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ABSTRACT 

The additive manufacturing (AM) of metals is becoming an increasingly important production process with 

the potential to replace traditional techniques such as casting. Laser Powder Bed Fusion (LPBF) is used in 

many applications to print metal parts from powder. The metal powder is heated locally with sufficient laser 

radiation that the liquid melt easily reaches its boiling temperature, which leads to a metallic vapour jet that 

can entrain both powder bed particles and molten droplets. The small size of laser-matter interaction site 

makes a detailed experimental analysis of the process challenging. Synchrotron X-ray imaging experiments 

are one of the few methods which can capture the dynamic melting and solidification processes. Comparing 

such experiments with computer simulations of the process is an important approach in order to better 

understand the manufacturing process and to analyse the influence of process parameters on the evaporated 

gas jet and the acceleration of individual particles, which can easily lead to a deteriorated AM component 

quality. 

The melting and solidification of the metal powder is simulated using an Eulerian multiphase approach 

based on a control volume discretization of powder bed and substrate and a volume of liquid separation 

from melt and gas phase. The gas phase modelled as an ideal gas reaches velocities up to 100 m/s. 

Lagrangian particle tracking in the simulation demonstrates that the velocity fields calculated by the 

Eulerian multi-phase approach in combination with a standard drag-force model lead to particle 

accelerations in good agreement with those measured experimentally. In order to avoid numerical laborious 

Lagrangian calculations, a direct method to compare an Eulerian multiphase simulation with synchrotron 

X-ray experiments was introduced and validated. This approach is used to analyse the influence of process 

parameters including laser power and laser speed on the acceleration of particles from the melt pool area. 

While the particle acceleration increases linearly with line energy in the conduction mode, a linear decrease 
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of the acceleration with increasing line energy can be found in the transition mode before the acceleration 

increases again with line energy in the keyhole mode. 

1. INTRODUCTION

Additive Manufacturing (AM) promises the aerospace, automotive and biotechnology sectors, among 

others, unprecedented freedom in the design phase in comparison to traditional manufacturing techniques. 

The geometrical freedom and integration of optimization strategies into the design process makes AM very 

attractive for increased performance and personalized production [1, 2]. 

Laser Powder Bed Fusion (LPBF) is used in many applications for printing metal parts from powder [3, 4]. 

The powder is added layer by layer and heated locally by a laser beam, a small area of the new powder layer 

being melted. [5]. Metal powder made from alloys based on iron [3], nickel [4], titanium [5, 6] and 

aluminium [7]  were processed by LPBF. Large scale use of metal AM is still hampered by the poor 

reliability and predictability of the properties of the components. Our understanding of the influence of 

powder properties, process parameters and equipment on part quality must be improved in order to enable 

precise control of the process and to achieve reliable part quality [8, 9]. 

Recently, much attention has been paid to the defect generation by spattered particles, which may change 

the powder composition or layer height if they fall on unprocessed regions or increase the surface roughness 

at already processed regions. It has been observed that particles move into the melt pool from the 

surrounding region and can be accelerated out of the melt pool before melting by the high-speed gas stream 

[9]. Radiographs of the melt pool dynamics reveal that a significant number of particles are accelerated out 

of the melt pool and scattered onto both processed and unprocessed regions. An understanding and control 

of this process is required to achieve a stable building process. 

In addition to synchrotron X-ray imaging, computer simulations can be an important tool to understand 

particle spraying. A meaningful modelling of spattering during melting and solidification in LPBF processes 

requires the resolution of the phenomena down to the powder particle scale. In the meantime, various 

simulation frameworks have been developed by various groups in recent years to model LPBF and related 

processes based on a continuum mechanical approach [10–17]. A comprehensive review of simulation of 

melt pool behaviour during AM is given by Cook et al. [18]. The process simulations often use a realistic 

powder particle distribution calculated by the discrete-element method (DEM) placed on a solid substrate. 

Heating of the powder bed by the laser light can be modelled using a ray tracing algorithm [19] for a realistic 

description of the light absorption, a simpler laser light radiation from the top or an energy deposition 

described by a depth dependent profile [20], which is calibrated by comparison to experiments [21]. Cooling 

of the melt includes energy loss due to light radiation and heat conduction through powder and substrate. 

The evaporation of the metal is taken into account through a heat loss due to evaporation and the change of 

the melt front by the recoil pressure. The approaches mentioned so far calculate temperature change and 

flow only in the melt but not in the gas. A correct handling of the gas phase as an ideal gas was added by 

Panwisawas et al. [22] to analyse the conditions for keyhole formation and porosity in laser fusion welding 

[23]. The group of Körner et al. developed a simulation of electron- and laser-PBF processes based on the 

Lattice-Boltzmann method [24, 25]. Simulation of metal evaporation was added to this approach [26] 

without modelling velocity and temperature distribution in the gas phase as well as a calculation of the 

developing microstructure by a cellular automaton [27]. Recently, the dynamics of the gas phase during 

metal evaporation and particle spattering was investigated by numerical modelling and comparison to 

experiments for a simplified welding setup [28], a stationary LPBF process [29] and LPBF-processes 

described by gas phase and metal vapour jet coupled to a discrete element model to calculate particle 

trajectories [30].  



 

 

Here, metal powder melting and solidification is simulated using an Eulerian multiphase approach based on 

a control volume discretization of powder bed and substrate and a volume of liquid separation from melt 

and gas phase provided by the computational-fluid-dynamics (CFD) solver STAR-CCM+ (version 2020.2, 

see also [31]). The methodology includes models for metal powder heating by the laser beam and metal 

evaporation. Trajectories of spattering particles are calculated using a simple Lagrangian calculation of the 

single particle acceleration in the gas (see theory section 2). A comparison of calculated melt pool depth 

and width with experimental observations is presented to validate the Eulerian simulation approach (section 

3). A comparison of particle trajectories calculated by the Lagrangian model and an averaging analysis to 

the trajectories from synchrotron X-ray images demonstrates the correct description of the phenomena 

controlling spattering events (section 4): the combination of Eulerian multiphase approach to determine the 

gas velocities and Lagrangian calculation to derive the particle acceleration describes the particle scattering 

phenomena correctly. Based on this combined model a new volume averaging methodology was developed 

to calculate the acceleration of single particles based on the Eulerian model without computational 

expensive Lagrangian calculations (section 5). Fig. 1 shows a flow chart of the newly developed modelling 

approach. Using this methodology the influence of AM process parameters on the keyhole shape, gas 

velocity dynamics and particle acceleration for In718 and Ti6Al4V single-track experiments is analysed. A 

summary and outlook conclude this work. 

