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Abstract  

Laser powder bed fusion (LPBF) technology has the potential to revolutionize the 

fabrication of complex metal components in the aerospace, medical, and automotive 

industries. However, keyhole pores may be induced during the rapid laser-metal 

interaction (~10-5 s) of the LPBF. These inner porosities can potentially affect the 

mechanical properties of the fabricated parts. Here, based on the experimentally 

observed keyhole-penetration pore (KP-pore) led by the keyhole splitting of the molten 

pool in LPBF, a multi-physics finite volume model was established to reveal this 

mechanism, where keyhole pores were formed in a gas–solid interaction that is different 

from the previously reported gas–liquid interaction. The formation mechanisms of the 

KP-pore, rear-front pore (RF-pore), and rear pore (R-pore) could be attributed to 

different keyhole fluctuation modes. The effects of the powder on the characteristics of 

the keyhole, molten pool, and pore formation were explored. The increased pore counts 

and decreased size were owing to the powder-promoting keyhole and molten pool 

oscillation. In addition, a relationship map between the input energy density and pore 

number was built via a high-throughput simulation, providing a strategy to reduce or 

remove the pores in laser powder bed fusion.   
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Nomenclature 𝑇𝑏: boiling point 

𝑣⃗: Velocity vector 𝑙ℎ: 
Characteristic length for heat 

conduction 

𝜌: Density 𝐿𝑣: latent heat of vaporization 

t: Time 𝑃𝑟: recoil pressure 

𝑝: Pressure 𝛽𝑅: Recondensation coefficient 

𝜇: Dynamic viscosity 𝑃𝑎𝑡𝑚: Ambient pressure 

𝐹𝑑: Drag force coefficient 𝑅: Gas constant 

𝐺⃗: Body acceleration 𝑃𝑠: Surface pressure 

ℎ: Enthalpy 𝑇𝑆𝐷𝑅𝐺: Solidification drag coefficient 

𝑘: Thermal conductivity 𝜆1: 
Characteristic length of mush 

zone 

𝑇: Temperature 𝑛⃗⃗: Surface normal vector 

𝑇𝑠: Solidus temperature ℎ𝑐: Heat transfer coefficient 

𝑇𝑙: liquidus temperature 𝑇𝑎: Reference temperature 

𝜌𝑠: Solid density  𝜌𝑙: Liquid density 

𝐶𝑠: Specific heat of the solid state  𝐶𝑙: Specific heat of the liquid state 
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ℎ𝑠𝑙: Fusion enthalpy 𝜎: Stefan-Boltzmann constant 

𝐹: Volume of the fluid 𝜀: Radiation emissivity 

𝑞: laser heat flux 𝑣⃗𝑛: Normal velocity vector 

P: Laser power γ:  Surface tension 

𝛿: Vaporization rate 𝑅𝑘: Radius of curvature 

𝐴𝑠𝑢𝑟: Effective surface area r: Laser spot radius 

x, y Coordinates d: Laser spot diameter 

V: Scanning speed   

 

1. Introduction 

Laser powder bed fusion (LPBF) technology, which involves fabricating parts layer 

by layer via a focused laser beam to fuse the loose powder along a pre-designed path, 

is promising in aerospace, automotive, and medical applications because it is 

customized and free of geometric limitations that cannot be realized using traditional 

technologies[1-4]. Nevertheless, concerns over part quality and consistency limit its 

further application [5, 6]. The variability of the mechanical properties of the LPBF 

components is due to the unusual thermal history and defects generated during the rapid 

heating and cooling process in the laser-matter interaction [7-10]. The common defect 

is porosity, which can be classified into gas pores, lack-of-fusion voids, and keyhole 

pores [11]. Owing to their different formation mechanisms, they usually exhibit diverse 

physical characteristics and sizes. Gas pores are relatively small, and most are formed 

by gas entrapment during the gas atomization or at the end of the building [12]. The 

influence of these small pores can be ignored. The lack-of-fusion defects are irregular 

and elongated, generated from the insufficient fusion between the two layers or tracks. 

This is detrimental, as the sharp crevices and unfused powder can exist in the defect, 

acting as initial cracks. The lack-of-fusion defects can be eliminated by adjusting the 

laser energy to the keyhole regime to remelt the former layer, which is vulnerable to 

keyhole pores when the local spatial energy density is too high. Excess high energy 

results in intensive evaporation accompanied by plasma and recoil pressure, leaving a 

cavity in the melt pool [2]. A keyhole pore is formed when the cavity traps gas. In LPBF, 

when the melt pool transforms from conduction mode to keyhole mode, which is 

beneficial for materials with low laser absorptivity, it is likely to generate a keyhole 

pore. Therefore, in-depth research on the formation mechanism of keyhole pores is 

required. 
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The development of in situ X-ray imaging has provided new insights into keyhole 

pore formation, which can be classified into three cases [2, 4, 13-17] : (1) pores were 

revealed during the rapid change in velocity at the turning point [2]; (2) laser shutting-

off at the end of the track results in a decrease in the recoil pressure and pore production 

[4]; (3) unstable keyhole forms a pore when the laser is running [14]. Because the first 

and second cases are relatively unavoidable and fixed, this study only focuses on the 

third case. Huang et al. [18] performed in situ synchrotron X-ray imaging during LPBF 

and found that keyhole pores occur under high laser power-velocity conditions at the 

rear keyhole wall owing to the radial keyhole fluctuation (abbreviated as R-pore). 

