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Understanding and control of gas porosity in metal laser powder-bed fusion 
additive manufacturing
Robert Laskowski, Jakub Mikula and Guglielmo Vastola

Institute of High Performance Computing (IHPC), Agency for Science, Technology and Research (A*STAR), Singapore, Republic of Singapore

ABSTRACT
The presented study discusses mechanism leading to gass porosity formation during additive 
manufacturing (AM) process. The method employs numerical scheme, which includes fluid 
dynamics of the melt pool and on-the-fly ray-tracing implemented within a phase field framework 
where the liquid/vapor interface is captured within volume of fluid approach. The emission of 
pores in the middle or the stripe happens only for relatively low scan speed (less than 0.6 m/s for 
IN718). The stripe edges (laser turning points) are identified as potential source of gas pores at scan 
speeds as high as 1 m/s. Simulations of laser turning, representative of the edge of a stripe, suggest 
the way the process parameters can be altered to avoid local porosity formation, while still 
ensuring a deep melt pool suitable for high build rates. The laser power modulation around the 
edge can lead to over 50% reduction of the pores emission. The proposed numerical framework 
requires only moderate computational resources, thus providing a holistic tool to decrease defect 
density and thus further improve quality of additive manufactured components.
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1. Introduction

Laser powder-bed fusion (L-PBF) additive manufactur
ing (AM) of metals is the process whereby a laser 
selectively scans thin layers of powder (typically with 
a thickness of 40 μm) according to an exposure strat
egy to reproduce a horizontal cross-section of the 
component to be built. By exposing each cross- 
section, layer by layer in a controlled environment, 
the component is ultimately built.

Past its pioneering development (Kruth et al. 2007) 
and early adoption (Weller, Kleer, and Piller 2015), 
L-PBF parts have become (https://doi.org/10.1016/j.jall 
com.2021.158630cost-effective) solutions in applica
tions such as spare parts replacements (Khajavi, 
Partanen, and Holmstrom 2014), complex geometries 
(Gao et al. 2015), medical implants (Kaur and Singh  
2019), and aerospace components (Gisario et al. 2019).

Ubiquitous among its different applications, sec
tors and use cases, assurance of component quality 
is of paramount importance. Indeed, quality control in 
L-PBF is a particularly challenging task due to the 
complexity of the process, which is characterized by 
high energy density, fast fluid flow in the melt pool 
(Matthews et al. 2016), violent metal evaporation 

(Zheng et al. 2018) and ejection of spatters 
(Khairallah et al. 2016). As a result of this complex 
energy balance, defects, in the form of pores, are 
formed in the solidified material (du Plessis et al.  
2018; Zhang, Li, and Bai 2017). There are two main 
types of defects, which correspond to two opposite 
operating regimes of the L-PBF process.

The first type of defect occurs at low energy den
sity, below 80 J=mm3 (Xu et al. 2022). In this regime, 
the heat input is insufficient to fully melt the powder. 
The melt pool is fully in conduction mode, and the 
outcome is not melted solid showing large lack-of- 
fusion pores (Tang, Chris Pistorius, and Jack 2017). 
Thanks to the large amount of work already done in 
this area, lack-of-fusion porosity is generally well 
understood; avoidance of this regime can be obtained 
by increasing the processing energy density, either by 
increasing laser power, decreasing scan speed or 
decreasing hatch spacing or layer thickness 
(Mukherjee and DebRoy 2018).

The second type of pores occurs at high energy den
sity, greater than 110 J=mm3 (Xu et al. 2022). Here, the 
highly localized heat input of the laser is sufficient to 
create strong, directional metal evaporation from the 
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melt pool. Correspondingly, the recoil pressure gener
ated by such vapor ejection pushes the liquid surface 
down, forming a distinctive keyhole. Importantly, the 
presence of a deep melt pool itself is not necessarily an 
issue; in fact, a melt depth of around three layer thick
nesses (in other words, in the range of 150–200 μm) is 
indeed beneficial to process quality, ensuring good 
metallurgical bonding between the material being 
melt and the existing solid. However, upon a further 
increase of energy density, the indentation assumes 
the shape of a distinctive keyhole. In this regime, energy 
absorption becomes strongly influenced by the localized 
reflection and absorption of laser through the depth of 
the keyhole and the overall liquid surface. In-situ X-ray 
experiments (Cunningham et al. 2019) show the liquid 
surface is highly dynamic, exhibiting ripples that may 
pinch and, through this mechanism, emit bubbles which, 
if trapped by the advancing solid–liquid interface, 
become gas pores.

