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ABSTRACT Laser powder bed fusion (LPBF) offers manufacturing freedom for innovative designs of precision
metal parts via layer-by-layer processing. However, the accompanying spatter during manufacturing contaminates
the powder bed, introduces metallurgical defects, and compromises overall stability. To address these issues, this
study numerically simulates the coupled dynamic behavior of LPBF molten-pool spatter based on the computational
fluid dynamics-discrete element method (CFD-DEM) framework implemented the CFDEM open-source platform.
The CFD calculation distinguishes between the liquid—metal, solid—metal, and gas phases using the volume of fluid
and multiphase models, while the DEM calculation addresses metal particles, accounting for the influence of metal-
vapor recoil force on particle motion. Employing a semianalytical CFD-DEM approach, this coupling framework
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circumvents the limitation imposed by the CFD mesh size. The simulation reproduced three typical behaviors of
metal particles (thermal spatter, melting into the molten pool under laser heating, and falling into the molten pool
without laser heating) and predicted the spatter-ejection directions under different process parameters. The
numerical results were verified through comparisons with the experimental results. Finally, the influence of process
parameters on the coupled dynamic behavior of molten-pool spatter was investigated, revealing that powder bed
thickness dominantly affects the number of hot spatters, followed by scanning speed and laser power. The open-
source code of this paper is available at https://github.com/caoliu0706/7-CFD-DEM-LPBF-Molten-Pool-Splatter.
KEYWORDS laser powder bed fusion, spatter, molten pool, CFD-DEM, Euler-Lagrange method, numerical
simulation
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Fig.1 Simulation process for the coupled dynamic behavior of LPBF molten pool—spatter (VOF—volume of fluid)
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Table 1 Material parameters required for DEM calculation!”!

Parameter Value Unit
Young’s modulus 5% 107 Pa
Poisson’s ratio 0.45 -
Coefficient of restitution 0.1 -
Coefficient of friction 0.5 -
Coefficient of wear 1 -

Cohesive energy density 1 x10° J-m
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Table 2 Material parameters required for CFD calculation?!]

Parameter Value Unit
Surface tension coefficient 1.6 N-m™!
Marangoni coefficient -8 x 107 N/(m-K)
Dynamic viscosity 0.00345 Pa-s
Density 7980 kg'm
Thermal conductivity of liquid phase 35.845 W-m -K™!
Thermal conductivity of solid phase 34.87 W-m -K™!
Specific heat capacity of liquid phase 649.225 J'kg-K™!
Specific heat capacity of solid-phase 644.35 J'kg-K™!
Solidus temperature 1658 K
Liquidus temperature 1723 K
Vaporization temperature 3090 K
Latent heat of vaporization 7.45 x 10° Jkg!
Latent heat of melting 2.7 x10° Jkg!
Molar mass 0.05599 kg mol™!
Laser absorption coefficient 0.6 -
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Table 3 Simulation schemes under different process parameters

Simulation scheme Laser power / W Scanning speed / (m-s™) Powder bed thickness / pm
1 200 1.0 30
2 300 1.0 30
3 400 1.0 30
4 100 0.5 30
5 200 0.5 30
6 300 0.5 30
7 50 0.1 30
8 100 0.1 30
9 200 1.0 50
10 200 1.0 70
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Fig.2 Metal—gas interface and metal particle distribution (al—a4), metal—gas interface (b1-b4), and metal particle
distribution (c1—c4) at different times under Scheme 1 (+—time)
(al—cl)t=8 ps (a2—2) t=320 ps (a3—c3) t=680 ps (ad4—c4) t=1000 ps
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Fig.3 Typical behaviors of metal particles at different times under Scheme 1 and corresponding enlarged views
(Positions al—a3 refer to the positions of hot spatter, positions bland b2 refer to the positions of metal particle
melted into the molten pool, positions c1—c3 refer to the positions of metal particle falling into the molten pool)
(al—a3) hot spatter caused by vaporization-induced recoil force
(b1-b3) metal particle melted into the molten pool due to laser heating
(c1—c3) metal particle falling into the molten pool without laser heating

N A RIHE L, FAE T ESHN R0 B RS LI a5 ROEHT L, 2R 4 Fros.



