process of keyhole pore
formation, along with potential optimization approaches.

In Stage I, the protrusions move downward to the keyhole bottom,
increasing the temperature at the bottom part and leading to the further
expansion of the keyhole. The protrusions, which are propelled by the
recoil pressure and are of high-speed and high-temperature, need to be
controlled to improve keyhole stability. As shown in Fig. 3, reducing the
laser power during Stage I is a practical approach to achieve this. Fig. 3
shows that decreasing the laser power results in a decrease in the

—
Melt pool
boundary

Rear
wall

“J”-like
keyhole

10 ps

Keyhole
pore collapse

Protrusion
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protrusion velocity on the front keyhole wall and the keyhole bottom.
Importantly, for the case with half laser power, no further keyhole
expansion occurs, preventing further keyhole closure.

In Stage II, closure of the keyhole occurs when the protrusions of the
side walls collide with each other. To prevent such keyhole closure, the
motion of protrusions can be controlled. The protrusion on the rear
keyhole wall is primarily influenced by the vortex flow in the melt pool,
while the protrusion on the front keyhole wall is mainly controlled by
the laser energy. Increasing the laser power can result in a higher ve-
locity of the front protrusion, which increases the distance between the
two protrusions, as depicted in Fig. 4B. One the other hand, increasing
the laser power may cause a larger recoil pressure on the rear keyhole
wall, which slows down the rear protrusion driven by the vortex in the
melt pool. Specifically, at 5.5 ps, the velocity direction along the laser
moving direction turns opposite to that at O ps, indicating a continuous
separation of the two protrusions. Therefore, keyhole closure and
keyhole pore formation can be effectively prevented by increasing the
laser power.

It is important to note that protrusions are common occurrences
during the manufacturing process. The objective of this study is to
prevent the collision of two protrusions rather than eliminating the
occurrence of protrusions, as demonstrated in Fig. 4. In the event of two
protrusions approaching each other after 5.5 ps, the same laser strategy
will be employed to avoid the occurrence of collision.

3.1.3. Relevance to optimization strategies

From the above observations, it is necessary and effective to adopt
different laser optimization strategies according to the distinctive
mechanisms of protrusions in stages I and II. Specifically, a lower laser
power in Stage I restricts the motion of front protrusions and weakens
the local rotation at the keyhole bottom, while a higher laser power in
Stage II accelerates the motion of front protrusions and increases the
distance between front and rear protrusions. However, increasing the
laser power can make the keyhole and the powder bed unstable. It can
increase the speed of the metallic vapor generated in the keyhole, which
agitates the motion of surrounding powders and the spattering of metal
pool fluid [33]. While increasing the recoil pressure helps separate the
protrusions on the front and rear walls, it also amplifies the temperature
gradient of the melt pool and increases the likelihood of new protrusions

Keyhole
closure

Fig. 2. One typical example of five stages during the complete process of pore formation based on our numerical simulations. Stage I is the “J”-like keyhole formation
(0 ps — 10 ps). Stage II is the keyhole closure (10 ps — 14 ps). Stage III is the keyhole pore collapse (14 ps — 15.2 ps). Stage IV is the keyhole pore splitting (15.2 ps —

18.4 ps). Stage V is the keyhole pore motion (18.4 ps — 20.8 ps).
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Fig. 3. Simulated velocity vector contours with an original laser power (A) and a half laser power (B).

20 ps
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B
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Fig. 4. Simulated velocity vector contours and temperature contours with an original laser power (A) and a double laser power (B).
forming on the front wall. Additionally, it can also raise more stringent 3.2. Optimization indices
requirements on the printing equipment. Therefore, decreasing the laser
power in Stage I is a more preferred strategy than increasing the laser Section 3.1.2 describes a specific case with a simplified optimization
power in Stage II to improve keyhole stability and prevent keyhole pore approach, assuming prior knowledge when the stage begins. Neverthe-
formation. less, the process of keyhole evolution is highly dynamic and character-

ized by irregular oscillations [11]. Previous studies have only focused on
special time points, such as the starting and turning points of the
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scanning path [48,49], instead of the entire scanning path. To predict
various stages of keyhole pore formation, we need an index that pro-
vides a quantitative description of the complete keyhole evolution
process. For example, the keyhole drilling speed or the collapse speed of
keyhole walls [5,6,48,49] could serve as such an index. Based on this
index, we could develop an optimization criterion to determine when
laser optimization is necessary.

