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Abstract 

Simulation of Evaporation Phenomena 

in Selective Electron Beam Melting 

by Alexander Klassen 

Selective electron beam melting (SEBM) is an additive manufacturing 

process that involves the consolidation of metal powder using a focused 

electron beam. The technology shows great promise for producing 

high-value metal parts with complex geometries and is consistent 

with resource sustainability objectives because of the near-net-shape 

capabilities. However, regarding the industrial application of this 

process, SEBM is still in its infancy. This is partly due to the lack of 

understanding of interactions between various physical effects govern-
ing the local heating and fusion of powder particles.  

This thesis reports on a numerical model that considers stochastic 

variations in particle number and particle size associated with a powder 

bed consisting of individual particles. The scheme is based on the lattice 

Boltzmann method with free surfaces and takes into account fluid flow, 

heat conduction and solid/liquid phase change. The main focus of this 

work is on modelling electron beam absorption and multi-component 

evaporation, where the latter includes the evaporation of alloying 

elements. Model predictions are tested and confirmed by experiments 

performed in an EBM machine on pure aluminium, pure titanium and 

the titanium alloys Ti‐6Al‐4V and Ti‐48Al‐2Cr‐2Nb. The validation 

experiments range from single scan tracks in compact material to simple 

parts built by melting layers of pre-deposited powder.  

The numerical model is used to investigate the impact of various process 

parameters on the change in alloy composition and on the level of 

porosity by the example of bulk components produced from 

Ti‐48Al‐2Cr‐2Nb powder. The influence of an imperfect, random powder 
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bed on the spatial distribution of alloying elements in the manufactured 

product is also demonstrated. 
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Kurzfassung 

Simulation von Verdampfungsphänomenen 

beim selektiven Elektronenstrahlschmelzen 

von Alexander Klassen 

Selektives Elektronenstrahlschmelzen ist ein generatives Fertigungs-

verfahren zur Herstellung metallischer Bauteile aus dem Pulverbett 

mittels fokussierten Elektronenstrahls. Das Verfahren ist vereinbar mit 

dem Ziel einer ressourcenschonenden Produktion und ist insbesondere 

hinsichtlich der Erzeugung hochwertiger, geometrisch komplexer Kom-
ponenten sehr vielversprechend. Die Technologie steckt bezüglich ihrer 

industriellen Anwendung noch in den Anfängen, was zum Teil dem 

unvollständigen Verständnis der physikalischen Mechanismen geschul-
det ist, die beim lokalen Aufheizen und Schmelzen des Pulvers vor-
herrschen. 

Das Fundament dieser Dissertation bildet ein bestehendes numerisches 

Modell, welches die Betrachtung eines Pulverbetts auf mesoskopischer 

Skala, d.h. unter Auflösung einzelner Pulverkörner, ermöglicht. Dies 

schließt die regellose Anordnung der Partikel in der Pulverschicht und 

die statistische Verteilung der Pulverkorngröße und -anzahl mit ein. Die 

Methode basiert auf dem Lattice-Boltzmann-Verfahren und ist in der 

Lage, strömungsmechanische und thermodynamische Vorgänge ge-
koppelt zu simulieren — unter Einbeziehung freier Oberflächen und 

eines fest-flüssig Phasenübergangs. Der Beitrag dieser Arbeit zum 

Themenkomplex des Elektronenstrahlschmelzens umfasst die Modellie-
rung der Elektronenstrahlabsorption und der Mehrkomponentenver-
dampfung. Das experimentelle Vorgehen zur Validierung des Gesamt-
modells reicht von Einzelspurversuchen in kompakten Proben bis hin zu 

schichtweise generierten Bauteilen. Die dabei verwendeten Materialien 

sind Reinaluminium, Reintitan sowie die Titanlegierungen Ti-6Al-4V
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und Ti‐48Al‐2Cr‐2Nb. Die Reinstoffe und Legierungskomponenten 

weisen stark unterschiedliche Dampfdrücke bzw. Partialdrücke auf und 

decken somit eine große Bandbreite an möglichen Ablationsraten ab. 

Der abschließende Teil dieser Dissertation behandelt ausgewählte 

Anwendungsbeispiele für das numerische Modell. Darunter fällt die 

verdampfungsbedingte Veränderung der Legierungszusammensetzung 

in Bauteilen aus Ti‐48Al‐2Cr‐2Nb‒Pulver. Diese wird in Abhängigkeit 

gängiger Prozessparameter der Elektronenstrahlanlage untersucht. Die 

Prozesseinstellungen werden zusätzlich im Hinblick auf Restporosität 

bewertet. Die Ergebnisse deuten unter anderem darauf hin, dass die 

Beschaffenheit des Pulverbetts maßgeblich die räumliche Verteilung der 

Legierungselemente bestimmt und demzufolge ursächlich für Inhomo-

genitäten im Bauteilvolumen ist.  
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Symbols and Abbreviations 

 

Most of the mathematical symbols that are employed throughout this 

thesis are defined in that part of the text at which they are first referred 

to. In order to adhere to convention or to the notation of another 

author, some quantities share the same symbol; in these cases, the 

context will distinguish the intended meaning. Asterisks (*) are used to 

indicate dimensionless variables. Note that symbols that have applica-

tion only to a single situation have been omitted from the following list. 

 

Roman symbols 

  
𝑎𝑖  empirical functions for calculating 휂B,∞  

𝑏𝑖  empirical constants for calculating ℰB,∞  

𝐶 correction term for the fraction of transmitted electrons 

𝑐 speed of light in vacuum, 𝑐 ≈ 2.998 ∙ 108 m/s 

𝑐 concentration 

𝑐a, 𝑐Kn speed of sound in the ambient gas (a) and in the vapour at the 
outer boundary of the Knudsen layer (Kn) 

𝑐L lattice speed of sound 

𝑐p specific heat capacity; additional s and l subscripts denote, 
respectively, the solid and the liquid phase 

𝐷 mass diffusivity or diffusion coefficient 

𝐷v𝑖 equivalent sphere particle diameter at the 𝑖-th volumetric 
percentile 

𝑑𝑖  empirical functions for calculating 휂T 

𝐸0 kinetic energy of electrons 

𝐸A electron energy absorbed in the target 
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𝐸𝒶 fluence; defines the energy input by the beam per unit area 

𝐸B mean energy of backscattered electrons 

𝐸beam beam energy 

𝐸ℓ line energy; defines the energy input by the beam per unit length 

𝐸R Rydberg unit of energy, 𝐸R ≈ 13.606 eV 

𝐸T most probable energy of transmitted electrons 

𝑒 elementary charge, 𝑒 ≈ 1.602 ∙ 1019 C 

e𝑖  discrete particle velocity vectors 

𝐹− function of the upstream speed ratio ℳKn; for calculating  𝑗− 

𝒻 velocity probability density function of vapour particles 

𝑓𝑖  velocity distribution functions, where 𝜌 x, 𝑡 =  𝑓𝑖 x, 𝑡 𝑖  

g acceleration due to gravity 

ℊ distribution function for the electron beam energy in the 𝑥-𝑦-plane 
(perpendicular to the electron beam central axis) 

𝒽 distribution function for the electron beam energy in 𝑧 direction 
(parallel to the electron beam central axis) 

ℎbeam specific enthalpy supplied by beam irradiation 

ℎE specific enthalpy 

ℎ𝑖  enthalpy distribution functions, where ℎE x, 𝑡 =  ℎ𝑖 x, 𝑡 𝑖  

ℐ electron beam current 

𝑗+,  𝑗− fluxes of evaporating (+) and condensing (−) particles 

𝑗net net evaporation flux 

𝑘B Boltzmann constant, 𝑘B = 1.3806488 ∙ 10−23 J K-1 

𝐾𝑛 Knudsen number 

ℒ  𝑛  mixing parameters for calculating ∆𝐺 

𝐿fus specific heat of fusion 

𝐿vap specific heat of vaporization 

𝐿vap,0 specific heat of vaporization at absolute zero temperature 

𝑙diff diffusion length 

ℓoff hatch spacing or line offset 

𝑙th thermal diffusion length 



 Symbols and Abbreviations 

xix 

𝑀A molar mass, with 𝑀A = 𝑚A𝑁A 

ℳKn dimensionless vapour velocity at the exit plane of the Knudsen layer 

𝑚 mass 

𝑚A atomic mass 

𝔪area melt pool cross-section 

𝔪d melt pool depth 

𝑚e electron rest mass, 𝑚e ≈ 9.109 ∙ 10−31 kg 

𝔪w melt pool width 

𝑀𝑎 Mach number 

𝑁A Avogadro constant, 𝑁A ≈ 6.022 ∙ 1023 mol-1 

n surface normal vector 

𝑃beam beam power 

𝑝 pressure 

𝑝atm standard atmospheric pressure, 𝑝atm = 101,325 Pa ≈ 1 bar 

𝑝e pressure exerted by the electron beam 

𝑝G local gas pressure 

𝑝partial partial vapour pressure 

𝑝recoil recoil pressure generated by the expanding vapour plume 

𝑝S saturated vapour pressure; pressure at the vapour side of the phase 
boundary between the condensed phase and its vapour 

𝑃𝑒 Péclet number 

𝑃𝑟 Prandtl number 

𝑅 electron penetration depth 

𝑅g gas constant, 𝑅g ≈ 8.314 J mol-1 K-1 

𝓇 recoil pressure multiplier, with 0 ≤ 𝓇 ≤ 1; artificial parameter used 
to maintain numerical stability 

𝑅𝑒 Reynolds number 

𝒮 source term; additional subscripts F, H and D distinguish between 
hydrodynamic, thermodynamic and concentration source terms, 
respectively 

𝑠 surface area 

𝑆𝑐 Schmidt number 
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𝑇 temperature 

𝑇boil boiling temperature at standard atmosphere (𝑝atm) 

𝑇crit critical temperature 

𝑇liq liquidus temperature 

𝑇melt melting temperature, with 𝑇sol ≤ 𝑇melt ≤ 𝑇liq 

𝑇preheat preheating temperature 

𝑇S surface temperature; temperature at the vapour side of the phase 
boundary between the condensed phase and its vapour 

𝑇S,0 temperature at which evaporation commences 

𝑇S,1 temperature at which the expanding vapour attains the sonic state 

𝑇sol solidus temperature 

𝑡 time 

𝑈 acceleration voltage 

u fluid velocity vector, u =  𝑢x, 𝑢y, 𝑢z ; the 𝑦 velocity component is 

zero in the two-dimensional case, giving u =  𝑢x, 𝑢z  

 v  scanning speed of the beam, with v =  𝑣x, 𝑣y, 𝑣z ; the 𝑦 component 

is zero in the two-dimensional case, giving v =  𝑣x, 𝑣z  

𝑤 electron beam width 

x Cartesian coordinates, x =  𝑥, 𝑦, 𝑧  

𝑍 atomic number 

𝑧C depth of the electron scattering centre in the point source diffusion 
model 

 

Greek symbols 
  
𝛼 alloying element 

𝛽 boundary value describing non-equilibrium backscattering of 
vapour particles within the Knudsen layer; used for calculating  𝑗− 

𝛤 set of alloying elements, with 𝛼 ∈ 𝛤 

𝛾 surface tension 

𝛾a,  𝛾v ratios of specific heats for the ambient gas (a) and the vapour (v) 
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𝛾act activity coefficient 

∆𝐸rad energy loss due to thermal radiation 

∆𝐸vap energy loss due to evaporation 

∆𝐺 Gibbs free energy 

∆𝑚vap mass loss due to evaporation 

∆𝑡 time step 

∆𝑥 grid spacing 

𝛿 error 

ℰA electron energy fraction absorbed in the target, ℰA = 𝐸A 𝐸0  

ℰB fractional energy of backscattered electrons, ℰB = 𝐸B 𝐸0  

ℰB,∞  saturated value of the energy fraction of backscattered electrons 

ℰT fractional energy of transmitted electrons, ℰT = 𝐸T 𝐸0  

휀 thermal emissivity 

𝜖 fractional volume of a computational cell occupied by material 

휂A, 휂B, 휂T fraction numbers of absorbed (A), backscattered (B) and 
transmitted (T) electrons 

휂B,∞  saturated electron backscattering coefficient 

𝜅 curvature 

𝜆 thermal conductivity, 𝜆 𝑇 = 𝜆0 + d𝜆 d𝑇 ∙ 𝑇 

𝜆0 thermal conductivity at absolute zero temperature 

𝜆vap molecular mean free path of vapour particles 

𝜇 dynamic viscosity 

𝜈 kinematic viscosity, 𝜈 = 𝜇 𝜌  

ξ vapour particle velocity vector, ξ =  𝜉x, 𝜉y, 𝜉z  

𝜌 volumetric mass density 

𝜌G local gas density 

𝜍 standard deviation; an additional subscript beam indexes the 
standard deviation associated with the electron beam width 𝑤 

𝜍 Stefan-Boltzmann constant, 𝜍 ≈ 5.670 ∙ 10−8 W m-2 K-4 

𝜏0 ratio of the kinetic energy 𝐸0 to the rest energy of an electron 

𝜏F hydrodynamic relaxation time 
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𝜏H thermodynamic relaxation time 

𝜏steady time to achieve steady state evaporation; approximately 20 times 
the mean collision time of vapour particles 

𝜑 angle of electron beam incidence; defined as the angle between the 
electron beam central axis and the normal to the target surface 

𝜙 evaporation coefficient 

𝜒 mole fraction 

𝜔 mass fraction 

𝜔𝑖  weight coefficients, used in the lattice Boltzmann scheme 

 

Subscripts 
  
a ambient; related to the region of undisturbed ambient gas 

atm standard atmospheric condition 

boil related to the boiling point 

init initial 

Kn Knudsen; related to the outer boundary of the Knudsen layer 

L lattice 

l liquid 

RT room temperature 

S surface 

s solid 

v vapour 

 

Abbreviations 
  
2D two-dimensional 

3D three-dimensional 

at.-% atomic percent 

BGK Bhatnagar-Gross-Krook 
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CAD computer-aided design 

CSDA continuous slowing down approximation; an electron penetration 
depth definition, equal to the average path length travelled by an 
electron as it slows down 

D2Q4 two-dimensional LB lattice with four discrete velocities 

D2Q9 two-dimensional LB lattice with nine discrete velocities 

EBM electron beam melting 

EBW electron beam welding 

FWHM full width at half maximum, FWHM ≈ 2 ∙  2 ∙ ln2 𝜍beam 

HAZ heat affected zone 

LB lattice Boltzmann 

LBE lattice Boltzmann equation 

LBM lattice Boltzmann method 

MC Monte Carlo 

MD molecular dynamics 

OES optical emission spectrometry 

RMS, 
RMSD 

root-mean-square, root-mean-square deviation 

SEBM selective electron beam melting 

SLM selective laser melting 

wt.-% weight percent 
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Introduction 

 

Additive manufacturing (AM) is considered a key technology for 

fabricating functional components with customized geometries. The 

technology holds great promise for drastically reducing waste material, 

tooling costs and lead times of production. In fact, AM is an umbrella 

term to describe a wide variety of techniques that share the common 

theme of systematically fusing raw material until the desired shape is 

obtained. Additive processes employed in the fabrication of metal parts 

in many cases involve powder materials and a sharply focused beam as a 

heat source — selective laser melting (SLM) and selective electron beam 

melting (SEBM) being two prime examples. In recent years, these 

techniques have matured to industrial applicability, where they are 

increasingly being used to complement traditional methods, e.g. casting, 

forging or machining. 

In beam based processes like SLM or SEBM, factors such as beam 

absorption, rapid local heating and cooling, thermal cycling and 

evaporation potentially affect the quality of the final product. These 

mechanisms are interrelated, so that neither can be examined in 

isolation of the other. Analysis of the layer-wise build-up is further 

complicated by the stochastic nature of the randomly packed powder 

bed, rendering the problem analytically intractable and thus requiring a 

numerical approach. The computational model presented in this work 

primarily seeks to identify and remove the causes of typical 

manufacturing defects arising in products. Understanding how surface 

roughness, dimensional inaccuracies, pores and changes in alloy 

composition develop is necessary if process performance is to be 

enhanced. 

The work in this thesis is centred on modelling and simulating selective 

electron beam melting. In particular, the main objective is the 

development of an evaporation model that accounts for both pure 

elements and multi-component systems. The model should be capable 
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of predicting heat release at the melt interface, loss of mass as well as 

recoil forces onto the molten surface generated by the expanding 

vapour. Evaporation effects are strongly temperature dependent, which 

makes them highly sensitive to temperature fluctuations. Hence, it is 

imperative to use an accurate and reliable method to assess the thermal 

field. In the specific case of SEBM, an important issue to be addressed is 

how the incident electron beam energy is absorbed within the powder 

bed. 

The proposed models for electron beam absorption and evaporation can 

be implemented into any computational fluid dynamics solver. In the 

present work, the numerical framework employed is an existing research 

code based on the lattice Boltzmann method. The solver can handle 

hydrodynamics, thermodynamics and the transition between solid and 

liquid phases and is able to reproduce consolidation behaviour of 

powder composed of individual particles. Simulations are in two spatial 

dimensions, as many of the observed features that occur during selective 

electron beam melting can be simulated without consideration of the 

third dimension. However, under conditions of intense evaporation, as 

e.g. in keyhole welding, it is not obvious how large an influence the 

three-dimensional nature of convection has on the size and shape of the 

molten region and the redistribution of mass and heat therein. The 

numerical framework would have to be re-evaluated for applications in 

which evaporation rates are very high. 

The thesis comprises six chapters. Chapter 1 provides an introduction to 

selective electron beam melting, briefly describing the process and the 

governing physical effects, while chapter 2 gives a concise review of the 

thermal lattice Boltzmann method. Chapters 3 and 4 form the central 

part of this work and concern the development of the electron beam 

absorption model and the evaporation model, respectively. This also 

involves the verification of the implemented algorithms. Model 

validation against measured data is presented in chapter 5. The valida-

tion experiments are performed on bulk samples and consider pure 

metals and metal alloys, that is, commercially pure aluminium and 

titanium and the titanium alloys Ti‐6Al‐4V and Ti‐48Al‐2Cr‐2Nb. The 

materials analysed basically include aluminium and titanium — two 

elements that are distinctively different in their thermophysical 
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properties, notably mass density, thermal diffusivity and vapour 

pressure. Absorption characteristics and evaporation rates can thus be 

expected to vary significantly in magnitude, demonstrating the range of 

applicability of the numerical model. Chapter 6 pertains to practical 

applications. Limits of the SEBM process in regard to maximum melt 

depths and evaporative losses are discussed by means of process maps. 

Furthermore, the hypothetical impact of the electron acceleration 

voltage on evaporation is investigated. Finally, the layer-wise build-up of 

simple components from a powder bed is examined using a series of 

numerical and laboratory experiments, with emphasis on alloy 

composition and porosity. 
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1  

Selective Electron Beam Melting 

 

Selective electron beam melting (SEBM) is a solid freeform fabrication 

method which involves a layer-by-layer densification of metal powder 

using a focused electron beam. This manufacturing technique is closely 

related to selective laser melting (SLM), which uses a laser beam as 

energy source. In the first section of this chapter, a brief description of 

the SEBM process is given. This is followed by a discussion of the 

governing physical effects in section 1.2. 

 

1.1 Process description 

In an SEBM process, parts are built from the bottom up by systemati-

cally scanning an electron beam over specific areas of a powder bed. The 

experiments conducted as part of this work were performed on two EBM 

systems, an Arcam EBM S12 and an Arcam A2X (Arcam AB, Mölndal, 

Sweden). Figure 1.1 presents a detailed view of the build chamber of such 

a system. The key components include a powder delivery system (1), a 

build table (situated below 4) and a rake (3). The electron gun assembly 

is located at the top of the build chamber and is only shown 

schematically in figure 1.1 (b). 