In response to its crucial role in gas porosity forma
tion, computational modeling and simulation provides 
a powerful framework to investigate the mechanistic 
variables affecting keyhole stability and their role in the 
emission of gas pores. Through recent years, several 
efforts have significantly progressed our understanding 
of gas porosity formation. Historically, it is important to 
recognize the pioneering modeling work on deep pene
tration keyhole welding, which already showed the fea
sibility of a numerical scheme with explicit resolution of 
the keyhole together with ray-tracing capability to repre
sent the laser source (Pang et al. 2010). In terms of L-PBF 
process, early work formulated semi-analytical models to 
quantify porosity and link it to energy density, where the 
heat source was a double cylinder to model the effect of 
the keyhole in melt pool depth and width (Vastola, Pei, 
and Zhang 2018). Later, computational models including 
fluid dynamics modeling as well as on-the-fly ray tracing 
were specifically developed. Using an Arbitrary 
Lagrangian-Eulerian finite element framework including 
ray-tracing, Khairallah et al. showed high fidelity simula
tions of single tracks, revealing the tight links between 
melt pool dynamics, keyhole, and liquid metal ejections 
(spatters) (Khairallah et al. 2016). Bayat et al. used the 
volume of fluid approach, coupled with ray tracing and 
applied to Ti6Al4V, showing bubble emission and flow in 
the melt pool (Bayat et al. 2019). Zakirov et al. developed 
an efficient scheme using volume of fluid approach 
leveraging on graphical processing units (Zakirov et al.  
2020). In-situ X-ray imaging was recorded by 

Cunningham et al. (Cunningham et al. 2019) for station
ary and moving laser cases; Wei et al. showed that 
bubble emissions from stationary keyhole could be ratio
nalized using a phase field model using the Lattice 
Boltzmann method coupled with ray-tracing (Wei et al.  
2022).

Key evidence was shown by Zhao et al. who 
reported high-speed in-situ measurements of the key
hole, proving its role in bubble emission (Zhao et al.  
2020a). With direct correlation to similar X-ray in situ 
experiments, Wang et al. studied the influence of 
process parameters (scan speed) on keyhole depth 
and pores size (Wang et al. 2022, 2023). Martin et al. 
showed that the turning points of the laser (for 
instance, after each scan vector within a stripe of 
exposure) corresponds to a particularly challenging 
situation, where energy density locally increases and 
the probability of pore generation increases (Martin, 
Calta, Khairallah, Wang, Depond, Fong, Thampy, et al.  
2019). Assisted by computational models including 
vapor plume, Gan et al. derived a scaling law that 
correlates process parameters with volume fraction 
of gas pores, showing consistency among the main 
materials systems of Ti64, IN718, and SS316L (Gan 
et al. 2021). Additional experiments and modeling in 
Huang et al. detailed the delicate balance between 
front and rear surface of the keyhole in respect to 
laser scan direction and detailed the temporal evolu
tion of bubbles from initial enlargement to partial 
collapse (Huang et al. 2022a). The role of argon and 
metallic vapor flows was explicitly studied by Leung 
et al. (Leung et al. 2022), where a multi phase model 
was developed using OpenFOAM software library, 
and the transition from ‘I’ to ‘J’ shape of the keyhole 
was correlated to gas porosity formation.

Clearly, the existing body of work has demon
strated a link between the presence of the keyhole 
and gas pores formation. At the same time, the 
mechanistic sequence of events that lead to bubble 
emissions has not been fully resolved. Zhao et al. 
discussed that the key step of bubble detachment 
can be triggered by localized shock waves (Zhao 
et al. 2020a). However, Wang et al. pointed out that 
the shock waves can play a key role in splitting the 
bubbles, while may not necessarily be the triggers to 
emission (Wang et al. 2022). Conversely, Ren et al. 
showed that protrusions within the front keyhole 
wall are temporally correlated to keyhole pinching 
(Ren et al. 2023a), suggesting a link between the 
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two. Finally, Guo et al. confirmed the complexity of 
gas porosity formation, identifying three different 
mechanisms that could lead to bubble emission (L. 
Guo et al. 2023).

With an holistic assessment, the current body of 
work clearly shows that a detailed understanding of 
keyhole bubble emission still remains elusive, without 
a conclusive cause-and-effect mechanism that could 
clearly connect a keyhole-shaped melt pool to the 
emission of gas bubbles. This work establishes such 
connection providing details of the pore pinching 
mechanism by numerical simulations. The applied 
numerical framework is based on fluid dynamics, 
coupled with on-the-fly ray tracing and the phase 
field method (PFM). Using such numerical scheme, 
the simulations require only moderate computational 
resources while revealing the mechanism of melt pool 
surface instability. The presented results corroborate 
the evidence seen in experiments by Ren et al. in 
identifying local surface protrusions as the fundamen
tal key initiator to bubble emission. Equipped with 
this model, the challenge of gas porosity formation at 
the turning points of scan vectors (Martin, Calta, 
Khairallah, Wang, Depond, Fong, Thampy, et al.  
2019) is revisited. It is identified that gas pores can 
be suppressed by an appropriate change of process 
parameters as the laser approaches the turning 
points. In turn, such results could have important 
consequences in achieving stable and deep melt 
pools, which in turn is key requisite to achieve high 
build rate additive manufacturing.

