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Abstract: Selective Laser Melting (SLM) offers 

great potential for future manufacturing 

technology. In order to extend its applicability 

for the processing of high melting materials like 

molybdenum fundamental process under-

standing is required. This can be obtained by 

multi-physical simulations that allow a look into 

the process. In this contribution a thermo-

fluiddynamical simulation model for laser beam-

matter interaction based on Comsol Multiphysics 

is presented and applied for an analysis of the 

SLM process. The model includes the absorption 

of laser radiation, conductive and convective 

heat transfer as well as melting, solidification, 

evaporation and condensation processes. Based 

on the model a material specific comparison of 

SLM of steel and molybdenum is performed. 

Whereas for steel a long melt pool and a 

significant amount of evaporation is found, for 

molybdenum the melt pool is restricted to the 

size of the laser beam and no evaporation is 

observed. 

Keywords: Selective Laser Melting, laser beam-

matter interaction, molybdenum, steel 

1. Introduction

In Selective Laser Melting (SLM) a laser 

beam is applied to build up a workpiece by 

melting up powder layer by layer (see 

Figures 1 a and b). The technology offers great 

potential for future manufacturing technology, as 

it allows unique design possibilities at short 

process chains and small lot sizes [ 1 ]. Whereas 

for materials like aluminum, steel, titanium, 

nickel and cobalt chromium alloys SLM is 

already well established and commercial 

fabrication systems are available, its application 

for the processing of high melting metals like 

molybdenum requires a fundamental process 

understanding as the processing window is 

significantly narrower. Nevertheless, SLM of 

molybdenum is feasible and promising results 

already can be achieved. Figure 1 c shows 

molybdenum demonstrator parts that have been 

fabricated by SLM at Plansee SE. 

In order to further extend the applicability of 

SLM for the processing of refractory metals, 

multi-physical simulations are a versatile tool. 

They allow a look into the process, to identify 

relevant process parameters and to develop a 

fundamental process understanding. 

Figure 1. Selective Laser Melting: a) technology 

principle; b) process during operation; c) molybdenum 

demonstrator parts fabricated at Plansee SE. 

However, modelling of laser beam-matter 

interaction is a challenging task, as it requires a 

coupled thermo-fluiddynamical description of 

the absorption of laser radiation, conductive and 

convective heat transfer, phase transition and 

wetting processes. Approaches for such a multi-

physical modelling of laser beam-matter 

interaction on a mesoscopic scale have been 

developed for a variety of laser processes [ 2 – 6 ] 

including SLM [ 7 ,  8 ]. At Plansee SE a thermo-

fluiddynamical model for laser beam-matter 

interaction based on those approaches was 
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developed and applied for an analysis of SLM of 

refractory metals. In the following the simulation 

model and its implementation in Comsol 

Multiphysics shall be described in detail. 

 

2. Simulation Model 
 

The multi-physical simulation model for 

laser beam-matter interaction in SLM includes 

the absorption of laser radiation on the surface of 

the metal powder, conductive and convective 

heat transfer in the metal and the ambient 

atmosphere as well as melting, solidification, 

evaporation and condensation processes. It uses a 

coupled thermo-fluiddynamical description of 

metal and ambient atmosphere based on the 

phase field approach. Depending on the 

temperature, the actual two-phase description 

distinguishes between solid, liquid and vapor 

phase state within the metal phase. The solid is 

treated as a high viscous fluid and the surface 

tension is restricted to the liquid phase. The 

density change during evaporation is taken into 

account based on an approach described in [ 12 ]. 

The simulation model for laser beam-matter 

interaction respectively SLM is based on the 

Computational Fluid Dynamcis and the Heat 

Transfer module of Comsol Multiphysics. The 

model geometry consists of a simple cubic 

arranged metal powder layer (particle size 

𝑑𝑝𝑎𝑟𝑡 = 40 µm) on a massive base plate 

(𝑑𝑝𝑙𝑎𝑡𝑒 = 100 µm) in air atmosphere irradiated 

by a Gaussian laser beam (𝑑𝑓𝑜𝑐𝑢𝑠 = 130 µm). 

 

 
Figure 2. Finite element mesh. 

 

The FE-mesh applied for the simulation 

consists of 116002 tetrahedral elements with a 

characteristic size of 5 µm in the particle layer 

and 20 µm in the boundary regions, respectively. 

It is shown in Figure 2. The model makes use of 

symmetry along the direction of laser movement. 

The thermal calculation in the model is based 

on the Heat Transfer in Fluids interface. The 

heat conduction equation 

 

𝜌𝐶̃𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝐶̃𝑝𝒖 ∙ 𝜵𝑇 = 

𝜵 ∙ (𝑘𝜵𝑇) + 𝛤𝑡𝑜𝑝𝐴𝑄𝐿𝑎𝑠𝑒𝑟 − 𝛤𝑄𝑟𝑎𝑑  
(1) 

 

implemented there, with the density 

𝜌 [kg m³⁄ ], the effective heat capacity 𝐶̃𝑝[J kg⁄ ], 

the velocity 𝒖 [𝑚 𝑠⁄ ] and the thermal 

conductivity 𝑘 [W (m ∙ K)]⁄  describes the 

formation of the temperature field 𝑇 [K] due to 

the energy input by the laser. The interface 

function 𝛤 [1/m] is defined to be one for all 

elements at the metal-air interface. The energy 

input is implemented as a volume heat source. It 

is assumed, that the intensity 𝑄𝐿𝑎𝑠𝑒𝑟  [W m²]⁄  of 

the laser is absorbed with an absorption 

coefficient 𝐴 [−] on the top surface 𝛤𝑡𝑜𝑝 [1 m⁄ ] 

of the metal. 