The build chamber operates in a controlled environment achieved by 

evacuating and backfilling the system with a processing gas to a pressure 

of approximately 0.1 to 1 Pa. There is a variety of available processing 

gases, the primary purposes of which is to improve process stability and 

to reduce undesired vapour deposition on interior equipment surfaces 

(Scharowsky et al. 2014). In SEBM, the most commonly used gas is 

Chapter 
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helium (e.g. as in Biamino et al. 2011, Karlsson et al. 2013, Tammas-

Williams et al. 2015), but argon and nitrogen are also possible depending 

on the material being melted. For example, titanium is known to have a 

very high affinity for nitrogen,1 which makes helium and argon the 

preferred options for processing titanium and its alloys. 

The application of material starts with powder that is dispensed from 

the hoppers to the build area. The first powder layer is deposited directly 

onto a start plate. The rake is moved laterally between the two hoppers 

to evenly spread the powder particles across the surface. Prior to 

melting, the powder bed is repeatedly scanned by the electron beam to 

achieve the target build temperature. This is accomplished by employing 

high beam deflection speeds. Typically, for titanium and its alloys, 

preheating temperatures range between 700 and 1000 °C. The preheating 

is followed by a melt scan in which the powder layer is locally 

consolidated in a predetermined pattern. Information about the sections 

                                           
1 In titanium, nitrogen promotes the formation of the alpha case and thus tends to 

cause embrittlement. 

Figure 1.1: (a) Detailed view of the build chamber of the electron beam melting 

system used for the experiments conducted within this work and (b) a schematic 

showing the key components of the EBM machine. 
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to be scanned by the electron beam is provided to the EBM system via a 

3D-CAD model. The model is digitally sliced into individual layers, each 

of which defines one two-dimensional area to be melted during the 

process. The distance between successive slices determines the vertical 

movement of the build table. This allows the controlled deposition of 

powder layers of particular thicknesses. Note that due to the relative 

powder density of roughly 50 %, the effective layer thickness is about 

twice the nominal layer thickness.2 The procedure of lowering the build 

table by the required distance, deposition of powder and raking into 

layers, preheating and melting is repeated until the build is complete. 

Melting is achieved by scanning the electron beam over the powder bed 

as depicted in figure 1.2. The schematic shows the layer-by-layer building 

of a solid part, where the deflection of the beam is illustrated for the top 

layer. In the example, the scanning direction of the beam is reversed 

every new scan line, with ℓoff being the hatch spacing or offset between 

the scan lines. The sequence of melting operations just outlined is 

known as hatching and is one of several scanning strategies. Other 

strategies include hatching using parallel scan vectors in sequential 

order or interlaced. The area(s) to be melted can also be divided into 

smaller sections (island or chequerboard technique) with and without 

scanning the outer contour, to name but a few possibilities. 

Furthermore, the direction of hatching is typically rotated between 

consecutive layers. In order to produce fully dense parts, hatch spacings 

and layer thicknesses must be set so that there is overlap both between 

adjacent melt tracks and between successive layers. 

 

                                           
2 The effective layer thickness is the nominal layer thickness divided by the relative 

powder density. The resulting value constitutes a limit which is approached as the 

number of consecutive layers increases. The limit is reached more quickly for higher 

relative powder densities—but normally within 5 to 10 layers. 
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Figure 1.2: Schematic of the layer-by-layer build-up of a simple cube-shaped part on 

a start plate. The top layer illustrates one possible scanning strategy showing the 

direction of beam travel and the hatch spacing, ℓoff. Indicated is the scan direction, 

the hatch direction and the build direction for this particular case. The scan and 

hatch directions may vary between layers, depending on the scanning strategy 

chosen. 

 

1.2 Physical effects in SEBM 

The detailed physics underlying the SEBM process are schematically 

illustrated in figure 1.3. The figure shows the cross-section of a powder 

bed at the scale of individual powder particles resting on a dense 

substrate. In the region where the electron beam impinges upon the 

powder bed, the material is heated very rapidly to high temperatures. 

Melt pool formation, fusion of the powder particles and solidification is 

then governed by a combination of heat conduction (3) and 

advection (5). The main driving forces behind the advective transport 

within the molten pool are entirely based on interfacial phenomena. 

These are wetting / dewetting (6) and the Laplace pressure (7), which 

have been identified as being significant (Körner et al. 2013). In this 

regard, the influence of forces induced by gravity is nearly negligible 

under the operating conditions of the SEBM process (Körner et al. 2013). 

In addition to the aforementioned effects, the temperature field and the 

melt flow are affected by the absorption of the electron beam (1,2), 
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evaporation (8) and thermal radiation (9) as well as the Marangoni 

effect (7). These are discussed in the following. 

Electron beam absorption.     Electrons with nominal kinetic energies 

in the order of 10 to 100 keV accelerated toward a metal target penetrate 

to depths of between 1 to 100 µm below the target surface (e.g. Fitting 

1974). This is comparable to the size of powder particles. Commonly, 

about 80 ‒ 90 % of the primary beam energy is directly absorbed by the 

material (e.g. Kanaya and Okayama 1972). That is, the energy lost to the 

surroundings by electron backscattering amounts to roughly 10 ‒ 20 %, 

which is considerably less than in laser beam processes. Electron beam 

absorption plays a critical role in determining the surface temperature 

and, consequently, all temperature-related effects. Therefore, chapter 3 

of this work is concerned with the fundamental theory and the 

modelling of electron beam absorption. 

Evaporation.     Evaporation constitutes the interfacial transport of 

mass from the condensed to the gas phase. This also implies a transfer of 

energy which eventually leads to evaporative surface cooling. In metal 

alloys, the more volatile, low-weight compounds are primarily lost 

during evaporation, altering the chemistry of the molten pool and thus 

of the final part. In addition, the expanding vapour plume produces a 

recoil force onto the molten surface. The magnitude of these effects 

depends upon the vapour pressure of the material involved. Heating 

rates in SEBM typically lie in the range 106 ‒ 108 K/s. That is, during 

beam irradiation, heat cannot be conducted away from the hotspot fast 

enough to prevent the molten pool from locally reaching a superheated 

state. Due to the combination of superheat and exponential increase of 

the vapour pressure with temperature, evaporation is a key factor in 

most beam based additive manufacturing processes. Chapter 4 of this 

work provides further background information concerning the 

evaporation of condensed matter. 

Thermal radiation.     Radiation increases with the fourth power of the 

surface temperature according to the Stefan-Boltzmann law. The net 

heat loss by thermal radiation can be defined as 
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 ∆𝐸rad = 𝑠𝜍휀 𝑇S
4
− 𝑇a

4
 ∙ 𝑡, (1.1) 

where 𝑠 is the radiating surface area, 𝜍 = 5.670  10-8 W/(m²K⁴) the 

Stefan-Boltzmann constant, 휀 the thermal emissivity, 𝑇S the temperature 

of the surface and 𝑇a that of the surrounding atmosphere and 𝑡 is the 

time. Emissivities of various metals and alloys can be found in, e.g., 

Brandes and Brook (1992), Campo et al. (2010) or Yang et al. (2010). In 

the context of the balance of energy during the melting step in SEBM, 

the contribution of thermal radiation is negligible (e.g. Chan and 

Mazumder 1988 or Quataert et al. 1991). It is only in the presence of 

plasma that thermal radiation gains in importance. A plasma phase is 

normally encountered in laser based processes with pulse durations in 

the nanosecond range such as in laser drilling or laser ablation (Ho et al. 

1996, Mazhukin et al. 2002, Bulgakova et al. 2011). Plasma formation is 

due to the absorption of laser radiation by the vapour plume, which 

leads to an excitation and ionisation of species in the vapour. The thus 

created localized high temperature plasma, with particle energies of a 

few eV (Ho et al. 1996, Mazhukin et al. 2002), induces additional heating 

of the target surface via thermal radiation. In contrast, in the long-time 

limit, for instance, during powder preheating in SEBM, radiation energy 

losses can represent a significant fraction of the overall energy budget 

also in the absence of plasma. However, due to the short timescales 

associated with the melting step, which is of particular interest in this 

work, thermal radiation is not considered. 

Figure 1.3: Physical effects during the selective melting of a metal powder using a 

focussed electron beam. In the schematic, the beam is deflected from left to right. g 

is the acceleration due to gravity. 
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Marangoni effect.     The Marangoni effect causes melt flow along the 

surface of a molten pool due to spatial gradients in the surface tension. 

These gradients develop in response to gradients in the temperature but 

are also strongly influenced by surface-active elements in the metal or 

alloy (Lee et al. 1998). The Marangoni boundary condition can be 

expressed as (e.g. Thess et al. 1997) 

 𝜇 ∙ 𝜕n𝑢t +
𝜕𝛾

𝜕𝑇
𝜕t𝑇 +

𝜕𝛾

𝜕𝑐
𝜕t𝑐 = 0, (1.2) 

where 𝑢 is the fluid velocity at the surface, 𝜇 the dynamic viscosity, 𝛾 the 

surface tension, 𝑇 the temperature and 𝑐 the concentration. Subscripts n 

and t denote components normal and tangential to the surface, 

respectively. Note that 𝑢n = 0. Regarding the literature on beam based 

additive manufacturing processes there is a divergence of opinions on 

the importance of the Marangoni effect. Research in this field has mainly 

centred on systems in which the powder bed was treated as a continuum 

or on welding applications. Generally, Marangoni convection can be 

considered relevant only if excluding capillary action, Laplace pressure 

and evaporative recoil pressure from the analysis. For instance, Xiao and 

Zhang (2007) and Yuan and Gu (2015) found that in an otherwise 

quiescent fluid, the transport of mass and heat induced by the 

Marangoni effect can notably change the shape of the molten region. In 

the case of welding, melt flow driven by Marangoni forces is most likely 

to be insignificant—compare e.g. Lee et al. (2002) or Pang et al. (2011). 

For SEBM and SLM, it is therefore reasonable to conclude that 

Marangoni convection has a very limited impact on melt pool dynamics 

and on the redistribution of heat and is thus neglected in this work. 

Other effects.     Moreover, shrinkage and the creation of residual 

stresses can be observed during solidification and cooling—these 

secondary effects will not be included in the numerical model and hence 

are not displayed in the schematic in figure 1.3. 
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2  

Numerical Framework 

 

Selective electron beam melting as presented in chapter 1 can be 

simulated by applying conventional numerical schemes based on the 

discretization of macroscopic continuum equations. Such schemes are 

widely used in the field of selective laser melting, as, e.g., in Gürtler et al. 

(2013), Khairallah and Anderson (2014) and Qiu et al. (2015). 

The simulation method of choice in the current work is the lattice 

Boltzmann method (LBM). The LBM is a rapidly developing alternative 

approach to computational fluid dynamics (CFD) and has its strengths 

in the simulation of multi-phase flows involving complex interfaces and 

in the computational performance due partly to its amenability to 

efficient parallelization. This chapter presents an overview of the 

governing conservation equations in section 2.1 and the general principle 

of the lattice Boltzmann method including the relevant equations in 

section 2.2. 

 

2.1 Conservation equations 

The coupled hydrodynamic and thermodynamic behaviour of metal 

powder irradiated by an intense beam can be represented by the 

following system of equations: 

Continuity equation: ∇ ∙ u = 0 (2.1) 

 

Chapter 
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Navier-Stokes equations: 
𝜕u

𝜕𝑡
+  u ∙ ∇ u = −

1

𝜌
∇𝑝 +

𝜇

𝜌
∇2u + 𝒮F (2.2) 

 

Convection-diffusion equation: 
𝜕ℎE

𝜕𝑡
+ u ∙ ∇ℎE = ∇ 

𝜆

𝜌𝑐p

∙ ∇ℎE + 𝒮H (2.3) 

Equations (2.1) to (2.3) are valid in the incompressible fluid flow regime, 

where the mass density, 𝜌, is assumed constant. Here, u is the local fluid 

velocity vector, 𝑡 is the time, 𝑝 is the pressure, 𝜇 is the dynamic viscosity, 

ℎE is the specific enthalpy and 𝜆 𝜌𝑐p  is the thermal diffusivity, with the 

thermal conductivity 𝜆 ≡ 𝜆 ℎE  and the specific heat capacity 

𝑐p ≡ 𝑐p ℎE . The external source terms, 𝒮, account for effects like 

gravitational acceleration and recoil pressure as a result of evaporation 

(𝒮F) and evaporative energy loss to the surroundings as well as electron 

beam absorption (𝒮H). Following the discussion in section 1.2, 

Marangoni forces and thermal radiation are only of secondary 

importance in SEBM/SLM and will be omitted. 

 

2.2 The lattice Boltzmann method 

In this work, the underlying physics and the governing transport 

equations are modelled using the lattice Boltzmann method. The LBM is 

a derivative of lattice gas automata and describes fluid dynamics from 

the microscopic, kinetic level instead of solving the macroscopic Navier-

Stokes equations as in traditional computational fluid dynamics 

(Sterling and Chen 1996). The fundamental basis of the lattice 

Boltzmann method is that, in the limit of small Mach and Knudsen 

numbers, the discrete Boltzmann equation is formally equivalent to the 

incompressible Navier-Stokes equations (He and Luo 1997). Rigorous 

theoretical treatments of the lattice Boltzmann method can be found in 

the literature—e.g. Chen and Doolen (1998), Lallemand and Luo (2000), 

Succi (2001), d’Humières et al. (2002). The LBM employed here is based 

on a two-dimensional single phase free surface method developed at the 

Chair of Materials Science and Engineering for Metals, Friedrich-

Alexander University Erlangen-Nürnberg (FAU), Germany (Körner et al. 
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2005). It is capable of simulating hydrodynamics as well as 

thermodynamics, including wetting and capillary forces (Attar and 

Körner 2009, Körner et al. 2011), advective mass and heat transport, 

thermal conduction and melting and solidification (Attar and Körner 

2011). The numerical scheme rests on the multi-distribution function 

model (Attar and Körner 2011) and comprises two lattices of type D2Q9: 

(a) a hydrodynamic lattice for the mass density and the velocity field 

and (b) a thermodynamic lattice for the temperature. 

The basic approach underlying the LBM is represented by the streaming 

of particle distribution functions along discrete directions followed by 

collision utilizing a relaxation process. The mass density as a macro-

scopic quantity in the velocity field is retrieved from the sum of the 

distribution functions 𝑓𝑖 x, 𝑡  as 

 𝜌 x, 𝑡 =  𝑓𝑖 x, 𝑡 

𝑖

, (2.4) 

where x is the lattice site, 𝑡 is the time and indices 𝑖 are the directions of 

the particle velocities at each node. For a D2Q9 lattice, the nine discrete 

velocity vectors e𝑖  and weight coefficients 𝜔𝑖  are defined as 

 e𝑖 =   

 0,0                    
 ±𝑐,0 ,  0, ±𝑐 
 ±𝑐, ±𝑐             

          𝜔𝑖 =  

(4 9 , 𝑖 = 0

1 9 , 𝑖 = 1, … ,4

  1 36 , 𝑖 = 5, … ,8.

  (2.5) 

Here, 𝑐 is the lattice speed, with 𝑐 = Δ𝑥 Δ𝑡 . Figure 2.1 illustrates the 

arrangement of the velocity vectors on a square lattice in two dimen-

sions. The combined evolution equation for the discrete hydrodynamic 

lattice reads 

 

𝑓𝑖 x + e𝑖∆𝑡, 𝑡 + ∆𝑡 − 𝑓𝑖 x, 𝑡 

= −
1

𝜏F

 𝑓𝑖 x, 𝑡 − 𝑓𝑖
 eq 

 x, 𝑡  + 𝜔𝑖∆𝑡𝒮F x, 𝑡 , 
(2.6) 
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where 𝜏F is the dimensionless relaxation time for the velocity field in the 

unit of ∆𝑡. The left hand side of equation (2.6) describes the advection of 

the particle distribution functions. Advection can only occur from one 

node of the lattice to another, which arises from the discretization of the 

velocity space as per equation (2.5). The term 𝜔𝑖∆𝑡𝒮F x, 𝑡  denotes a 

source term for volume forces, e.g. gravity. The first term on the right 

hand side of equation (2.6) is an approximation of the collision operator 

in the Boltzmann equation, known as the Bhatnagar-Gross-Krook (BGK) 

relaxation term (Bhatnagar et al. 1954). The lattice BGK model assumes 

that the local particle distribution functions 𝑓𝑖  relax toward their 

equilibrium state 𝑓𝑖
 eq 

 over time. It can be shown by a Chapman-Enskog 

expansion (e.g. Chen and Doolen 1998) that the relaxation time relates 

to the kinematic viscosity, 𝜈 = 𝜇 𝜌 , by 

 𝜈 = 𝑐L
2 ∆𝑡 ∙  𝜏F − 0.5 =

1

3
 
∆𝑥2

∆𝑡
∙  𝜏F − 0.5 , (2.7) 

where 𝑐L is the lattice speed of sound, with 𝑐L
2 = 1

3 Δ𝑥2 Δ𝑡2  for the D2Q9 

lattice. The local equilibrium distribution function, 𝑓𝑖
 eq 

, is given by 

 𝑓𝑖
 eq 

= 𝜔𝑖𝜌 ∙  1 +
 e𝑖 ∙ u 

𝑐L
2 +

 e𝑖 ∙ u 2

2𝑐L
4 −

u2

2𝑐L
2 . (2.8) 

Figure 2.1: The nine discrete velocity vectors e𝑖 in the D2Q9 2D square lattice (left) 

and a schematic showing partial powder melting within a computational grid 

(right). The problem is fully described using solid, fluid, surface (or interface) and 

gas cells. The fractional volume of material is 𝜖 = 1 and 𝜖 = 0 in fluid and gas cells, 

respectively, and can take values 0 < 𝜖 < 1 in surface cells. In solid cells, 0 < 𝜖 ≤ 1. 
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Thermal conduction and advective transport of heat is solved by a multi-

distribution function approach via a separate set of distribution 

functions ℎ𝑖 x, 𝑡 . This approach is described in more detail in Attar and 

Körner (2011). The thermodynamic state of each computational cell is 

defined in terms of the specific enthalpy ℎE, where ℎE x, 𝑡 =  ℎ𝑖 x, 𝑡 𝑖  

in accordance with equation (2.4). The equations (2.5) to (2.8) can be 

applied equally to the thermal field, with 𝜌, 𝑓𝑖 , 𝜏F, 𝒮F and 𝜈 being 

replaced by ℎE, ℎ𝑖 , 𝜏H, 𝒮H and  𝜆 𝜌𝑐p  , respectively. Macroscopically, the 

specific enthalpy is determined by (Chatterjee and Chakraborty 2006, 

Attar and Körner 2011) 

 ℎE =  𝑐 p 𝑇 
𝑇

0

d𝑇, (2.9) 

where 𝑇 is the temperature. Melting and solidification is incorporated by 

an effective specific heat capacity, 𝑐 p 𝑇 , which can be obtained by 

 𝑐 p 𝑇 =

 
 
 

 
 

𝑐p,s,                                                                              𝑇 ≤ 𝑇liq

𝑐p,s +
 𝑐p,l − 𝑐p,s  𝑇 − 𝑇sol + 𝐿fus

𝑇liq − 𝑇sol

, 𝑇sol < 𝑇 < 𝑇liq

𝑐p,l,                                                                   𝑇sol ≤ 𝑇.

  (2.10) 

Here, 𝑐p,s and 𝑐p,l are the specific heat capacities in the solid and liquid 

states, respectively, 𝐿fus is the specific heat of fusion and 𝑇sol and 𝑇liq are 

the solidus and liquidus temperatures. Note that during 

melting/solidification, the heat of fusion is assumed to be 

absorbed/released linearly over the range 𝑇sol < 𝑇 < 𝑇liq. In alloys, the 

actual phase change occurs at a particular value of the solid fraction 

which separates two conceptually distinct flow regimes. This solid 

fraction is called critical solid fraction and defines the threshold above 

which the viscosity of the melt experiences a sharp increase. In the 

lattice Boltzmann model presented herein, the critical solid fraction 

triggers the change of the state of a cell between solid and fluid. It is 

taken to be 55 %, i.e. the phase transition is at a temperature of 

 𝑇melt = 0.55 𝑇sol + 0.45 𝑇liq. (2.11) 
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For pure metals, equation (2.10) has a singularity at the melting point 

owing to 𝑇sol = 𝑇liq. In these cases, an artificial melting range of ± 2.5 K 

is used. Also, the solidus and liquidus temperatures are considered 

constant for a given alloy during a simulation, even if local variations in 

the chemical composition are expected. 