Under the combination of high power and low velocity, pores are pinched off the 

keyhole tip and captured by the solidification front (RF-pore). However, X-ray imaging 

technology is limited to further analyzing the keyhole pore formation in terms of the 

physical information inside the melt pool, such as fluid flow and forces, owing to the 

high cost, massive data processing, and limited information obtained from the side of 

the melt pool. Alternatively, the well-validated numerical model is a cheap and reliable 

choice to analyze most of the involved physics information inside the melt pool, 

providing a better understanding of the physical mechanisms of various phenomena 

during the laser-matter interaction [19-24]. For example, Tang et al. [20] investigated 

surface defects using computational fluid dynamics and revealed the humping 

mechanism where capillary instability divided the swelling into separated regions under 

a high scanning speed. Wu et al. [21] attributed the spatter formation mechanism to two 

factors using a three-dimensional (3D) numerical model: the low surface tension and 

the upward moving melt around the keyhole accelerated by the recoil pressure and shear 

stress. Li [24] quantitatively investigated the gas flow, powder-gas interaction, and 

powder behavior under different ambient pressure levels using a 3D multi-physics 

model. The keyhole dynamics and melt flow behavior under sub-atmospheric pressure 

were explored by Li [22] with a 3D numerical model. These results indicated that a 

larger keyhole opening size, thinner keyhole, large melt flow velocity, and weakened 

vortices are responsible for the lower porosity under laser welding. The dross 

phenomenon during the LPBF process was studied by Charles et al. [25] via a 

multiphysics model. Its formation was attributed to the change in the melt pool regime 

when entering the powder with less heat transfer efficiency, leading to the drilling effect.  

There are also various works on keyhole characteristics and fluid flow to correlate 

with keyhole pore formation. Using a physics-based model, Panwisawas [26] indicated 

that the periodic collapse of the keyhole and unstable fluid flow was responsible for the 
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porosity during laser fusion welding. Khairallah et al. [27] discovered period 

oscillations in the melt pool depression existed before the transition to chaotic and pore-

generating turbulence. The authors revealed that the physical mechanism behind this 

oscillation was driven by a tug-of-war between surface tension and recoil pressure via 

a high-fidelity model. Bayat et al. [28] investigated the formation of keyhole and 

keyhole pores using a multiphysics numerical model. The results suggested that pores 

were formed owing to the local cold region with insignificant recoil pressure and higher 

surface tension. Furthermore, these pores might float up to escape the free surface and 

coalesce with other pores to enlarge or even merge with the keyhole to disappear. In 

addition, the authors also demonstrated that the lack-of-fusion voids were formed 

owing to the improper fusion of the particles between the tracks [29]. Wang et al. [30] 

summarized the keyhole RF-pore formation mechanism into two steps using a finite 

volume model: (1) instant bubble formation, which can be attributed to the rear and 

front keyhole wall fluctuation and formation of a bridge; (2) bubble capture by 

solidification. A similar mechanism has been revealed by Wu [31] in the laser welding. 

These authors also demonstrated the R-pore formation mechanism and attributed it to 

the instability of the rear keyhole walls. 

The above-mentioned two pore-formation mechanisms (RF-pore and R-pore) occur 

during the liquid–solid interaction (the keyhole is entirely surrounded by the melt). A 

keyhole pore can also be formed when the keyhole penetrates the melt pool (abbreviated 

as KP-pore) [18] [32]. However, the formation mechanism of these pores is unclear. 

Aluminum possesses high conductivity and low laser absorptivity [33], implying that a 

high laser energy density is necessary to obtain better quality. Keyholes can 

theoretically be treated as optical black bodies, which can significantly improve the 

laser absorption rate by as much as 100% [34]. The study by Ye et al. [35] revealed that 

the absorption rate in the deep keyhole state can be ≥ 70%, therefore, it is necessary to 

study the keyhole processing regime for aluminum. 

Herein, a 3D thermal-mechanical-fluid coupled model was established via the finite 

volume method (FVM), considering the heat transfer, fluid flow, recoil pressure, and 

solidification drag model. The proposed model is validated by in situ X-ray imaging 

results, revealing the fluid flow, keyhole fluctuation, and three types of pore formation 

processes and mechanisms (KP-pore, RF-pore, and R-pore) under a range of high-speed 

welding and powder bed fusion conditions. The goal of this research is to provide a 

comprehensive understanding of keyhole-induced porosities in laser powder bed fusion 

of aluminum and suggests a strategy for pore-free laser fusion. 
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2. Mathematical model and numerical simulation 

The interaction between laser and materials involves many physical phenomena, 

such as evaporation, heat transfer and mass transfer. To simplify the model, the 

following assumptions are necessary. (1) The shielding gas is ignored, and the area 

other than the fluid is treated as void with uniform temperature and pressure. (2) Phase 

change is taken into consideration, but the resulting compositional change is omitted. 

(3) The fluid is incompressible Newtonian fluid; (4) The vapor is not modeled but the 

effect is considered.  

2.1 Governing equations 

The mass transfer and heat transfer in the molten pool were calculated by solving 

the following three conservation equations [36]. The mass conservation equation is 

given as follows: 

 ∇ ∙ (𝑣⃗) = 0 (1) 

where 𝑣⃗ (m∙ 𝑠−1) is the velocity vector. 

The Navier–Stokes equation is given as follows: 

 𝜕𝑣⃗

𝜕𝑡
+ 𝑣⃗  ∙ ∇𝑣⃗ = −

1

𝜌
𝛻𝑝 + 𝜇∇2𝑣⃗ − 𝐹𝑑𝑣⃗ + 𝐺⃗ (2) 

where 𝜌  (kg∙ 𝑚−3 ) is the density, 𝑝  (Pa) is the pressure, 𝜇  (Pa∙ 𝑠 ) is the dynamic 

viscosity. 𝐹𝑑 (kg ∙ 𝑚−3 ∙ 𝑠−1) is the drag force coefficient and a detailed description 

on this will be given in section 2.2. 𝐺⃗ (m∙ 𝑠−2) is the body acceleration due to body 

force. 