2. Methodology

This study aims to describe the mechanisms of gas 
pore formation through numerical simulations. 
Understanding these mechanisms enables the devel
opment of strategies to control gas porosity in metal 
laser powder bed fusion additive manufacturing. The 
applied computational framework follows in large 
extend Ref (Laskowski et al. 2022). However, this 
work implements volume of fluid (VOF) method of 
Körner et al. (Körner et al. 2005), which allows for 
a precise definition of an interface between gas and 
the solid or liquid phases. This scheme simplifies 
implementation of the phase field model and thermal 
solver, allowing them to operate within volume occu
pied by liquid or solid without a need for vapor order 

parameter in comparison to the ‘diffuse liquid/vapor 
interface’ approach used in Ref (Laskowski et al. 2022). 
As a result, the liquid/vapor interface evolves only by 
melt pool flow. Lattice Boltzmann method (LBM) is 
used for that purpose. However, as a consequence, 
a special care must be exercises in the evaluation of 
the curvature of the liquid/vapor interface determin
ing surface tension term in melt pool flow solver. The 
melting and solidification processes are simulated 
using phase field method, which introduces diffuse 
interface between liquid and solid phases and follow
ing formulation proposed by Moelans et al. (Moelans, 
Blanpain, and Wollants 2008). In such configuration of 
the phase field model, the gas pores are detected by 
recursive algorithm, searching for clusters of empty 
(no solid or liquid) grid points not connected to the 
space above powder bed. In order to properly tract 
pores volume, an ideal gas relation between the 
volume, pressure and temperature inside the pore is 
assumed. The details of the implementation are pro
vided in Appendix A.

Material studied in this work is Nickel super-alloy 
IN718. The material and model parameters are col
lected in Table B1 in Appendix B. The powder is dis
tributed using a rain drop algorithm in which the 
particles are seeded at random positions and allowed 
to fall into a local minima one after another. The 
parameters of the powder such as particle size, 
shape, and composition are taken from Q. B. Nguyen 
et al. (Nguyen et al. 2017). The particles radii follow 
a bi-normal distribution with peak at 25:5� 10� 6m 
and square root of left and right variances of 
σL ¼ 2� 10� 6m and σR¼ 10� 5m.

The representative volume element (RVE) used in 
this work allows to approximate the laser path near an 
edge of a stripe, as shown in Figure 1. At the current 
stage simulations of the whole width of the stripe 
would be numerically difficult; therefore, RVE focuses 
on its fragment. The length, width and height of the 
RVE is set to 3 mm, 0.75 mm and 1.0 mm, respectively. 
The thickness of the solid substrate is set to 0.75 mm, 
which is covered by 0.04 mm powder layer, the 
remaining of the high of RVE is considered as an 
empty region (no phase assigned). The laser path 
consist of two lines 2.7 mm long. Line ‘1’ starts at the 
left edge of RVE and ends 0.3 mm from the right edge 
of the RVE. Line ‘2’ starts at 0.3 mm from the right 
edge and ends at the left edge. The lines are 
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separated by the hatch spacing (H). The computa
tional details are provided inAppendix C.

The discussion presented in this work focused on 
the formation of gas pores in melt pool, which may 
eventually contribute to an overall porosity after soli
dification. It is already known that gas pores originate 
from the keyhole collapse (Huang et al. 2022b; Martin, 
Calta, Khairallah, Wang, Depond, Fong, Thampy, et al.  
2019; Ren et al. 2023b; Wang et al. 2022; Zhao et al.  
2020b). Zhao et al. (Zhao et al. 2020b) investigated 
condition for keyhole formation in respect to laser 
power and scan velocity, disclosing relation between 
threshold laser power and scan velocity. Martin et al. 
(Martin, Calta, Khairallah, Wang, Depond, Fong, 
Thampy, et al. 2019) indicated a role of laser tract 
turn point in the formation of keyhole pores. The 
presented RVE and computational methodology 
allows us to discus these points in more detail.

The keyhole shape and gas pores formation through 
that are dependent on the laser beam size. Usually 
a narrow beam would more likely generate gas pores. 
In this work, however, we consider a standard laser 
beam size (4σ) of 100 μm used in the previously 
reported measurements of porosity (Laskowski et al.  
2022). The laser beam is modeled by ray-tracing 
method. The number of rays is equal to 104. The rays 
are randomly distributed following Gaussian distribution 
with σ ¼ 25μm.

3. Results and discussion

The effect of process parameters on porosity in IN718 
reported in Ref Laskowski et al. (2022) indicate that 
the keyhole gas pores appear for samples printed 
with laser power of 286 W and scan velocity of 0.75 
m=s. However, according to our calculations (Figure 2) 
at such scan speed, keyhole pores do not appear, 
assuming single line track and laser power up to 500 
W. The threshold velocity is estimated to be around 
0.6–0.7m=s, which as can be seen in Figure 2, com
piles simulation results for single track performed for 

Figure 1. RVE representing the right edge of a stripe: (a) fragment of a scan pattern composed of two lines separated by hatch spacing 
(H). The first line starts at the left side of the RVE and ends at 0.3 mm from its right side. The direction of the second line is reversed. 
PDW indicates a width of a segment of a line where the power for some of the presented calculations is linearly decreasing (first line) 
or increasing (second line).