In contrast to liquid cells, solid cells are, per se, immobile in the lattice 

Boltzmann scheme used. In the case of SEBM, this numerical behaviour 

can be justified by the fact that the powder bed is at least partially 

sintered during the preheating step and thus forms a rigid body as well 

(Körner et al. 2013, Tammas-Williams et al. 2015). The solid-liquid 

interface is thermally conductive, whilst from a hydrodynamic point of 

view it is treated as a no-slip boundary.  

The free surface between the liquid and the gas phase is modelled by a 

volume of fluid approach. The fractional volume of a computational cell 

occupied by material is defined as 𝜖, where a unit value of 𝜖 indicates 

that the cell is full, while a zero value corresponds to an empty cell. The 

free surface is represented by cells with 0 < 𝜖 < 1 (Hirt and Nichols 1981). 

The fluid fraction of each surface cell within the uniformly spaced 

numerical grid is monitored by tracking the net mass exchange to 

neighbouring cells. When a cell is entirely filled or emptied, the state of 

this cell is changed accordingly thus inducing a movement of the free 

surface (Körner et al. 2005). The free surface is thermally insulating, 

except for evaporative losses. Thermal radiation is neglected. In order to 

account for Laplace and evaporative recoil pressures, a pressure 

boundary condition is used. Thereby, the local gas pressure, 𝑝G, is 

modified as per 

 𝑝G = 𝑐L
2 ∙ 𝜌G − 𝛾𝜅 + 𝑝recoil, (2.12) 

where 𝜌G is the gas density, 𝛾 the surface tension, 𝜅 the curvature and 

𝑝recoil the recoil pressure. The pressure boundary condition fully 

substitutes for the gas phase, so that convection and other physical 

effects within the gas are not considered. 
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3  

Electron Beam Absorption 

 

When an electron beam is directed at a target, the electrons penetrate to 

different depths in the material before coming to rest. This is due to the 

statistical nature of the scattering events of incoming electrons with the 

electrons and nuclei of the target. In contrast to laser beams, the 

electron energy absorbed per unit length reaches its peak value at a 

significant distance from the target surface. These depth-dose profiles 

are characteristic of the material being examined. In industrial processes 

using electron beams, maximum electron penetration depths typically 

lie in the order of 1 to 100 µm. For modelling electron beam welding, 

electron beam absorption is often described as a heat flux at the top 

surface, e.g. Rai et al. (2009a, 2009b). Such a radical simplification, 

however, can lead to considerably biased results since peak 

temperatures during the process would be vastly overestimated. Thus, a 

volumetric approach that explicitly takes into account the electron 

energy deposited per unit depth is more appropriate.  

Existing computational models of electron beam processes that also 

embed a volumetric heat source are, in the simplest case, based on the 

Beer-Lambert law (e.g. Leitz et al. 2012) — which, strictly speaking, has 

no firm physical foundation in terms of electrons that pass into 

condensed matter. A more sophisticated approach is that used by Powell 

et al. (1997) and Zäh and Lutzmann (2010) who employ an approximate 

exponential and parabolic function, respectively, that opens downwards. 

Both these functions scale with the maximum electron penetration 

depth but have no additional dependence on the target material, the 

kinetic energy of the electrons and the inclination of the target surface 

relative to the incident electron beam. These factors, though, are 

important if the computational model is to be applied to any target 

Chapter 
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material having a surface of arbitrary shape. Depth-dose profiles can be 

calculated using Monte Carlo (MC) simulations where the absorption 

path of individual electrons is tracked, allowing an accurate assessment 

of how electrons interact with a target (Yasuda et al. 2001, Chow and 

Grigorov 2007 and Kieft and Bosch 2008). However, the statistical 

uncertainty associated with MC methods requires a large number of 

electron trajectories to be simulated (Dubus et al. 2000), leading to long 

computational times. While these are appropriate in cases, where the 

electron beam absorption is the primary object of interest, they can 

become impractical when only properties such as the effective energy 

input into the target material is required.  

The most efficient way to generate depth-dose profiles in situ during a 

simulation is by employing mathematical expressions. Therefore, in this 

chapter, an electron beam model based on a set of semi-empirical 

equations available from different published literature and on 

theoretical considerations is proposed.  

 

3.1 Physics of electron beam absorption 

3.1.1 Absorption model 

In an electron gun, momentum is transferred to the electrons by 

accelerating them through a potential difference, 𝑈, giving each electron 

the kinetic energy 𝐸0 = 𝑒𝑈, where 𝑒 is the elementary charge. This beam 

of parallel and monoenergetic electrons impinges on a target of 

condensed matter of atomic number 𝑍. Within the target, the incoming 

electrons undergo numerous elastic and inelastic collisions with the 

nuclei and the electrons of the target before slowing down to rest. In the 

case of (nearly) elastic nuclear scattering, electrons can experience large-

angle deflections from their original path (Turner and Hamm 1995) and 

thereby lose a small fraction of their kinetic energy by radiating photons 

(Tabata et al. 1999). The main part of the electron’s kinetic energy is 

consumed by inelastic collisions with atomic electrons. These scattering 

events cause a lateral broadening of the energy distribution from the 

electron beam central axis. Figure 3.1 (a) schematically depicts the cross-
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section of a bulb shaped electron-matter interaction volume correspond-

ing to a material of low atomic number such as aluminium. Materials of 

higher atomic number show a more hemispherical shaped interaction 

volume (Niedrig 1982). Absorption characteristics hence are mainly 

affected by the kinetic energy of the electrons as well as the absorber 

material but also by the local inclination of the sample surface relative to 

the incident electron beam. This angle of incidence, 𝜑, is defined as the 

angle between the beam central axis and the normal to the target 

Figure 3.1: Schematic of a typical energy dissipation volume of (a) an electron 

pencil beam and (b) a broad electron beam of width 𝑤 interacting with matter. 

Illustrated are the fractions of electrons transmitted through (휂T) and backscattered 

from (휂B) layers of thickness d𝑧, where 휂B =  휂B
𝑖

𝑖 , with 𝑖 being the layer number. 

For electron beams, where 𝑤 ≫ 𝑅 applies, the governing equations are independent 

of 𝑥 and 𝑦. Corresponding electron (c) and absorbed energy fractions (d) as a 

function of depth 𝑧. The number fraction of absorbed electrons is 휂A = 1 − 휂T − 휂B 

and the absorbed energy fraction ℰA = 𝐸A 𝐸0 . Energy distributions are normalized 

to their maximum values. 
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surface, where 𝜑 > 0° means oblique beam incidence. Normally, at 

acceleration voltages typical of electron beam processes, the interaction 

volume is much smaller than the width of the electron beam. In a first 

approximation, it can be assumed that the mentioned lateral spread of 

the deposited energy is compensated by neighbouring electron impacts 

within the radius of the beam, effectively reducing the problem to one 

spatial dimension, see figure 3.1 (b). The governing equations presented 

in the following are thus expressed in terms of the 𝑧 direction, which is 

parallel to the beam axis. The inaccuracy introduced at the periphery of 

the electron beam is usually negligible, especially when Gaussian beam 

intensity distributions are applied. 

Electrons striking a target are either absorbed, backscattered from the 

target because of large-angle deflections or transmitted to deeper layers. 

These electron fractions, commonly referred to as coefficients, are 

denoted by 휂A, 휂B and 휂T, respectively, and sum up to unity: 

휂A + 휂B + 휂T = 1 (3.1) 

Typical curves for the transmission coefficient 휂T and the backscattering 

coefficient 휂B as a function of depth 𝑧 are shown in figure 3.1 (c). The 

region enclosed (hatched area) yields the fraction of absorbed electrons 

휂A at a given depth. Due to the collisions and the frequent loss of kinetic 

energy, 휂T

 

obeys an almost exponential decay (Kanaya and Okayama 

1972 and Fitting 1974). The depth at which the flux of transmitted 

electrons is reduced to zero is termed mean penetration depth 𝑅. In 

contrast to the transmission coefficient, the backscattering coefficient 휂B 

increases until a saturation value 휂B,∞  is reached at which no back-

scattered electrons are able to escape from the target. This saturation 

point is usually located at a depth of 0.3 to 0.5 𝑅 depending on the 

absorber material involved (Fitting 1974). 

Knowing the transmission and backscattering characteristics, the 

absorbed electron and energy fractions, 휂A and ℰA, can be determined by 

difference. Here, ℰA = 𝐸A 𝐸0 , with 𝐸A  being the absorbed energy. Note 

that energies are normalized with respect to the incident electron 

energy 𝐸0. Cosslett and Thomas (1965) obtained an expression for the 
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energy fraction ℰA absorbed in the layer of material between the surface 

and depth 𝑧: 

ℰA z,Z,E0,φ =  1 − 휂B,∞ ∙ ℰB,∞ ∙  1 − 휂T ∙ ℰT ∙
1

C
  (3.2) 

𝐶 = 1 − 휂BℰB ∙ 휂B,∞ℰB,∞ ≈
 A.1 

1 (3.3) 

where 

휂B = 휂B z,Z,E0,φ ,      휂B,∞ = 휂B,∞ Z,E0,φ ,      휂T = 휂T z,Z,φ ,  

ℰB = ℰB z,Z,E0,φ ,      ℰB,∞ = ℰB,∞ Z,E0,φ ,      ℰT = ℰT z,Z,E0 .  

ℰB and ℰT refer to the energy fractions of backscattered and transmitted 

electrons in depth 𝑧. Saturated values of the fraction number and the 

energy fraction of backscattered electrons are denoted by 휂B,∞  and ℰB,∞ , 

respectively. The equation includes a correction term for the trans-

mission fraction that takes account of backscattered electrons from 

deeper layers and that is determined by 𝐶 in equation (3.3). In the 

framework of the absorption model used in this work, we select 𝐶 = 1 as 

a compromise between accuracy and simplicity. Rigorous analysis shows 

that the function 𝐶 takes its lowest value under normal incidence by the 

end of the range as 𝑧 approaches 𝑅. It decreases almost linearly with 

atomic number 𝑍 and is of the order of 0.9 for tin (𝑍 = 50) and 0.8 for 

uranium (𝑍 = 92), cf. appendix A.1 for details. It is therefore expected 

that the error of this approximation is largest for heavy absorbers. In 

validation against measured data in subsection 3.1.5, it is proved that 

𝐶 = 1 is a fairly good estimate for all atomic number materials over a 

wide electron energy range, hence leading to depth-dose profiles that 

are sufficiently accurate. 

ℰA in equation (3.2) is a cumulative distribution function which, when 

differentiated, gives the energy deposited by the electron beam in a layer 

of thickness d𝑧 at a certain depth 𝑧, see figure 3.1 (d). It can be observed 

that the derivative passes through a peak at a considerable distance 

below the surface of the target. This means a shift of the maximum 

energy input away from the surface into the bulk volume. The 

absorption behaviour hence differs substantially from that of a laser 

beam where the energy is absorbed directly at the surface. 
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The derivative dℰA d𝑧  as a function of 𝑧, 𝑍, 𝐸0 and 𝜑 is the governing 

expression for the interaction of an electron beam with condensed 

matter. This derivative scales with the maximum electron penetration 

depth 𝑅. The accurate treatment of the terms 휂B,∞ , 휂T, ℰB,∞ and ℰT, 

which appear in equation (3.2), and the penetration depth is essential for 

modelling electron beam absorption. In the following subsections, 

analytical as well as semi-empirical equations available from the 

literature are outlined. Further, we extend the existing equations for 휂T 

and ℰB,∞ to include a dependence upon 𝑍 and φ, respectively. 

 

3.1.2 Maximum penetration depth 

The maximum electron penetration depth 𝑅 is defined as the depth at 

which the flux of electrons reduces to zero. There are several other 

electron depth or range definitions in common use like the practical or 

extrapolated depth, the mean depth or the continuous slowing down 

approximation (CSDA) range; a comprehensive review can be found in 

Cosslett and Thomas (1964b). The depth of penetration has been 

extensively studied theoretically, e.g. by Kanaya and Okayama (1972), 

and empirically, e.g. by Katz and Penfold (1952), Grün (1957), Weber 

(1964), Klein (1966), Everhart and Hoff (1971) and Fitting (1974). In this 

work, the expression introduced by Kanaya and Okayama (1972) is 

employed because of its underlying theoretical foundation. It was 

derived on the basis of energy loss due to multiple electron scattering 

events and can be stated as: 

𝑅 Z,E0,𝜌 = 2.76 ∙ 10−2
 
mol

m2 ∙
𝑚A𝑁A ∙  

𝐸0

keV
 

5 3 

𝑍8 9 ∙
 1 + 0.978 ∙ 10−3 ∙

𝐸0

keV
 

5 3 

 1 + 1.957 ∙ 10−3 ∙
𝐸0

keV
 

4 3 ∙
1

𝜌
 (3.4) 

where 𝑅 is in m, 𝐸0 is in keV, 𝑚A is the atomic mass in kg, 𝑁A is 

Avogadro’s number in mol-1 and 𝜌 is the mass density in kg/m³. The 

fraction including the energy terms in parentheses arises from a 

relativistic correction of the energy 𝐸0. According to Kanaya and 

Kawakatsu (1972), the relationship in equation (3.4) is valid for 

𝐸0 ≥ 10 keV.  
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The maximum penetration depth as defined in equation (3.4) is 

independent of the angle of incidence and applies when the electrons 

are provided in the form of a narrow pencil beam. Electron beams with a 

width of 𝑤 ≫ 𝑅 have to be treated differently. Due to the superposition 

of absorption volumes of neighbouring electron impacts, a tilt of the 

target surface normal relative to the beam’s central axis results in an 

increase of the penetration depth. The mathematical formulation of this 

is based on purely geometric considerations, which will be detailed later 

in subsection 3.2.3. 

Depth-density and depth-energy relations calculated from above 

equation for metals and metalloids are plotted in figure 3.2 along with 

those reported by other authors. The additional relations are presented 

in full in appendix A.2. Functions represented by a scatter plot in figure 

Figure 3.2: Electron penetration depths 𝑅 as a function of (a) the volumetric mass 

density for all pure metals and metalloids at 𝐸0 = 60 keV and (b) the incident 

electron energy for pure titanium. Plots calculated according to (1,) Koral and 

Cohen (1965), (2) Klein (1966), (3) Everhart and Hoff (1971), (4,) Kanaya and 

Okayama (1972) and (5) Fitting (1974). Material data was taken from Iida and 

Guthrie (1988) and Lide (2010). Note that the expression by Kanaya and Okayama 

(1972) is valid for 𝐸0 ≥ 10 keV. 
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3.2 (a) are dependent on 𝑍, 𝑚A, or both, whereas functions represented 

by curves do not have such a dependence. 

 

3.1.3 Electron backscattering 

Electrons incident on a specimen can undergo large-angle deflections 

and thus leave the target. The probability of an electron escaping the 

target surface can be quantified by the backscattering coefficient, 휂B. 

This coefficient is a function of depth 𝑧, atomic number 𝑍, initial 

electron energy 𝐸0 and angle of incidence 𝜑. Due to the approximation 

𝐶 = 1 in equation (3.3) only the saturated backscattering coefficient 

휂B,∞ = 휂B,∞ Z,E0,φ  has to be considered in the following. Experimental, 

empirical and analytical determinations of 휂B have been the subject of 

numerous research efforts, e.g. by Archard (1961), Fitting (1974), 

Darlington (1975), Hunger and Küchler (1979), Neubert and 

Rogaschewski (1980, 1984), Niedrig (1982), Fitting and Technow (1983), 

August and Wernisch (1989), Ito et al. (1992), Staub (1994) and Yadav 

and Shanker (2006). For 휂B,∞ = 휂B,∞ Z,E0,0°  an empirical expression by 

Ito et al. (1992) is used, which was derived on the basis of experimental 

data collected from the literature. The angle dependence of the 

backscattering coefficient is accomplished by a simple cosine function 

adapted from an expression proposed by Fitting and Technow (1983): 

휂B,∞ 𝑍, 𝐸0 , 𝜑 =

 
 
 

 
 

𝑎1 𝑍 

𝜏0
𝑎2 𝑍 

∙  1 +  
𝑎3 𝑍 

𝜏0
 

𝑎4

 ∙  1 +  
𝜏0

𝑎5 𝑍 
 

𝑎6 𝑍 −𝑎2 𝑍 

 
 
 
 

 
 

cos 𝜑

 (3.5) 

where 𝜏0 is the ratio of 𝐸0 to the rest energy of an electron 

𝑚e𝑐
2 = 511 keV, with 𝑚e being the electron rest mass and 𝑐 the speed of 

light. Parameters 𝑎𝑖 , where 𝑖 = 1...6, can be found in appendix A.3. Note 

that 𝑎4 is not a function of 𝑍. Calculated curves and measured data 

obtained for electrons incident on aluminium, titanium and silver 

targets are provided in figure 3.3. Within the energy region from about 

10 keV to 200 keV a very distinct plateau where 휂B,∞  is only a weak 

function of 𝐸0 can be observed. This energy range is of particular interest 
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since many commercial instruments employ electron beams with 

energies of this magnitude. Equation (3.5) generally applies to a range of 

values of 𝐸0 between 1 keV and 100 MeV. Nevertheless, a decrease in 

accuracy of the empirical expression may be expected for medium 𝑍 

absorbers and 𝐸0 < 10 keV as inferred from the saturated backscattering 

coefficients measured in pure titanium by Gomati et al. (2008). Figure 

3.3 (b) additionally plots the angle dependence of 휂B,∞ . The deviation of 

the predicted curves compared to the experimental data shows 

maximum discrepancies of ∆max휂B,∞ = 1.3 % at 𝜑 = 60° and of 

∆max휂B,∞ = 6.9 % at 𝜑 = 80°, both in titanium. 

As electrons travel through the target material they lose a considerable 

portion of their initial kinetic energy. The average residual energy 

fraction of backscattered electrons, ℰB,∞, can take values as low as about 

0.5 for light elements at medium electron energies. Through a least-

Figure 3.3: Saturated backscattering coefficient 휂B,∞  in aluminium, titanium and 

silver as a function of (a) 𝐸0 at normal beam incidence and (b) the angle of beam 

incidence at 𝐸0 = 60 keV. Solid lines computed as per Ito et al. (1992) and Fitting 

and Technow (1983). Experimental data obtained from  Tabata (1967),  Ebert et 

al. (1969),  Miller (1970),  Hunger and Küchler (1979),  Neubert and 

Rogaschewski (1980),  Lockwood et al. (1981),  Ito et al. (1993),  Yadav and 

Shanker (2006) and  Gomati et al. (2008). 
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squares fit to experimental data comprising a large number of 

measurements on different materials and at incident electron energies 

from 5 keV to 100 MeV, Tabata et al. (1999) obtained an empirical 

expression of the form 

ℰB,∞ 𝑍, 𝐸0 =
𝑏1 ∙ 𝑍𝑏2 ∙ 𝜏0

𝑏3

1 +  𝜏0 𝑏4  𝑏3 +  𝜏0 𝑏5  𝑏3+𝑏6 +  𝜏0 𝑏7  𝑏3+𝑏8
 , (3.6) 

where constants 𝑏𝑖  (𝑖 = 1...8) are included in appendix A.3. 