3.2.1. Keyhole oscillations

Keyhole oscillations exhibit two distinct modes: intrinsic and per-
turbative oscillations [11]. The mode of perturbative oscillation occurs
exclusively under unstable keyhole conditions and plays a significant
role in the formation of keyhole porosity. Previous studies have exten-
sively described the mechanism of this oscillation mode [1,33].
Conversely, intrinsic oscillation can occur in both stable and unstable
keyholes; however, it does not contribute significantly to keyhole
porosity formation under unstable keyhole conditions. Although tem-
porary keyhole pore may occur, the rapidly drilling keyhole can
recapture and close the temporary pore [50,51]. Intrinsic oscillation
arises due to the varying balance between Marangoni force, surface
tension, and recoil pressure [11]. To quantify the keyhole oscillations
more precisely, we classify keyholes into three types based on their
distinct characteristics: stable “J”-like keyhole, shrinkage-induced
keyhole pore, and expansion-induced keyhole pore. The stable "J"-like
keyhole and shrinkage-induced keyhole pore correspond to the intrinsic
mode of oscillation in stable and unstable keyholes, respectively. The
expansion-induced keyhole pore corresponds to the perturbative mode
of oscillation.

(1) Stable “J”-like keyhole

In Fig. 5, we can observe a typical life cycle of the stable “J”-like
keyhole without any keyhole pore formation. The keyhole bottom ex-
pands during the formation process of the “J”-like keyhole from 402.5 us
to 410 us and then gradually shrinks from 410 us to 427.5 us. The
expansion is primarily due to the rising recoil pressure at the keyhole
bottom, which is caused by the continuous incident laser, reflected laser
from the front wall, and protrusions that transport high-temperature
fluids from the front wall to the rear wall. The expansion process in-
creases the surface area of the left keyhole tip (or “J” toe hereafter),
causing the temperature to decrease. The decreasing recoil pressure and
increasing surface tension at the “J” toe of the keyhole leads to further
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shrinkage of the keyhole bottom. As the keyhole shrinks, the tempera-
ture at the keyhole bottom increases again, initiating a new cycle of “J”-
like keyhole formation (430 us in Fig. 5). Further details regarding the
mechanisms of the “J”-like keyhole formation process can be found in
the literature [1,33].

(2) Expansion-induced keyhole pore

Fig. 6 illustrates a typical formation process of the keyhole pore
caused by the expansion of the keyhole bottom. Like the stable "J"-like
keyhole, the high temperature and large recoil pressure at the keyhole
bottom significantly contribute to the expansion of the keyhole bottom
and the formation of the "J"-like keyhole. However, compared to the
stable "J"-like keyhole at 410 us (shown in Fig. 5), a more extensive
expansion of the keyhole bottom at 542.5 us results in a shorter keyhole
neck for the keyhole. Because of the shorter keyhole neck length, the
possibility of collision between protrusions in the rear and front walls
increases, as observed at 542.5 us and 545 us in Fig. 6. When two pro-
trusions collide, they lead to the formation of a keyhole pore which can
subsequently collapse, shrink, or break apart [1,33]. Further details
regarding the mechanisms behind keyhole pore instability can be found
in the literature [1,33], which has demonstrated that this type of
keyhole pore is a significant factor in porosity formation.

(3) Shrinkage-induced keyhole pore

Fig. 7 depicts a typical shrinkage-induced keyhole pore formation
process, in which a stable "J"-like keyhole occurs at 650 us. As explained
previously in the section “Stable ‘J’-like keyhole”, as the recoil pressure
decreases and the surface tension increases at the “J” toe of the keyhole,
the keyhole shrinks after the first "J"-like keyhole, resulting in a keyhole
pore at 667.5 us. During the shrinkage of the keyhole from 650 ps to
667.5 ps, the rear wall moves rapidly towards the front wall, with a
maximum speed of 15 m/s observed at 661 ps, as shown in Fig. 8.
Additionally, two vortices in the melt pool propel the fluids in two
distinct zones (located at the left and bottom of the keyhole) towards the
front wall, as observed in Fig. 8 from 661 ps to 666 ps. If the rising recoil
pressure at the keyhole bottom is too small to counteract the motion of
the rear wall, the two protrusions in the front and rear walls collide with
each other, forming a keyhole pore; otherwise, a new cycle of "J"-like
keyhole formation incepts.