100 200 300 400 500
laser power (W)

0.1
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Figure 2. The laser power vs. scan speed threshold for key-hole 
gas pores seeding estimated using simulations of the single line 
(line 1) RVE from fig. 1.
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values of laser power in range 100–500 W and scan 
speed from 0.1 to 1 m=s, estimating a threshold at 
which gas pores appear in power/speed space. This 
observation can be understood comparing keyhole 
shape for two scans with speed 0.5 m=s and 0.75 
m=s, presented in Figure 3. The keyhole appearing 
for scan with velocity of 0.5 m=s is considerably dee
per and more narrow, offering suitable conditions for 
pores formation. Figure 4 presents a sequence of 
snapshots depicting mechanism of pore formation. 
In Figure 4a, at time t0, a small ‘ripple’ is formed in 
the form of open ring on the front and side walls of 
the keyhole. The plane of the ring is oriented at 
roughly 30� to 60� with respect to laser beam direc
tion. This observation is consistent with the protru
sions reported in Ren et al. (2023b). The sequence of 
Figure 4b-d shows clearly the ring traveling down the 
key hole and increasing its width at the same time. It 

eventually closes off the keyhole tip (Fig. 4e). The top 
wall of just closed pore is pushed down by the high 
recoil pressure. Under such conditions, there is 
a probability that the wall may break; however, if it 
stays intact, the pore travels along the bottom of the 
melt pool towards its tail. The closure of the keyhole is 
possible only when the front and back walls form an 
angle smaller than the orientation of the ripple ring. 
As we have seen in Figure 3 for the 0.75 m=s scan, this 
angle is quite large, such that the plane of the open 
ring (protrusion) traveling down the key hole is paral
lel to the back wall. In such situation, closure of the 
open ring is geometrically impossible. Figure 5 sum
marizes presented observation in a more schematic 
manner. The presented picture clearly resembles 
a wave generated by a localized perturbation travel
ing on the melt pool surface pushed by the recoil 
pressure: on a flat surface, it would form a cone, 

solid
solid

loop−tlemloop−tlem

gas

gas gas

a) b)

0.
75

 m
m

Figure 3. Key hole cross-section registered for laser scan velocity of (a) 0:5m=s and (b) 0:75m=s. The red line separates vapor or solid 
region from melt pool.

Figure 4. The gas pore formation process for scan velocity of 0.5 m=s and laser power 500 W. (a) Protrusion nucleates at the wall of 
keyhole at time t0. (b-d) Protrusion grows traveling down the keyhole. (e) Protrusion closes and gas-pore forms at t0 þ 3� 10� 6s.
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while on the wrapped keyhole surface, it forms a ring. 
The position of the initial ‘ripple’ appears at the posi
tion of the highest laser power density (for 
a Gaussian-shaped beam).

The mechanism proposed by Martin et al. (Martin, 
Calta, Khairallah, Wang, Depond, Fong, Thampy, et al.  
2019) can be used to explain actual gas porosity 
observed for higher scan velocity. In this case, key 
hole shape become preferable for formation of the 
gas pores for a short time around the turnnd points of 
the stripe. This scenario is captured in Fig. 6, where 

melt pool is visualized along path imitating the right 
edge of a stripe for scan speed of 0.75 m=s, laser 
power of 400 W and hatch spacing of 0.08 mm. 
Points A, B a C mark position of the laser beam 
along ‘line 1’ incoming towards the edge of the stripe. 
Points D, E and F mark the beam position along line 
leaving the edge. As can be seen in Figure 6 for all the 
snapshots except D (the first after the turn), key hole 
shape does not allow the gas pore formations, as the 
back wall is at high angle to the front. For the snap
shot D, the keyhole is narrow and the pores are being 
seeded. The seeding process continues at distance 
roughly 0.5 mm from the stripe edge, until keyhole 
regains its equilibrium shape.

Pores volume accumulated during scan along the 
path for scan velocity of 0.5 m=s, 0.75 m=s, 1.0 m=s 
and various laser power are presented in Figure 7. 
Note that the pores volume is quite sensitive to 
scan velocity, effectively it drops by an order of 
magnitude with velocity increment of 0.25 m=s. As 
expected for velocity 0.5 m=s in Figure 7a, consider
able pores volume is generated in the line incoming 
to the turn point (‘line 1’). The time for completion 
of a single line is used as a scale in Figure 7, such 
that ‘1’ on time axis marks the turn point. It may 
seem that the pores are generated within the first 
half of the line pass. However we noticed that some 

Figure 5. (a) Schematic of a ripple formed at the front wall of the 
key hole. The red dashed lines indicate the inclination of the 
ripple plane around the center of the laser beam on the front of 
the key hole. (b) Schematic of the key hole shape at low laser 
velocity. The dashed lines indicate the orientation of the ripple 
plane and the back wall of the key hole. The planes intersects 
and the ripple grow leads to pinching the key hole. (c) 
Schematic of the key hole at large laser speed. The ripple 
plane is parallel to the back wall of the key hole. The pinching 
is not possible in this situation.

key−hole
pores

melt pool

Figure 6. The melt pool state displayed along the scan path shown at the top of the figure (scan speed of 0.75 m=s and laser power of 
400 W and hatch spacing of 0.08 mm). Points A, B, C are along the line 1 (before turn point). Points D, E, F are along line 2 (after turn 
point). Note accumulation of gas pores near point D (vicinity of stripe edge).