The expression in (3.6) has no dependence on the angle of beam 

incidence, 𝜑. In order to find a suitable function that yields ℰB,∞ 

dependent on 𝜑, we adopt the point source diffusion model by Bethe et 

al. (1938) and Archard (1961). This model assumes that impinging 

electrons travel straight to a certain depth, 𝑧C, where they are equally 

scattered in all directions. The spatial distribution of electrons 

interacting with the target material is thereby enclosed by a sphere of 

radius  𝑅 − 𝑧C , whereas the interaction volume of backscattered 

electrons which escape from the target is represented by a cone, see 

figure 3.4. Consider the mean value of ℰB,∞ to be inversely proportional 

to said interaction volume, i.e. the longer the average path length of 

electrons inside the target material the lower their residual energy ℰB,∞. 

With the boundary values ℰB,∞ 𝑍, 𝐸0, 𝜑=0° = ℰB,∞ 𝑍, 𝐸0  and 

ℰB,∞ 𝑍, 𝐸0, 𝜑=90° = 1, the angle dependence is then given by the 

relationship: 

ℰB,∞ 𝑍, 𝐸0 , 𝜑 = 1 −  1 − ℰB,∞ 𝑍, 𝐸0  ∙
 𝑅 − 𝑧C 

2 −  𝑧C ∙ cos𝜑 2

 𝑅 − 𝑧C 
2 − 𝑧C

2 ∙ cos𝜑 (3.7) 

The depth 𝑧C as originally proposed by Bethe et al. (1938) and later 

enhanced by Archard (1961) is the depth of complete diffusion. The basic 

concept of the underlying diffusion model is to approximate the motion 

of electrons by two distinct regimes. In the first regime, the incoming 

electrons suffer loss of kinetic energy through frequent collisions. In the 

course of this, the trajectories of the electrons are only slightly 

perturbed, which suggests that electron movement can be approached 

by a straight line. As the electrons decelerate, the scattering events 

increasingly contribute to the tortuous nature of their tracks. In this 
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limit, the motion of the electrons is almost random in direction and thus 

may be treated as a diffusion problem. The depth of complete diffusion 

thereby constitutes the transition point between the two regimes. As 

pointed out by Archard (1961), the diffusion model disregards large-

angle deflections that occur between the target surface and the 

scattering centre 𝑧C. These are, however, significant in low atomic 

number materials for which the model fails since the depth of complete 

diffusion exceeds 𝑅/2. In these cases, electrons that have penetrated to 

the scattering centre cannot reach the target surface by way of diffusion, 

so that the backscattering coefficient is constrained to be virtually zero. 

To remedy this shortcoming, Kanaya and Okayama (1972) introduced 

the depth of maximum energy dissipation which roughly corresponds to 

the peak in the dℰA d𝑧  curve as illustrated in figure 3.1 (d). The location 

of the scattering centre 𝑧C can now be expressed as a function of the 

mean penetration depth 𝑅 as 𝑧C = 𝜐 ∙ 𝑅, where 𝜐 = 𝜐 𝑍  and 𝜐 < 0.5 for 

all 𝑍. It might seem like a crude assumption, but finally there is little 

error introduced by using 𝜐 𝑍 = 0, whereby equation (3.7) becomes 

ℰB,∞ 𝑍, 𝐸0 , 𝜑 = 1 −  1 − ℰB,∞ 𝑍, 𝐸0  ∙ cos𝜑. (3.8) 

 

 

Figure 3.4: Illustration of the point source diffusion model for calculating the 

residual energy of electrons backscattered from the target material as a function of 

the angle of beam incidence 𝜑. 
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3.1.4 Electron transmission 

The fraction of transmitted electrons in depth 𝑧 can accurately be 

described by a function proposed by Neubert and Rogaschewski (1984): 

휂T 𝑧, 𝑍, 𝜑 = exp  −
𝑑1 𝑍, 𝜑 ∙  

𝑧
𝑅

 
𝑑2 𝑍,𝜑 

 1 −
𝑧
𝑅

 
𝑑3 𝑍,𝜑 

  (3.9) 

The parameters 𝑑𝑖  had been experimentally and empirically studied by 

Neubert and Rogaschewski, who finally employed 

𝑑𝑖 = cos𝑛𝑖1𝜑 ∙  𝑛𝑖2 ∙ sin𝑛𝑖3𝜑 + 𝑛𝑖4  as ansatz function. They chose this 

function to fit their experimental data obtained on aluminium and gold 

targets bombarded with 15 to 60 keV electrons at various angles of 

incidence 𝜑. However, the original sets of values of 𝑑𝑖  are only 

applicable to the two elemental absorbers investigated. In order to 

extend 휂T  to account for arbitrary materials, we once again perform a 

least-squares fit to their data but this time use our own ansatz functions 

𝑑𝑖 𝑍, 𝜑  which are now dependent on atomic number 𝑍. The solutions 

are 

 𝑑1 𝑍, 𝜑 = 4.17 ∙ 𝑍0.04 − 3.28 ∙  sin𝜑 0.77∙𝑍0.2
, (3.10) 

 𝑑2 𝑍, 𝜑 =
1.2

𝑍
∙  𝑍0.3 ∙  0.5 +  cos𝜑 0.5+0.75 Z0.3   

3 Z0.043 
, (3.11) 

 𝑑3 𝑍, 𝜑 =
𝑍0.92

72
+ 0.72 ∙ 𝑍0.14 ∙  sin𝜑 1.23∙𝑍0.2

, (3.12) 

in which 𝜑 is in degrees. Validation of equations (3.10) to (3.12) with data 

from Neubert and Rogaschewski gives normalized root-mean-square 

deviations of 3 % and below, cf. appendix A.4. Also, fractions of trans-

mitted electrons with depth calculated from the above equations are in 

close agreement with curves from Neubert and Rogaschewski and 

experimental measurements at normal incidence of various authors, 

figure 3.5. The transmission coefficient was found to be nearly indepen-

dent of 𝐸0 in the 20 to 60 keV range. It can be assumed that this is also 

valid at higher electron energies up to about 1 MeV as suggested by 

measurements performed by Seliger (1955). 
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In this regard, it is to note that the function 𝑑2 𝑍, 𝜑  as proposed by 

Klassen et al. (2014), that is, 

𝑑 2 𝑍, 𝜑 =
6.12

𝑍0.4
∙  cos𝜑 Z0.72 85 −

10

𝑍0.7
∙  sin𝜑 2, 

is not strictly applicable to absorbers with 𝑍 < 11. Due to the approximate 

nature of the power law fits, 𝑑 2 𝑍, 𝜑  can take negative values in this 

limiting regime, thus leading to inaccuracies in the transmission 

coefficient. In particular, this is true at 𝜑 ≳ 70° in beryllium (𝑍 = 4) and 

𝜑 ≳ 80° in carbon (𝑍 = 6). The function 𝑑 2 𝑍, 𝜑  was revised as detailed 

in equation (3.11). 

The most probable energy fraction of transmitted electrons at depth 𝑧, 

ℰT, was analytically formulated by Kanaya and Ono (1978) as: 

Figure 3.5: Transmission coefficient 휂T  in aluminium and gold as a function of the 

reduced penetration depth 𝑧 𝑅  and the angle of beam incidence 𝜑. Empirical 

curves from  this work and  Neubert and Rogaschewski (1984). 

Experimental data from  Seliger (1955),  Cosslett and Thomas (1964a) and 

 Fitting (1974) at different electron energies 𝐸0. 
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ℰT 𝑧, 𝑍, 𝐸0 =  1 −
𝑧

𝑅
 

휁
휁+1

, (3.13) 

휁 = 1 + 2 ∙ exp −𝜓 + 2 ∙ 10−𝜓  , (3.14) 

𝜓 = lg  
0.77

8
∙ 𝑍−1 6 ∙

𝐸0

𝐸R

 , (3.15) 

where 𝐸R  is the Rydberg energy. In effect, despite the complex structure 

of the above equations, ℰT is only a weak function of 𝑍 and 𝐸0, which is 

summarized in appendix A.5. The energy of transmitted electrons is 

treated as independent of the obliquity of the target surface. 

 

3.1.5 Validation of calculated depth-dose profiles against 

experimental data 

Depth-dose profiles in aluminium, iron, copper and molybdenum 

targets based upon equation (3.2) are plotted in figure 3.6. In every case, 

the predictions of the semi-empirical model are compared with 

experimental data from literature. In general, the theoretical curves are 

remarkably close to the experimental results, with the peak value of the 

differential energy loss being reached at approximately the same depth. 

At oblique incidence, electron beam characteristics deviate considerably 

from those at normal incidence. The depth of maximum energy dissipa-

tion will be expected to move toward the surface as the inclination of the 

target surface against the beam axis, 𝜑, increases. This effect becomes 

significant for 𝜑 exceeding about 30 to 45°. Furthermore, a greater 

portion is backscattered from the target, which means a decrease in the 

total energy yield. The electron beam absorption model described herein 

accurately predicts the absorption behaviour within ±10° of the 

measured angle of incidence, as shown for aluminium and molybdenum 

in figure 3.6, dashed lines. The quality and wide range of applicability of 

the empirical predictions proves that the assumptions about the under-

lying functions are appropriate. Specifically, this applies to the power 

law fits in equations (3.10) to (3.12) which are used to calculate the frac-

tion of transmitted electrons, 휂T , and which strongly affect the shape of 

the depth-dose profile. If employing values of 𝑑𝑖 𝑍, 𝜑  in equation (3.9) 
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Figure 3.6: Depth-dose curves in aluminium (𝑍 = 13), iron (26), copper (29) and 

molybdenum (42) at various 𝐸0 and angles of beam incidence 𝜑. Experimental data 

from Cosslett and Thomas (1965) and Lockwood et al. (1980) are plotted over 

equation (3.2), solid curves. Note that for the purpose of comparison, experimental 

values had to be adjusted so that in each case the measured penetration depth, 

which in Lockwood et al. (1980) is the CSDA range, matches that used in equation 

(3.4). 
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that are directly estimated from the results of Neubert and 

Rogaschewski (1984) using linear interpolation, the agreement with 

experimental data is less close—see appendix A.6. 

Depth-dose data used for validation in this chapter consists of absorbers 

for which 13 ≤ 𝑍 ≤ 79 applies. Most technical alloys that are processed 

by SEBM lie within this range. Interestingly, the proposed electron beam 

absorption model is also able to adequately predict absorption charac-

teristics in the extrapolation regime below 𝑍 = 13 and above 𝑍 = 79 as 

shown in targets of pure beryllium and uranium in appendix A.7. 

Likewise, the model is applicable to polymers like PMMA, polystyrene 

and polyethylene as can be shown using data from, e.g., Fernàndez-

Varea et al. (1996). 

 

3.2 Numerical implementation of the electron 

beam absorption model 

3.2.1 Discretization of the absorbed energy 

The electron beam absorption model described in the preceding section 

encodes information about the energy portion absorbed by a single cell 

within the computational domain. In the formalism of the lattice 

Boltzmann method employed, this energy portion is described by the 

specific enthalpy ℎbeam x, 𝑡 , where x =  𝑥, 𝑦, 𝑧  are the spatial 

coordinates of the cell and 𝑡 is the time. The total energy supplied by the 

electron beam per computational time step ∆𝑡 is 𝐸beam = 𝑈ℐ ∙ ∆𝑡 where 

𝑈 = 𝐸0 𝑒  is the acceleration voltage, 𝑒 the elementary charge and ℐ the 

beam current. In order to obtain ℎbeam x, 𝑡 , the total beam energy has to 

be distributed within the numerical grid: 

ℎbeam x, 𝑡 = 𝐸beam ∙ ℊ 𝑥, 𝑦, 𝑡 ∙ 𝒽 𝑧 ∙
1

𝜌
  (3.16) 

where ℊ 𝑥, 𝑦, 𝑡  gives the energy distribution in lateral direction in units 

of m-2 and 𝒽 𝑧  that in vertical direction in m-1. The mass density 𝜌 is 

required to maintain consistency of units, i.e. to transfer J m-3 to J kg-1. In 
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a two-dimensional simulation, 𝑦 defines the position of the electron 

beam relative to the simulated 2D plane. This configuration implies that 

the axial direction of the beam runs parallel to the 𝑧 direction in the 

Cartesian coordinate system, resulting in a scanning speed of  v  in the 

focal plane of the beam, with v =  𝑣x, 𝑣y,0 . Subsections 3.2.2 and 3.2.3 

provide additional details regarding the two distribution functions. 

 

3.2.2 Energy deposition in lateral direction 

In lateral direction, the function ℊ 𝑥, 𝑦, 𝑡  can take any convenient form 

but is normally chosen to be a two-dimensional Gaussian distribution in 

space: 

ℊ 𝑥, 𝑦, 𝑡 =
1

2𝜋𝜍beam
2 ∙ exp  −

 𝑥 − 𝑣x𝑡 − 𝑥0 
2 +  𝑣y𝑡 − 𝑦0 

2

2𝜍beam
2   (3.17) 

with 𝑥0 and 𝑦0 being the centre of the electron beam’s focal spot at 

𝑡 = 0, cf. figure 3.7 (a). The width of the electron beam is defined as 

𝑤 = 4 𝜍beam, where 𝜍beam is the standard deviation. 

 

3.2.3 Energy deposition in vertical direction 

In practice, the electron energy fraction consumed within one layer ∆𝑧, 

ℰA, is typically determined by measurements on thin foils which 

thicknesses are smaller than the mean penetration depth 𝑅. Electrons 

backscattered from and transmitted through such solid films allow 

conclusions to be drawn about the deposited energy. This procedure 

conforms to the illustrations in figures 3.7 (b) and (c) in 𝑧′ direction. 

In the simulations presented herein, however, the energy absorption 

follows the principal direction of the numerical grid, i.e. the 𝑧 direction. 

The tilt (rotation) in the direction of the reference axis requires a 

transformation of coordinates of the type 𝑧′ = 𝑧 ∙ cos𝜑. In vertical 

direction, the distribution function 𝒽 𝑧  thus is expressed as the 

derivative of the absorbed energy fraction with respect to 𝑧: 
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𝒽 𝑧 =
∆ℰA

𝜖 ∙ ∆𝑧
=

ℰA 𝑧𝑖+1
′ , 𝑍, 𝐸0 , 𝜑 − ℰA 𝑧𝑖

′ , 𝑍, 𝐸0, 𝜑 

𝜖 ∙ ∆𝑧
 (3.18) 

where 

𝑧𝑖
′ = 𝑧 ∙ cos𝜑,        𝑧𝑖+1

′ =  𝑧 + 𝜖 ∙ ∆𝑧 ∙ cos𝜑.   

ℰA follows from equation (3.2), 𝜖 is the fractional volume of a cell 

occupied by material and z the spatial resolution in 𝑧 direction. In 

taking this approach, the local maximum penetration depth also 

increases by  cos𝜑 −1. The angle of incidence 𝜑 is obtained from the 

Figure 3.7: Distribution of the energy provided by the electron beam in (a) lateral 

direction by a 2D Gaussian distribution and energy absorption with depth at (b) 

normal and (c) oblique incidence. Also illustrated are corresponding depth-dose 

profiles. Depth-dose profiles computed from equation (3.2) are in 𝑧′ direction. At 

oblique incidence, these profiles have to be adapted to the existing numerical grid 

by coordinate transformation (𝑧 direction). 
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surface normal n. Locally, that is, on an individual cell level, the surface 

is supposed to extend to infinity in all directions. This is required so as 

not to violate the condition that there must be a balance between 

impacting electrons which are laterally transmitted to neighbouring cells 

and the electrons coming from the surrounding material. Deviations 

from that idealized state are associated with uncertainties in the amount 

of energy deposited. In fact, the numerical model allows for free surfaces 

of any structure. Provided that the penetration depth is smaller than the 

local radius of curvature of the free surface, i.e. 𝑅 < 𝜅−1, it is reasonable 

to conclude that the absorption model will yield satisfactory predictions. 

The inaccuracy at the periphery of the electron beam, illustrated by the 

hatched areas in figures 3.7 (b) and (c), is negligible due to the Gaussian 

nature of the lateral distribution function ℊ 𝑥, 𝑦, 𝑡 . 

 

3.2.4 Numerical considerations and model assumptions 

The numerical implementation of the model embeds a range of 

assumptions which are discussed in the following. 

Electron trajectories within the atmosphere.     The paths of the 

electrons outside the target material are simplified by assuming that 

electrons follow a straight line parallel to the axis of the electron beam 

without undergoing collisions with the atoms or molecules (or 

aggregates thereof) of the surrounding atmosphere. This also includes 

the vapour plume in the hotspot of the beam. That is, the absorption of 

electrons is supposed to take place in condensed matter only. Electrons 

leaving the target surface are mainly emitted in the direction of regular 

reflection for when observing backscattered electrons (e.g. Kanter 1957, 

Niedrig 1982, Fitting et al. 1991, Massoumi et al. 1993 and Berger and 

Niedrig 1999) and in direction of the primary beam for transmitted 

electrons (e.g. Cosslett and Thomas 1964a and Berger 2000). This would 

allow the determination of the propagation paths of emitted electrons 

by ray tracing methods and re-absorption using  휂B,0ℰB,0  and  휂TℰT , 

respectively. However, backscattered electrons do not carry away a 

significant amount of kinetic energy and hence are completely neglected 
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in the electron beam absorption model. This also applies to energy 

losses due to the emission of secondary electrons, light, X-rays and 

bremsstrahlung. Transmitted electrons that escape from the target, 

though, are absorbed by subsequent layers of material.  

Time scales of electron-matter interactions.     In terms of the time 

discretization, the interaction of the electrons with the target material is 

treated as occurring instantaneously. From the drift velocity of the 

electrons inside the target it can be easily deduced that at intermediate 

acceleration voltages the span of time to cover the whole penetration 

depth is less than one picosecond, cf. appendix A.8. For example, 

electrons having a kinetic energy of 60 keV travel at 44.6 % of the speed 

of light in vacuum. Similarly, the above assumption implies that at the 

scale of ∆𝑡 there is no delay between the excitation of the conduction 

electrons by the incident beam and the heating of the lattice through 

electron-phonon scattering. This thermal relaxation time is known to be 

of the order of picoseconds (Schoenlein et al. 1987). This gives a lower 

limit on the time step size of ∆𝑡 ≳ 10-12 s. 

Momentum transfer.     Impinging electrons impart momentum to the 

target. Depending on the kinetic energy of the electrons and the beam 

current, this momentum creates a pressure at the target surface, an 

estimation of which is given in appendix A.9. Accordingly, the pressure 

exerted by an electron beam with ℐ = 20 mA and a Gaussian intensity 

distribution of width 𝑤 = 4 𝜍beam = 400 µm amounts to a maximum of 

approximately 10 to 100 Pa. This value is orders of magnitude smaller 

than expected Laplace or vapour pressures and thus makes a negligible 

contribution to the total pressure. 

State of matter.     The absorption of electrons is treated independent 

of the phase of the target material. Here, only the solid and liquid states 

are relevant. In fact, the fundamental principles of electron absorption 

in solid matter are the same as in a liquid or a gas. The dependence on 

temperature and hence the state of matter is given implicitly through 

the mass density. 

Mass density.     Electron beam absorption shows a dependence upon 

the mass density of the target material via the penetration depth 𝑅. The 
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mass density is taken as constant throughout the numerical computa-

tions. Thereby, the liquidus temperature 𝑇liq may reasonably be defined 

as the reference temperature, giving 𝜌l ≡ 𝜌 𝑇liq . In general, though, 

electron beam melting is a process that is known to be highly non-

isothermal, so that the density varies on a local scale — preferably near 

the surface. Temperatures during melting can be expected to range 

between room temperature, if no preheating is applied, and boiling 

temperature, 𝑇boil. In the following, the quality of the depth-dose profiles 

when using constant reference densities of 𝜌l is evaluated via 

comparison with profiles calculated using 𝜌RT ≡ 𝜌 𝑇RT  and 𝜌boil ≡

𝜌 𝑇boil , respectively. Actually, this approach is not entirely accurate, 

since due to the spatial temperature gradient the density would have to 

be provided as a function of the temperature and not as a constant. 