 

  

 

Fig. 1: Flow chart of the modelling approach 



2. SIMULATION APPROACH

The co-existing gas, melt and solid phases in the LPBF-process can be described via a continuum mechanics 

approach. The equations describing mass, momentum and energy are given by [32]:  
𝜕

𝜕𝑡
∫ 𝜌𝑑𝑉 +  ∮ 𝜌𝒗

𝑆𝑉

 𝑑𝑠 = 0 (1) 

𝜕

𝜕𝑡
∫ 𝜌𝒗𝑑𝑉 + ∮ 𝜌𝒗𝒗

𝑆𝑉

 𝑑𝑠 = ∮ 𝑻𝑪 𝑑𝑠 +
𝑆

∫ (𝜌 𝑭𝑏  + 𝑆𝑠 + 𝑆𝑑)𝑑𝑉
𝑉

(2) 

𝜕

𝜕𝑡
∫ 𝜌ℎ𝑑𝑉 +  ∮ 𝜌ℎ𝒗

𝑆𝑉

 𝑑𝑠 = ∮ 𝒒 𝑑𝑠 +
𝑆

∫ 𝑆ℎ𝑑𝑉
𝑉

(3) 

𝜕

𝜕𝑡
∫ 𝑓𝑚𝑑𝑉 +  ∮ 𝑓𝑚 𝒗

𝑆𝑉

 𝑑𝑠 = 0 (4) 

where t the time, v is the velocity vector, TC is the Cauchy stress tensor, q is the heat flux vector,  the 

density, Fb is the body force, h is the thermal enthalpy and V the volume of a cell bounded by the surface S. 

Several physical phenomena are coupled to the set of equations by source terms. The enthalpy source term 

Sh describes the release of latent heat of melting Lmelt proportional to the change in fraction of solidified melt 

given by tabulated fraction solid (fs) values as function of temperature T: Sh = Lmelt*d(fs(T))/dT [33]. A 

volume of fluid (VoF) method with a volume fraction of melt function fm describes the melt/gas interface. 

A high-resolution interface capturing (HRIC) scheme ensures a sharp interface throughout the simulation 

[33]. The melt is treated as a compressible liquid with a temperature-dependent viscosity. For fs values 

greater than 0.3, the flow resistance of the dendrite network of the solidifying melt Sd is calculated using 

Darcy's law and an estimate of the permeability of the dendrite network using the Kozeny-Carman equation 

[31]. Gas is treated as ideal gas with a temperature dependent viscosity ((T) = ref * (T/Tref)). The 

temperature-dependent viscosity and flow resistance of the dendrite network are insufficient to prevent slow 

deformation of cold powder particles due to the creep of the solid metal. The flow resistance and the viscous 

resistance depend on the flow velocity and are small for low velocities. The cold melt therefore shows creep 

behaviour if only the two resistances hinder the movement of the melt. In order to model a realistic solid 

cold metal, a flow-stop model was implemented, which sets the velocity to zero and prevents further solving 

of the momentum equation (2) if the solids content of the melt is above a critical value. 

The surface tension source term Ss is modelled using a continuum surface force model [34]. The normal Ss,n 

and tangential component Ss,t of the surface force are calculated by: 

𝑆𝑠,𝑛 =  −𝜎∇ (
∇𝑓𝑚

|∇𝑓𝑚|
) ∇𝑓𝑚 , 𝑆𝑠,𝑡 = (∇𝜎)𝑡|∇𝑓𝑚| , (5) 

where  is the surface tension coefficient, (∇σ)t is the gradient of the surface tension coefficient in the 

tangential direction. Where (∇σ)t is temperature dependent and, therefore, varies along the surface of the 

melt pool due to temperature differences, the tangential part does not vanish. In this case, Marangoni or 

Bénard convection can develop tangential to the free surface.  

The laser heating of the powder bed is an important aspect of LPBF processes. During the process the laser 

power and spatial distribution of intensity can be monitored, while the amount of heat absorbed by the 

powder is difficult to measure and depends on the depth and shape of the keyhole. Allen et al. [21] recently 

presented an analysis of this problem by simultaneously measuring the keyhole depth and absorption of the 

laser light and thereby uncovering different absorption behaviour during conduction, transition and keyhole 

regime. In the area of process simulation, various approaches are reported to model the heating of the powder 

by the laser, which can be sorted into three main groups with increasing complexity: energy deposition 

described by a profile [20], vertical radiation of the powder without reflection and full ray tracing algorithms 

[10, 12].   



 

 

A two-step approach is used here, which can be sorted into the second group of vertical radiation. First, the 

surface irradiated by the laser is marked with a participating media radiation model. A light beam that is 

limited to four times the standard deviation 

(of the Gaussian laser profile irradiates 

the powder from the  

top of the simulation domain, and metal 

surfaces are marked for energy deposition 

when the absorbed heat of the light beam 

exceeds a threshold value. Fig. 2a,b show 

the marked region for the IN718 

application with shallow keyhole and the 

Ti6Al4V application with deep keyhole. 

Second, the marked metal surfaces are 

heated by a volumetric heat source VHSlaser 

with a radial dependence of the energy flux 

to model the heating of a laser with a given 

beam profile (Gaussian throughout this 

work). Fig. 2c,d show the Gaussian 

distribution of the amount of deposit 

energy for the IN718 c) and Ti6Al4V d) 

application. 

 

The participating media radiation-based 

approach leads to a thicker energy 

deposition area at the bottom of the deep 

keyhole (Fig. 2 b) compared to the shallow 

keyhole (Fig. 2a). Fig. 2f shows that the 

VoF-surface is not sharp in case of the deep 

keyhole as in case of the shallow keyhole 

(Fig. 2e) due to the highly dynamic melt 

pool behaviour at higher laser power (see 

simulation results in section 4+5). The 

ragged metal surface leads to a deeper 

penetration of the laser beam and, 

consequently, to a thicker region of energy deposition. These results show that the participating media 

radiation-based approach is able to capture effects in connection with melt pool dynamics. A quantitative 

validation is difficult and not the topic of this work. In addition, the new approach to model laser irradiation 

is able to handle light reflection by the metal surfaces and light absorption by evaporated metal; both effects 

are planned as future developments. 