1686 R. LASKOWSKI ET AL.



of the pores may reach the melt pool surface and 
got annihilated; at the same time, new ones detach 
from the keyhole. The pores volume dramatically 
increases after the turn points, roughly by factor of 
5 for high laser power. The results computed for 
scan with velocity 0.75 m=s show nearly negligible 
volume generated along ‘line 1’ mostly at the initial 
stage close to the left edge of the RVE. Therefore 
more dramatic increase of pore volume after the 
turn point is observed. Figure 7c shows results for 
scan speed of 1 m=s; in this case, no pores are 
generated during passing the first line. Comparing 
to the other two cases, here roughly half of the 
pores generated after the turn point are annihilated. 
Another factor worth noting is the effect of hatch 
spacing (H). The results presented in Fig. 7(a-c) have 
been generated assuming that H is equal to 
0.08 mm. Figure 7(d) shows the results for H =  
0.14 mm and scan speed 0.76 m=s. As seen there, 
the turn point effect nearly disappeared, suggesting 
that for such large spacing, the lines become inde
pendent. This is rather understandable considering 
the laser beam diameter 4σ used in the simulation 
of 100 μm is significantly smaller than 140 μm of the 
hatch spacing. Under this conditions, the lack of 
fusion (LOF) porosity becomes apparent. The strong 
dependence of the gas porosity on the hatch spa
cing has been seen in reported measurements 
(Laskowski et al. 2022).

Due to the nature of the computational methodol
ogy employed in this work, it is not trivial to couple 
the RVE to the rest of the volume at a part scale. Such 
coupling would require an information related to the 
part shape and the detains of scan pattern at this 
scale. In this work, a simplified approach is applied, 
where a single value of temperature (Tb) describes 
initial and boundary conditions at the bottom and 
sides parallel to the scan vector of the RVE (the details 
of the actual implementation are provided in the 
appendix). Figure 8 shows the effect Tb on the pore 
volume generated during scans with velocity 0.75 
m=s and laser power of 500 W. The trend seems non 
monotonic. The maximum value is reached for Tb 

equal to 500 K. Very low Tb equal to 300 K results in 
lower pore volume. This result suggest a possible 
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Figure 7. The total gas pore volume accumulated along the scan 
path for selected values of laser power. The boundary tempera
ture Tb is kept at 600 K , the hatch spacing is equal to 0.08 mm for 
(a-c), where the scan speed is equal to (a) 0.5 m=s, (b) 0.75 m=s, 
(c) 1.0 m=s. For (d), the hatch spacing is equal to 0.14 mm and 
the scan speed is 0.75 m=s. The scale of the time axis t0 is equal 
to pass time for the line 1.
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variation of the pore volume density across a build, 
dependent of the actual thermal conditions around 
the scan region represented by the RVE used in this 
work.

Figure 6 shows that most of the pores are 
located close to the bottom of the melt pool, 
indicating that it would be impossible to remove 
them by remelting after re-coating. Therefore 
another approach may be required to decrease 
the pore volume. A simple scheme relying on gra
dually decreasing laser power before the turn 
point and increasing it back to a nominal value 
when moving away from the turn point has been 
tested in this work. Figure 9a shows the results for 
nominal power (in the middle of the stripe) of 500 
W and the power at turn point of 250 W (scan 
speed of 0.75 m=s, hatch spacing of 0.08 mm and 
boundary temperature Tb equal to 600 K). The 
length of the path portion where the power is 
linearly decreasing (PWD) is varied between 0 and 
0.9 mm. The simulations show that increment of 
PWD from 0 mm to 0.3 mm nearly doubles pore 
volume registered at the completion if 
the second line (black and red lines in Figure 9, 
t0 ¼ 2) increases from 106μm3 to 2� 106μm3. 
Further increment of PWD value to 0.6 mm and 
0.9 mm leads to gradual decrease in the pore 
volume to 0:6� 106μm3 and 0:3� 106μm3, respec
tively. Figure 9b summarizes this observation in 
graphical form.

4. Conclusions

The numerical scheme presented in this work 
responds to industry’s need for accurate and fast 
modeling of gas porosity in metal additive manu
facturing. It offers multi physics approach taking 
into consideration solid–liquid phase transition, 
melt pool and heat flows. The implementation is 
based on the multi phase field method where fluid 
dynamics as well as ray-tracing are co-solved on 
the fly. Application of such scheme to study single 
and two-track scan vectors has revealed the details 
of the complex process of powder melting, 
dynamic keyhole formation, keyhole surface 
instability and generation of gas bubbles. At the 
current stage of the development of numerical 
approaches for additive manufacturing at powder 
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Figure 8. The total gas pore accumulated along scan path 
computed for different values of the boundary temperature Tb. 
Scan speed was set to 0.75 m=s, hatch spacing is equal to 0.08 
mm and laser power is equal to 500 W.
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Figure 9. (a) The total gas pore volume accumulated along scan 
path computed for varying value of power decline width (PWD 
in Figure 1). Laser power is set to 500 W at the inner portion of 
the path and decreased to 250 W at the right edge of the scan 
path. The hatch spacing is kept at 0.08 mm, boundary tempera
ture Tb is set to 600 K and scan speed is 0.75 m=s. (b) sum
marizes the pore volume after completion of the path for 
different values of PWD.
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scale, the presented scheme delivers a unique 
study showing the microsecond-sequence of events 
that lead to bubble emission. The results provide 
a direct understanding and explanation of the evi
dence brought forward by experiments of Ren et al. 
(Ren et al. 2023b), proving that the local rippling of 
the front-facing keyhole surface is the key initiator. 
However, the results indicate that the gas pores are 
not seeded for single track scan with velocity 
higher then 0.7 m=s, which is well below typical 
process parameter. The presence of the gas pores 
for higher scan speed is explained by presented 
simulations of the scan path close to the edge of 
a stripe, i.e. laser scan turning point. The presented 
simulations directly show that the key-hole around 
this point assumes shape that allows pore seeding. 
This visualizes the effect observed experimentally 
for Ti-6Al04V alloy (Martin, Calta, Khairallah, Wang, 
Depond, Fong, Thampy, et al. 2019). Those simula
tions leads to proposal for modifying the process 
parameters to avoid such detrimental effect, while 
keeping the melt pool as deep as possible. The 
quantitative recipe has the vision of enabling 
stable, deeper melt pools to achieve higher build 
rates and thus further promote adoption of additive 
manufacturing in industrial, cost-effective 
applications.
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Appendix A. Model details