However, because the latter gives the more severe of the two 

predictions, mass densities are set to constant values for simplicity. 

The depth-dose profiles for aluminium and titanium at 𝐸0 = 60 keV and 

normal beam incidence are depicted in figure 3.8. The absolute 

Figure 3.8: Depth-dose profiles in pure aluminium (left) and pure titanium (right) 

using 𝐸0 = 60 keV and 𝜑 = 0° for different mass densities 𝜌. The reference case is a 

depth-dose curve employing a density at the liquidus temperature 𝑇liq. 
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deviations additionally plotted illustrate the error made by assuming 

𝜌 = 𝜌l. Note that deviations are smaller at oblique incidence. Densities 

𝜌RT, 𝜌l and 𝜌boil are listed in table C.1 in appendix C. It is clear from the 

graphs that simulations using higher 𝑍 absorbers suffer very little from 

uncertainties due to density fluctuations. If employing titanium and 

heavier elements or alloys, the mass density can readily be set to a 

constant value without compromising accuracy. Differences are most 

pronounced in low 𝑍 targets like aluminium. There, particularly at high 

temperatures, depth-dose profiles substantially deviate from the 

reference curve. This can become problematic with respect to 

evaporation because it involves a noticeable overestimation of the 

energy deposited near the surface and thus an overestimation of the 

surface temperature.  

 

3.2.5 Verification of the numerical model 

The verification of the model is performed on individual spherical 

powder particles resting on a dense substrate shown in figure 3.9. The 

powder particles have a diameter of 40 µm and are irradiated by an 

electron beam with a rectangular shaped energy distribution in lateral 

direction, cf. figure 3.9 (a). The acceleration voltages chosen are 60 kV 

and 120 kV, where the former is typical for processing powder beds by 

SEBM. Figures 3.9 (b) to (d) illustrate the simulation results of three 

identical runs where different pure materials have been assigned to the 

powder particle: aluminium, titanium and copper. The material 

properties are given in table 3.1. The contour plots (left column) show 

the spatial distribution of the absorbed beam energy after one time step 

and the graphs (right column) compare numerical (solid lines) and 

theoretical predictions (points) at various angles of beam incidence. 

In materials of low density, the maximum heat input occurs within the 

bulk volume of the particle causing it to melt from inside. In the case of 

the aluminium particle irradiated by a 120 kV beam, the depth of 

maximum energy dissipation nearly coincides with the particle radius. 

This entails the risk that the power supplied by the gun does not suffice 

to melt the material as a result of the distribution of the beam energy 
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Figure 3.9: Energy absorption profiles obtained after one computational step in 

aluminium, titanium and copper powder particles (diameter 40 µm) irradiated with 

60 keV (left side) and 120 keV (right side) electrons. For convenience, the lateral 

beam energy distribution, ℊ 𝑥, 𝑦, 𝑡 , has a rectangular shape. In the plots on the 

right, solid lines follow from equation (3.2), points represent simulation results and 𝑠 

denotes the location of the particle surface. The spatial resolution of the numerical 

grid is 0.1 µm. 
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Table 3.1: Physical property data for aluminium, titanium and copper. Data taken 

from (1) Iida and Guthrie (1988) and (2)
 Lide (2010). 

Property  pure Al pure Ti pure Cu  

       𝑍   13(1) 22(1) 29(1)  

𝑚A
 u  26.98154(1) 47.9(1) 63.54(1)  

𝜌RT kg/m³  2700(2) 4506(2) 8960(2)  

 

over a larger target volume. In contrast, materials of high atomic 

number rather start to melt at the surface. It is apparent that with 

surface heating there is a strong tendency to provoke evaporation, 

whereas too low energy deposition densities at a given beam power may 

lead to either insufficient melting or unintentional heating of deeper 

layers of material. Both mechanisms may lower the efficiency of the 

manufacturing process or induce secondary effects due to superheating 

of the material. 

 

3.3 Concluding remarks 

Modelling electron beam processes at the micro- and mesoscale requires 

a volumetric approach for characterizing the interaction of energetic 

electrons with matter. Therefore, this chapter describes an electron 

beam absorption model which has been developed adopting semi-

empirical expressions from various published sources. The model 

predicts the electron energy dissipated within a target of condensed 

matter as a function of the material (in terms of atomic number 𝑍 and 

mass density 𝜌), the angle of beam incidence (𝜑) and the kinetic energy 

of the electrons (𝐸0). The model is applicable to target surfaces of 

arbitrary shape, provided the local radius of curvature is large compared 

to the electron penetration depth. The model accurately reproduces 

experimental data for elemental absorbers between beryllium (𝑍 = 4) 

and uranium (𝑍 = 92) within the range of electron energies of 

10 keV ≲ 𝐸0 ≲ 1 MeV. 
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4  

Evaporation 

 

The adaptation of optical or particle beams to materials processing 

applications allows the precise machining of parts and the 

manufacturing of components and devices with complex geometries. 

These processes are limited by thermal conduction at low and medium 

irradiances and by evaporation at high irradiances. This applies, for 

example, to the selective melting by an electron or laser beam 

(SEBM/SLM), welding or cladding, where heating and melting are 

inherent to the process. Aside of mass and energy transfer to the vapour 

phase, evaporation also generates recoil onto the melt surface. These 

effects can be taken advantage of, e.g. for deep penetration welding, or 

they can unintentionally impact the process itself by forming melt pool 

instabilities. Thus, the properties of the fabricated product like porosity 

or local alloy composition can be adversely influenced.  

The kinetics of evaporation is well determined theoretically since the 

original work of Hertz in 1882 and has been further elaborated upon by 

Anisimov (1968), Ytrehus (1975) and Knight (1979). During vapour 

generation and subsequent expansion, one mechanism of importance is 

the formation of a narrow Knudsen layer at the direct interface between 

the condensed matter and the vapour phase. Macroscopically, the 

Knudsen layer constitutes a contact discontinuity which can be 

described by analytical jump conditions. Following the literature on 

beam based manufacturing processes, this theoretical approach is widely 

used for numerical computations of evaporation effects, particularly in 

laser keyhole welding, e.g. Mundra and DebRoy (1993), Ki et al. (2002) or 

Tan et al. (2013). The details of the model are explained in section 4.1 for 

the evaporation of pure substances and in section 4.2 for multi-

component evaporation.  

Chapter 
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Section 4.3 describes the implementation of the evaporation model into 

an existing code based upon the lattice Boltzmann method with free 

surfaces. Intense evaporation is not expected in the irradiance regime of 

interest, so that the emerging vapour plume and the gas phase do not 

have to be resolved numerically. The model is hence simplified to the 

point that evaporation is represented by a local loss of mass and energy 

inducing a recoil pressure that acts normal to the free surface. The 

stability of the numerical scheme is discussed in section 4.4. A 

sensitivity analysis that investigates the effect of changes in various 

parameters on the computed response is provided in section 4.5. 

In this chapter, parameters associated with evaporation are, to some 

extent, dependent on the surface temperature 𝑇S. For notational 

convenience, writing out functional dependences on 𝑇S is henceforth 

omitted, unless having some special significance. 

 

4.1 Physics of single component evaporation 

4.1.1 Flow structure of the vapour plume 

The evaporation of condensed matter during laser or electron beam 

irradiation generates a vapour cloud, the internal flow structure of which 

plays an important role in the calculation of evaporative losses. In the 

following, the processes that take place during the formation and 

expansion of the vapour cloud are considered. 

The behaviour of vapour particles leaving the surface of a condensed 

phase is schematically shown in figure 4.1 for two different locations in 

the vapour cloud — at the immediate phase boundary and at some 

distance above the surface. The velocity probability density function is 

denoted by 𝒻 and 𝜉z is the particle velocity normal to the evaporating 

surface, with 𝜉z < 0 corresponding to downstream flow (away from the 

surface) and 𝜉z > 0 to upstream flow (towards the surface). Initially, 

vapour particles desorbed from the condensed phase naturally have 

velocities that are oriented away from the evaporating surface. In this 

state, particle velocities can be assumed to follow a half-range Maxwell-
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Boltzmann distribution (Knight 1979, Lotfi 1993, Lotfi et al. 2014). The 

subsequent expansion of the emitted particles depends on the ambient 

conditions as well as on the rate of evaporation: 

I—In the limit of weak evaporation into a vacuum, particle 

number densities above the surface are sufficiently low that inter-

particle collisions are insignificant. The vapour flow is nearly free-

molecular, so the particle velocity distribution remains a half-

range Maxwellian at any given point in the expanding vapour 

(Sone and Sugimoto 1993). This is illustrated in figure 4.1, case I, 

where 𝒻 exhibits a discontinuity which propagates into the half-

space 𝑧 < 0. 

II—In the regime of medium to strong evaporation, the enhanced 

collisional rate in the vicinity of the evaporating surface equili-

brates the particle velocity distribution to a full-range Maxwellian 

— cf. case II in figure 4.1. This means a change from free-molecular 

flow at or close to the condensed phase (half-range Maxwellian) to 

continuum flow at some distance downstream of it (full-range 

Maxwellian). Hence, vapour particles farther away from the phase 

boundary have velocity components upstream as well as down-

Figure 4.1: Schematic of the particle velocity distribution 𝒻 at the vapour side of a 

surface and at some distance downstream of it for the case of net evaporation. 

These locations are indicated by circled letters s and v, respectively. The flow 

regimes shown include I: free-molecular flow and II: continuum flow where inter-

particle collisions are frequent enough to distort the velocity distribution from a 

half-range to a full range Maxwellian. The particle velocity in 𝑧 direction is 𝜉z, 

where 𝜉z < 0 refers to downstream flow (evaporation). 
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stream, entailing a non-zero probability for emitted particles to 

return back to the surface and to condense. The transition region 

across which stabilization of the particle flux through random 

inter-particle collisions is achieved is known as Knudsen layer. The 

Knudsen layer generally has a thickness in the order of a few 

molecular mean free paths (Sibold and Urbassek 1991, Plotnikov 

and Rebrov 1996). Inside the Knudsen layer, the vapour flow has to 

be described employing a kinetic framework, while for the vapour 

beyond the Knudsen layer a continuum-fluid description may be 

applied. 

The ratio of evaporating to condensing particles determines whether the 

vapour is in a fully saturated condition or whether net evaporation or 

net condensation prevails. If the vapour is in thermodynamic equili-

brium with its condensed phase, there will be no net exchange of 

particles across the phase boundary — that is, evaporating and condens-

ing particles both possess identical half-range Maxwellian velocity 

distributions at the direct surface, but with opposite signs. Deviations 

from the saturated state either produce a net evaporation or a net 

condensation flux. The validity of the Maxwell-Boltzmann velocity 

distribution was reviewed and confirmed by, e.g., Ishiyama et al. (2004), 

Frezzotti et al. (2005) and Lotfi et al. (2014) for net evaporation and by 

Ishiyama et al. (2013) for net condensation using MD simulations and 

other numerical methods. 

In the case of SEBM/SLM, ambient conditions during heating and 

melting of metal powder are such that local evaporation dominates 

condensation. This corresponds to net evaporation, case II in figure 4.1, 

and involves a velocity distribution function 𝒻 that is discontinuous at 

the phase boundary and that takes a full-range Maxwellian form at the 

downstream edge of the Knudsen layer with a mean particle velocity 

away from the surface (Sugimoto and Sone 1992, Sibold and Urbassek 

1993). Formation of a Knudsen layer is, in principle, a time-dependent 

process but can reasonably be expected to occur instantaneously (Sone 

2007), requiring only a few collisions per particle (see e.g. NoorBatcha et 

al. 1987). The Knudsen layer, once fully developed, is stationary with 

respect to the evaporating surface. The rate of surface recession due to 

advection, expulsion of molten material and ablation is negligible when 
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compared to the vapour flow rate. An estimate of the surface recession 

can be made from formulae derived by von Allmen (1976), giving 

maximum velocities on the order of 1 m/s. The phase boundary therefore 

defines a fixed local frame of reference. In this reference frame, the flow 

structure of a vapour cloud expanding into a medium with ambient 

pressure is as depicted in figure 4.2. The two regimes distinguished 

correspond to (a) subsonic flow and (b) supersonic flow. The nature of 

the flow field is controlled by the ratio of the vapour pressure at the 

ablating surface to the pressure of the ambient atmosphere. These 

pressures are denoted by 𝑝S and 𝑝a in the following. 

Subsonic flow regime.     If the pressures 𝑝S and 𝑝a are comparable, 

with 0 ≪ 𝑝a 𝑝S < 1, the vapour flow remains subsonic in the entire flow 

field. Subsonic expansion is typical of SLM processes, since these are 

generally conducted at atmospheric pressure using medium laser 

intensities. Figure 4.2 (a) schematically shows the emerging ablation 

plume which comprises a stationary kinetic region and an expanding 

hydrodynamic region. The kinetic region is the Knudsen layer, with the 

downstream edge being denoted by ( Kn ). Vapour particles that traverse 

the Knudsen layer generate the outer hydrodynamic region that consists 

of the bulk vapour ( v ) preceded by a layer of compressed ambient gas 

( c ). The front of the plume is a shock wave that propagates into the 

undisturbed ambient atmosphere ( a ). As a result of adiabatic com-

pression, the shock front causes a sharp increase in temperature and 

pressure of the ambient gas just behind it (Zhang and Gogos 2005). The 

bulk vapour and the compressed ambient gas are separated by a contact 

discontinuity across which the pressure and velocity field are uniform, 

but the temperature and the density undergo significant changes (Aden 

et al. 1990, Zhang and Gogos 2004). Steady ablation of material from the 

evaporating surface sustains a plume whose hydrodynamic region as 

well as contact and shock layers expand with constant velocities. This 

time evolution of the flow structure is presented in the bottom diagrams 

in figure 4.2. In the subsonic evaporation regime, the net evaporation 

flux strongly depends on the ambient atmosphere. 
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Supersonic flow regime.     As the pressure ratio 𝑝a 𝑝S  decreases, the 

flow speed of the vapour increases and finally reaches sonic levels. In the 

Knudsen layer and at the boundary between the kinetic and the 

hydrodynamic regions, the limiting speed of the vapour is, by definition, 

the speed of sound. Consequently, further decreases in 𝑝a 𝑝S  have no 

Figure 4.2: Schematic of the flow structure generated by an expanding vapour 

plume (top) and corresponding time evolution of the contact boundaries (bottom) 

for (a) subsonic and sonic and (b) supersonic flow in one dimension. The evapora-

ting surface and the Knudsen layer are stationary, while the bulk vapour, the 

compressed ambient gas and the shock front propagate with constant velocity into 

the half-space beyond the Knudsen layer. In the supersonic expansion regime, a 

rarefaction fan develops between Knudsen layer and bulk vapour across which the 

hydrodynamic flow velocity makes a transition between sonic and supersonic 

values. Circled letters denote flow regions of interest and boundaries between these 

flow regions and are used as subscripts in the equations throughout this thesis. 
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additional effect on the flow speed at the exit plane of the Knudsen layer 

( Kn ), so that the vapour flow becomes thermally choked at a local Mach 

number of unity (Knight 1979, Zhang and Sheng 2007). This is referred 

to as the Chapman-Jouguet condition (Pirri et al. 1978, Aden et al. 1990). 

Therefore, when 𝑝a is much smaller than 𝑝S, with 0 ≤ 𝑝a 𝑝S ≪ 1, the flow 

at the outer boundary of the Knudsen layer ( Kn ) remains sonic, whereas 

the bulk vapour ahead of the Knudsen layer is accelerated to supersonic 

speeds. This acceleration occurs via a centred rarefaction fan (Ytrehus 

1975). Across the rarefaction fan, the pressure and density gradually 

decrease with distance from the Knudsen layer, while the flow velocity 

increases (Aden et al. 1990, Zhang and Gogos 2004, Takata 2008). In the 

case of supersonic expansion, the flow pattern in the vapour cloud 

resembles that shown in figure 4.2 (b), with the rarefaction fan between 

the Knudsen layer ( Kn ) and the vapour phase ( v ). This flow structure is 

typical of processes where 𝑝S ≫ 𝑝a holds, that is, for an expansion into a 

low-pressure atmosphere as encountered in SEBM or under intense 

evaporation (e.g. in laser welding or drilling). In the supersonic 

evaporation regime, disturbances in the hydrodynamic region of the 

vapour plume cannot propagate back to the Knudsen layer — the net 

evaporation flux can thus be considered independent of the exterior flow 

and the ambient atmosphere. It is noteworthy that vapour plume 

expansion into a vacuum is always supersonic due to 𝑝a 𝑝S = 0. In this 

case, the plume consists of the Knudsen layer and the bulk vapour, 

involving no shock wave in the local structure (Knight 1982, Anisimov et 

al. 1995). 

How the vapour that streams off the surface acts upon the condensed 

phase in terms of mass, momentum and energy is predominantly 

determined by the processes within the Knudsen layer. Therefore, an 

analytical solution of the Knudsen layer will be introduced into the 

evaporation model, where the Knudsen layer will be treated as a 

gasdynamic discontinuity by utilizing macroscopic jump conditions for 

the temperature and the density of the vapour. The vapour in the 

hydrodynamic region in front of the Knudsen layer will only be 

considered in a mathematical sense in that it controls the processes 

within this layer. Fluid dynamics in the vapour phase itself, on the other 

hand, will be disregarded in the numerical model. For manufacturing 

processes using an electron beam as energy source, the neglect of the 
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vapour phase is justified by the fact that the density of the vapour is 

much lower than the density of its condensed phase. Thus, the 

interaction of free electrons with the vapour is considered to be 

insignificant. This holds for selective electron beam melting and electron 

beam welding, where maximum temperatures are typically well below 

the critical temperature of the sample material. However, the occur-

rence of a vapour plume may be of importance to laser based manufac-

turing technologies as it is capable of shielding the target by attenuating 

the incoming beam via absorption, scattering and reflection (see e.g. 

Semak et al. 2000). 

 

4.1.2 Evaporation and condensation mass fluxes 

Evaporation can be rigorously described by the flux of particles leaving 

the surface of the condensed phase, 𝑗+, and the flux of particles 

returning to the surface, 𝑗−. The fluxes can be determined on the basis of 

probability density functions of the particle velocities and by applying 

the principles of conservation of mass, momentum and energy (e.g. 

Knight 1979, Ytrehus and Ostmo 1996). As discussed in subsection 4.1.1, 

the condensation flux 𝑗− results from inter-particle collisions within the 

Knudsen layer, leading to a decrease in the maximum evaporation flux 

𝑗+. The net mass transport from the evaporating surface per unit time is 

given by 

𝑗net = 𝑗+ − 𝑗− =  
𝑗+ − 𝑗−

𝑗+
 ∙ 𝑗+ = 𝜙 ∙ 𝑗+. (4.1) 

The evaporation coefficient 𝜙 yields the fraction of the actual mass flux 

of particles that are able to escape into the half-space with respect to the 

evaporation flux 𝑗+, where 0 < 𝜙 ≤ 1 means net evaporation, 𝜙 < 0 net 

condensation and 𝜙 = 0 represents the saturated state. Equation (4.1) 

implies that the probability of an evaporating particle to be emitted from 

the surface and that of a condensing particle to stick onto the surface 

upon impingement is unity. These probabilities depend on the proper-

ties of the surface and are commonly referred to as accommodation 

coefficients for downstream and upstream flow. The coefficients are not 
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known a priori but can be taken to be unity with reasonable certainty 

(Langmuir 1913). 