The energy conservation equation is given as follows: 

 𝜕ℎ

𝜕𝑡
+ 𝑣⃗ ∙ ∇ℎ =

1

𝜌
𝛻 ∙ (𝑘𝛻𝑇) (3) 

Where ℎ (𝐽 ∙ 𝑘𝑔−1) is the enthalpy, 𝑘 (W· m-1· K-1) is the thermal conductivity and 

𝑇  (K) is the temperature. The enthalpy-based continuum model is used to take the 

solid–liquid phase change into consideration: 

 

ℎ =

{
 

 
𝜌𝑠𝐶𝑠𝑇,                                    (𝑇 ≤ 𝑇𝑠)

ℎ(𝑇𝑠) + ℎ𝑠𝑙
𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

            (𝑇𝑠 < 𝑇 ≤ 𝑇𝑙)

ℎ(𝑇𝑠) + 𝜌𝑙𝐶𝑙(𝑇 − 𝑇𝑙)                  (𝑇𝑙 < 𝑇)

 (4) 

where 𝜌𝑠 and 𝜌𝑙 (kg∙ 𝑚−3) are the solid density and liquid density, respectively. 𝐶𝑠 
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and 𝐶𝑙  (J∙ 𝑘𝑔−1 ∙ 𝐾−1 ) are the specific heat of the solid state and liquid state at a 

constant volume, respectively. 𝑇𝑠 and 𝑇𝑙 (𝐾) are the solidus and liquidus temperature. 

ℎ𝑠𝑙 (𝐽 ∙ 𝑘𝑔−1) is the fusion enthalpy. 

The evolution of gas-liquid free surface is tracked by the volume of fluid (VOF) 

method: 

 𝜕𝐹

𝜕𝑡
+ 𝛻 ∙ ( 𝐹𝜈

→ ) = 0 (5) 

where 𝐹 is the volume of the fluid.  

2.2 LPBF models 

 Gaussian heat source [36] is used in this simulation and given as follows: 

 

𝑞 =
3𝑃𝐴

𝜋𝑟2
𝑒
(
−3(𝑥2+𝑦2)

𝑟2
)
 (6) 

where 𝑞 (𝐽 ∙ 𝑚−2 ∙ 𝑠−1) is the laser heat flux absorbed by the free surface at the point 

(x,y). P (𝑊) is the power of the laser source, A is the absorption rate of the material and 

r (𝑚) is radius of the laser beam spot. The algorithm for laser heating powder is to find 

the cell at the free surface within the laser irradiation range at every timestep and heat 

it. The combined effects of surface heat source, recoil pressure and VOF method can 

well realize the keyhole phenomenon. 

The constant pressure and vaporization model is adopted to simulate the phase 

change and bubble formation. Vaporization will happen when the temperature of the 

fluid at free surface exceeds the saturation temperature at a rate given by: 

 
𝛿 = 𝛼𝐴𝑠𝑢𝑟

𝑘(𝑇 − 𝑇𝑏)

𝑙ℎ𝐿𝑣
 (7) 

where 𝛼 is evaporation coefficient, 𝐴𝑠𝑢𝑟 (𝑚
2) is the effective surface area for phase 

change, 𝑇𝑏  (𝐾 ) is the boiling point, 𝑙ℎ  (𝑚 ) is a characteristic length for heat 

conduction in the liquid at the surface in terms of a Prandtl number, and 𝐿𝑣 (J· 𝑘𝑔−1) 

is the latent heat of vaporization. 

 When a high energy laser beam irradiates on the material, it is accompanied by 

violent evaporation and a large amount of vapor. The metal vapor isn’t modeled, but its 

effect, recoil pressure is included in the model. The widely accepted recoil pressure 

model is Clausius–Clapeyron equation [37], which can be written as: 
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𝑃𝑟 ≅
1 + 𝛽𝑅
2

𝑃𝑎𝑡𝑚𝑒𝑥𝑝 [
𝐿𝑣(𝑇 − 𝑇𝑏)

𝑇𝑅𝑇𝑏
] (8) 

where 𝑃𝑟 (𝑃𝑎) is recoil pressure. 𝛽𝑅 denotes the ratio of recondensation particles to 

the evaporation ones, 𝑃𝑎𝑡𝑚 (𝑃𝑎) represents ambient pressure and 𝑅 (J ·  𝑘𝑔−1 · 𝐾−1 ) 

is gas constant. However, this equation suits the situations that ambient pressure has no 

influence on the evaporation process or vapor pressure is far larger than the ambient 

pressure. Nevertheless, there is report demonstrating that ambient pressure confines the 

evaporation process and increase 𝛽𝑅 [38]. Pang et al. [39] proposed a modified recoil 

pressure model that uses surface pressure to cover the effect of ambient pressure. For a 

given ambient temperature, when the temperature is lower than the boiling point, the 

surface pressure equals to the ambient pressure. For a higher temperature, Clausius–

Clapeyron equation is used to calculate the surface pressure. Taking the ambient 

pressure as the zero level of pressure, the recoil pressure can be expressed as: 𝑃𝑟 =

𝑃𝑠 − 𝑃𝑎𝑡𝑚. The surface pressure model used in this study can be expressed as:  

 

𝑃𝑠 = {

𝑃𝑎𝑡𝑚                                                            0 ≤ 𝑇 < 𝑇𝑏
1 + 𝛽𝑅
2

𝑃𝑎𝑡𝑚𝑒𝑥𝑝 [
𝐿𝑣(𝑇 − 𝑇𝑏)

