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Supplementary Fig. 1. Pore dynamics during laser melting under laser power of 420 W and scan 

speed of 1 m s−1. a-d X-ray images showing pore dynamics during LPBF process. e-h X-ray 

images showing pore dynamics during laser melting of a bare substrate. Dotted arrows indicate 

the future trajectories of the pores, while solid arrows show the history of pore trajectories. The 

powder and substrate are AlSi10Mg. In a-d, the powder layer thickness is 100 μm. The laser beam 

diameter (D4σ) is 100 μm. All scale bars are 50 μm. 
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Supplementary Fig. 2. A snapshot showing the multi-physics model. The temperature range was 

set to highlight the melt pool. The simulation was conducted with the laser parameters used in the 

in-situ experiments (AlSi10Mg powder and substrate, laser power of 360 W and scan speed of                  

1 m s−1). 
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Supplementary Table 1. Thermophysical properties of AlSi10Mg alloy used for simulation1,2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material property Value Unit 

Solidus temperature, Ts 830.15 K 
  Liquidus temperature, TL 870.15 K 

Boiling temperature, Tb 2743 K 

Density, ρ 2680 kg m−3 

Temperature coefficient of surface tension, 
𝜕𝜎

𝜕𝑇
 − 0.31 × 10−4 N m−1 K−1 

Surface tension at liquidus temperature, σL 0.824 × 10−4 N m−1 

Latent heat of fusion, ΔHf 389 × 103 J kg−1 

Latent heat of vaporization, ΔHv 10700 × 103 J kg−1 
Linear thermal expansion coefficient, αL 23 × 10−6 K−1 

Convective heat transfer coefficient , hc 82 W m−2 K−1 

Radiation emissivity, ɛ 0.4  
Energy absorptivity, ƞ 0.52  
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Supplementary Table 2. Temperature-dependent thermophysical properties of AlSi10Mg alloy 

used for simulation1. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Material property Temperature (K) Value 

Viscosity, ν (Pa s) 

 

 

875 

1000 

1450 
1850 

2250 

2700 

0.0022 

0.00125 

0.0007 
0.00058 

0.00045 

0.0004 

Thermal conductivity, k (W m−1 K−1) 

300 160 

400 160 

500 160 

600 160 

700 160 

830 110 

870 90 

1200 100 

1500 110 

1800 115 

2100 120 

Specific heat, Cp (J kg−1 K−1) 

 

300 

375 
575 

775 

940 
960 

1100 

1562 

900 

960 
1020 

1125 

1040 
1040 

1075 

1075 
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Supplementary Note 1: Melt flow analysis with micro-tracing particle 
 

    To make sure that the tracing particles follow the melt flow velocity, we used tiny tungsten 

particles (diameter ≤ 10 μm, orders of magnitude smaller than the ones used in previous 

publications). We have estimated the settling velocity of 10 um tungsten particle in aluminum melt 

and the time needed for the particle to be accelerated to the velocity close to the melt flow velocity. 

The analysis results show that the velocity of tracing particles can reflect the velocity of the melt  

flow: the settling velocity of 10 µm tungsten particle is 3 orders of magnitude slower than the melt 

flow velocity and it only takes 29 µs for the particle to have a similar speed with the melt flow, as 

detailed below.  

    The settling velocity (vs) of a tungsten particle with diameter of 10 µm in liquid AlSi10Mg is 

calculated by the Stokes’s law3,4:  

 

 𝑣s =
𝜌p − 𝜌f

𝛾𝜇f
g 𝑑p

2 
(1) 

where g is the gravitational acceleration, dp is the particle diameter, ρp is the particle density, ρf is 

the fluid density, μf is the fluid dynamic viscosity, and γ is a coefficient which depends on the fluid 

and particle viscosity: γ = 12[(μ
f
+

3

2
μ

p
)/(μ

f
+ μ

p
)].  In case of solid particles (µp = ∞), γ is equal to 

18. Taking g = 9.8 m s−2, dp = 10 × 10−6 m, ρp = 19300 kg m−3, ρf = 2680 kg m−3, μf = 0.00175     

kg (m s)−1, the settling velocity of the tungsten particle is calculated to be vs = 7.7 × 10−4 m s−1, 

which is three orders of magnitude lower than the average melt flow velocities measured here. 

Therefore, the settling velocity induced by the buoyancy and gravity on the tungsten particle is 

negligible. 

    The time needed to accelerate the tracing particles to the speed similar to the melt flow speed is 

estimated based on Newton’s law using the estimated drag force. We assume a tungsten particle 

(dp =10 μm) is accelerated from the top surface at depression-zone front (with an initial speed of 

0 m s−1) to the position in front of the depression zone where melt flow speed is 1.9 m s−1. The 

drag force (Fd) exerted by aluminum melt flow on the tracing particle is calculated by5: 

 
Fd= − 

1

2
CD ρ

f
 rp

2 (Up − Uf)|Up− Uf| 
(2) 

where rp is the particle radius, ρf is fluid density, Up is the particle velocity vector, Uf is the fluid 

velocity vector, and CD is the drag coefficient (dimensionless) which depends on the flow regime 

and fluid properties and is approximated by Schiller and Naumann equation: 

 
CD=

24

Re
(1 + 0.15Re0.687) 

              (3) 

where Re is particle Reynold number and is given by: 

 
Re =

2 𝑟p 𝜌f |𝐔p − 𝐔f|

 
 

(4) 

where rp is the particle radius, Up is the particle velocity vector, Uf is the fluid velocity vector, ρf 

and  are fluid density and fluid dynamic viscosity, respectively. 
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Taking |𝐔p − 𝐔f| = 1.9 m s−1, ρf = 1740 kg m−3 (near Tb = 2743 K), μ = 0.0004 kg (m.s)−1               

(near Tb = 2743 K), the drag force is calculated to be 3.2 µN. Considering that the drag force will 

decrease when the speed difference between the tracer and the melt flow becomes smaller, the total 

acceleration time can be estimated by iteration with small time steps. Assuming the initial tracer 

speed is zero, the surrounding melt flow speed is 1.9 m s−1 and the iteration time step is set to be 

10−9 s, it is calculated that the tungsten particle with diameter of 10 μm can be accelerated from 

zero speed to approximately 85% of the surrounding melt flow speed within 29 µs (about 4 

frames). Here, the assumption was that the initial speed of the particle was zero and diameter of 

tungsten particle is 10 μm. However, in most cases the initial speed of tungsten particle is not zero 

and the particle diameter is smaller than 10 μm. As a result, the particle can reach the similar melt 

flow speed at a much shorter time. 
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