Ultimately, the keyhole pore is captured by the rapidly drilling
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Fig. 5. Simulation results of the stable “J”-like keyhole with the temperature contour. Keyhole expansion occurs from 402.5 us to 410 us. Keyhole shrinkage occurs

from 410 us to 427.5 us.
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Fig. 7. Simulation results of the shrinkage-induced keyhole pore with the temperature contour.

keyhole and is not responsible for the keyhole porosity. Three reasons
explain why the shrinkage-induced keyhole pore can be recaptured by
the keyhole. Firstly, the shrinkage-induced keyhole pore is significantly
smaller than the expansion-induced keyhole pore, resulting in a weak
vapor condensation in the keyhole pore. For example, the volume of
keyhole pore in Fig. 7 is only 2.5 % of that in Fig. 6. Only slight
shrinkage of the keyhole pore, attributed to vapor condensation, is
observed in Fig. 7 and Fig. 8. Thus, the shrinkage-induced pressure drop
has only a moderate effect on the surrounding fluids. Secondly, while the
recoil pressure at the keyhole bottom drives the surrounding liquids and
keyhole pore downwards, a vortex in the keyhole bottom is generated by
the shrinkage which lifts the keyhole pore upwards, as observed at 667
us in Fig. 8. As the pore moves upward, fluids at the bottom right of the
keyhole are propelled by the recoil pressure to further push the keyhole
pore towards the keyhole, as observed at 670 ps in Fig. 8. Thirdly,
keyhole shrinkage creates a keyhole pore at a specific position beneath
the keyhole bottom that speeds up the collision between the rapidly
drilling keyhole and the keyhole pore as the keyhole moving down. In
contrast, the expansion-induced keyhole pore is located on the left side
of the keyhole and is less likely to be recaptured by the rapidly drilling
keyhole due to its location and the presence of significant vapor
condensation in the keyhole pore [33,52].

3.2.2. Quantification of keyhole fluctuations through three adaptive indices

It is evident from preliminary simulation results in Section 3.1.2 and
recent experimental observations [11] that the keyhole bottom un-
dergoes significant deformation during the keyhole pore formation
process, such as the expansion and shrinkage. The volume change of the
keyhole bottom can be a suitable descriptor of keyhole fluctuations.
However, in practice, only 2D images are available through advanced
observation technologies, such as simultaneous high-speed synchrotron

x-ray imaging (Fig. 9A), enabling the distinction between the gas phase
and the metal phase based on distinct color representations. Subse-
quently, the gas region can be extracted from the X-ray image utilizing
dynamic image recognition techniques. In this study, the adaptive
indices are defined based on the change in gas area at the bottom of the
keyhole within the 2D cross-section, satisfying x < x;, and z > 2, (as
shown in Fig. 9), during a constant time interval of At. The variable xj,
represents the x-coordinate of the laser center, and z, represents the
z-coordinate of the keyhole neck. The value of z, varies for different
cases, such as the scanning velocity, metal type, laser power, and other
factors. To determine the z-coordinate of the keyhole neck, parametric
studies using numerical simulations or experiments are necessary be-
forehand. For this study, the value of z, is set to be 100 pm. The selected
time interval must meet two requirements: (1) it should be sufficiently
small to capture the key information of keyhole evolution; (2) it should
be larger than the minimum time interval of megahertz x-ray images to
allow adequate time for conducting optimization strategies. In this
study, a time interval of 2.5 ps was used, which is approximately half the
duration of a single "J"-like keyhole formation process and 2.7 times
longer than the minimum time interval (0.92 ps) reported in the liter-
ature for megahertz x-ray images [1]. Notably, recent studies reported in
[9] and [10] have explored the utilization of adjusted laser power at the
microsecond timescale to enhance the efficiency and quality of the
manufacturing process.