𝑇𝑅𝑇𝑏
]              𝑇𝑏 ≤ 𝑇 < ∞

  (9) 

 Mush zone is a region that solid and liquid coexist as a mixture. Solidification 

implies a rigidity and resistance to the fluid flow, resulting in the fluid velocity sharply 

changed. The in-situ experiment conducted by Zhao et al. [15] demonstrated that 

solidification drag force has an effect on the formation of keyhole pore. Thus, the Darcy 

drag force model is implemented in current study to characterize the effect of drag force 

in the molten pool [30]. The solidification process is approximated by a drag force 

coefficient Fd, which is a function of the local solid fraction. It can be written as: 

 
𝐹𝑑 = 𝑇𝑆𝐷𝑅𝐺

𝐹𝑠
2

𝐵 + (1 − 𝐹𝑠)3
 (10) 

 
𝑇𝑆𝐷𝑅𝐺 =

180𝜇

𝜆1
2𝜌

 (11) 

where 𝑇𝑆𝐷𝑅𝐺 represents a coefficient related with the mush zone microstructure, 𝐹𝑠 

is the local solid fraction, B is the positive zero used to avoid the division by zero. 1 

(m) is the characteristic length of mush zone. 

2.3 Computational domain and boundary conditions 

The developed model is shown in Fig. 1. The powder bed is modeled via Particle 
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Flow Code (PFC) commercial software and its built process is shown in Fig. 2. The 

diameter of the particle is in the range of 22-50 μm and the layer thickness is 30 μm. 

Uniform hexahedral grid geometry with a size of 6 μm is used in the simulation, which 

can provide sufficient high-precision fluid after the mesh-sensitivity analysis. A time-

step controlled by stability and convergence is adopted, which is around 0.068 μs after 

the time-step dependence analysis. The parameters for sensitivity analysis are given in 

table s2 in supplementary information. The full data for heat and mass transfer is 

recorded every 1 μs. The simulation is carried out via the commercial software Flow 3d 

v11.2. 

 

Fig. 1 Computational domain and boundary condition 

 

Fig. 2 Powder bed generation process 

 The heat source is regarded as part of the surface heat flux boundary condition, and 

the main energy transfer modes in the upper free surface include convection, radiation 

and evaporation, which can be expressed as: 

 

𝑘
𝜕𝑇

𝜕𝑛⃗⃗
= 𝑞 − 𝑞𝑐𝑜𝑛𝑣 − 𝑞𝑟𝑎𝑑 − 𝑞𝑒𝑣𝑎𝑝 (12) 
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𝑞𝑐𝑜𝑛𝑣 = ℎ𝑐(𝑇 − 𝑇𝑎) (13) 

 
𝑞𝑟𝑎𝑑 = 𝜎𝜀(𝑇4 − 𝑇𝑎

4) (14) 

 

𝑞𝑒𝑣𝑎𝑝 =  𝜑𝐿𝑣𝑃𝑎𝑡𝑚√
1

2𝜋𝑅𝑇
𝑒𝑥𝑝 [

𝐿𝑣(𝑇 − 𝑇𝑏)

𝑇𝑅𝑇𝑏
] (15) 

Where 𝑛⃗⃗  is the surface normal vector and ℎ𝑐  (W · 𝑚−2 · 𝐾−1 ) is the heat 

transfer coefficient. 𝑇𝑎  (K ) is the reference temperature. 𝜎  (W · 𝑚−2 · 𝐾−4 ) is the 

Stefan-Boltzmann constant and 𝜀 is the radiation emissivity. For other surfaces, only 

convection and radiation are considered. 

 

𝑘
𝜕𝑇

𝜕𝑛⃗⃗
= −𝑞𝑐𝑜𝑛𝑣 − 𝑞𝑟𝑎𝑑 (16) 

 The pressure boundary condition on the upper surface can be written as: 

 
−𝑝 + 2𝜇

𝜕𝑣⃗𝑛
𝜕𝑛⃗⃗

= −𝑃𝑟 +
𝛾

𝑅𝑘
 (17) 

where 𝑣⃗𝑛 (m · 𝑠−1) denotes the normal velocity vector. γ (N ·  𝑚−1) and 𝑅𝑘 (m) 

are the surface tension and the radius of curvature, respectively. The thermophysical 

properties for pure aluminum used in this study were calculated by JmatPro software 

[36, 40], displayed in Fig. 3. The thermal and mechanical parameters for LPBF 

simulation of aluminum are shown in Table 1. The laser parameters can be found in 

Table s2 in supplementary document. 
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Fig. 3 Thermophysical properties of pure aluminum used in the simulation calculated 

by JmatPro software: (a) viscosity and surface tension, (b) specific heat, (c) thermal 

conductivity, (d) density. 

 

 

Table 1 Thermal and mechanical parameters for LPBF simulation of aluminum  

Properties Value 

Coefficient of evaporation 𝛼 0.01 

Latent heat of vaporization 𝐿𝑣 (J· kg-1) 1.077·E+07 

Gas constant R (J· kg-1· K-1) 308 

Ambient pressure 𝑃𝑎𝑡𝑚 (Pa) 101300 

Convective heat transfer ℎ𝑐 (W· m-2· K-1) 80 

Reference temperature Ta (K) 298 

Stefan-Boltzman constant 𝜎 (W· m-2· K-4) 5.67E-08 

Radiation emissivity 𝜀 0.36 

Boiling temperature 𝑇𝑏(K) 2750 
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Melting temperature (K) 933 

Laser absorption 0.7 

Recondensation coefficient 𝛽𝑅 0.5795 [41] 

Characteristic length of mush zone 1 (μm) 5 [42] 

3. Results and discussion 

 To ensure the validity of the simulation results, the parameters used in this model 

for the pure aluminum substrate were the same as those adopted in the in situ LPBF 

experiment reported by Huang et al. [18]. Fig. 4 shows a comparison of the keyhole 

morphology obtained by high-speed X-ray imaging [18] and the numerical simulation 

in this study. The depth and morphology of the keyhole were consistent, indicating the 

model validation data. 