A.1 Phase Field Model

Solidification and grains grow process is modeled using phase-field method. The formulation follows the approach proposed by 
Moelans et al. (Chatterjee and Moelans 2021; Heulens, Blanpain, and Moelans 2011; Moelans, Blanpain, and Wollants 2008). The 
method introduces the multidimensional order parameter 

ϕ ¼ ϕl;ϕg1
. . . ;ϕgN

h i
: (A1) 

where ϕl and ϕgi 
describe liquid phase and individual grains, respectively. The number of allowed grain orientations is set to some 

large number (104 in this work). ϕ evolves by minimizing the free energy 

F ¼
ð

Wgþ
K
2

X

i

Ñϕið Þ
2
þ ftr

" #

dV: (A2) 

where the bulk component g is defined within Moelans et al. formulation by 

g ¼
X

i

ϕ4
i

4
�

ϕ2
i

2

 !

þ
3
2

X

i< j

ϕ2
i ϕ2

j þ
1
4
: (A3) 

The parameters W and K are interface sensitive and defined as 

W ¼

P
i< j Wijϕ2

i ϕ2
j

P
i< j ϕ2

i ϕ2
j

(A4) 

K ¼

P
i< j Kijϕ2

i ϕ2
j

P
i< j ϕ2

i ϕ2
j

; (A5) 

where Wij ¼
3σij
4Δ and Kij ¼ 6σijΔ. σij , and Δ are the energy and width of the interface. The component ftr is introduced to drive the 

solid-liquid phase transition 

ftr ¼
X

i

Gihi; (A6) 

where Gi is the free energy of a particular phase and hi are the phase fractions defined using components of order parameter vector 

hi ¼
ϕ2

i
P

i ϕ2
i

: (A7) 

All grains are in relative equilibrium and their corresponding free energy is set to zero (Gg ¼ 0) and considered as the reference. In 
such case, Gl can be related to the latent heat of fusion L and the melting temperature Tm 

Gl ¼ �
L

Tm
T � Tmð Þ: (A8) 

The components of ϕ evolve as non-conserved fields, 

@ϕi

@t
¼ � Γμi; (A9) 

where μi ¼
@F
@ϕi

. Γ determines the rate of solid–liquid transition, similarly to W and K , it is interface sensitive: 

Γ ¼

P
i< j Γijϕ2

i ϕ2
j

P
i< j ϕ2

i ϕ2
j

;

where Γij is the interface mobility.
In the above formulation, the phase transition between solid and liquid is initiated by the nucleation. A corresponding 

fluxes of liquid and solid phase are defined (Dong and Lee 2005; Gandin, Rappaz, and Tintillier 1994) as follows. 

jlðΔTÞ ¼ � jgðΔTÞ
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jl ΔTð Þ ¼
jmax
ffiffiffiffiffiffi
2π
p

ΔTσ
ò

ΔT

0
exp �

1
2

ΔT � ΔTN

ΔTσ

� �2
 !

d ΔTð Þ: (A10) 

The average under-cooling temperature ΔTN and its standard deviation ΔTσ are the input parameters, while jmax is proportional to 
density of nucleation centers. The grain evolution does not affects the conclusions presented in this work; therefore, for simplicity, 
the nucleation is active only in solid phase at the melting and the grains epitaxially.

Grain growth anisotropy is introduced using orientation-dependent grain/liquid interfacial mobility (Radhakrishnan et al. 2019; 
Steinbach 2009) 

~Γlg ¼ Γlg 1 � 3δð Þ 1þ
4δ

1 � 3δ
n
0

x

� �4
þ n

0

y

� �4
þ n

0

z

� �4
� �� �

; (A11) 

where δ is an anisotropy parameter, n0 ¼ Rn, where n ¼ Ñϕg Ñϕg

�
�
�

�
�
� is normal direction to the grain/liquid interface, R is the rotation 

matrix from global to local frame constructed in the following way: 

R ¼ BCD (A12) 

D ¼
cos α sin α 0
� sin α cos α 0

0 0 1

2

4

3

5;C ¼
1 0 1
0 cos β sin β
0 � sin β cos β

2

4

3

5;

B ¼
cos γ sin γ 0
� sin γ cos γ 0

0 0 1

2

4

3

5 (A13) 

where polar angles defining grain orientation are α ¼ 2πx, β ¼ arccosð2y � 1Þ, γ ¼ 2πz, with x, y, z randomly generated from 
½0; 1�.