 

The calculation of VHSlaser from the power of the source of the participating media radiation is complex. 

Therefore, VHSlaser was used as simulation parameter. For a comparison to measurements the laser power 

(Plaser) can be calculated from VHSlaser by an absorption coefficient, which can depend on Plaser, VHSlaser or 

the keyhole shape. In this way, a calibration of radiation model parameter like absorptivity and reflectivity 

of the metal surface, which are difficult to measure, is avoided and replaced by one calibration parameter, 

which links simulation to experiments.  The influence of variations in model parameters such as reflectivity 

and the heat absorption depth of the metal surface was investigated. The results such as the width and depth 

of the melt pool were shown to be robust.   

 

Fig. 2: Marked region for laser energy deposition (a+b), 

power entered by the VHS (c+d) and VoF surface (e+f) for a 

shallow keyhole in IN718 (a,c,e) and a deep keyhole in 

Ti6Al4V (b,d,f). 



The metal evaporation into the gas phase can be calculated based on the evaporation model of Klassen et 

al. [35] with approximations taken from Knight [36], an approach originally developed by Anisimov [37]. 

The mass flux of evaporated metal into the gas phase can be calculated by: 

𝑗𝑛𝑒𝑡 =  Φ ∙  𝑗+, 𝑗+ = 𝑃𝑠 √
𝑚𝐴

2 𝜋 𝑘𝐵𝑇𝑠
  , (6) 

where j+ is the net mass flux,   the evaporation coefficient, mA the atomic mass, kB Boltzmann’s constant, 

and Ts and Ps are temperature and pressure at the vapour side of the phase interface, respectively. The gas 

is treated as one phase with effective properties and the phase separation between Argon and evaporated 

metal gas are not taken into account. Absorption of laser energy by the gas plume is neglected.  

Ps is calculated using the Clausius-Clapeyron equation given by [35]: 

𝑃𝑠 =  𝑃𝑎𝑡𝑚 ∙ 𝑒𝑥𝑝 [− 
𝐿𝑣𝑎𝑝,0∙ 𝑚𝐴

𝑘𝐵
[

1

𝑇𝑠

√1 − (
𝑇𝑠

𝑇𝑐𝑟𝑖𝑡
)

2
−  

1

𝑇𝑏𝑜𝑖𝑙

√1 − (
𝑇𝑏𝑜𝑖𝑙

𝑇𝑐𝑟𝑖𝑡
)

2
− 

1

𝑇𝑐𝑟𝑖𝑡
(𝑠𝑖𝑛−1 (

𝑇𝑠

𝑇𝑐𝑟𝑖𝑡
) −

𝑠𝑖𝑛−1 (
𝑇𝑏𝑜𝑖𝑙

𝑇𝑐𝑟𝑖𝑡
))]], 

(7) 

where Lvap,0  is the latent heat of vaporization (Ts = 0 K), Patm = 1 bar and Tcrit and Tboil are the critical and 

boiling temperature at one atmosphere, respectively. 

The evaporation coefficient   gives the escaping atom/particle fraction (i.e. not scattered back or condensed 

onto the surface), which can be calculated by [35]: 

∅ =  √2 𝜋 𝛾𝜈  𝑀𝑎𝐾𝑛(𝑇𝑠) 
𝜌𝐾𝑛

𝜌𝑆
 √

𝑇𝐾𝑁

𝑇𝑠
, (8) 

where  is the ratio of specific heats. In this work, = 5/3 for monoatomic gases is used.  MaKn(Ts) is the 

flow Mach number at boundary of the Knudsen layer. The jump conditions across the Knudsen layer, TKn/Ts 

and ρKn/ρs, are calculated using equations A1, A2 and A3 from Klassen et al. [35] and the approximation to 

the error function from Knight ([36] eq. 7). A value of MaKn(Ts)= 0,2 is used for all simulations, which gives 

a value of 0.46 for the evaporation coefficient .Using the maximal value of =0.82 corresponding to 

MaKn(Ts)= 1 instead was found to have little effect on the results. 

The momentum and energy equation source terms link the laser power absorption VHSlaser and the 

evaporation model to the continuum equations, given by: 

∆𝑚𝑣𝑎𝑝 =
 𝑗𝑛𝑒𝑡 ∗ 𝑆𝑉𝑜𝐹

𝜌𝑣𝑎𝑝 ∗ 𝑉𝑐𝑒𝑙𝑙
(9) 

∆𝐸𝑣𝑎𝑝 =
𝑗𝑛𝑒𝑡∗ 𝑆𝑉𝑜𝐹∗ 𝐿𝑣𝑎𝑝(𝑇𝑠)

𝑉𝑐𝑒𝑙𝑙
+ 𝑉𝐻𝑆𝑙𝑎𝑠𝑒𝑟 (10) 

Here, jnet is the net evaporation mass flux determined by Eq. (5), SVoF is the surface of the metal represented 

by the VoF-surface separating melt and gas in each cell, vap the density of the evaporating gas, Vcell the cell 

volume of the mesh and VHSlaser the power density provided by the laser (see laser absorption model above). 

SVoF is calculated assuming that the polyhedral cells can be approximated by a spherical shape (=> 𝑟𝑐𝑒𝑙𝑙 =

√3 𝑉𝑐𝑒𝑙𝑙/(4𝜋)3
) and an estimation of the area of the cell segment given by the VoF-surface by 𝑆𝑉𝑜𝐹 =



 

 

 (4 ∗ 𝑓𝑚 ∗ (1 − 𝑓𝑚))0.45 ∗ 𝜋 ∗ 𝑟𝑐𝑒𝑙𝑙
2. The latter gives an error smaller 3 % compared to a precise calculation 

of the segment surface, which can be neglected compared to the error introduced by the assumption of a 

spherical shape of each cell.  

Particle spattering in LPBF processes occurs in a strongly fluctuating gas plume. The fluctuation could be 

caused by the variation in the distribution of particle size and the thickness of the powder bed [38] and in 

the laser beam energy output [39]. Due to the fluctuation of the field variables, an accurate estimation of the 

driving forces inducing particle motion is complicated by numerical instabilities. To our knowledge, there 

is no standard approach to estimate the scattering phenomenon in LPBF processes that overcomes these 

difficulties. 