 

Fig. 4 Comparison of the keyhole morphology obtained by (a, b) X-ray imaging 

(adapted with permission from ref. [18]) and (c, d) simulation. The laser power is 500 

W, scanning speed is 600 mm·s-1 and the spot diameter is 50 μm. Laser moves from left 

to right.  

 Three types of keyhole pores (KP-pore, RF-pore, and R-pores) were reproduced in 

this simulation. As the KP-pore was realized by simulation for the first time, a detailed 

description of its formation process and mechanism will be provided.  

3.1 KP-pore formation process 

 KP-pore results from keyhole penetrating molten pool. A bubble could be formed 

during gas–solid interaction. Fig. 5 shows the entire KP-pore formation process. In the 

first (i) stage, the main fluid flow in the molten pool behind the keyhole includes 

upward flow along the edge of the molten pool (1), clockwise flow (2), and backward 

flow in the upper part of the melt pool (3). The collision of flows 1 and 3 generates a 
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hump on the upper surface of the rear part of the molten pool. Fluid 2 has a horizontal 

velocity, leaving a bulge at the rear keyhole wall. Similarly, a bulge appears at the front 

keyhole wall when the upward flow (4) and downward flow (5) collides in the former 

part of the melt pool. Because the bulges are closer to the laser beam center, which 

possesses the highest energy density, they are strongly irradiated, leading to local heat 

accumulation at temperatures much higher than the boiling point. The surface tension 

decreases sharply as the temperature increases, whereas the recoil pressure increases 

exponentially [2, 27], which dominates the fluid flow and pushes the bulges downward. 

As the bulges block part of the laser radiation, only the laser beam passing through the 

middle of the bulges can reach the keyhole bottom, causing local evaporation and 

increasing the keyhole depth. Meanwhile, the area of the keyhole sidewall solidifies 

gradually. 

In the second (ii) stage, the middle part of the keyhole is gradually captured by the 

solidification interface, whereas the bottom part is still subjected to laser irradiation and 

thus increases the keyhole depth. The hydrostatic pressure in the upper rear of the 

molten pool becomes larger than the Marangoni effect owing to the accumulation of 

fluid, and flow 3 gradually flows forward (3). The downward and upward flows at the 

front keyhole wall continue to form a bulge.  

In the third (iii) stage, as the frozen part is outside of the laser irradiation, the 

upward flows at the rear and front keyhole wall have horizontal velocities towards the 

keyhole as they reach the frozen region and then a liquid bridge forms, resulting in the 

keyhole bottom quickly being captured by the solidification interface. The bridge is 

subjected to strong laser radiation, and the dominant recoil pressure forces it to break 

(stage iv at 0.346 ms). Subsequently, the bubble is captured by the keyhole. A valley 

gradually appears in front of the hump owing to the forward flow 3. 

 In the stage v, the main flow direction includes upward flow along the fusion line 

of the molten pool (1), clockwise flow (2), forward flow (3) and downward flow (5). 

As flow 2 and flow 3 are two fluids with different strengths, the collision on the rear 

keyhole wall induces a bulge. The bulge around the keyhole reduces the keyhole 

diameter and results in a phenomenon similar to necking, blocking the part of the 

downward laser irradiation. The sidewall of the lower part of the keyhole is gradually 

captured by the liquid–solid (L/S) interface. Influenced by the solidified region, the 

downward flows generate horizontal velocities towards the keyhole, forming two liquid 

bridges, then a pore and a bubble, which can be seen at 0.358 ms. The high recoil 

pressure acting on the upper bridge forces it to break and the bubble is captured by the 
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keyhole. The lower pore is completely retained in the material. 

 Our simulation results indicate that the pore formation process takes 

approxomately 40 μs and matches the X-ray imaging results [18]. The formation of the 

KP-pore is due to the continuous bulges at the keyhole wall, leading to the fluctuation 

and rapid solidification of the keyhole bottom. Finally, a pore is completely left in the 

material under the condition that the keyhole penetrating the molten pool. We also 

noticed the similar pore formation process in the video of in-situ X-ray imaging by 

Huang et al. [18], as shown in Fig. 5 (d). At 0.72 ms, the keyhole penetrated the melt 

pool, and the fluid could not effectively fill the void region at the tip. Therefore, pores 

were more likely to be generated during subsequent keyhole fluctuations. It was also 

observed that the position and shape of this type of pore were unchanged before and 

after its formation. This is because such pores are generated by the keyhole penetrating 

the melt pool; thus, they are captured by the L/S interface before its formation.  
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Fig. 5 Fluid flow and formation of KP-pore in the longitudinal plane. (a) 2D clips of 

velocity, 3D clips of (b) temperature and (c) recoil pressure, (d) X-ray imaging of KP-

pore formation (adapted with permission from ref. [18]). Note, the temporal resolution 

of X-ray imaging (20 µs) might be insufficient to capture the whole penetration 

dynamics, therefore, we are unable to fully verify the model. The labels i−vii indicate 

the moments of 0.317, 0.330, 0.336, 0.346, 0.350, 0.358, and 0.364 ms, respectively. 

The arrows 1−5 in (a) represents the fluid flow direction. The red circles in (d) denote 

the pores. The white lines in (a)−(c) and the black dotted line in (e) show the L/S 

interface. The laser power is 500 W, the scanning speed is 600 mm/s, and the spot 

diameter is 50 μm.  