A.2. Thermal Solver

The temperature field is evaluated by solving the heat diffusion equation within the region occupied by the solid or liquid phases 
with periodic boundary conditions in the lateral directions. 

Ñ � κÑT þ _q ¼ ρcp
@T
@t
; (A14) 

where ρ, κ and cp are the material density, heat conductivity and heat capacity, respectively. _q represents combined source term 

_q ¼ _ql þ _qc þ _qr þ _qv þ _qf ; (A15) 
where _ql captures the effect of laser beam, in this work modeled explicitly by ray tracing (Cho and Na 2006; Tan, Bailey, and Shin  
2013). For that purpose, 104 rays are randomly distributed following Gaussian distribution, with 4σ being equal to beam diameter. 
_qc in Eq. A15 represents the convection term accounting for the heat transfer through the bottom surface of the RVE and the heat 
exchange with chamber atmosphere at the interface of solid or liquid with vapor, 

_qc ¼ � Cb T � Tbð Þ; (A16) 
where Cb is the convection coefficient and Tb is the temperature of the material or gas surrounding the RVE. _qr represents radiation 
cooling 

_qr ¼ � Crσ T4 � T4
b

� �
; (A17) 

where Cr is the black-body constant. The vaporization cooling ( _qv) follows Anisimov recoil model, 

_qv ¼ �
1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2πRgT

p prLv exp
Lv

Rg

1
Tv
�

1
T

� �� �

; (A18) 

where pr is the reference pressure, Rg is the gas constant, Tv is the vaporization temperature, Lv is the latent heat of vaporization. _qf 

is contribution from the latent heat of fusion due to the solid/liquid transformation, 

_qf ¼
@hl

@t
jg$lLf ; (A19) 

where hl is liquid phase fraction and Lf is the latent heat of fusion. Similarly to vaporization cooling, temperature change due to this 
term is not allowed to cross melting temperature, limiting the value of phase change flux.
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A.3. Melt pool dynamics

The melt pool flow solver implements the Lattice Boltzmann Method (LBM) (Krüger et al. 2017) for incompressible flow formulated 
by Guo et al. (Z. Guo, Shi, and Wang 2000). In BGK approximation, the distribution functions are propagated using following 
equation 

fα xþ eα; t þ 1ð Þ ¼ fα x; tð Þ �
fα � f eq

α

τ þ 1=2
þ

τ
τ þ 1=2

ωα eα=c2
s

� �
� F=ρ; (A20) 

where the time step and and grid spacing were set to 1. τ ¼ ν=c2
s Δt is the relaxation time. f eq are the equilibrium distribution 

functions (Z. Guo, Shi, and Wang 2000; Zu and He 2013) 

f eq
α ¼

� 1 � ω0ð Þ � ω0
u2

2c2
s
; α ¼ 0

ωα
p
c2

s
þ eα �u

c2
s
þ

eα�uð Þ
2

2c4
s
þ u2

2c2
s

h i
: α � 0

8
<

:
; (A21) 

discretized over d3q19 velocity set 

e0� 4 ¼

0 1 0 0 � 1 0 0
0 0 1 0 0 � 1 0
0 0 0 1 0 0 � 1

2

4

3

5 (A22) 

e5� 18 ¼

1 � 1 1 � 1 1 � 1 � 1 1 0 0 0 0
1 � 1 � 1 1 0 0 0 0 1 � 1 1 � 1
0 0 0 0 1 � 1 1 � 1 1 � 1 � 1 1

2

4

3

5;

with the weight coefficients 

ωα ¼

1=3 α ¼ 0
1=18 α ¼ 1; . . . ; 6
1=36 α ¼ 7; . . . ; 18:

8
<

:
: (A23) 

This work implements two-relaxation time (TRT) approximation, which offers improved numerical stability (Ginzburg, 
Verhaeghe, and d’Humiéres 2008 b; d’Humières and Ginzburg 2009; Ginzburg, Verhaeghe, and d’Humiéres 2008 a) over 
single-relaxation scheme without loosing computational efficiency. TRT approximation propagates the distribution func
tions using positive and negative linear combinations of Eq. A20, leading to separate equations for fþα and f �α with 
equilibrium functions f eqþ

α and f eq�
α 

fþα ¼ fα þ fαð Þ=2; f �α ¼ fα � fαð Þ=2
f eqþ

α ¼ f eq
α þ f eq

α

� �
=2; f eq�

α ¼ f eq
α � f eq

α

� �
=2: : (A24) 

and fþα is propagated with τþ, f �α is propagated with τ�

τþ ¼ τ ¼ ν=c2
s Δt (A25) 

τ� ¼ Λ=τþΔt2; (A26) 
where Λ ¼ 1=4.