Investigating particle spattering by drag force due to an existing velocity difference between fluid and 

particles is the focus of this study. Drag force is the frictional force for a viscous flow derived by Stokes’ 

law defined as: 

𝐹𝑑 =
1

2
𝐶𝑑𝜌|𝑢 − 𝑢𝑝𝑡|(𝑢 − 𝑢𝑝𝑡)𝐴𝑝𝑡 (11) 

There are many drag models available to determine the fluid-solid drag forces in particulate flows. Most of 

the drag models introduce a drag force coefficient Cd to estimate the drag force. Because of its origin from 

Stokes’ law, the drag coefficient in the above formula accounts for the feature around the individual 

particles. Therefore, for usual practices of various applications, it is to obtain the drag coefficient from 

correlations, typically derived from experiment or analytical studies. In general, Cd is treated as the function 

of Reynolds number Re. The effects of the shapes (sphere, disk and cylinder) of particles [40, 41], the 

sphericity [42] were taken into account for the determination of the drag coefficient. For multiphase flows 

in Eulerian approaches, surface tension effect [43] at the gas/liquid interfaces and the deformation of the 

bubbles [44] in liquid phase or the droplet in the gas phase were studied. 

In the Lagrangian approach particles were treated as spheres with homogeneous material properties and 

various sizes. 3-dimensional trajectories were computed within the gas flow. A correlation analysis was 

carried out to obtain a suitable formula which adapts the results of the Lagrange calculation to the LPBF 

processes. Different drag coefficient models suitable for spherical, rigid particles were tested and the 

Schiller-Naumann drag model [45] found to give particle accelerations in agreement with the experimental 

findings (see sec. 4). The Schiller-Naumann model gives:  

𝐶𝑑 = {

24

𝑅𝑒𝑝𝑡
(1 + 0.15𝑅𝑒𝑝𝑡

0.687)                   𝑅𝑒𝑝𝑡 ≤ 103 

  0.44                                                        𝑅𝑒𝑝𝑡 > 103

 (12) 

𝑅𝑒𝑝𝑡 =
𝜌|𝑢 − 𝑢𝑝𝑡|𝑑𝑝𝑡

𝜇
 (13) 

where Rept is the particle Reynolds number and dpt the particle diameter. 

Particle motion in the gas plume of a LPBF process has an impact on the surrounding fluid flow, and the 

affected local flow field will further influence the movement of the particle. To accurately capture the 

interaction between particle motion and gas flow, a two-way coupling approach becomes necessary to 

simulate particle spattering in LPBF processes. However, two-way coupling method assumes that the grid 

size for flow solver is larger than the particle size. This assumption fails in cases like this when simulation 

needs very fine gird density due to the demands of accurate flow solution in small length scale. The failing 

will bring large sources of momentum and energy to the small cells occupied by particles, and cause 

instability and inaccuracy in simulation. 



 

 

To ensure correct coupling, when gird sizes are small comparing to particle sizes, a two-grid procedure is 

necessary. [46, 47] The two-grid method is a numerical option of source smoothing that clusters groups of 

contiguous cells together to create a virtual coarser grid for exchanging data. The size of the cell cluster is 

then independent on the underlying mesh size, but instead is based on the particle size. This ensures that 

particle sizes are always smaller than the cell size of the mesh used for coupling with the flow. The 

simulation uses these larger cells for calculating parcel interactions with the fluid phase. After calculating 

interactions, the simulation distributes the field variables, e.g., volume fraction contribution, momentum 

and energy source terms, and other transferred quantities, evenly across the component cells. 

Simulation of evaporation, melting and solidification of metal powder in LPBF-processes with an Eulerian 

multiphase approach, combining particle tracking with a Lagrangian approach, is very computing time and 

computer resources demanding. A complete two-way two-grid Lagrangian approach applied to the whole 

powder bed is beyond the scope of this work, which focusses on melt pool dynamics, metal evaporation and 

their effect on the gas flow simulated by an Eulerian multi-phase approach. A simple Lagrangian approach 

is used to link experiments and Eulerian calculations (see Fig. 1). Therefore, the effect of the particle 

spattering on the gas flow was neglected to keep the numerical effort affordable. One-way coupling applied 

to only single particle was employed in the simulation. The influence of a single particle on the flow was 

supposed to be negligible at the starting instant of motion examined here. Because the two-grid method 

must be used together with the two-way coupling method, the two-grid method was transferred to a data-

mapping procedure to determine the variables needed in equation (12) for an effective particle Reynolds 

number, and the drag coefficient in Schiller-Naumann drag model. The field variables of the fine grid used 

for Eulerian phases were mapped to a virtual coarser gird. The density, dynamic viscosity, velocity of the 

fluid in the local regions occupied by the 

particle were averaged under the coarser grid. 

A verification simulation was carried out to 

compare the one-way coupling and data-

mapping procedure using the Schiller-

Naumann model with the two-way coupling 

and two-grid procedure models [48–50]. The 

drag coefficients from the Schiller-Naumann 

model were found to lie within the values from 

the other models. 

The data-mapping procedure with one-way 

coupling approach was used to track single 

particle motion in this work. The starting 

acceleration of particle from the powder bed 

was compared with the accelerations 

determined by the synchrotron X-ray imaging 

movies with a time resolution of 40,000 fps. 

 

3. VALIDATION OF EULERIAN MULTI-PHASE SIMULATION 

Melting, evaporation and solidification of IN718 and Ti6Al4V powder during single-track experiments were 

analysed by the particle resolving Eulerian approach. The IN718 powder was processed by DAP using their 

laboratory LPBF-machine. Temperature-dependent material parameters were taken from the STAR-CCM+ 

material database, validated by many casting simulations (see for example [31, 51], data for IN718 and 

Ti6Al4V mainly from [52]). The data was completed by evaporation, Argon viscosity and powder 

parameter.  Tab. 1 gives the not temperature dependent parameter and Fig. 3c the particle size distribution. 