As the KP-pore occurs when the keyhole penetrates the melt pool, its depth was 

extracted and analyzed, as shown in Fig. 6. The L/S interface velocity of the molten 

pool tip was calculated based on equation (c). A positive L/S velocity indicates the 

melting process, whereas a negative value indicates the solidification process. The 

keyhole tip was captured by the L/S interface when the keyhole had a greater depth than 

the molten pool. Under such conditions, if bulges appear on the keyhole wall and the 

laser energy entering the keyhole is reduced, the bottom will solidify quickly and form 

a pore. If more laser beam is in, the tip of the keyhole may be remelted and thus capture 

the existing pores. The effects of the depth difference and L/S interface velocity on the 

KP-pore formation are shown in Fig. 6 (d). A higher velocity indicates faster-molten 

pool expansion and more molten metal, indicating a lower chance of leaving a pore. In 

contrast, pores are more likely to occur at a greater penetration depth (lower left corner). 

It is apparent that when the keyhole penetrates the molten pool, pores are easily 

generated, except for the region in the upper-right corner, which may be desired in the 

printing process. The corresponding pores are shown in Fig. 10 (g). 
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Fig. 6 (a) Depth of the molten pool and keyhole. (b) Depth difference and the L/S 

interface velocity in vertical. The data is extracted every 12 μs. (c) Schematic of the 

extracted feature parameters. (d) Effects of depth difference and L/S interface velocity 

on KP-pore formation. 

3.2 Formation mechanism of KP-pore 

 To show the influence of fluid flow on keyhole fluctuation, a 3D streamline was 

extracted, as shown in Fig. 7 (a). Bulges are formed owing to the clockwise flow 2 

hitting the rear keyhole wall and the collision of upward flow 4 and downward flow 5, 

resulting in necking and damping of the laser irradiation. The bottom of the molten pool 

rapidly solidifies, and the temperature of the sidewall at the lower part of the keyhole 

decreases below the boiling point. However, the keyhole depth increases as the laser 

passing through the necking can reach the tip. At 0.336 ms, the downward flows in the 

molten pool generate horizontal velocity as they reach the frozen zone, forming a liquid 

bridge between the rear and front keyhole walls and leaving a pore. Nevertheless, the 

bulges gradually disappear under intense evaporation, and the pores are captured by the 

keyhole. As the flow is unstable, it continuously hits the keyhole wall and forms bulges, 

causing keyhole fluctuations. Eventually, a pore is generated at the keyhole tip when it 
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penetrates the melt pool.  

Fig. 7 (b) displays a schematic of the KP-pore formation mechanism, which can be 

divided into four steps. (I) For the molten pool behind the keyhole, upward flow 1 along 

the fusion line and backward flow 3 leave a hump at the upper surface of the rear of the 

melt pool, whereas clockwise flow 2 hits the rear keyhole wall and generates a bulge. 

For the molten pool in front of the keyhole, the collision of upward and downward 

flows also forms a bulge. The bulges around the keyhole reduce the keyhole diameter 

and result in necking, hindering the downward irradiation of the laser. (II) As the energy 

entering the keyhole significantly decreases, the bottom of the molten pool quickly 

solidifies, and a part of the keyhole is captured by the L/S interface. The keyhole depth 

further increases owing to the laser beam passing through the necking. At this moment, 

backward flow 3 gradually changes its direction to forward flow 3 as the hydrostatic 

pressure is greater than the Marangoni effect owing to the formation of the hump. (Ⅲ) 

Owing to the unstable fluid flow, bulges continuously form and disappear, resulting in 

the keyhole bottom being gradually captured by the solidification interface; that is, the 

keyhole penetrates the melt pool. It is a gas -solid interaction, instead of the previously 

reported liquid–solid interaction that keyhole is surrounded by the liquid and then 

pinning off a bubble [15, 30] . Because of the forward flow 3, a valley appears ahead 

of the hump. (Ⅳ) When the keyhole depth exceeds the molten pool depth, a pore will 

likely form when the keyhole fluctuates. The morphology of this type of pore is 

consistent with the shape of the keyhole tip because it is prematurely captured by the 

solidification interface. 
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Fig. 7 (a) 3D streamlines showing the keyhole and pore evolution. (b) Schematic 

showing the KP-pore formation mechanism in which the KP-pore is formed during the 

gas-solid interaction. The laser moves along the positive direction of the X-axis. The 

labels i−vi in (a) denote the moments at 0.317, 0.330, 0.336, 0.350, 0.358, and 0.364 

ms, respectively. The V-shaped red and black arrows in (a) represent the fluid flow 

directions in the melt pool behind and in front of the keyhole, respectively. 

 As R-pore and RF-pore have been extensively investigated very well [18, 30, 31], 

only a brief discussion is provided in this study.  

3.3 Formation of RF-pore 

 Fig. 8 displays snapshots of the fluid flow and the formation dynamics of RF-pore 

in the longitudinal plane. The fluid in the molten pool behind the keyhole flows forward 
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owing to the effects of hydrodynamic and hydrostatic pressure and surface tension, 

acting as a force to close the keyhole (Fig. 8 (i)). Similarly, the fluid on the front wall 

of the keyhole also flows backward. Nevertheless, the recoil pressure resulting from 

evaporation prevents this process. Under the combined action of these forces, the fluid 

at the rear and front keyhole wall repeats this process: bulge formation→ liquid bridge 

formation→ liquid bridge broken. At 1.402 ms, the fluid between the front and rear 

keyhole wall forms a bridge again. The keyhole then pinches off a cavity to form a gas 

bubble (Fig. 5 (iii)). It moves with the clockwise flow in the molten pool behind the 

keyhole and finally gets captured by the L/S interface (Fig. 5 (vi)). The mechanism of 

this type of bubble has been described as the formation of an instant bubble and pinning 

on the solidification interface [30]. It is apparent that such a pore is formed during the 

liquid-solid interaction and its dynamics are primarily affected by surface tension. This 

is because most of the bubble’s lifetime is surrounded by fluid; thus, it will gradually 

adjust its shape to achieve the lowest surface energy, which is spherical or nearly 

spherical. For this pore, there is generally a rough time period of 200 μs for the bubble 

to fully adjust the shape before being fully captured by the S/L boundary. 