 

 
Figure 3. Normalized energy input at different process 

stages (𝛤 [1/m]: interface function; 𝐺 =
𝑄𝐿𝑎𝑠𝑒𝑟 𝑄𝐿𝑎𝑠𝑒𝑟,𝑚𝑎𝑥⁄  : normalized Gaussian intensity 

distribution). 

 

Figure 3 shows the normalized energy input 

at different process stages. Angle dependency of 

the absorption, shadowing effects and multiple 

reflections are neglected. These simplifications 
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are justified, as in the starting phase of the 

process neglecting shadowing approximates the 

increased energy input to the substrate due to 

multiple reflections in the powder bed. In a later 

process phase the laser energy is absorbed on the 

more or less smooth melt pool surface. This 

justifies the neglect of the angle dependency of 

absorbance. Furthermore, thermal radiation 

losses on the metal surface 𝛤 [1 m⁄ ] according to 

Stefan-Boltzmann law are considered by a heat 

sink 𝑄𝑟𝑎𝑑 [W m²]⁄ . The latent heats of melting 

𝐻𝑚  [J kg⁄ ] and evaporation 𝐻𝑣  [J kg⁄ ] are taken 

into account by an effective heat capacity 

𝐶̃𝑝 = 𝐶𝑝 + 𝛿(𝑇 − 𝑇𝑚)𝐻𝑚 + 𝛿(𝑇 − 𝑇𝑣)𝐻𝑣  

[J (kg ∙ K)]⁄  based on the Heat Transfer with 

Phase Change feature. 𝑇𝑚 [K] and 𝑇𝑣 [K] are 

melting respectively evaporation temperature. To 

model the building platform for the outer plate 

boundaries a temperature of 𝑇0 = 293 K is 

prescribed. 

The multi-phase fluid mechanical description 

uses the Laminar Two-Phase Flow Phase Field 

interface based on the Navier-Stokes equation, 

the continuity equation and the Cahn-Hilliard 

equation. 

The Navier-Stokes equation 

 

𝜌
𝜕𝒖

𝜕𝑡
+ 𝜌(𝒖 ∙ 𝜵)𝒖 = 

−𝜵𝑝 + 𝜇𝜵2𝑢 + 𝜌𝒈 + 𝑭𝜎  

(2) 

 

with the velocity 𝒖 [m s⁄ ], the pressure 

𝑝 [N m2⁄ ], the viscosity 𝜇 [Pa ∙ s], the gravity 

constant 𝒈 [m s2⁄ ] and the surface tension force 

𝑭𝜎  [N m³⁄ ] describes the fluid mechanics of the 

system. Depending on the temperature in the 

metal phase it is distinguished between solid, 

liquid and vapor phase state. The solid phase is 

described as a high viscous fluid with the 

velocity constrained to zero. In addition to that 

the surface tension is restricted to the liquid 

phase. 

The incompressible continuity equation 

 

𝜵 ∙ 𝒖 = 𝑄𝑣 (3) 

 

with the velocity 𝒖 [m s]⁄  assures the 

conservation of mass. It includes a source term 

 

𝑄𝑣 = 𝑚̇ ∙ Γ ∙ (
1

𝜌𝑣𝑎𝑝

−
1

𝜌𝑚𝑒𝑡

)  [1 s⁄ ] (4) 

 

with the evaporation rate 𝑚̇ [kg (m2 ∙ s)]⁄ , 

the vapour density 𝜌𝑣𝑎𝑝  [kg m3⁄ ] and the metal 

density 𝜌𝑚𝑒𝑡  [kg m3⁄ ] accounting for the density 

change during evaporation on the metal surface 

𝛤 [1 m⁄ ]. The vapor density 𝜌𝑣𝑎𝑝 [kg m3⁄ ] is 

calculated on the base of the ideal gas law. In 

order to account for the fact that the mesh size 

ℎ [m] cannot resolve the Knudsen layer that has 

an extend of the mean free path length of the 

vapor atoms (compare Figure 4) [ 9 ,  10 ] 

 

𝑙𝐾𝑛𝑢𝑑 =
𝑘𝐵𝑇

√2𝜋𝑑² ∙ 𝑝𝑣𝑎𝑝

, (5) 

 

 

a correction factor  of ℎ 𝑙𝐾𝑛𝑢𝑑⁄ [−] is 

introduced: 

 

𝜌𝑣𝑎𝑝 =
ℎ

𝑙𝐾𝑛𝑢𝑑

∙
𝑀

𝑅𝑇
∙ 𝑝𝑣𝑎𝑝. (6) 