In this study, we propose three adaptive indices, namely the defor-
mation index Fy, the absolute deformation index F,q4, and the expansion
index Fe, to quantify the variation in the specific gas area at the bottom
of the keyhole between two time intervals, as shown in Eqgs. (12) to (14).
These indices consider two parameters, the depth from the plate surface
and the distance from the laser center, due to their significance in the
melt flow at the keyhole bottom and far from the laser center, which are
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Fig. 8. Simulation results of the shrinkage-induced keyhole pore and the pore-recapture process with the velocity contour.
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Fig. 9. Schematic diagram of the computational domain for the adaptive index in high-speed x-ray images [1] (A) and simulation results (B).

essential factors in the formation of the "J"-like keyhole. Specifically, the
deformation index Fy and the absolute deformation index F,q represent
the change and the absolute change in the specific gas area at the
keyhole bottom, respectively. The expansion index F, is the sum of Fy4
and F,q4, representing the expansion of specific gas area at the keyhole
bottom,

(Fo)" =Y. <Zz(z cm) =) (zea)" ) X;LLX 12

(Foa)" = Zx Zz(z ® Oy )" — Zz (zo agas)ml x;_LLx 13)

F, = (Fa)" + (Faa)" a4

where a5 is the volume fraction of gas; z is the z-coordinate calculated
from the plate surface; Ly is the x-coordinate of the laser center; x is the
x-coordinate of the keyhole bottom, satisfying x < x, and z > z,, and AL
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is the mesh size; n —1 and n denote the sequence of the time interval.

Fig. 10 presents the variation of the three indices along with for-
mation processes of the stable “J”-like keyhole and keyhole pores during
a typical melting process. In particular, Fig. 10 A shows that there is no
clear correlation between the evolution of the keyhole and the indices of
deformation and absolute deformation. Through the generation of the
expansion index, multiple formation processes of the keyhole pore (due
to keyhole expansion or shrinkage) and the stable "J"-like keyhole shown
in Fig. 10B exhibit consistent characteristics, respectively. Fig. 11 il-
lustrates a strong correlation between the variation of the expansion
index and the fluctuations in the keyhole, demonstrating the reliability
of the expansion index. Multiple distinct cycles of the keyhole volume
change can be observed in Fig. 11, indicating the regular development of
the keyhole expansion (i.e., “J"-like keyhole formation) and keyhole
shrinkage, as shown in Fig. 5. Note that keyhole volume is a 3D
parameter that cannot be directly obtained through existing 2D imaging
observational technologies, whereas the expansion index F. is a 2D
parameter based on the central cross-section equivalent to the image
obtained by simultaneous high-speed synchrotron x-ray imaging.

The expansion index F, exhibits a sharp increase followed by a rapid
decrease after reaching its local peak during one cycle of the stable "J"-
like keyhole (shown as purple lines in Fig. 10). The surge increase of the
expansion index corresponds to the expansion of the keyhole bottom,
while the subsequent rapid decrease indicates the shrinkage of the
keyhole, consistent with the phenomena of a stable “J”-like keyhole
explained in the Section "Keyhole oscillations". During the cycle of the
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expansion-induced keyhole pore (red lines in Fig. 10), the change in F.
shares a similar trend to that observed during a cycle of the stable "J"-
like keyhole. In contrast, during a cycle of the shrinkage-induced
keyhole pore, F. rapidly decreases due to the keyhole shrinkage, fol-
lowed by a smaller fluctuation, indicating the generation and recapture
of the keyhole pore.

Fig. 11 illustrates the temporal evolution of the keyhole volume, the
expansion index, and three keyhole characteristics in two cases, each
with a scanning velocity of 45 cm/s and 50 cm/s, respectively. The
observed trend remains consistent between the two cases, indicating a
similar behavior. However, the cycle period of keyhole expansion and
shrinkage, as well as the frequency of the three keyhole characteristics,
varies with the scanning velocity. It is important to note that a
comprehensive investigation is needed to quantify these keyhole char-
acteristics under different laser conditions in the future work, including
the laser power and the scanning velocity. The current study serves as a
preliminary work, proposing an optimization scheme aimed at stabi-
lizing the keyhole and preventing the formation of keyhole pores.