The basic procedure outlined in the following is based on a one-

dimensional formulation of the problem. This assumption conforms to 

the numerical analyses of Zhang et al. (2001), according to which the 

expansion of vapour away from a surface irradiated by a broad beam can 

readily be approximated as one-dimensional flow. Furthermore, the 

vapour phase is expected to obey the ideal gas law. For pure substances, 

the maximum possible evaporation flux was originally derived by Hertz 

(1882) and later restated by Knudsen (1909) and Langmuir (1913), namely 

𝑗+ = 𝑝S 
𝑚A

2𝜋 ∙ 𝑘B𝑇S

 , (4.2) 

where 𝑚A is the atomic mass, 𝑘B the Boltzmann constant and 𝑝S and 𝑇S 

are the pressure and temperature at the vapour side of the phase 

interface, respectively. The pressure 𝑝S can be interpreted as the 

saturated vapour pressure at surface temperature 𝑇S, which follows from 

the assumption that prior to vaporization the particles were in thermo-

dynamic equilibrium with their condensed phase. This holds for pure 

metals. In the case of alloys, the evaporation fluxes of each alloying 

element have to be considered individually taking into account the 

different partial vapour pressures (Mundra and DebRoy 1993). Multi-

component evaporation will be dealt with in section 4.2. The saturated 

vapour pressure is a unique property of any substance at a given 

temperature and can be derived using the Clausius-Clapeyron equation 

in its approximate form: 

1

𝑝
d𝑝 =

𝑚A ∙ 𝐿vap 𝑇 

𝑘B

∙
1

𝑇2
d𝑇 (4.3) 

Introducing the temperature dependent heat of vaporization, 𝐿vap 𝑇 , as 

(Yilbas 1997) 

𝐿vap 𝑇 = 𝐿vap,0 ∙  1 −  
𝑇

𝑇crit

 
2

 (4.4) 
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and carrying out the integration of the Clausius-Clapeyron equation over 

𝑇boil ≤ 𝑇 ≤ 𝑇S and 𝑝atm ≤ 𝑝 ≤ 𝑝S, the resulting expression for the 

saturated vapour pressure is 

𝑝S = 𝑝atm ∙ exp  −
𝑚A ∙ 𝐿vap,0

𝑘B

∙  
1

𝑇S

 1 −  
𝑇S

𝑇crit

 
2

−
1

𝑇boil

 1 −  
𝑇boil

𝑇crit

 
2

    

  +
1

𝑇crit

 arcsin  
𝑇S

𝑇crit

 − arcsin  
𝑇boil

𝑇crit

    , (4.5) 

where  𝑇boil, 𝑝atm  and  𝑇S, 𝑝S  are two points along the coexistence curve 

between the condensed and the vapour phase. 𝐿vap,0 is the specific heat 

of vaporization at absolute zero temperature, 𝑝atm = 1 bar and 𝑇boil and 

𝑇crit are the boiling temperature at standard atmosphere (1 bar) and the 

critical temperature, respectively. The saturated vapour pressure is taken 

as independent of the local curvature of the free surface.3 

Considering non-equilibrium effects within the Knudsen layer, the 

condensation flux reads (Ytrehus and Ostmo 1996) 

𝑗− = 𝑝Kn 
𝑚A

2𝜋 ∙ 𝑘B𝑇Kn

∙ 𝛽 ∙ 𝐹−, (4.6) 

where 𝑝Kn and 𝑇Kn are the pressure and temperature in the vapour at the 

outer side of the Knudsen layer and 𝛽 and 𝐹− are dimensionless 

functions that account for particle collisions. The function 𝛽 as well as 

𝑝Kn and 𝑇Kn additionally require jump conditions because of the abrupt 

change in temperature and density across the Knudsen layer. These 

jump conditions are denoted by 𝑇Kn 𝑇S  and 𝜌Kn 𝜌S , respectively, and are 

detailed within appendix B.1. Note that excluding collisional effects, i.e. 

                                           
3 This is known as Gibbs-Thomson effect which describes the variation in vapour 

pressure due to a curved free surface. It can be calculated via the Kelvin equation, i.e. 

𝑝S 𝜅 = 𝑝S ∙ exp 𝛾 𝜅 𝑚A  𝜌l𝑘B𝑇S   , with the surface tension 𝛾, the radius of curvature 

𝜅−1 and the fluid density 𝜌l (Thomson 1871, Lisgarten et al. 1971). Applying the Kelvin 

equation to metals, the 𝜅−1 required to produce a deviation in 𝑝S of 1 % is well below 

1 µm—radii are not expected to be less than this value in typical powder bed fusion 

processes. 
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setting 𝛽 = 1 and 𝐹− = 1, and disregarding the temperature jump across 

the Knudsen layer one arrives at the well-known Hertz-Knudsen 

formula. 

 

4.1.3 Evaporation coefficient 

In general, the evaporation coefficient 𝜙, as specified in equation (4.1), 

takes values between zero and unity, depending on the evaporating 

material and the ambient as well as process conditions. The special case 

of 𝜙 = 0 occurs when the vapour is in local thermodynamic equilibrium 

with its condensed phase, indicating zero net exchange of particles 

across the phase boundary. In the regime of extremely weak evaporation 

into a vacuum, the evaporation coefficient is at or near unity. In this 

case, only few particles evaporate so that vapour expansion remains in 

the free-molecular regime. 

In beam based additive manufacturing, evaporation rates are normally 

sufficiently fast and a Knudsen layer develops. The condensation flux 

associated with the formation of a Knudsen layer can significantly 

reduce the evaporation mass flux. Ytrehus (1975) and Knight (1979) 

showed that the evaporation coefficient can be expressed as a function 

of the flow Mach number at the downstream edge of the Knudsen layer. 

This Mach number is defined as 

𝑀𝑎Kn =
𝑢Kn

𝑐Kn

 , (4.7) 

where 𝑢Kn is the vapour velocity, 𝑐Kn the local speed of sound, with 

𝑐Kn =  𝛾v𝑘B 𝑇Kn 𝑚A , and 𝛾v the ratio of specific heats of the vapour. 

Most metals are monatomic in the vapour form, so 𝛾v is 5/3 (Iida and 

Guthrie 1988). The evaporation coefficient, by use of equations (4.2), 

(4.6) and equations in appendix B.1, reads (Knight 1979) 

𝜙 =  2𝜋𝛾v ∙ 𝑀𝑎Kn ∙
𝜌Kn

𝜌S

 
𝑇Kn

𝑇S

 . (4.8) 

In the first instance, the evaporation coefficient is a function of the flow 

Mach number alone, since also the jump conditions for the density and 
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the temperature are only dependent on 𝑀𝑎Kn. The Mach number can be 

set freely without violating conservation laws across the Knudsen layer 

(Knight 1979) and is considered known in this formula. The dependence 

of 𝑀𝑎Kn upon a known quantity—here, the temperature of the 

evaporating surface 𝑇S—will be established in subsection 4.1.4 via the 

possible flow states of the vapour phase. 

Figure 4.3 plots 𝜙 as well as the jump conditions 𝑇Kn 𝑇S  and 𝜌Kn 𝜌S  

against 𝑀𝑎Kn. Additionally, data on the jump conditions obtained from 

numerical analysis by Sone and Sugimoto (1993) and Meland et al. 

(2004) is provided for comparison in figure 4.3 (a). The recoil pressure, 

𝑝recoil, shown in figure 4.3 (b) is described in detail in subsection 4.1.5. 

The evaporation coefficient approaches its maximum value of 

max 𝜙 = 0.82 as the vapour flow at the outer boundary of the Knudsen 

layer is accelerated to sonic speed. 𝑀𝑎Kn cannot increase above unity, 

which was proven using Boltzmann’s H-theorem (Ytrehus 1975). Simi-

larly, Ford and Lee (2001) suggest that this limiting condition is caused 

by the rate of entropy production, which was shown to be maximized for 

sonic flow. Consequently, even under vacuum conditions or conditions 

of intense evaporation, 𝑀𝑎Kn ≤ 1 holds, hence preserving a maximum 

value of 0.82 for the evaporation coefficient (Anisimov 1968, Luikov et al. 

1971, Knight 1979, Tsai and Olander 1986). This is consistent with values 

published in the literature. Anisimov and Rakhmatulina (1973) studied 

the accuracy of the hydrodynamic solution of vapour expanding into a 

vacuum as compared to the kinetic solution. They obtained an 

evaporation coefficient of roughly 0.8, once gasdynamic flow is estab-

lished. Also, Fischer (1976) found that 𝜙 approaches 0.85 as the Knudsen 

number tends to 0.1, i.e. when vapour motion is within the gasdynamic 

expansion regime. Sibold and Urbassek (1993) determined a value of 

0.84 using Monte Carlo simulations of the evaporation into a vacuum. 

 

4.1.4 Flow states of the vapour 

In the approach described so far, the problem formulation through the 

definition of the evaporation coefficient in equation (4.8) is general in 

that it accounts for the processes within the narrow Knudsen layer 

region above the evaporating surface but disregards the vapour phase 



4.1 Physics of single component evaporation 

55 

downstream of the Knudsen layer and the ambient gas. The evaporation 

coefficient is determined by the flow Mach number alone, as noted in 

section 4.1.3. In order to couple the Mach number to known quantities 

like the surface temperature, 𝑇S, an additional condition is required. This 

condition is obtained from the Rankine-Hugoniot shock relations for the 

pressure ratio 𝑝S 𝑝a  (Knight 1979): 

𝑝S

𝑝a

=  
𝜌Kn

𝜌S

𝑇Kn

𝑇S

 
−1

∙  1 + 𝛾a ∙ 𝑀𝑎Kn

𝑐Kn

𝑐a

      

 ∙  
𝛾a + 1

4
∙ 𝑀𝑎Kn ∙

𝑐Kn

𝑐a

+  1 +  
𝛾a + 1

4
∙ 𝑀𝑎Kn ∙

𝑐Kn

𝑐a

 
2

    (4.9) 

where 𝑝S is the vapour pressure directly above the surface of the target, 

𝑝a is the pressure of the ambient atmosphere, 𝛾a is the ratio of specific 

Figure 4.3: (a) Knudsen layer jump conditions for density, 𝜌Kn 𝜌S , and 

temperature, 𝑇Kn 𝑇S , and (b) evaporation coefficient and recoil pressure as 

functions of the Mach number at the exit plane of the Knudsen layer. The plots 

apply to monatomic gases with 𝛾v = 5/3. Data points in (a) are numerical results 

obtained from  Sone and Sugimoto (1993) and  Meland et al. (2004). 
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heats of the ambient gas and 𝑐Kn 𝑐a  the ratio of the local speeds of 

sound, with 𝑐𝑖 =   𝛾𝑖𝑘B 𝑇𝑖 𝑚A,𝑖 , 𝛾Kn = 𝛾v and 𝑚A,Kn = 𝑚A,v = 𝑚A: 

𝑐Kn

𝑐a

=  
𝑚A,a 𝛾v 𝑇Kn

𝑚A 𝛾a 𝑇a

 (4.10) 

The temperature 𝑇Kn is defined by the product of 𝑇S and the Knudsen 

layer jump condition for the temperature. The value of the flow Mach 

number for a given temperature 𝑇S can then be obtained from the 

equality 

 
𝑝S

𝑝a
 

R-H

=  
𝑝S

𝑝a
 

C-C

 (4.11) 

where  𝑝S 𝑝a  R-H denotes the pressure ratio from the Rankine-Hugoniot 

relations from equation (4.9) and  𝑝S 𝑝a  C-C is the ratio of the saturated 

vapour pressure from the Clausius-Clapeyron equation, cf. equation 

(4.5), to the ambient pressure 𝑝a. This system of equations makes clear 

that, as discussed in subsection 4.1.1, the transition from subsonic to 

supersonic flow, i.e. at 𝑀𝑎Kn = 1, is controlled by the pressure ratio 

𝑝S 𝑝a . For an ablation plume propagating into a quiescent monatomic 

ambient gas, the limiting condition for supersonic flow is 𝑝S 𝑝a ≥ 4.8, 

see also Ytrehus (1975) and Ytrehus and Ostmo (1996). This carries the 

implication that, for evaporation into vacuum, vapour expansion will 

always be supersonic owing to 𝑝S 𝑝a → ∞ for 𝑝a → 0. In this case, the 

Rankine-Hugoniot relations are inapplicable due to the absence of a 

shock wave in the flow structure of the vapour cloud and 𝑀𝑎Kn = 1 and 

𝜙 = 0.82 hold. 

Equation (4.11) can be represented graphically by flow states diagrams 

(Knight 1979). These diagrams define the possible flow states of the 

vapour phase at given ambient conditions and temperatures 𝑇S. A flow 

states diagram for pure titanium vapour expanding into a helium 

atmosphere with 𝑇a = 298 K is exemplarily shown in figure 4.4, left. The 

allowed flow states for the vapour are determined by the intersections of 

two sets of curves that are defined in terms of the pressure ratio 𝑝S 𝑝a . 

The solid curves are ratios  𝑝S 𝑝a  R-H for various flow Mach numbers 

0 ≤ 𝑀𝑎Kn ≤ 1 and the dashed curves are  𝑝S 𝑝a  C-C for different values of 
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𝑝a. For example, at an external pressure of 𝑝a = 1 bar, evaporation would 

start at a surface temperature of 𝑇S = 3558 K, which is the boiling point 

of titanium at standard atmosphere, and the vapour plume would reach 

the sonic state at temperatures 𝑇S ≥ 4232 K when the ambient gas is 

helium. These two limiting temperatures are denoted henceforth by 𝑇S,0 

and 𝑇S,1, where 𝑀𝑎Kn 𝑇S,0 = 0 and 𝑀𝑎Kn 𝑇S,1 = 1. In an argon atmo-

sphere, for instance, 𝑇S,1 would be shifted to higher temperatures (about 

4770 K at 𝑝a = 1 bar) because the atomic mass of argon is considerably 

higher than that of helium. As a consequence, the processing gas can 

strongly impact net evaporation. This impact is especially pronounced at 

atmospheric conditions as is the case in SLM processes. Between 𝑇S,0 and 

𝑇S,1, the Mach number is approximately a linear function of 𝑇S, which is 

shown in appendix B.2. Thus, to correlate 𝜙 from equation (4.8) with the 

surface temperature, it is sufficient to determine 𝑇S,0 and 𝑇S,1. In figure 

Figure 4.4: left—Flow states diagram for pure titanium in a helium atmosphere 

and different external pressures 𝑝a. Curves calculated using Rankine-Hugoniot 

shock relations (solid curves), the Clausius-Clapeyron equation (dashed curves) and 

values from table C.1 in appendix C. right—Temperatures 𝑇S,0 at 𝑀𝑎Kn = 0 and 𝑇S,1 

at 𝑀𝑎Kn = 1 as function of 𝑝a under various atmospheric conditions. For a given 

ambient pressure, the curves span the temperature range where the evaporation 

coefficient, 𝜙, increases from 0 to its maximum value of 0.82. 
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4.4, right, the increase of 𝑇S,0 and 𝑇S,1 with ambient pressure 𝑝a is 

plotted. 

 

4.1.5 Recoil pressure 

Due to the conservation of momentum, the expanding vapour generates 

a recoil pressure, 𝑝recoil, onto the evaporating surface. In the state of 

thermodynamic equilibrium between the vapour and its condensed 

phase, the flux of evaporating particles matches that of condensing 

particles, resulting in zero net flux. For 𝜙 = 0, 𝑝recoil thus originates in 

equal measure from the recoil of leaving particles and from collisions of 

condensing particles with the surface (Hertz 1882, Ki et al. 2002), giving 

the recoil pressure as 𝑝recoil = 0.5 𝑝S + 0.5 𝑝Kn = 𝑝S. In this case, 𝑝Kn = 𝑝S 

since the Knudsen layer jump conditions are 𝑇Kn 𝑇S = 1 and 𝜌Kn 𝜌S = 1 

(cf. equations in appendix B.1). In the case of an evaporation flux 

𝑗net > 0, the contribution of returning particles to the recoil pressure is 

governed by the evaporation coefficient. The condensing vapour thereby 

not only originates from the outer side of the Knudsen layer where 𝑝Kn 

prevails but from the whole Knudsen layer as illustrated in figure 4.5 (a). 

In the following, we assume that the vapour pressure is linear 

throughout the Knudsen layer region between the values 0.5 𝑝S and 

0.5 𝑝Kn, as shown in figure 4.5 (b). The mean pressure generated by 

evaporating and condensing particles, 𝑝+     and 𝑝−    , can then be expressed 

as 

𝑝+    = 0.5 𝑝S,                  𝑝−    = 0.5 
𝑝Kn + 𝑝S

2
. (4.12) 

From this and equations (B.6) from appendix B.1, we derive the following 

equation for the recoil pressure: 

𝑝recoil = 𝑝+    +  1 − 𝜙  𝑝−    = 0.5 𝑝S ∙  1 + 0.5  1 − 𝜙  1 +
𝜌Kn

𝜌S

𝑇Kn

𝑇S

   (4.13) 

with  1 − 𝜙  being the fraction of returning particles. The recoil pressure 

as a function of the Mach number 𝑀𝑎Kn is shown in figure 4.3 (b). 

Evaporation into high vacuum and/or under powerful irradiation hence 

results in a minimum recoil pressure of 𝑝recoil = 0.56 𝑝S, which is 
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comparable to the values used by other researchers, e.g. Batanov et al. 

1973, Mazhukin and Samokhin 1984, Semak and Matsunawa 1997 and Ki 

et al. 2002. An alternative formulation for the recoil pressure was 

obtained by Knight (1982), which, however, exhibits a very similar 

dependence of 𝑝recoil on the Mach number to that presented in equation 

(4.13)—cf. appendix B.3. 

 

4.1.6 Free-molecular flow versus continuum flow 

The evaporation model rests on the fundamental assumption that 

vapour flow is in the continuum regime. In any gas based system there 

will be a region where the flow is free-molecular in nature, for which 

case the model presented is not applicable. Here, the relevant quantity is 

the Knudsen number, 𝐾𝑛, which is defined as the ratio of the molecular 

mean free path and the length characteristic of the system. The 

continuum hypothesis holds for 𝐾𝑛 ≲ 0.01, whereas for free-molecular 

flows 𝐾𝑛 ≳ 10. At Knudsen numbers between about 0.01 and 10, the gas 

flow is said to be transitional. In selective laser melting, the Knudsen 

number takes values of about 𝐾𝑛 ≲ 0.1, since laser based processes are 

usually conducted at atmospheric pressure or slightly higher. In selective 

Figure 4.5: (a) Schematic of particle flow inside the Knudsen layer used for the 

derivation of the evaporation recoil pressure. Every evaporating particle generates a 

pressure 𝑝+ onto the surface, whereas only those particles that return to the surface 

additionally create a pressure 𝑝−. (b) Corresponding pressure profile with S being 

the surface and Kn the outer boundary of the Knudsen layer. 
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electron beam melting, on the other hand, the ambient gas is highly 

rarefied, which gives 𝐾𝑛 ≫ 1. This condition holds during the initial 

stage of evaporation, when only few vapour particles have been 

thermally desorbed. The evaporation coefficient in equation (4.8) is 

valid in the limit of steady state evaporation, which implies that a 

stationary Knudsen layer has formed during vapour expansion. The 

crucial factor is the condensation flux, as it requires a certain number of 

intermolecular collisions to attain a steady value, thus making the 

problem time-dependent. The time to achieve stabilization of the 

condensation flux is approximately 20 times the mean collision time 

(Anisimov and Rakhmatulina 1973), therefore 

𝜏steady 𝑇S ≅ 20 ∙
𝜆vap 𝑇S 

 ξ  𝑇S  
 , 

(4.14) 

with   𝜆vap 𝑇S =
𝑘B𝑇S

 2𝜋 ∙  2𝑟 2 ∙ 𝑝S 𝑇S 
    and     ξ  𝑇S  =  

8𝑘B𝑇S

𝜋𝑚A

 , 

where 𝜆vap is the molecular mean free path,  ξ  𝑇S   is the mean speed of 

the vapour particles and 2𝑟 their (hard sphere) diameter. Under 

conditions of engineering interest, the surface temperature is likely to be 

of the order of the material’s boiling temperature. Taking pure titanium 

as an example, 𝜏steady(3558 K) = 2.0  10-8 s. For metals, 𝜏steady 𝑇boil  is of 

the order of 10-8 to 10-7 s, which is sufficient for most applications. For 

comparison, in an SEBM process the lifetime of the melt pool is about 0.1 

to 1 ms. Another characteristic time is the time step size. The 

computational time steps employed in this work range from a minimum 

size of about 10-9 s to a maximum of about 10-7 s, meaning that under 

some conditions steady state evaporation will not be reached during one 

time step. Therefore, section 6.1 of this work is, in part, devoted to the 

impact of 𝜏steady 𝑇S  on overall vaporization rates. 