Tab. 1. Material and powder parameter 

 In718 Ti6Al4V 

Tliquidus 1335 °C 1639 °C 

Tsolidus 1250 °C 1590 °C 

Lmelt 210 kJ/kg 275 kJ/kg 

Tevaporation 2227 °C 2918 °C 

Tcrit 7395 °C 7617 °C 

Lvap,0 6062 kJ/kg 9700 kJ/kg 

ref(Ar) 2.28310-5 Pa s 

Tref(Ar) 100 K 

(Ar) 0.5 

Mean particle diameter 20 m 29.5 m 



 

 

The Argon viscosity parameter were calculated by a fit to measured data from [53]. A laser beam with 

Gaussian distribution (standard deviation = 20 m) was modelled to melt the IN718 powder with laser 

powers for 142 to 285 W and laser speeds (vlaser) from 0.6 to 1.1 m/s. Using micrographs, the melt pool 

depth and width were analysed for different process settings.  

 

Fig. 3: Geometry and mesh used a), initial powder bed b) and powder size distribution for the IN718 LPBF-

process.  

 



 

 

 

Fig. 4: Temperature on the melt surface a) and the distribution of pressure and gas velocity b) at steady-state 

conditions for the IN718 LPBF-process with Plaser = 194 W and laser speed 700 mm/s (I3 in Tab. 2). 

Using a DEM simulation particles with the measured size distribution were placed above the substrate and 

drop by gravity down to the surface until a layer of the desired thickness was achieved. Position and diameter 

of each particle were transferred to the CV-based simulation of the LPBF-process by setting the VoF-

function lm describing the melt/gas interface to 1 inside the particle spheres and 0 outside.  For the 

simulation, a 1000x130x600 m3 block 

was used taking advantage of the 

symmetry of the process along the build 

direction (symmetry plane at the centre of 

the melt pool in xz-plane). Fig. 3a shows 

the geometry of the block and the used 

2.46 million cell polyhedral mesh with 

fine meshing in the powder layer region 

and beneath, where the melt pool is 

expected to develop. Fig. 3b gives the 

initial melt distribution. Powder layers of 

60 m and 90 m thickness were 

investigated. 

 

Several simulations for different process parameters, summarized in Tab. 2, were performed for a 60 m 

and 90 m thick powder bed. Starting with an initial cold metal powder at room temperature and zero 

velocity of the Ar-gas above the powder, simulations were run until the melt pool depth and width 

fluctuates around a mean value (due to the powder particles’ statistical distribution in the powder bed) and 

the simulation reached steady state process conditions. Fig. 4a) gives the temperature on the melt surface 

 Tab. 2. Process parameter for IN718 simulations 

 Material layer Laser line 

ID  thickness power speed energy 

  [m] [W] [mm/s] [J/mm] 

I1 IN718 60 & 90 144 960 0.15 

I2 IN718 60 & 90 194 1100 0.18 

I3 IN718 60 & 90 194 700 0.27 

I4 IN718 60 & 90 204 600 0.34 

I5 IN718 60 & 90 244 600 0.41 



 

 

and Fig. 4b) the distribution of pressure and velocity at steady-state conditions for Plaser  = 194 W and vlaser 

= 700 mm/s. Fig. 5 compares the simulated melt pool depth (a+b) and width (c+d) for the 60 m (a+c) and 

90 m (b+d) thick layer with the experimental findings at the DAP. An excellent agreement was achieved. 

 

Fig. 5: Comparison of the simulated (red diamond, dashed line) melt pool depth (a+b) and width (c+d) 

for the 60 m (a+c) and 90 m (b+d) thick layer with the experimental findings (blue circle,dotted line) 

at the DAP. 

 



 

 

This agreement could be achieved by linking the total power absorbed by the powder bed Ptotal to Plaser used 

in the experiments by a Ptotal dependent 

absorption coefficient as described in the 

theory section.  Starting with a value of 

0.33 for Ptotal < 50 W, which is typical for 

metal surfaces, the absorption 

coefficient rises linearly to 70 % for Ptotal 

= 170 W (see Fig. 6). Bayat et al. [16] 

reported a similar linear relation between 

absorption coefficient and laser power. 

Recent experimental studies combined 

with simulation on keyhole formation 

and absorption coefficient report a more 

complex relation between keyhole depth 

and shape and the absorption coefficient 

[21]. Such a detailed analysis is not 

possible based on the available data, and 

a linear dependence of the absorptivity 

between 0.3 and 0.7 gives a good 

approximation of the more complex 

behaviour. 

 

The synchrotron experiments were 

performed using a Ti6Al4V powder 

with a size distribution between 10 – 

80 µm measured using a Mastersizer 

 

Fig. 6: Linear increase of the absorption coefficient as function 

of total energy Ptotal. 

 

Fig. 7:  Schematic of the ISOPR additive manufacturing 

machine for capturing the LBPF process using synchrotron 

imaging. 



2000 laser diffractometer (see 

Fig. 8c). The powder was essentially spherical with a D50 of 29.5 m, typically for LPBF and a powder 

layer thickness of 60 m. A laser beam with Gaussian distribution (standard deviation = 14 m) was 

modelled to melt the Ti6Al4V powder with laser powers between 150 W and 200 W and a laser speeds from 

0.1 to 0.4 m/s. 

 The Ti6Al4V powder was processed by an in situ and operando laser additive manufacturing process 

replicator (ISOPR) at the X-ray radiography facility (ID19 imaging beamline) at the European Synchrotron 

Radiation Facility (ESRF) in Grenoble, France [5]. The ISOPR system, documented by Leung et al. [9] 

operates with an industrially typical 50 mm focused TEM00 spot [51] and was integrated onto the X-ray 

beam producing a radiographic video of the process. A 200 

µm thick LuAg: Ce scintillator and FASTCAM SA-Z 2100K 

camera captured the radiographs at 40,000 fps and 12.6 µs 

exposure time.  