BB M ACTA METALLURGICA SINICA

H0 EE s ST S, AR TS0 07 J ARG I w56 75 1) 55 S8 wh (1 R 5 7 1 B AR — 3, MR T
PEQ BE5 RIHERAPEAR B T 300E . CIRWHR 717 %2 T 2S5 m it R S, AR T ESECR EEsim
BOCERN BAAEZES, M54 28 MmE 7 A EE 25, AT sgm kM Jrm . 755 % 7 (ot
ThE 50 W HH#HE 0.1 m/s) T, BT REEESEGHENEOETIZR / BfER)ER, AR i inm)
R L, JAMHT 7 104 8 BURLAS LGS A RN AR 1, 31453 4 28 S W S 1) 3 B R 7R S I i 77
T BT T 1R K IR(B 4el Bl c2)e FETR 1 (0BT 200 W FHHHEZE 1 m/s)FIT R 4 (BOLIHR
100 W, F3##R 0.5 m/s) F, HTFLRRERFER/N, BAKE i aeERD, Jaar 7 &8 Bk s
RS, (G154 R 28 R RIS U7 ) R B R s b7 B 5 U7, R R (B 4b1 R b2)EE 1A)
S5 (B 4al Fl a2)mi 5 1Kk

(al) Lasergbeam (a2)

—— lmm

— Scanning direction
Spatter ejection direction

' Spatter ejection direction

/{Spatter ejection direction
%

0m/sHE— T /s
Particle velocity

Color online
4 AFRTZESHOT G 77 5] 507 545 R 5 S 45 R 27
Fig.4 Simulation results (al—c1) and experimental results?’! (a2—c2) of spatter ejection direction under different
time, lase powers, and scanning speeds
(al) 352 ps, 200 W, 1 m/s (Scheme 1) (a2) 0.007 s, 200 W, 1 m/sl?7]
(b1) 368 ps, 100 W, 0.5 m/s (Scheme 4) (b2) 0.006625 s, 100 W, 0.5 m/s[?”]
(c1) 2936 ps, 50 W, 0.1 m/s (Scheme 7) (c2) 0.02025 s, 50 W, 0.1 m/s[?7]
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Fig.5 Particle distributions in the powder bed and numbers of hot spatter after 1000 um of laser scanning under

different laser powers
(a) 200 W (Scheme 1) (b) 300 W (Scheme 2) (c) 400 W (Scheme 3)
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Bl 6 AN TZS50 N0 500 um 58 ARIBURL 7 A LS A Kk B
Fig.6 Particle distributions in the powder bed and numbers of hot spatter after 500 um of laser scanning under
different laser powers scanning speeds (Laser scanning length was selected as 500 pum to avoid excessive
computation time for Scheme 8)
(al) 200 W, 1 m/s (Scheme 1) (a2) 200 W, 0.5 m/s (Scheme 5)
(b1) 300 W, 1 m/s (Scheme 2) (b2) 300 W, 0.5 m/s (Scheme 6)
(c1) 100 W, 0.5 m/s (Scheme 4) (c2) 100 W, 0.1 m/s (Scheme 8)
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Fig.7 Particle distributions in the powder bed and numbers of hot spatter after 1000 um of laser scanning under
different powder bed thicknesses
(2) 30 um (Scheme 1) (b) 50 pm (Scheme 9) (c) 70 um (Scheme 10)
K AGIH T AR LZZHN IR . AR L2258 TR IR B RS H, & L2234
X FA R S R EEEAE I By IR R FE> 1 s R > WO Th &
4 AR LT ZESHO IR0

Table 4 Effects of different process parameters on hot spatter

Change of hot spatter Rate of change in hot spatter
Process parameter ~ Change of parameter
number number

Powder bed 30 um—50 pum—60

. 154—219—386 59.3%
thickness um
i 86— 81

Scanning speed 0.5m-s1=1m-=s! 4.65%

75—74
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88—82
200 W—300 W—400

Laser power W 154—148—151 0.95%

Note: Rate of change in hot spatter number equals to absolute value of the rate of change in hot spatter number

under typical process parameter increments
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