Note that if evaporation does not reach the steady state, the 

condensation flux will be overestimated by the evaporation model. In 

the extreme case of weak evaporation into a vacuum or a low-pressure 

background gas, the evaporation coefficient is near unity instead of 

0 < 𝜙 ≤ 0.82. 
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4.2 Physics of multi-component evaporation 

4.2.1 Governing equations 

Materials for technical applications often are complex multi-component 

mixtures of various chemical elements with different boiling points. The 

composition of a multi-component system or alloy fundamentally 

controls the evaporation kinetics by affecting the partial pressures of the 

individual alloying elements, that is, 

𝑝partial
𝛼 = 𝜒𝛼𝛾act

𝛼 ∙ 𝑝S
𝛼 . (4.15) 

Here, 𝜒𝛼  is the mole fraction of pure species 𝛼, 𝛾act
𝛼  its activity coefficient 

and 𝑝S
𝛼  its saturated vapour pressure as per equation (4.5). The product 

𝜒𝛼𝛾act
𝛼  designates the activity. Assuming Henrian behaviour, the partial 

pressure of the vapour above the surface can be taken as proportional to 

the solubility of the vapour in the material (Powell et al. 1997). The 

pressure 𝑝S as deployed in the model of single component evaporation 

thus becomes 

𝑝S =  𝑝partial
𝛼

𝛼∈𝛤

=  𝜒𝛼𝛾act
𝛼 ∙ 𝑝S

𝛼

𝛼∈𝛤

, (4.16) 

where 𝛤 are the alloying elements in the alloy. The formulation of the 

net flux of vapour particles leaving the surface, as originally derived by 

Ytrehus (1975) and Knight (1979), covers the evaporation from pure 

substances. In order to describe the evaporation of multi-component 

systems, we apply the basic concept of Dalton’s law of partial pressures4 

to the whole structure of the expanding vapour plume. This also 

includes the vapour within the Knudsen layer. The evaporation 

procedure is idealized in that each constituent of the vapour phase is 

 

                                           
4 Dalton’s law states that the total pressure of a mixture of vapours equals the sum of 

the partial pressures exerted by each individual component of the vapour. This 

implies that the vapour obeys the ideal gas law, which is one of the main 

assumptions underlying the evaporation model employed in this work. 
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treated as if it were the only species present.5 Accordingly, the governing 

equations for the net evaporation flux and the recoil pressure of species 

𝛼 arising from equations (4.1), (4.2), (4.13) and (4.15) are 

𝑗net, 𝛼 = 𝜙𝛼 ∙ 𝜒𝛼𝛾act
𝛼 ∙ 𝑝S

𝛼 𝑇S ∙  
𝑚A

𝛼

2𝜋 ∙ 𝑘B𝑇S

 , (4.17) 

𝑝recoil
𝛼 = 0.5 𝜒𝛼𝛾act

𝛼 ∙ 𝑝S
𝛼 𝑇S ∙  1 + 0.5  1 − 𝜙𝛼  1 +

𝜌Kn
𝛼

𝜌S

𝑇Kn
𝛼

𝑇S

  , (4.18) 

in which 𝜙𝛼  is given by equation (4.8) and 𝛾act
𝛼  will be determined in 

subsection 4.2.2. The jump conditions for the density, 𝜌Kn
𝛼 𝜌S  , and the 

temperature, 𝑇Kn
𝛼 𝑇S , are functions of 𝑀𝑎Kn

𝛼  𝑇S . The total net 

evaporation flux and the recoil pressure are equal to the respective sum 

of each component’s contribution: 

𝑗net =  𝑗net, 𝛼

𝛼∈𝛤

                   𝑝recoil =  𝑝recoil
𝛼

𝛼∈𝛤

 (4.19) 

The composition of a multi-component system is either specified by 

weight percent or atomic percent. For a 𝛤-component system, the 

conversion to and from the mass fraction 𝜔𝛼  of the superscripted 

species is given by 

𝜒𝛼 =
𝜔𝛼 𝑀A

𝛼 

 𝜔𝛼 𝑀A
𝛼 𝛼∈𝛤

 , (4.20) 

in which 𝜔 relates to weight percent and 𝜒 to atomic percent and 𝑀A is 

the molar mass in kg mol-1 with 𝑀A = 𝑚A𝑁A. Note that  𝜒𝛼
𝛼∈𝛤 =

 𝜔𝛼
𝛼∈𝛤 = 1. 

                                           
5 Alternative treatments of the evaporation of a multi-component system that also 

involve Knudsen layer kinetics are given by Zhao and DebRoy (2001) or Semenov et 

al. (2012). The latter model additionally considers the various ionization states of the 

elements in the vapour (or plasma) as well as evaporation in the diffusion regime. In 

the limit of convective evaporation, predictions of the net evaporation flux using the 

model proposed by Semenov et al. and the model presented in this work are compa-

rable. The comparative analysis has been performed for the system Al-Mg and tem-

peratures of up to 3000 K. 
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4.2.2 Activity coefficient 

A major obstacle to modelling multi-component systems is the lack of 

data on activity coefficients for complex alloys, particularly with regard 

to high temperatures. Considering a thermodynamically ideal mixture, 

Raoult’s law provides a reasonable estimate of the phase behaviour by 

assuming the activity of every species to be linear over the entire 

composition range, so that 𝛾act = 1. Especially mixtures of chemically 

similar components are most able to fully obey Raoult’s law. 

Nonetheless, due to the competitive balance between the adhesive and 

cohesive forces of the various chemical elements in real mixtures, the 

effective activity coefficient may strongly deviate from unity. Raoult’s 

law should thus be treated cautiously as a rough approximation. 

In the present work, the binary alloy system Al-Ti is of particular 

interest, so that 𝛼 ∈ 𝛤 = {Al, Ti}. The activity coefficients of the elements 

involved are stated as 

 𝛾act
𝛼  𝑇S,χ = exp  

∆𝐺𝛤
𝛼 𝑇S,χ 

𝑅g𝑇S

 , (4.21) 

where χ = 𝜒Al due to 𝜒Ti = 1−𝜒Al and 𝑅g is the gas constant in J/(mol K). 

The partial excess Gibbs free energies of the respective components, 

∆𝐺𝛤
𝛼 𝑇S,χ , may be obtained from the total excess Gibbs free energy of 

the binary mixture, ∆𝐺𝛤 𝑇S,χ . The alloy system is indicated by the 

subscript and the alloying element by the superscript. The 

corresponding expressions for the partial excess Gibbs free energies are 

 ∆𝐺Ti−Al
Al  𝑇S,χ = ∆𝐺Ti−Al 𝑇S,χ +  1 − 𝜒Al ∙

𝜕∆𝐺Ti−Al 𝑇S,χ 

𝜕𝜒Al
, (4.22) 

   
 ∆𝐺Ti−Al

Ti  𝑇S,χ = ∆𝐺Ti−Al 𝑇S,χ − 𝜒Al ∙
𝜕∆𝐺Ti-Al 𝑇S,χ 

𝜕𝜒Al
. (4.23) 

The total excess Gibbs free energy is the sum over all ∆𝐺𝛤
𝛼 𝑇S,χ . 

Following Redlich and Kister, an approximation to ∆𝐺Ti−Al 𝑇S,χ  can be 

calculated by applying a power series of the form (Redlich and Kister 

1948) 
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 ∆𝐺Ti−Al 𝑇S,χ = 𝜒Al 1 − 𝜒Al  ℒTi−Al
 𝑛  𝑇S ∙  2𝜒Al − 1 𝑛

𝑘

𝑛=0

. (4.24) 

The number of series expansion terms is limited to a maximum of 𝑘 = 2. 

Note that the Redlich-Kister equation enables estimation of ∆𝐺𝛤 𝑇S,χ  

for arbitrary binary alloy systems. Required values of temperature 

dependent mixing parameters ℒ  𝑛  are tabulated in, e.g., Ansara et al. 

(1998) for several alloys of practical importance; values of ℒTi−Al
 𝑛  𝑇S  are 

listed in table 4.1. 

Substitution of equation (4.24) in equation (4.22) and (4.23) yields the 

following set of relations for the partial Gibbs energies of aluminium and 

titanium in units of J/mol: 

∆𝐺Ti−Al
Al  𝑇S,χ =  1 − 𝜒Al 2 ∙   ℒTi−Al

 𝑛  𝑇S ∙  2𝜒Al − 1 𝑛

2

𝑛=0

   

  

2

𝑛=0

+ 2 ∙ 𝜒Al ℒTi−Al
 1  𝑇S + 2ℒTi−Al

 2  𝑇S ∙  2𝜒Al − 1    (4.25) 

 

∆𝐺Ti−Al
Ti  𝑇S,χ =  𝜒Al 2 ∙   ℒTi−Al

 𝑛  𝑇S ∙  2𝜒Al − 1 𝑛

2

𝑛=0

   

  

2

𝑛=0

− 2 ∙  1 − 𝜒Al  ℒTi−Al
 1  𝑇S + 2ℒTi−Al

 2  𝑇S ∙  2𝜒Al − 1    (4.26) 

In figure 4.6, equation (4.21) is applied to the commercial alloys 

Ti-6Al-4V and Ti‐48Al‐2Cr-2Nb. Alloying elements other than titanium 

and aluminium have not been considered in the calculations. The 

activity coefficients are found to increase with increasing temperature, 

having peak values of 𝛾act
Al  of roughly 1.2 to 2.6 in the range of 

temperatures from 3000 to 4000 K in the case of Ti-6Al-4V. On this 

basis, it can be concluded that Raoult’s law performs well around the 

boiling temperature but is otherwise largely inapplicable to the alloy 

system Ti‒Al. The evaporation of alloying elements leads to spatial 

changes in the chemistry of the multi-component mixture, so that the 

plots in figure 4.6 are valid only for an alloy’s initial composition. This 

necessitates the calculation of each species’ activity based on their actual 
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concentration and the temperature. A more comprehensive set of curves 

is shown in figure 4.7. 

For ternary and higher order alloys, the terms in the Redlich-Kister 

power series expression and thus the functions for ∆𝐺𝛤
𝛼 𝑇S,χ  become 

cumbersome. For example, Ivanchenko et al. (2003) derived formula-

tions for partial excess Gibbs free energies for the ternary solution 

Ti‒Al‒V. The complete set of equations for this alloy system as originally 

noted by Ivanchenko et al. (2003) is included in appendix B.4. It should 

be mentioned that Ivanchenko et al. employ their model to compute 

evaporative losses during electron beam cold hearth melting, where 

maximum temperatures are expected to be within 2000 K to 2500 K. In 

this temperature regime, the activity coefficient approaches unity as is 

also predicted by Powell et al. (1997). Thus, the immediate question 

arises as to whether or not the equations given above are also valid at 

temperatures considerably higher than those encountered in previous 

researches. The curves in figure 4.6 suggest that for the titanium alloy 

Figure 4.6: Activity coefficients for aluminium and titanium in the system Ti‒Al. 

The alloys considered are Ti-6Al-4V with 𝜔Ti = 90 wt.-% and 𝜔Al = 6 wt.-% and    

Ti-48Al-2Cr-2Nb (at.-%) with 𝜔Ti = 59.2 wt.-% and 𝜔Al = 33.3 wt.-%; other alloying 

elements are neglected. 𝛾act
Ti  in Ti-6Al-4V conforms fairly nearly to Raoult’s law and 

is thus omitted from the figure. The points  and  represent the solidus and 

liquidus temperature, respectively. 
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Ti-6Al-4V, 𝛾act
Al  is a strong function of temperature. This dependence is 

used in section 5.4 to validate the multi-component evaporation model 

against experimental data. 

 

Table 4.1: Temperature dependent mixing parameters ℒTi−Al
 𝑛  𝑇S  for the binary 

system Ti‒Al in the liquid state. Data taken from Ansara et al. (1998). 

  𝑛 = 0 𝑛 = 1 𝑛 = 2  

            ℒTi−Al
 𝑛  𝑇S  in J/mol  –108,250 + 38 ∙ 𝑇S –6,000 + 5 ∙ 𝑇S 15,000  

       

 

Figure 4.7: Activities for aluminium and titanium in the system Ti‒Al calculated at 

various temperatures. Alloying elements other than titanium and aluminium are 

excluded. 
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4.3 Numerical implementation of the 

evaporation model 

This section presents the implementation of the evaporation model into 

the lattice Boltzmann method (LBM) framework briefly introduced in 

chapter 2. The evaporation procedure is conducted directly after the 

specific enthalpy has been locally modified by the electron beam 

absorption algorithm within the same time step, cf. chapter 3. 

 

4.3.1 Balance of mass, energy and momentum 

The logic of the evaporation procedure is illustrated in the flow diagram 

in figure 4.8. The specific enthalpy, ℎE x, 𝑡 , is easily transferred into an 

equivalent temperature value, 𝑇 x, 𝑡 , by means of the specific heat 

capacity, 𝑐p, cf. equation (2.9). Here, x is the location of the cell within 

the numerical grid and 𝑡 is time. The temperature controlling the 

evaporation process is the surface temperature 𝑇S xS, 𝑡 . Evaporation is 

performed directly at the free surface of the condensed phase, which is 

why xS comprises interface cells only. Other driving parameters are the 

physical properties of the sample material as well as those of the 

ambient gas. These are input values provided by the user. Given that 

sublimation and diffusive evaporation are negligible, the requirements 

for evaporation to take place are that the interface cell is liquefied, that 

is 𝑇S xS, 𝑡 ≥ 𝑇melt, and the partial vapour pressure of an alloying element 

𝛼 exceeds the external pressure, i.e. 𝑝partial
𝛼  𝑇S xS, 𝑡  > 𝑝a and thus 

𝑀𝑎Kn
𝛼  𝑇S xS, 𝑡  > 0 or 𝑇S xS, 𝑡 > 𝑇S,0

𝛼 . If these conditions are fulfilled, 𝑝S
𝛼  

and the net evaporation flux 𝑗net, 𝛼  are computed as per equations (4.5) 

and (4.17), respectively. Temperatures 𝑇S,0
𝛼  and 𝑇S,1

𝛼  are obtained as 

described in appendix B.5. 

Evaporation involves both the transfer of mass, ∆𝑚vap xS, 𝑡 , and energy, 

∆𝐸vap xS, 𝑡 , from the condensed to the gas phase and recoil pressure 

onto the evaporating surface generated by the expanding vapour, 

∆𝑝recoil xS, 𝑡 . These quantities can be calculated for each component 𝛼 

in an alloy system as 
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 ∆𝑝recoil
𝛼  xS, 𝑡 = 𝑝recoil

𝛼  xS, 𝑡 − 𝑝a, (4.27) 

 ∆𝑚vap
𝛼  xS, 𝑡 = 𝑗net, 𝛼 xS, 𝑡 ∙ ∆𝑡 ∙ ∆𝑥2, (4.28) 

 
∆𝐸vap

𝛼  xS, 𝑡 = ∆𝑚vap
𝛼  xS, 𝑡 ∙  𝐿vap 𝑇S xS, 𝑡  + 𝐿fus  

+ 𝑐p,s ∙ 𝑇liq + 𝑐p,l ∙  𝑇S xS, 𝑡 − 𝑇liq  , 
(4.29) 

with ∆𝑥 being the spatial resolution, 𝐿fus the specific heat of fusion, 𝑐p,s 

and 𝑐p,l the specific heat capacity in the solid and the liquid state, 

respectively, and 𝑇liq being the liquidus temperature. The recoil pressure 

and the mass loss are computed using the material properties of the 

pure components, whereas ∆𝐸vap
𝛼  xS, 𝑡  employs the alloy’s properties. 

Since the vapour phase is neglected in the free surface formulation used 

in the numerical model, the evaporated mass and energy is removed 

from the interface cells and thus from the system. Accordingly, the state 

variables of the lattice are updated applying equations (4.27) to (4.29). In 

the following, a subscript pre denotes values before and post values after 

the evaporation procedure: 

 𝑝G, post xS, 𝑡 = 𝑝G, pre xS, 𝑡 +  ∆𝑝recoil
𝛼  xS, 𝑡 

𝛼∈𝛤
 (4.30) 

 𝑚post xS, 𝑡 = 𝑚pre xS, 𝑡 −  ∆𝑚vap
𝛼  xS, 𝑡 

𝛼∈𝛤
 (4.31) 

 ℎE, post xS, 𝑡 =
ℎE, pre xS, 𝑡 ∙ 𝑚pre xS, 𝑡 −  ∆𝐸vap

𝛼  xS, 𝑡 𝛼∈𝛤

𝑚pre xS, 𝑡 −  ∆𝑚vap
𝛼  xS, 𝑡 𝛼∈𝛤

 (4.32) 

Thereby, the recoil pressure is treated as a modification of the local gas 

pressure, 𝑝G (cf. equation (2.12) in section 2.2), where 𝑝G, pre includes a 

pressure term for the surface tension which generally counteracts the 

evaporation recoil pressure. To complete the foregoing set of equations, 

it is necessary to digress at this point to address the concept of advection 

and diffusion, see the following subsection 4.3.2. There, the method is 

extended to cover the impact of selective mass losses on both the change 

in concentration ∆𝑐𝛼 xS, 𝑡  and the absolute concentration 𝑐post
𝛼  xS, 𝑡  as 

well as the transport of mass within the computational domain. 
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Figure 4.8: Flow chart of the numerical procedure for the evaporation from a free 

surface cell. 
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4.3.2 The convection-diffusion equation 

In multi-component systems, the selective loss of mass leads to changes 

in the chemistry of the alloy. Spatial differences in concentration initiate 

mass diffusion and also require solving the advective transport by the 

melt due to the melt’s bulk motion. The mass transport by diffusion and 

that caused by advection are combined to give the convection-diffusion 

equation, which, in the incompressible flow regime, can be expressed as 

 
𝜕𝑐

𝜕𝑡
= ∇ 𝐷 ∙ ∇𝑐 − u ∙ ∇𝑐 + 𝒮D. (4.33) 

Here, 𝑐 is the molar concentration in units of mol m-3, u is the fluid 

velocity vector, 𝐷 is the diffusion coefficient in m2 s-1 and 𝒮D is a sink or 

source term. The term 𝒮D is required for modelling the interaction 

between the vapour and the sample surface.  

Mass transport by diffusion 

Regarding time and length scales involved in beam based additive 

manufacturing processes, a key question that is closely connected with 

the convection-diffusion equation is whether or not diffusion is a 

significant mass transport mechanism as compared to advection. In the 

case of metals, self-diffusion coefficients in the liquid state near the 

melting point are of the order of 10-9 to 10-8 m2 s-1 (Brandes and Brook 

1992) and about 10-8 to 10-7 m2 s-1 at the boiling point (Iida et al. 2006 and 

Lu et al. 2006). Defining the mass diffusion length as  4𝐷𝑡, the time 

taken to establish a diffusive flux at the level of a computational cell will 

generally exceed the lifetime of the melt pool in a typical SEBM process. 

For example, a melt pool lifetime of 1 ms would result in a diffusion 

length of the order of about 1 to 10 µm, suggesting that any contribution 

of mass diffusion to total mass transport is likely to be low. 