The simulation approach follows exactly the one used for the 

IN718 powder. Temperature-dependent material parameters 

were taken from the STAR-CMM+ material database and 

completed by evaporation and powder parameter given in 

Tab. 3. Process parameter for Ti6Al4V 

simulations 

 layer laser line

ID thickness power speed energy 

[m] [W] [mm/s] [J/mm]

T1 60 151 600 0.25 

T2 60 200 400 0.50 

T3 60 175 285 0.61 

T4 60 200 285 0.70 

T5 60 175 200 0.88 

T6 60 204 200 1.02 



 

 

Tab. 1 and the particle size distribution in  

Fig. 8c. A DEM-simulation was used to generate a powder bed with the particle size distribution measured 

for the Ti6Al4V powder. A 1000x150x2000 m3 block was used with a fine mesh resolution at the 

position of the powder bed and the expected melt pool. The height of the block was enlarged to 2 mm to 

allow a free gas flow above the powder bed as found in the experiments since these simulations are used 

to compare the Lagrangian motion of spattered particles with the experimental findings using synchrotron 

X-ray imaging.  

Fig. 8 shows the geometry and mesh a) and the initial particle distribution from DEM simulation b). Again, 



 

 

symmetry was used to reduce the block size by a factor of two using an xz-symmetry plane along the laser 

track. 

 

 

Several simulations for different process parameters, summarized in Tab. 3,  were performed for a 60 m 

thick powder bed. Fig. 9 shows the temperature on the melt surface a) at steady-state conditions for the 

Ti6Al4V LPBF-process and compares the simulated with the measured melt pool depth b). Using the same 

Ptotal dependent absorption coefficient as for the IN718-process a good agreement could be found. 

 

Fig. 8:  Geometry and mesh used a), initial powder distribution from DEM simulation b) and powder 

size distribution c) for the Ti6Al4V LPBF-process. 

 

Fig. 9: a) Temperature on the melt surface for theTi6Al4V LPBF-process with Plaser = 200 W and vlase = 

285 mm/s (T4 in Tab. 3).  Turquoise is the liquidus and green the solidus temperature line. b)  Simulated 

melt pool depth (red diamond) versus experimental findings (blue circle) for different line energies. 



4. PARTICLE SCATTERING

Synchrotron X-ray imaging movies with a high time resolution of 40,000 fps obtained by the ISOPR LBPF 

process replicator at ESRF (European Synchrotron Radiation Facility) were used to analyse the spattering 

of particles during the Ti6Al4V LPBF-process. Fig. 10 gives typical results for a laser power of 200 W and 

speed of 285 mm/s showing several particles accelerated out of the powder at different angles. From the 

trajectory, the positions in x and y-direction could be determined, as the insets with position vs time plots 

show for a 73 m particle. (See inset left for y-direction and inset right for x-direction). By fitting a linear 

and quadratic polynomial to the position vs time plots a velocity of 0.62 m/s and acceleration of 2992 m/s2 

in the x-y-plane could be calculated. 

Fig. 10:  Scattering of a 73.25 mm particle and derived movement in x (right inset) and y (left inset) 

direction. By fitting a linear and a quadratic polynomial, a velocity of 0.62 m/s and acceleration of 

2992 m/s2 in the x-y-plane could be calculated. 



Fig. 11:  Experimentally determined particle acceleration as a function of the particle size (blue square), 

Lagrangian simulation (green diamond) and continuum calculation (red circle) for a Ti6Al4V-process 

(T4: Plaser = 200 W and vlaser = 285 mm/s). An exponential law was fit to the Lagrangian and continuum 

data. 



 

 

Fig. 12:  Visualization of the Lagrangian simulation of a 73 m particle and derived movement in z (e) 

and x (f) direction.  

A series of trajectories were analysed in the same way. Fig. 11 gives the acceleration in the x-y-plane as a 

function of the particle size. Since the acceleration in the vertical z-direction cannot be obtained by 

synchrotron radiation, the determined accelerations can be significantly larger than the given numbers.  

The Lagrangian approach described in section 2 was used to model the scattering of particles based on the 

velocity field of the Eulerian multi-phase simulation for the Ti6Al4V LPBF-process also using Plaser = 200 

W and vlase = 285 mm/s. Particles of different size were placed in the velocity field and their movement 

followed similar to the experimental analysis. Fig. 12 visualizes a typical movement for a 73 m particle as 

a result of the Lagrangian simulation by a 73 m sphere at 5 positions with a time difference of 0.1 ms. By 

a linear and a quadratic fit to the trajectory in x- and z-direction (z-direction in the simulation corresponds 

to the y-direction in the experiments), a velocity of 0.5 m/s and an acceleration of 2920 m/s2 could be 

determined. Obviously, using the velocity field from Eulerian calculation in the Lagrangian approach leads 

to particle trajectories, which fit to those observed in synchrotron experiments (Fig. 10). A series of 

Lagrangian particle trajectories were analysed for particle diameter between 25 m and 90 m. Particles 

accelerated out of the keyhole are likely to lead to critical defects, if they reach high velocities and fly far 

into powder bed regions that have not yet been processed. Therefore, Lagrangian trajectories starting in the 

high gas velocity region of the keyhole and gaining high velocities were analysed by simulation. Such a 

selection is not possible in experiments and particles may be accelerated at different positions inside the 

gas flow, often with lower gas velocities. Consequently, the particle accelerations from Lagrangian 

simulations at high gas velocity regions should mark the maximal values of particle accelerations found in 

experiments. This relation was, indeed, observed as Fig. 11 demonstrates: the accelerations calculated by 

the Lagrangian approach agree with the fastest particle acceleration found in the experiments. Here we focus 

on the Eulerian multi-phase approach and the results of the synchrotron experiments and Lagrange 

simulation demonstrate that the Eulerian multi-phase approach gives fields describing the evaporation gas 

plume, from which the acceleration and scattering of particles can be calculated in good agreement with 

experimental findings. 

 

Fig. 13: Velocity field a), the particle Reynolds number b) and the drag force acceleration c) for a 73 m 

particle in the Ti6Al4V-LPBF-process with Plaser = 200 W and vlaser = 285 mm/s (T4 in Tab. 3). 



 

 

 

Fig. 14:  Velocity field of five Ti6Al4V-processes with different laser power and speed and increasing 

line energy from a) to e) using process parameter T2 - T6 from Tab. 3. 