 

Fig. 8 Fluid flow and formation of RF-pore in the longitudinal plane. The labels i−vi 

indicate the moments of 1.401, 1.402, 1.417, 1.431, 1.472, and 1.608 ms, respectively. 

The black solid line in the first picture on the left represents the direction of fluid flow, 

and the black dashed line represents the flow trend of the fluid. The white line shows 

the L/S interface. The laser power is 500 W, the scanning speed is 600 mm/s, and the 

spot diameter is 50 μm. 

3.4 Formation of R-pore 

 The second type of pore is R-pore. As described above, the recoil pressure 

promotes keyhole opening while the surface tension, hydrodynamic pressure, and 



21 

 

hydrostatic pressure try to close the keyhole. At 2.234 ms (Fig. 9 (i)), a concave shape 

appeared at the rear keyhole wall owing to the fluctuation. The main fluid flow direction 

in the rear molten pool was clockwise. Under the effect of the forces that close the 

keyhole, the rear keyhole wall fluctuates and then collapses and pinches off the bubble, 

which is relatively small and confined to the length of the rear keyhole wall. These 

bubbles were unstable and disappeared in most cases. The formation mechanism of the 

R-pore can be concluded as follows: 1) hump or budge forms at the rear keyhole wall; 

2) rear keyhole wall collapses and pinch-off bubbles. Similar observations were 

reported in LPBF experiments [18] and welding simulation [31].  

 

Fig. 9 Fluid flow and formation of R-pore in the longitudinal plane. The labels i−vi 

indicate the moments of 2.234, 2.236, 2.240, 2.242, 2.250, and 2.251 ms, respectively. 

The solid line in the first picture on the left represents the clockwise flow of fluid. The 

white line shows the L/S interface. The laser power is 500 W, the scanning speed is 600 

mm/s, and the spot diameter is 50 μm. 

3.5 The effect of powder on the pore 

 Cunningham et al. [43] and Zhao et al. [15] demonstrated that the interaction 

between the laser and powder promotes keyhole fluctuations. It is of great importance 

to explore the influence of the powder on the characteristics of the molten pool and 

keyhole, as well as pore formation. The thickness of the powder bed was 30 μm, and 

the other processing parameters were the same as those for the bare pure aluminum 

substrate.   

 Fig. 10 (a) shows that both the melt pool depth and keyhole depth with powder are 

lower than those of the bare aluminum substrate in Fig. 6 (a). The powder and bulk 

materials are solid-state forms of the same substance and with same thermal 

conductivity. The main difference between them is their structures. One difference is 
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that the powder undergoes point-to-point heat transfer, and the other is that lots of voids 

exist in the powder material. The combined effect of the two leads to a lower heat 

transfer efficiency of the powder. In practice, spattering or ablation also removes part 

of the laser heat, resulting in less energy being absorbed by the molten pool, and thus a 

smaller depth of the molten pool. This phenomenon was also reported by Zhao et al. 

[15] and Bobel et al. [44]. The oscillation frequency is introduced to quantitatively 

characterize the effect of the powder on the molten pool and keyhole characteristics. It 

is defined as the times the keyhole penetrated the molten pool in one second. Note that 

data were extracted every 12 μs. The oscillation frequency with powder (Fig. 10 (b)) 

and that without powder (Fig. 6 (b)) were counted and compared, as shown in Fig. 10 

(d). This indicates that the powder affects the laser path and increases the oscillation 

frequency, leading to a higher porosity. However, the pores are smaller, which may be 

related to the smaller keyhole depth. Actually, the results by Huang [18] and Zhao et al. 

[15] also indicates that powder will promote the formation of keyhole pore as well as 

enlarge the stable region in the process map, respectively. Fig. 10 (e) and (f) show the 

three types of pore distributions. The percentages of R-bubbles, RF-bubbles, and KP-

bubbles in the powder were 16.7%, 16.7%, and 66.6%, respectively. The values for the 

bare plate were 12.4%, 18.8%, and 68.8%, respectively. The R-bubble is small and 

tends to be distributed in the top region. The RF-bubble is medium-sized, nearly 

spherical, and primarily distributed in the middle part. The KP-bubble is large and 

irregular, located at the bottom, which is related to its formation mechanism. 
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Fig. 10 Effect of powder on the (a) depth of molten pool and keyhole, (b) depth 

difference and L/S interface velocity, (c) pore sizes, (d) oscillation frequency and (e) 

KP-bubble counts. The depth data is extracted every 12 μs. (f) and (g) show the pore 

distribution with and without powder, respectively. The oscillation frequency represents 

the number of keyholes penetrating the molten pool in one second. The laser power is 

500 W, the scanning speed is 600 mm/s, and the spot diameter is 50 μm. 
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3.6 Effect of laser energy density 

 As the occurrence of keyhole is closely related to the laser energy intensity (
4𝑃

𝜋𝑑2
), 

there is a critical threshold, beyond which keyhole forms [34]. However, most pores 

under a high laser energy density are owing to the instability of the keyhole. It is 

important to investigate the effect of laser parameters on the characteristics of the 

molten pool and keyhole, as well as the formation of pores. The keyhole penetrating 

the molten pool accounts for the KP-pore; thus, their depths are extracted, and the depth 

differences are obtained, as shown in Fig. 11. The maximum penetration depth and the 

times the keyhole penetrates the molten pool increases with increasing laser power. 