Considering liquid/vapor interface, the implementation follows volume of fluid (VOF) approach (Körner et al. 2005), where 
the melt interface is treated as a free surface. Within VOF approach, the grid-point cells are divided into three categories: 
‘bulk’, ‘interface’ and ‘vapor’. By definition, the ‘interface’ cells separate ‘bulk’ and ‘vapor’ cells. The melt pool/vapor interface 
is moved by changing the occupancy of the ‘interface’ cells. If the occupancy drops below zero, the cell becomes ‘vapor’ cell 
and the neighboring ‘bulk’ cell becomes an ‘interface’. Similarly, if an occupancy of the ‘interface’ gets higher than one, it 
becomes ‘bulk’ and a neighboring ‘vapor’ cell becomes an interface. The rate at which the interface cells change occupancy is 
determined by projection of the fluid velocity at the normal to the interface: 

jLBM
l ¼ u � n: (A27) 

The force (F) in Eq. A20 accounts for the effect of surface tension (Fs), recoil pressure (Fr), Marangoni (FM) force, local pressure at 
free surface (Fp) and gravity (Fg). 

F ¼ Fs þ Fr þ FM þ Fp þ Fg (A28) 

Fs ¼ � σÑ � nð Þn (A29) 
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Fr ¼ 0:54pr exp
Lv

Rg

1
Tv
�

1
T

� �� �� �

n (A30) 

FM ¼ CM ÑT � n � ÑTð Þn½ � (A31) 

Fp ¼ � Pbn (A32) 

Fg ¼ � gẑ (A33) 

where σ is the surface tension, CM is the Marangoni constant, pr is the recoil reference pressure, Lv is the vaporization latent heat, Tv 

is the boiling temperature, and g is the gravity constant. Pb is a gas pressure at the interface, equal to the chamber pressure in a case 
the interface faces the chamber. For enclosed pores inside the melt pool, we engage a tracking algorithm that detects pores, 
evaluates their volumes, gas temperature, and pressure assuming ideal gas state equation.

The LBM solver is active within the melt pool domain, determined by condition 

hl > Ll; (A34) 
where Ll is the minimal amount of liquid fraction in the melt pool. Ll can be set between 0 and 1; in this work it is set to 10� 3. 
Considering boundary conditions on the vapor side, the missing components of the distribution functions are reconstructed using 
a simple anti-bounce-back scheme commonly used to model flow with free surface (Körner et al. 2005, Chen, Teixeira, and Molvig  
1998). On the solid side of the boundary, a simple bounce-back method (Ladd 1994, He et al. 1997) is used to reconstruct the 
unknown distribution function incoming from the solid side of the melt pool boundary. Alongside the bounce-back scheme, the 
immersed boundary conditions are implemented as proposed by Noble and Torczynski (Noble and Torczynski 1998) and modified 
by Strack and Cook (Strack and Benjamin 2007).

Appendix B. Model and material parameters

The implementation follows the explicit scheme with time step Δt ¼ 5� 10� 8s and uniform grid with spacing Δx ¼ 5� 10� 6m. The 
material of choice is Ni-based super alloy IN718. All respective material and model parameters are gathered in the Table B1.

Table B1. Material and model parameters for IN718.
thermal solver

property symbol units value

material density ρ kg=m3 8440
specific heat cp J=kgK 440
heat conductivity κ W=mK 60
cooling factor Bottom Cb - 10� 2

convection heat transfer coefficient Ct Wm2K 50
absorptivity A - 0.7
heat source radius (2σ) RL m 5 �10� 5

latent heat vaporization Lv J=kg 5.49�106

latent heat formation Lf J=kg 2.819�105

melting temperature Tv K 1533.15
boiling temperature Tm K 3174

phase solver
interfacial energy (solid/liquid) σlg N=m 0.17
interfacial width Δ m 10� 5

interfacial mobility (liquid lquid/solid) Γlg m3=sJ 10� 3

grain anisotropy parameter δ - 0.2
nucleation undercooling ΔTN K 20
nucleation undercooling ΔTσ K 8
nucleation amplitude jmax 1=m3s 1019

LBM
surface tension σ N=m 1.7
Marangoni force coefficient CM N=mK −2.8147�10� 4

recoil reference pressure pr pa 5.371�104
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Appendix C. Implementation details

Due to the size of the RVE (see Figure 1), all calculations have been performed on a computing cluster using 256 cores (2 
nodes each containing 2 AMD EPYC-Milan processors 64 core each). The RVE is represented by 600 � 150 � 200 mesh (5 
μm grid size). The actual number of time steps necessary to complete a simulation depends on the scan speed, but 
including cooling stage, this may vary between 25 and 50�103. The slowest calculation takes no more than 20 hours to 
complete. The code is parallelized using Message Passing Interface (MPI) implementing the “envelope approach” within 
Cartesian communicator. In such approach, each process holds its share of distributed fields and in addition a layer that 
belongs to its neighbor such that gradient operation can be performed for any grid point in the process domain. The 
shared layer of the data (envelope) must be synchronized between processes after each time the data is modified, 
triggering send/receive MPI functions.
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