To analyse the effect of process parameters on the scattering, an approach based only on the Eulerian multi-

phase calculations is useful to avoid the long computation times of the Lagrangian approach. Based on the 

velocity field, the temperature-dependent gas density, viscosity, and the particle diameter the particle 

Reynolds number Rept can be calculated using eq. 8. From this, the drag force acceleration can be derived 

using the Schiller-Naumann drag force model (eq. 6 and 7). Fig. 13 shows the velocity field a), the particle 

Reynolds number b) and the drag force acceleration c) for the Ti6Al4V-LPBF-process with Plaser = 200 W 

and vlaser = 285 mm/s for a particle with 73 m diameter. The region above the white line is gaseous, the 

region below the magenta line solid. The Reynold number and drag force acceleration fields follow closely 

the velocity distribution. Highest gas velocities, particle Reynolds numbers and particle accelerations are 

found towards the end of the keyhole. The circle in the acceleration plot shows the size of a 73 m particle 

positioned at the top of the powder bed at the position of highest gas velocities. The particle size is 

significantly larger than the mesh size and the acceleration of the particle was calculated by averaging the 

acceleration field over the particle area. Since the gas velocities in the fast gas stream regions are more than 

one order of magnitude higher than the particle velocities, the later was neglected in the calculation of Rept 

and particle acceleration apt = Fd /m. In reality, a particle of this size will influence the velocity field. 

Recently, this influence from the particle back to the gas flow was modelled by a two-way coupling between 

a finite volume descriptions of gas flow and vapour jet to a discrete element model of the particle movement 

without a treatment of the melt pool and powder bed [30]. This work focusses on melt pool dynamics, metal 

evaporation and their effect on the gas flow. The effect of the particle spattering on the gas flow was 

neglected to keep the numerical effort affordable.  



 Fig. 15 Particle diameter dpt dependence of the particle acceleration apt for the simulations for the 

Ti6Al4V process with different laser power / speed: 200 W / 400 mm/s (dark red, T2), 175 W / 285 

mm/s (red, T3), 200 W / 285 mm/s (orange, T4), 175 W / 200 mm/s (blue, T5) and 204 W / 200 mm/s 

(green, T6). A potential law can fit all three curves with an exponent near -2.  

Fig. 16: Velocity field a), the particle Reynolds number b) and the particle acceleration c) for the IN718-

LPBF-process with Plaser = 194 W and vlaser = 700 mm/s (I3 from Tab. 2) and a spherical particle with 

diameter 54 m. 

For different particle sizes and positions in the gas stream, the particle acceleration was determined. In Fig. 

11, the mean values of the accelerations are plotted as red points with the standard deviation as error bar in 

comparison to the Lagrangian and experimental findings. In good agreement with the results from the 



 

 

Lagrangian approach, the data points from Eulerian multi-phase simulation agree with the maximal values 

of the measurement. As in the Lagrangian approach, in the Eulerian multi-phase simulation, the particles 

were placed in the maximum velocity field gaining the highest possible accelerations found in experiments. 

5. INFLUENCE OF PROCESS PARAMETERS ON PARTICLE ACCELERATION 

In this section, velocity field distributions calculated using the Eulerian multi-phase approach and the 

deduced particle accelerations are used to analyse the influence of process parameter on the particle 

scattering. Fig. 14 shows the velocity field for a 73 m particle for five different laser powers and laser 

speeds combinations with increasing line energy from 0.5 J/mm up to 1 J/mm. As in Fig. 13 the region 

above the white line is gaseous, the region below the magenta line solid. The depth of the melt pool (magenta 

line) increases with increasing line energy in good agreement with the linear relation between the line energy 

and the melt pool depth shown in Fig. 9 b). The relations between velocity magnitude and line energy are 

more complex and depend significantly on the melt pool and keyhole shape. The velocity field shows 

regions with 50 m/s for parameter combinations with line energies of 0.61 J/mm, 0.7 J/mm and 1 J/mm. The 

results for the line energies 0.5 J/mm and 0.88 J/mm reveal lower maximal velocities.  

This more complex behaviour is visible in  Fig. 15, where the particle diameter dependences of the particle 

acceleration apt are plotted for the five process parameter combinations. For three particle positions at 100 

m, 200 m and 300 m above the powder bed apt was calculated and the mean value and standard deviation 

plotted. The dpt dependences follow a potential law with an exponent near -2 in good agreement with 

theoretical consideration: eq. 6 gives: apt = Fd / m ~ Cd Apt / Vpt ~ Cd / dpt   and eq. 7 for Rept < 30 (1 > 0.15 

Rept
0.687)   Cd ~ 1/dpt. Consequently, apt ~ dpt

-2 should hold. Comparing the points for the same particle size, 

no clear line energy dependence can be found and higher line energies seem to be connected with lower 

particle accelerations. This unexpected behaviour can be explained by the keyhole shape: for deep keyholes 

 

Fig. 17 Velocity field of five IN718-processes with different laser power and speed and increasing line 

energy from a) to e) (process parameter I1-I5 from Tab. 2). 



the hot spot with large metal evaporation is deep inside the keyhole and spatially separated from the top of 

the keyhole, where particles can be accelerated and leave the powder bed. 

The analysis of the influence of the process parameters on the particle acceleration was applied in the same 

way to the IN718 process. Fig. 16 gives the velocity, particle Reynolds number and particle acceleration 

fields for a particle with 54 m diameter for the process with Plaser = 194 W and vlaser = 700 mm/s. Similar 

to Fig. 13 for the Ti6Al4V process, the fields Reynold's number and drag force acceleration follow the 

velocity distribution. 

Fig. 17 shows the velocity field for a 54 m particle and a powder bed thickness of 60 m for five different 

laser powers and laser speeds combinations with increasing line energy from 0.15 J/mm to 0.41 J/mm. The 

depth of the melt pool (magenta line) increases with increasing line energy in good agreement with the 

linear relation between the line energy and the melt pool depth shown in Fig. 5a) +c). For the process 

parameter combinations with line energies below 0.34 J/mm the shallow keyhole (conduction mode) follows 

the melt pool geometry. Only with a line energy of 0.41 J/mm, a deeper keyhole forms and the keyhole 

shape get more complex. The process enters the transition mode.  

Similar to  Fig. 15, Fig. 18 gives the particle diameter dpt dependence of the particle acceleration apt for the 

five process parameter combinations and a power-law dependence with an exponent close to -2 can be 

observed. In contrast to the findings for the Ti6Al4V process, the particle acceleration for the IN718 process 

shows a line energy dependency with increasing particle accelerations for higher line energies, the process 

is in the conduction mode. 