However, they decrease with increasing laser spot diameter and scanning speed. To 

simultaneously characterize the effects of laser energy density and scanning speed on 

pore formation, the linear input energy density 𝐸 (𝐸 =
4𝑃

𝑉𝜋𝑑2
) is introduced, which is 

confirmed to be a meaningful thermodynamic metric for LPBF to estimate the threshold 

of unstable keyhole by I. Bitharas et al. [45]. The effects of input energy density on the 

characteristics of keyhole and molten pool as well as pore formation are shown in Fig. 

12. 

 Apparently, with the increase in input energy density, the oscillation frequency 

rapidly increases at first and then slows down (Fig. 12 (a)). The relationship between 

the oscillation frequency and the input energy density can be fitted as y = −4344564 +

4355500 × 𝑥0.0007 . R2 equals to 0.85636, indicating a good fit. The right enlarged 

picture clearly demonstrates a threshold (0.026MJ·cm-3) above which keyhole will 

penetrate the molten pool and the oscillation frequency will also rapidly increase. The 

input energy density is divided into two regions. Below this threshold, it is a stable 

energy-density combination, whereas above this threshold, it is an unstable 

combination. The maximum penetration depth shows similar trend to that of the 

oscillation frequency, and the fitted curve is y = −251 + 461 × 𝑥0.16, with R2 = 0.99. 

The relationship between the KP-pores and the input energy density is fitted as y 

= −114 + 134 × 𝑥0.05, with R2 = 0.99. With the increase of input energy density, the 

number of KP-pores rapidly increases and then slowly decreases. Similarly, there is a 

threshold for the KP-pore formation. Near this threshold, rapidly increases and then 

slowly decreases. Below this threshold, KP-pores no longer appear. The total pore count 

has a similar trend to the KP-pore count, which can be attributed to the fact that the KP-

pore accounts for the majority of pores under high input energy density. It can also be 
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seen from the enlarged images that the thresholds of the oscillation frequency and the 

maximum penetration depth are the same. The slight deviation can be attributed to the 

error in the curve fitting. The relationship between these four input-energy-density 

thresholds is in the following order: ETotal pore counts < EOscillation frequency ≈ EMaximum penetration 

depth < EKP-pore counts. This is because, in the case of no penetration, RF-pore and R-pore 

may be generated. In contrast, KP-pore is not necessarily generated even if penetration 

occurs, which depends on the dynamic characteristics of the molten pool. The fitted 

thresholds are lower than the input energy densities used in our simulation without 

penetration or pore generation. Therefore, we can reasonably propose that no pores will 

be formed when the input energy density is below 0.02 MJ·cm-3. 

 

Fig. 11 Effects of (a) different scanning speeds with P = 400 W and d = 50 μm, (b) 

different laser spot diameters with P = 500 W and V = 600 mm·s-1 and (c) different laser 

powers with V = 1000 mm·s-1 and d = 80 μm on the depth differences between molten 

pool and keyhole. 
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Fig. 12 Effect of input energy density on the (a) (b) oscillation frequency, (c) (d) 

maximum penetration depth, (e) (f) KP-pore counts and (g) (h) total pore counts. The 

pictures on the right represent the enlarged views of the blue dashed box in the left 

pictures. Red open circles represent the threshold of the fitted curves without keyhole 

penetrating melt pool or pore formation. The input energy density 𝐸 is defined as 𝐸 =

4𝑃

𝑉𝜋𝑑2
. The oscillation frequency refers to the times the keyhole penetrates the molten 

pool within one second. The negative maximum penetration depth means the keyhole 

depth is less than that of the molten pool. 

Conclusion 

 In this study, different keyhole pore formation mechanisms were investigated using 

a 3D multiphysics FVM model validated by ultra-high-speed in situ X-ray imaging 

results. The main conclusions drawn are summarized as follows: 

1) A new KP-pore formation mechanism is uncovered. This phenomenon occurs when 

the keyhole penetrates the molten pool owing to its fluctuation, resulting in keyhole 

pore formation during the gas–solid interaction.  

2) The RF-pore and R-pore are reproduced, which has been revealed before as R-pores 

are generated owing to hump or budge forming at the rear keyhole wall, and the 

wall collapses and pinches off the bubble. The RF-pore formation results from the 

fluctuation and the bridge formed between the rear and front keyhole walls, leading 

to transient bubble formation, which is captured by the solidification front. 

3) It is discovered that different keyhole pore formation mechanisms make their shapes 

and distributions different. The R-pore is small and unstable; thus, it is usually 

distributed in the upper part. RF-pore is medium-sized and nearly spherical, 

primarily in the middle part. The KP-pore is large and irregular, and its morphology 

is similar to that of the keyhole tip captured by the solidification interface. Most of 

the KP-pores are located at the bottom. 

4) The effects of the powder on the pore formation is explored. The powder decreases 

the heat transfer efficiency, leading to a smaller molten pool and keyhole depth. 

Moreover, the presence of the powder increases the oscillation of the molten pool 

and keyhole, resulting in more keyhole pores. 

5) The study upon the effects of input energy density uncovers that the oscillation 

frequency, KP-pores, and total pore counts increase with an increase in the energy 

density in the power function. The input-energy-density thresholds for the 

penetration and pore occurrence are in the following order: ETotal pore counts < EOscillation 
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frequency ≈ EMaximum penetration depth < EKP-pore counts. Pores are no longer be formed when 

the input energy density is below 0.02 MJ·cm-3.  
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