3.3. Optimization scheme

3.3.1. Optimization criterion

Since the shrinkage-induced keyhole pore can be recaptured by the
keyhole and will not contribute to the keyhole porosity, only the
expansion-induced keyhole pore will be considered in our proposed

optimization scheme. However, as numerically observed, it is
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Fig. 10. (A) The evolution of the deformation index F4 and the absolute deformation index F,q during the melting process. (B) The evolution of the expansion index
F. during the melting process. The time and corresponding indices for the formation processes of the expansion-induced keyhole pore, the shrinkage-induced keyhole
pore, and the stable “J”-like keyhole occur are highlighted with red, orange, and purple lines, respectively. The laser power is 225 W and the scanning velocity is

50 cm/s.
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Fig. 11. The evolution of the expansion index F, and the keyhole volume during the melting process. Only the portion of the keyhole with a depth greater than z, is
used to calculate the keyhole volume. (A) The laser power is 225 W and the scanning velocity is 50 cm/s. (B) The laser power is 225 W and the scanning velocity is

45 cm/s.

challenging to distinguish between the stable keyhole and the
expansion-induced keyhole pore. Fig. 11 shows the regular occurrence
of the formation and shrinkage of "J'-like keyholes during the laser
melting process. One feasible way is to adopt optimization strategy in
each cycle of the “J”-like keyhole formation. As demonstrated in Section
3.1.2, reducing the laser power during the initial stage of "J"-like keyhole
formation can stabilize the keyhole and prevent the generation of
keyhole pores.

During one cycle of "J"-like keyhole formation and shrinkage, the
expansion index undergoes multiple sharp turning points, each charac-
terized by a rapid increase followed by a rapid decrease. However, the
change in keyhole volume only has a single turning point in one cycle.
This difference indicates that the 2D parameter based on the central
cross-section undergoes more significant fluctuations than the 3D
parameter. In this study, all turning points are considered when imple-
menting the optimization strategy, since it is difficult to determine such
a turning point of the expansion index that corresponds to the initial
stage in one cycle. More specifically, the optimization strategy is con-
ducted when the deformation index in the last time interval is smaller
than 0 ((Fd)”"1 < 0) and the increase of the expansion index is larger
than a threshold AF ((F.)" — (F.)" ! > AF). This criterion implies that
the keyhole is shrinking during the last time interval and begins to
expand in the current time interval, suggesting a possible initial stage of
the “J”-like keyhole formation.

The threshold AF determines the frequency of applying the optimi-
zation strategy, and its selection should satisfy two requirements. First,
the threshold AF should be larger than the secondary index increases (e.
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g., 600 ps in Fig. 11A) near the turning points between two cycles of the
keyhole expansion and shrinkage. This ensures that the threshold filters
out the small change in the expansion index caused by 2D fluctuations
rather than 3D keyhole expansion and shrinkage. Second, the threshold
AF should be smaller than the major index increases in one cycle of the
keyhole expansion and shrinkage. This ensures that all possible initial
stages of "J"-like keyhole formation will be considered in the optimiza-
tion criterion. In experiments, it can be determined by conducting a
standard experiment without optimization and analyzing the change in
the expansion index during the laser melting process (e.g., Fig. 10).

3.3.2. Optimization approach

Compared to changing the laser direction, number of laser beams,
and powder distribution, it is more cost-effective and practical to opti-
mize the laser scanning strategy, including adjusting the laser power,
scanning velocity, and scanning path [5,7,8]. The optimization of the
scanning path is typically employed in a multi-track model [25-28],
while this study only considers a single track for simplicity. Both laser
power and scanning velocity directly affect the laser intensity, and there
are two state-of-the-art adaptive laser power strategies [48,49] stabi-
lizing the deep keyhole at the starting and turning points. Therefore, this
study adopts adaptive laser power as an optimization approach
throughout the entire scanning path. The primary objective of this work
is to develop a proper laser strategy that utilizes adaptive laser power to
stabilize keyhole fluctuation and prevent the formation of keyhole
pores. By doing so, we aim to enhance both the manufacturing efficiency
and the quality of the final product.
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An adjusted laser power will be adopted when the optimization
criterion is satisfied, i.e., (Fq)"* < 0 and (F.)" — (Fe)"* > AF. Section
3.1.2 has shown the initial effectiveness of this optimization approach.
Under the premise of stabilizing the keyhole and preventing the keyhole
pore formation, it is preferable to use finer adjustment of laser power
relative to the standard laser power, since it will not significantly impact
manufacturing efficiency. A systematic study is required to determine
appropriate adjustment of laser power with respect to the standard laser
power.