Fig. 18: Particle diameter dependence of the drag force acceleration for the simulations of IN718 

processes with different laser power / speed: 244 W / 600 mm/s (green, I5), 204 W / 600 mm/s (blue, 

I4), 194 W / 700 mm/s (red, I3), 194 W / 1100 mm/s (black, I2) and 144 W / 960 mm/s (yellow, I1). 

A potential law can fit all three curves with an exponent from 1.6 to 2.1. 



 

 

 

Fig. 19: Investigation of possible line energy dependencies of the drag force acceleration for 

Ti6Al4V-processes  (rhombus experimental, squares and circles simulation results) with particle 

sizes 35 m (dark blue), 54 m (blue) and 73 m (light blue) and IN718-processes with particle 

sizes 35 m (red), 54 m (orange) and 73 m (yellow).  

Fig. 19 gives a combined analysis of the line energy dependence of the particle acceleration for the Ti6Al4V  

(T1-T6 from Tab. 3) and IN718 (I1-I5 from Tab. 2) process. For low line energies (conduction mode), a 

linear fit to the acceleration vs line energy data of the IN718 process is possible. Higher line energies lead 

to more melt evaporation, higher gas stream velocities and consequently, higher particle accelerations. 

Interestingly, the low line energies data (LE < 0.61 J/mm) of the Ti6Al4V-process fit to the found linear 

correlation of the IN718-process. This result is not expected because IN718 and Ti6Al4V have different 

material properties. Two effects seam to compensate: IN718 particles are about 1.85 times heavier than 

Ti6Al4V particles, and higher gas velocities are required to achieve a similar acceleration. Heating IN718 

to boiling temperature requires about 0.6 times less energy than Ti6Al4V because IN718 has a lower boiling 

temperature and lower latent heat of vaporization. Apparently, the combination of higher kinetic energy of 

the gas cloud and heavier particles in the case of IN718 metal vapour plume leads to a similar maximal 

acceleration as the combination of lighter particles and gas plume with lower kinetic energy. For LE > 0.61 

a linear decrease of the maximum particle acceleration can be found, which was, to our knowledge, not yet 

reported. The results are supported by the results from synchrotron experiments analysed in Fig. 11. These 

results (Plaser= 200 W, vlaser = 285 mm/s, LE = 0.7 J/mm) and results from two additional synchrotron 

experiments (Plaser= 150 W, vlaser = 193 mm/s, LE = 0.52 J/mm, Plaser= 200 W, vlaser = 383 mm/s, LE 

= 0, 78 J/mm) were added to simulation data in Fig. 19. The synchrotron results yield a similar maximal 

acceleration when increasing LE from 0.52 J/mm to 0.7 J/mm and reduction of the maximal acceleration 

when LE is further increased to 0.78 J/mm, very similar to the reduction found as a result of the simulations. 

In the authors view, the unexpected decrease of the maximal acceleration with increasing line energy can 

be associated with the deepening of the keyhole, resulting in a spatial distance between gas evaporation 



 

 

region in the keyhole and the region with highest particle acceleration at the top end of the keyhole. For line 

energies above 1 J/mm, when a deep keyhole forms and the process enters keyhole mode, the dependence 

changes again and the particle acceleration increases with increasing line energy. 

6. CONCLUSIONS AND OUTLOOK 

Melting, evaporation and solidification of the metal powder in LPBF-processes are simulated using an 

Eulerian multiphase approach. The methodology was extended via particle acceleration models based on a 

simple Lagrangian model in order to analyse the particle spattering with a moving laser source. The 

methodology was applied to two LPBF processes. 

 Ti6Al4V powder with average particle size of 29.5 µm and a powder layer thickness of 100 µm. 

The particle spatter dynamics of this process was analysed by synchrotron X-ray imaging 

experiments. 

 IN718 powder with average particle diameter of 20 µm and powder layer thicknesses of 60 µm and 

90 µm. Melt pool depth and width were analysed by micrograph for the comparison with simulation 

results. 

To compare particle scattering with trajectories seen in synchrotron X-ray images of the Ti6Al4V-process, 

particle trajectories were calculated based on the gas velocity fields from Eulerian simulation using 

Lagrangian particle simulation with a Schiller-Naumann drag force model. Particle velocities and 

accelerations from Lagrangian simulation and experiments were found to be in good agreement.  

In order to avoid numerical laborious Lagrangian calculations, a direct method to compare an Eulerian 

multiphase simulation with synchrotron X-ray experiments was introduced and validated: particle 

accelerations were calculated from the gas velocity distribution using the Schiller-Naumann drag force 

model by averaging the calculated acceleration field over the particle volume. By this approach, particle 

accelerations could be calculated in agreement with the experimental findings and the Lagrangian results. 

This direct method based just on Eulerian multiphase calculations was used for a parametric study of the 

effect of process parameter laser power and laser speed on the particle acceleration and, consequently, the 

particle spattering. The main findings are: 

 For low line energies (LE < 0.5 J/mm, conduction mode) the particle acceleration increases linearly 

with line energy. 

 The same linear relation could describe results for IN718 and Ti6Al4V-powder. Here, the higher 

weight of IN718particles seems to be compensated by higher gas velocities due a lower energy 

consumption to evaporate IN718.  

 For higher line energies up to 1 J/mm (transition mode), a linear decrease of the particle acceleration 

could be observed in experimental and simulation results. This can be associated with the transition 

from a shallow depletion region to a deep keyhole resulting in a spatial separation of evaporation 

region and the area important for particle acceleration. 

 The change of the keyhole shape with increasing line energy is important for the strength of particle 

spattering. Front and back of the keyhole show a different behaviour. 

 For higher line energies above 1 J/mm (keyhole mode), increasing particle acceleration with 

increasing line energy can be observed. 

 The particle size dependence of the particle acceleration follows a potential law with exponents 

close to -2 in good agreement with theoretical considerations. 



These results suggest that in order to combine high part density with low spattering LPBF processes should 

ideally operate in the transition from transition to keyhole mode. A more detailed analysis of this interaction 

and the application of the method to additional process parameters such as the gas velocity over the powder 

bed, hatching strategies and powder particle distributions are planned. The newly developed simulation 

method, which combines a multi-phase Euler approach with a metal evaporation model and an acceleration 

of particles by a drag force can provide valuable information about the interaction of process parameters, 

keyhole formation and particle spattering in LPBF processes.  
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