 

In these relations 𝑘𝐵[J K⁄ ] is Boltzmann’s 

constant, 𝑑[m] the atom diameter, h[m] the 

element size, 𝑀 [kg mol]⁄  the molar mass and 

𝑅 [J (mol ∙ K)]⁄  the ideal gas constant. The vapor 

pressure 𝑝𝑣𝑎𝑝 [N m²⁄ ] is given by [DEM01] 

 

𝑝𝑣𝑎𝑝 = 𝑝0 ∙ 𝑒𝑥𝑝 (
𝐻𝑣𝑀

𝑅
∙ (

1

𝑇𝑣

−
1

𝑇
)) 

(7) 

 

 

with the evaporation enthalpy 𝐻𝑣 [J kg⁄ ] and the 

evaporation temperature 𝑇𝑣[K]. 
 

 
Figure 4. Evaporation modelling. 

 

The evaporation rate 𝑚̇ [kg (m2 ∙ s)]⁄  is 

calculated on the base of the Hertz-Knudsen 

formula [ 11 ] 
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𝑚̇ = 𝜑𝑣𝑎𝑝 ∙ (𝑝𝑣𝑎𝑝 − 𝑝0) ∙ √
𝑀

2𝜋𝑅𝑇
 (8) 

 

with the vapor phase fraction 𝜑𝑣𝑎𝑝 [−]. For the 

calculation an ambient pressure of 𝑝0 = 1 bar is 

assumed. 

The multi-phase description is based on 

the Cahn-Hillard equation for the phase function 

𝛷 [– ] 
 
𝜕𝛷

𝜕𝑡
+ 𝒖 ∙ 𝜵𝛷 = 𝜵 ∙

𝛾𝜆

𝜀2
𝜓 + 𝑄𝑣′ (9) 

 

𝜓 = −𝜵 ∙ 𝜀2𝜵𝛷 + (𝛷² − 1)𝛷 (10) 

 

with the mobility γ [(m ∙ s) kg]⁄ , the mixing 

energy density λ [N], the surface tension 

coefficient σ [N m]⁄  and the capillary width 

ε = 2√2 ∙ λ (3 ∙ σ)⁄  [m]. The source term 

 

𝑄𝑣
′ = 𝑚̇ ∙ Γ ∙ (

1 − 𝜙

𝜌𝑣𝑎𝑝

+
𝛷

𝜌𝑚𝑒𝑡

) [1 s⁄ ] (11) 

 

accounts for the evaporation process. 

The source terms 𝑄𝑣[1 s⁄ ] and 𝑄𝑣
′  [1 s⁄ ] for 

evaporation in continuity and Cahn-Hillard 

equation are implemented as weak contributions 

in the Laminar Two-Phase Flow Phase Field 

interface. 

 

3. Simulation Results 
 

Based on the model a material specific 

comparison of SLM of stainless steel (1.4404) 

and molybdenum was performed. Temperature 

dependent material properties were taken from 

the Comsol Multiphysics Material Library as 

well as from [ 13 – 19 ]. 

 

 
Table 1. Temperature dependent material data (blue: 

low temperature regime, red: high temperature 

regime) 

 

Outside the temperature range available in 

literature material properties were assumed to be 

constant. The applied material properties are 

listed in Table 1. 

Typical computation times for a molten track 

of s = 360 µm were found to be in on the scale 

of 12 h on 4 cores of a dual CPU Intel Xeon E5-

2630 v2 Dell Precision T5610 workstation. 

 

 
Figure 5. Selective Laser Melting of steel. 

 

Simulation results at different process stages 

for SLM of steel and molybdenum at standard 

parameters for volume buildup for the respective 

material are shown in Figures 5 and 6. A 

comparison of the results makes obvious that 

SLM of steel and molybdenum operate in 

different process regimes. Whereas for steel a 

long melt pool is observed and evaporation plays 

a significant role, for molybdenum the melt pool 

size is restricted to the focal spot area and 
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temperatures are far below evaporation 

temperature. This has its origin in the different 

phase transition temperatures and thermal 

conductivities of the two materials. In SLM of 

molybdenum due to the high thermal 

conductivity of molybdenum heat losses are 

significantly higher, restricting the size of the 

melt pool. Besides that, the high heat losses in 

combination with the high evaporation 

temperature of molybdenum prevent the 

occurrence of evaporation. 
 

 
Figure 6. Selective Laser Melting of molybdenum. 

 

More extended results obtained with the 

simulation model on the influence of process 

parameters in line and layer buildup from steel 

and molybdenum including experimental 

verification of the simulation model based on 

line width and surface roughness analyses have 

been published in [ 20 - 22 ]. 

 

4. Conclusions 
 

The presented results demonstrate that the 

coupled thermo-fluiddynamical simulation 

model is able to describe the process dynamics 

of SLM as well as the material specific process 

characteristics. As the core of the model is the 

description of the laser beam-matter interaction, 

its applicability is not restricted to SLM. It can 

easily be adopted for a simulation of other laser 

based manufacturing processes. 
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