Additive Manufacturing 92 (2024) 104403
4. Numerical results and discussion

In this section, we will examine the performance of the proposed
optimization scheme in improving keyhole stability. Two parameters,
namely the threshold for the increase in expansion index (AF) and the
adjustment of laser power, will be comprehensively investigated. It
should be noted that the adoption of the optimization scheme must meet
three requirements: (1) Less impact on manufacturing efficiency: it is
quantified by the keyhole depth in this study, serving as an indicator of
the melting depth of a single track (which denotes the distance between
the substrate surface to the bottom of the molten region). (2) Preventing
expansion-induced keyhole pores. (3) Stabilizing keyhole fluctuations,
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Fig. 12. The evolution of the expansion index F. during the melting process, with three different thresholds for the increase in expansion index (AF) considered:

40 mm (A), 30 mm (B), and 20 mm (C), respectively.
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particularly the expansion and shrinkage of the "J"-like keyhole, which is
quantified by the variation of the keyhole volume, as shown in Fig. 11.
The discussion focuses on the simulation results of the case with a
scanning velocity of 45 cm/s in detail since it exhibits more expansion-
induced keyhole pores, as demonstrated in Fig. 11.

4.1. Threshold for the increase in expansion index

Fig. 11B shows three representative cycles of expansion-induced
keyhole pore formation, with a minimum increase in expansion index
of 35.7 mm. Based on this minimum increase, three thresholds for the
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increase in expansion index are considered: 20 mm, 30 mm, and 40 mm.
Given that this section focuses solely on the impact of the threshold for
the increase in expansion index, the adjusted laser power is set to a
constant value of 168.75 W, which is 75 % of the original laser power
(225 W). The selection of the adjusted laser power will be discussed in
Section 4.2. Fig. 12 and Fig. 13 present the evolution of the expansion
index, adaptive laser power, keyhole volume, and keyhole central depth
during the melting process, with three different thresholds considered.

The proposed optimization strategy enables to reduce keyhole fluc-
tuations significantly, as evident by comparing the peak expansion index
values in Fig. 11B and Fig. 12. Nonetheless, since the threshold of
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Fig. 13. The evolution of the laser power (A), keyhole volume (B), and keyhole central depth (C) during the melting process. Only the portion of the keyhole with a
depth greater than 100 pm is used to calculate the volume and central depth of the keyhole.
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40 mm is larger than the minimum increase in expansion index
(35.7 mm), the optimization strategy cannot prevent the formation of all
expansion-induced keyhole pores, as demonstrated in Fig. 12A. Using
optimization strategies with thresholds of 20 mm and 30 mm can
eradicate expansion-induced keyhole pores. It is important to emphasize
that when the threshold for the increase in expansion index decreases,
the optimization frequency increases (as depicted in Fig. 13A). This is
because a lower threshold allows for the consideration of more decep-
tive fluctuations caused by the limited 2D information, thereby
employing a weaker optimization criterion. Fig. 12 (B and C) and
Fig. 13B demonstrate that keyhole fluctuations increase significantly
when the optimization frequency exceeds a suitable value. Specifically,
the case with a 20 mm threshold shows around a 42 % larger variation
in the expansion index and a 75 % higher average amplitude of variation
in the keyhole volume compared to the case with a threshold of 30 mm,
even though the former uses a higher frequency. Therefore, employing a
30 mm threshold leads to reduced keyhole fluctuations.

To sum up, it is crucial to select an appropriate threshold for the
increase in expansion index for the optimization. The threshold value
can be determined based on the minimum increase in expansion index
during the melting process without laser optimization. For instance, the
threshold can be set slightly less than the minimum increase in expan-
sion index. A parametric study can also be performed in experiments to
determine a suitable threshold for the optimization. In this study, a
threshold of 30 mm is deemed a suitable choice that satisfies the three
requirements. The optimization strategy successfully prevents the for-
mation of expansion-induced keyhole pores (Fig. 12B) and reduces
keyhole fluctuations by approximately 30 % (Fig. 13B). Moreover, the
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average laser power and the average central depth of the keyhole in this
case with the optimization strategy are 97.8 % and 98.7 %, respectively,
of those without the optimization strategy, thereby ensuring
manufacturing efficiency.

4.2. Adjustment of laser power

In this section, the effect of the adjustment of laser power on keyhole
stability is studied by selecting three different ratios (0.6, 0.75, and 0.9)
of the adjusted laser power to the standard laser power. The threshold
for the increase in expansion index remains constant at 30 mm, based on
the simulation results from the previous section.

All three cases involving the adjusted laser power (Fig. 12B and
Fig. 14) exhibit a lower peak expansion index when compared to the
case without laser optimization. However, except for the case using a
laser power ratio of 0.75, the other two cases are unable to fully prevent
the formation of expansion-induced keyhole pores, as demonstrated in
Fig. 14. When the adjusted laser power is comparable to the original
laser power, such as when the ratio is 0.9, the slight decrease in laser
power is insufficient to effectively suppress keyhole expansion. The
resulting peak expansion index (Fig. 14A) in this case is considerably
greater than that observed in the case (Fig. 12B) where the laser power
ratio is 0.75.

Conversely, when the adjusted laser power is extremely low
(Fig. 14B), the keyhole fluctuations will once again be amplified, akin to
the situation where the optimization frequency is excessively high, as
discussed in Section 4.1. More specifically, Fig. 15A illustrates the
evolution of the keyhole volume, which indicates that the magnitude of
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Fig. 14. The evolution of the expansion index F. during the melting process, with two different ratios of the adjusted laser power to the standard laser power
considered: 0.9 (A) and 0.6 (B), respectively. Note that, the case with a ratio of 0.75 is presented in Fig. 12B.
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than 100 pm is used to calculate the volume and central depth of the keyhole.

fluctuations observed with a laser power ratio of 0.65 is significantly
greater than those in the other two cases between 400 ps and 700 ps.
Fig. 15B offers a further evidence that a decrease in adjusted laser power
is associated with a greater reduction in both keyhole depth and the
manufacturing efficiency. For instance, reducing the laser power ratio
from 0.75 to 0.6 leads to a significant decrease (3.7 pm) in the central
depth of the keyhole, compared to the decrease (1.1 pm) observed when
the power ratio is reduced from 0.9 to 0.75. Note that, the original
central depth of the keyhole is 166.1 pm, as depicted in Fig. 13B.

Such a significant decrease in the central depth of the keyhole arises
due to the limitations of the 2D parameter, i.e., the expansion index,
which fails to fully capture the 3D expansion and shrinkage process of
the keyhole. During a complete cycle of keyhole expansion and
shrinkage, the expansion index exhibits multiple significant fluctua-
tions. Moreover, if the adjustment in laser power is dramatically large,
multiple sudden decreases in laser power during a complete cycle of
keyhole expansion and shrinkage can interrupt the continuous expan-
sion of the keyhole and accelerate its shrinkage, further amplifying the
fluctuations in the keyhole. This phenomenon explains why an
expansion-induced keyhole pore can reoccur when the laser power ratio
is set to 0.65. Hence, the selection of an appropriate laser adjustment
should be determined through parametric studies using numerical
simulations or experiments.

5. Conclusions

We propose an optimization strategy based on the mechanisms of
keyhole instability. This strategy features a complete optimization
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framework consisting of optimization stages, optimization indices, and
optimization criteria and approaches. We comprehensively examine the
validity of this mechanism-based optimization strategy by high-fidelity,
physics-based numerical simulations of keyhole formations. The simu-
lation results demonstrate that the proposed optimization strategy can
significantly reduce the keyhole fluctuations and prevent the formation
of expansion-induced keyhole pores without sacrificing printing effi-
ciency. Specifically, our new findings can be summarized as follows.

(1) During a compete keyhole pore-formation process, five stages can
be identified: "J"-like keyhole formation, keyhole -closure,
keyhole pore collapse, keyhole pore splitting, and keyhole pore
motion. Our numerical simulations indicate that decreasing the
laser power at the onset of "J"-like keyhole formation appears to
be an appropriate approach to enhance keyhole stability and
prevent keyhole pore formation.

(2) Our numerical simulations capture three keyhole characteristics
during a complete laser melting cycle: a stable "J"-like keyhole
and two types of keyhole pores resulting from keyhole expansion
and shrinkage. It is essential to prevent the expansion-induced
keyhole pore for better manufacturing quality since it is the
major contributor to keyhole porosity.

(3) To quantify the keyhole fluctuations during a complete laser
melting process, we propose three adaptive indices: the defor-
mation index, the absolute deformation index, and the expansion
index. The optimization criterion is built on the three adaptive
indices to determine the optimal time to adjust the laser power.
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(4) Based on two parametric numerical studies on investigating the
impact of the optimization criterion and laser power adjustment,
it suggests that our proposed optimization strategy, with a
moderate frequency and magnitude of laser power adjustment,
can stabilize the keyhole and prevent the formation of keyhole
pores while ensuring printing efficiency. It is recommended to
determine future optimization criteria and laser power adjust-
ment strategies through parametric studies using corroborative
numerical simulations and experiments.

This study represents a crucial first step towards the development of
an adaptive optimization strategy in L-PBF, utilizing a rigorous and
physics-based computational approach. However, further improvements
to the optimization strategy are required. First, the optimization crite-
rion can be refined to improve its accuracy in predicting the formation of
the "J"-like keyhole. The current criterion takes into account all potential
"J"-like keyholes, given the limitations of the proposed 2D adaptive
indices, resulting in a higher optimization frequency. Second, the opti-
mization strategy utilizes a constant adjustment of the laser power, and
the parametric study only examines limited cases with specific laser
power and scanning velocity. Further optimization approaches could be
developed to enhance keyhole stability and prevent the formation of
keyhole pores through systematic studies under various manufacturing
conditions. Third, this study solely employs numerical simulations to
investigate the impact of the proposed optimization strategy. Various
factors, such as monitoring delay and scanning resolution of monitoring
equipment, can impact the optimization strategy in practical applica-
tions. Therefore, it is important to conduct systematic experiments to
validate the findings of this study and adjust the optimization strategies

Appendix A
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Table A1l Physical parameters of Ti-6Al-4 V [6,32] and ambient gas [6,32] adopted for the simulations.

Parameter Value and units Parameter Value and units

Room temperature To = 300K Solidus temperature Ts = 1878 K

Liquidus temperature T =1923K Boiling temperature Ty = 3133K

Molar mass M = 446.07 g/mol Convective heat transfer coefficient h =19 kg-sSK

Viscosity of liquid Ti—6Al—4 V alloy ;= 0.005 Pa-s Viscosity of solid Ti—6Al—4 V alloy w = 1.13Pa-s

Latent heat of fusion Ly = 2.88x 105 m?/s? Permeability coefficient K. =5.56 x 10° kg/(m3s)
Latent heat of evaporation Ly = 9.7 x 10°m? /52 Constant to avoid division by zero C =105

Surface tension coefficient at melt point o) = 1.68 kg/s? Change rate of surface tension coefficient % = —26x 10~ kg/(s’K)
Refractive index [53] e = 3.47 Coefficient related to the electrical conductance [35] e =02

Reflectivity at room temperature [54] fro = 0.95 Reflectivity at liquidus temperature [54] fr =0.63

Absorption coefficient at room temperature [1] 70 = 47.1 pm’1 Absorption coefficient at liquidus temperature [32,37,44,47] 7o = 0.192 pm’l

Gas density
Heat capacity of gas

py, = 1.87kg/m?
Cs = 500 J/(kg o K)

Viscosity of gas
Thermal conductivity of gas

Uy =2.5x 1075Pa-s
ks = 0.021 W/(m o K)

Table A2 Temperature-dependent thermal parameters of Ti-6Al-4 V [55] adopted for the simulations.

Material Parameter and units Value or equation
Ti—6A1-4 V Density (kg/m?) 4420 T <1268K
po= 4420 — 0.154(T — 298) 1268K < T < 1923 K
3920 — 0.680(T — 1923) T>1923K
Heat capacity (J/(kg-K) ) 411.5 T < 1268K
C = 4115+02T+5x 107772  1268K < T < 1923K
830 T>1923K
Thermal conductivity (W/(m-K) ) 19.0 T <1268K
- —0.80 +0.018T — 2 x 107°T>  1268K < T < 1923K
1= 33.4 1923K < T < 1973 K
34.6 T>1973K
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