This finding is also supported by two dimensionless quantities, the 

Schmidt number, 𝑆𝑐, and the Péclet number, 𝑃𝑒. The Schmidt number 

compares momentum and mass diffusion and the Péclet number relates 

advective to diffusive transport: 
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 𝑆𝑐 =
𝜇

𝜌 ∙ 𝐷
                 𝑃𝑒 =

∆𝑥 ∙  u 

𝐷
 (4.34) 

in which 𝜇 is the dynamic viscosity, 𝜌 the mass density and the 

characteristic length is represented by ∆𝑥 if being applied to a numerical 

grid. For molten metals, Schmidt numbers encountered range from 𝑆𝑐  

10 – 1000 for 𝐷 = 10-7 – 10-9 m2 s-1, so that momentum diffusivity domi-

nates mass diffusivity. Also, the Péclet number is expected to be of the 

same order, which implies that the Reynolds number, 𝑅𝑒 = 𝑃𝑒 𝑆𝑐 , is 

about unity at the scale of a computational cell. Péclet and Schmidt 

numbers are discussed on the example of single tracks melted in 

compact Ti‐6Al‐4V in appendix E. Consequently, the contribution of 

mass diffusion given by the first term on the right-hand side of equation 

(4.33) is insignificant during the melting process and can thus be readily 

omitted. While this is certainly true for the melting of the sample 

material itself, diffusive mass transport may gain importance if, for 

example, the preheating of the powder bed is included in the simulation. 

However, since diffusion in the solid state is much slower, with 

diffusivities between 10-15 and 10‐10 m2 s-1 depending on the diffusing 

species and the temperature (Brandes and Brook 1992, Lee et al. 2010), 

the concentration in solid cells is kept constant during simulations.  

Mass transport by advection 

For the advective transport of mass, two different schemes are 

considered—a two-dimensional lattice Boltzmann formulation and a 

scalar solver. 

Lattice Boltzmann method.     In the first instance, it seems intuitively 

attractive to utilize the lattice Boltzmann method for mass transport 

similar to that used for the hydrodynamic and thermodynamic lattices 

already in place, cf. chapter 2. The procedure has been described in 

detail previously for a D2Q4 lattice, e.g. by Körner et al. (2005) or Thies 

(2005). The basic idea is to solve the convection-diffusion equation by 

means of an additional set of distribution functions. The most critical 

aspect of this multi-distribution function approach lies in the 

approximation of the collision operator with the Bhatnagar-Gross-Krook 
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(BGK) relaxation term. The relaxation time, 𝜏D, that enters the evolution 

equation for the discrete lattice has major influence on numerical 

stability and can thus create severe technical difficulties. In the original 

work of Thies (2005), the main focus was on the formation of metal 

foams and the diffusion of propellants that were dissolved in the molten 

metal. In this specific case, 𝜏D > 0.52 or 𝐷∗ > 10-2 was always satisfied. 

Here, 𝐷∗ is the diffusion coefficient in dimensionless form, i.e. 

𝐷∗ = 𝐷 ∙ ∆𝑡

∆𝑥2.
6 However, it is easily checked that under conditions typical 

of powder bed fusion processes, the dimensionless diffusivity delivers 

values of order 10-3 or less .7 This gives rise to sub-grid scales which the 

LBM is not able to resolve, so that in the limit 𝐷∗ → 0 or 𝜏D → 0.5 the 

scheme will fail to produce physical results (Succi 2001). Therefore, the 

problem becomes computationally intractable when employing lattice 

Boltzmann formulations in connection with a single relaxation 

parameter. The numerical stability could well be improved by 

implementing a multiple relaxation time collision operator as, for 

example, in the studies of Lallemand and Luo (2000), d’Humières et al. 

(2002) or Dellar (2003). Although simulations have been reported to be 

stable using dimensionless kinematic viscosities of 𝜈∗ = 𝜇∗ 𝜌∗ ≳ 10-3, it is 

unclear whether stability is also maintained at even lower values. 

Additionally, with multiple relaxation times there is a loss of generality 

as the parameters within the corresponding LB model are adjustable and 

have thus to be determined on a case-by-case basis. 

Scalar transport scheme.     In the lattice Boltzmann approach to mass 

diffusion, the BGK collision operator must be chosen so as to recover 

Fickian behaviour at the macroscopic level. However, this is not feasible 

in practical applications where diffusivities are very low, without 

incorporating constraints for both numerical stability and accuracy. In 

                                           
6 The dimensionless diffusion coefficient relates to the relaxation time via 
𝐷 = 𝑐L

2 ∆𝑡 ∙  𝜏D − 0.5 . This expression is analogous to those described in chapter 2 to 

compute the viscous and thermal relaxation times in the LBM formulation. Note that 

for a D2Q4 lattice, the lattice speed of sound is 𝑐L
2 = 1

2  ∆𝑥2 ∆𝑡2 . 

7 The estimate assumes a maximum mass diffusivity of 10-7 m2/s, which is a realistic 

value for liquid metals at temperatures near their respective boiling points (e.g. Iida 

et al. 2006), and a ratio of ∆𝑡 ∆𝑥2  of about 10-4 s/m2. The latter is specific to the LBM 

simulations reported in the present work. 
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view of the points made in the previous paragraph, one can safely 

neglect mass transport due to diffusion when modelling processes like 

SEBM or SLM. The alternative method described herein is hence based 

on a scalar scheme that solely includes advective mass transport by 

utilizing the LBM distribution functions. For that purpose, in addition to 

the lattice Boltzmann formulation,  𝛤 − 1  separate sets of scalars are 

introduced. These are required to fully describe a mixture consisting of 

𝛤 constituents, where each of the sets carries information pertaining to 

the concentration of a particular species 𝛼, with 𝛼 ∈ 𝛤. Mass transport of 

the primary constituent needs not be explicitly computed because its 

concentration can be determined by difference.  

The concentration of species 𝛼 at lattice site x and time 𝑡 is 𝑐𝛼 x, 𝑡 . The 

mass flux ∆𝑚𝑖  from a cell at x to its neighbouring cell at x + e𝑖∆𝑡 due to 

advection is (Körner et al. 2005) 

 ∆𝑚𝑖 =  𝑓𝑖  x + e𝑖∆𝑡, 𝑡 − 𝑓𝑖 x, 𝑡  ∙ ∆𝑥3, (4.35) 

in which 𝑓𝑖  are the distribution functions of the hydrodynamic lattice 

and e𝑖  the discrete velocities in 𝑖 direction given by equation (2.5) in 

section 2.2 for the D2Q9 lattice employed in this work. The index 𝑖  

denotes the opposite direction of 𝑖. In the case of mass exchange 

between two neighbouring surface cells, ∆𝑚𝑖  is additionally multiplied 

by  𝜖 x, 𝑡 + 𝜖 x + e𝑖∆𝑡, 𝑡  2  to account for the effective contact area. 

Here, 𝜖 is the volume fraction of the cell. If advection is in 𝑖 direction, 

∆𝑚𝑖  will be negative and mass transport will be out of the current cell 

from site x to x + e𝑖∆𝑡. For ∆𝑚𝑖  > 0, mass will be transported into the cell 

from its neighbour. The transport scheme for the concentration as a 

macroscopic quantity can be written as 

 

𝑐𝛼 x, 𝑡 + ∆𝑡 = 𝑐𝛼 x, 𝑡 ∙
𝑚 x, 𝑡 

𝑚 x, 𝑡 + ∆𝑡 

+  

 
 

 𝑐𝛼 x, 𝑡 ∙
∆𝑚𝑖

𝑚 x, 𝑡 + ∆𝑡 
, ∆𝑚𝑖 ≤ 0

𝑐𝛼 x + e𝑖∆𝑡, 𝑡 ∙
∆𝑚𝑖

𝑚 x, 𝑡 + ∆𝑡 
, ∆𝑚𝑖 > 0

 
8

𝑖=1

+ ∆𝑡𝒮D
𝛼 x, 𝑡 , 

 

(4.36) 
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The relation between mass, 𝑚 x, 𝑡 , and time evolved mass, 𝑚 x, 𝑡 + ∆𝑡 , 

reads 

 𝑚 x, 𝑡 + ∆𝑡 = 𝑚 x, 𝑡 +  ∆𝑚𝑖

8

𝑖=1

. (4.37) 

The term 𝒮D
𝛼 x, 𝑡  serves as a concentration sink that applies to interface 

cells only, i.e.  

 ∆𝑡𝒮D
𝛼 x, 𝑡 =  

∆𝑐𝛼 x, 𝑡 , x ∈ xS

0, otherwise
  (4.38) 

where ∆𝑐𝛼 x, 𝑡  is the local change in concentration. The molar 

concentration of species 𝛼 can be written in terms of the mole and mass 

fractions, respectively: 

𝑐𝛼 =
𝜒𝛼𝜌

  𝜒𝛼𝑀A
𝛼 𝛼∈𝛤

                  𝑐𝛼 =
𝜌𝛼

𝑀A
𝛼 =

𝜔𝛼𝜌

𝑀A
𝛼  (4.39) 

with 𝜌𝛼  being the mass density of constituent 𝛼 in the mixture, 𝜌 the 

mass density of the alloy and 𝑀A
𝛼  the molar mass of 𝛼. The alloy density 

is assumed constant, though it is, in fact, influenced by variations in 

alloy composition and is also a function of temperature. This restriction 

on the density to remain constant arises from the requirement of incom-

pressibility in the lattice Boltzmann approach to hydrodynamics using a 

single relaxation time collision operator (He and Luo 1997, Dellar 2003). 

The local change in concentration can be obtained from 

 ∆𝑐𝛼 xS, 𝑡 = 𝑐post
𝛼  xS, 𝑡 − 𝑐pre

𝛼  xS, 𝑡 , (4.40) 

with 

 
𝑐pre

𝛼  xS, 𝑡 = 𝜔pre
𝛼  xS, 𝑡 ∙

𝜌

𝑀A
𝛼  , (4.41) 

 𝑐post
𝛼  xS, 𝑡 =

𝜔pre
𝛼  xS, 𝑡 ∙ 𝑚pre xS, 𝑡 − ∆𝑚vap

𝛼  xS, 𝑡 

𝑚pre xS, 𝑡 −  ∆𝑚vap
𝛼  xS, 𝑡 𝛼∈𝛤

∙
𝜌

𝑀A
𝛼  , (4.42) 

in which the subscripts pre and post label values before and after the 

evaporation procedure. The conservation of concentration is expressed 

by the balance  𝜔pre
𝛼  xS, 𝑡 𝛼∈𝛤 =  𝜔post

𝛼  xS, 𝑡 𝛼∈𝛤 = 1. In general, the loss 
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of mass per time step is sufficiently modest to ensure 𝜔post
𝛼  xS, 𝑡 ≥ 0. 

However, it may occasionally happen that this constraint is not satisfied. 

In these rare cases, 𝜔post
𝛼  xS, 𝑡  is set to zero. 

 

4.3.3 Properties of the single component evaporation 

model  

A representative example is described here to illustrate the main 

features of the single component evaporation model. The target was 

pure titanium and the processing gas was helium, initially at room 

temperature and at 0.2 Pa pressure. During the numerical experiment, 

the incident electron beam was kept stationary (𝑣x = 𝑣y = 0) with the 

centre of its focal spot being in the simulated 2D plane. The beam was 

Gaussian in space with a 4 𝜍beam‒width of 𝑤 = 400 µm and an 

acceleration voltage of 60 kV. Beam powers were 150 W and 300 W, 

giving average irradiances of 1.2  109 and 2.4  109 W/m². 

The temporal evolution of the melt pool at a beam power of 300 W is 

depicted in figure 4.9, where isotherms are used to represent the 

temperature field and streamlines the transport of mass. The electron 

beam initially heats up and then melts the material directly beneath it. 

As the surface temperature exceeds approximately 3200 K, the recoil of 

the expanding vapour becomes large enough (about 0.08 bar in this 

instance) to accelerate the melt from the centre of the beam interaction 

zone towards its periphery, inducing a deformation of the melt pool. In 

contrast to the formation of a melt pool purely driven by thermal 

diffusion, evaporation effects generally lead to a rather V-shaped melt 

pool. The onset of melt pool deformation depends on the target material 

and the process parameters deployed but can be narrowed to occur 

roughly between 0.01 to 0.5 bar for pure titanium and at an external 

pressure of 𝑝a = 0.2 Pa. In the irradiance regime typical of SEBM and at 

low scanning speeds, maximum recoil pressures will be beyond this 

threshold, indicating that melt flow will be due at least partly to the 

expanding vapour phase. Note that already at this early stage the melt is 

highly superheated since the boiling point is just about 1990 K at 𝑝a = 

0.2 Pa.  
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Pulse durations, i.e. the time the electron beam locally interacts with the 

sample, are well below 0.5 ms for SEBM processes. Melt pool deforma-

tions in real test cases thus should be found to resemble those shown in 

figure 4.9 at pulse times 0.1 and 0.3 ms. Finally, at longer pulse durations 

a small keyhole is formed, which represents the transition to deep 

penetration welding. Maximum flow velocities are about 0.8 to 1.0 m/s 

but can reach values up to 10 to 15 m/s at higher beam powers. The 

magnitude of the flow velocity strongly depends on the size of the melt 

pool, particularly on the thickness of the molten film where bulk flow 

occurs. The highest flow velocities can be observed at the beginning of 

the pulse. 

Figure 4.9: Simulated melt pool formation in a dense titanium sample under the 

action of a 60 kV electron beam of 300 W at different pulse durations. Temperature 

isotherms are shown on the left and streamlines of the melt flow on the right. The 

beam width was 𝑤 = 400 µm and the spatial resolution was 1 µm. 
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Figure 4.10 illustrates calculated temperature and mass loss profiles at 

beam powers of 150 W and 300 W. Considering evaporation effects (solid 

lines), the temperature very rapidly approaches a nearly constant value, 

with the final temperatures being about 3560 K and 3660 K, respectively, 

whereas no such limit is discernible when evaporation is neglected 

(broken lines). The constant maximum temperature translates into a 

linear increase in mass loss over time, where higher surface tempera-

tures correspond to higher evaporation rates in terms of mass loss. 

Recoil pressure and its effect on evaporative losses.     A key point 

to note is the role of the recoil pressure in driving the transport of heat 

via advection. The magnitude of the recoil determines the extent to 

which the melt is transferred from the hotspot to the periphery of the 

melt pool where the melt is cooled through mixing. In order to further 

assess the efficiency of this particular cooling mechanism as opposed to 

thermal diffusion, the simulations of the 300 W electron beam heating a 

titanium sample have been repeated. Included in this is a multiplier 𝓇 

which was applied as a uniform scaling coefficient to the recoil pressure 

as in ∆𝑝recoil → 𝓇 ∙ ∆𝑝recoil. Figure 4.11 depicts the mass loss rate and the 

Figure 4.10: Evolution of (a) maximum temperature and (b) mass loss with pulse 

time for a 60 kV electron beam incident on a dense titanium sample. Beam powers 

were 150 W and 300 W. Additionally, figure (b) gives the corresponding mass loss 

rates in units of g/(m s). 
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maximum temperature as a function of 𝓇. The plots provide evidence 

that the recoil pressure has a major impact on evaporative losses in that 

maximum temperatures are appreciably elevated at lower recoil 

pressures. This, in turn, causes the mass loss rate to increase to the point 

where the recoil is so low that the melt pool stays stationary. The finding 

is important to consider when conducting simulations where the recoil 

pressure has to be limited for some reasons, for instance due to 

numerical stability issues, as it may result in inaccurate predictions. 

 

Figure 4.11: Mass loss rate () and maximum temperature () plotted against an 

artificial multiplier for the recoil pressure for the case of the 300 W electron beam as 

shown in figure 4.10. Normally, simulations are run using a multiplier of one. 

 

4.3.4 Properties of the multi-component evaporation 

model  

Analysis of the evaporation model involving a solution of the 

convection-diffusion equation is executed in various stages in order to 

disentangle factors related to evaporation and the effects of bulk flow 

and the movement of free surfaces. The problems examined in the 

verification simulations are  𝑖  the evaporation of a stationary plane 
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surface,  𝑖𝑖  uniform flow without free surfaces and  𝑖𝑖𝑖  the impact of a 

droplet on a flat fluid surface. 

Evaporation of a stationary plane surface 

The effect of evaporation from a plane surface on the temperature and 

the mass loss is numerically evaluated. The material was Ti-6Al-4V 

having a uniformly distributed aluminium content of 𝜔Al = 6.0 wt.-% 

and an initial temperature of 3500 K. The medium was stationary, with a 

fluid velocity of  𝐮 x, 𝑡  = 0 throughout the simulation, since 

evaporative recoil was disabled in this case. The grid size has been 

chosen so that the distance between the surface and the domain 

boundary in the direction of the temperature gradient is larger than the 

thermal diffusion length 𝑙th. 

The maximum temperature, the mass losses of both the aluminium and 

titanium components and the aluminium content are shown in figure 

4.12 as a function of time. The mass loss curves illustrate the possible 

difficulties posed by an alloy system whose constituents possess 

different vapour pressures. The initial mass loss rate of aluminium is 

orders of magnitude higher than that of titanium owing to the fact that 

𝑝S
Al 𝑇S ≫ 𝑝S

Ti 𝑇S . As the aluminium concentration at the surface falls 

almost immediately to zero (after about 800 time steps or 4 µs), the 

mass loss ∆𝑚vap
Al  attains a steady state. In this event, the titanium 

component evaporates slightly faster because of an increase in its 

activity. 

The evaporation of aluminium makes the main contribution to the mass 

loss and hence to the cooling rate. Initially, this cooling rate is so high 

that it outweighs the rate at which heat is provided to the surface layer 

by thermal diffusion. It is only when the aluminium content falls below 

about 1 to 2 wt.-% that the vaporization of titanium dominates 

evaporative cooling. In the course of the enhanced aluminium depletion 

and the reduction of the total cooling rate, the maximum surface 

temperature increases again until the temperature gradient adjusts to 

the new equilibrium. In consequence of this, a local minimum emerges 

in max 𝑇S . Due to the absence of aluminium in the top layer, the 
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subsequent cooling corresponds to that of pure titanium, except that 

bulk properties are those of Ti-6Al-4V. 

Theoretically, in a continuous system, the effective loss of aluminium 

would be determined by a balance between the diffusive flux of 

aluminium atoms to the liquid/vapour interface (along the concentra-

tion gradient) and the evaporative flux thereof. Additionally, mass 

transport by advection would provide sufficient mixing between the 

surface layer and the subjacent bulk to sustain a much larger mass loss 

rate of the more volatile component. However, diffusive transport is not 

accounted for in the model and mass transport due to advection has 

been intentionally excluded from this particular computation. There-

fore, the distinct steady state in which ∆𝑚vap
Al  remains constant with time 

prevails as long as the layer of interface cells depleted in aluminium is 

not completely vaporized. Accordingly, in a discrete scheme, evapora-

tion of volatile elements without considering bulk diffusion and fluid 

motion is a stepwise process that solely rests upon the movement of the 

Figure 4.12: Cooling of a plane fluid Ti-6Al-4V surface over the first 10 µs (left) and 

1 ms (right). Recoil pressure has been disabled during the computation. The plots 

show the evolution of the maximum surface temperature (max 𝑇S ), the mass loss 

of the titanium (∆𝑚vap
Ti ) and aluminium components (∆𝑚vap

Al ) per unit area and the 

mass fraction of aluminium (𝜔Al) with time. The initial temperature was 3500 K. 

The spatial resolution was 1 µm and time step size 5  10-9 s. 
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surface. Once the fractional volume of an interface cell reaches 𝜖 ≤ 0 

and the neighbouring fluid cells with 𝜔Al = 6.0 wt.-% are converted to 

interface cells in the subsequent time step, the mass loss rate of 

aluminium rises again. This discrete form of surface advancement also 

explains the recurring drops in the maximum temperature in the right 

panel of figure 4.12. 

Uniform flow without free surfaces 

The analysis of advective transport of a substance of dimensionless 

concentration 𝑐∗ was performed for the case of isothermal bulk flow. 

The mass transport was one-dimensional in the sense that  𝐮 x, 𝑡  =
  𝑢x x, 𝑡 ,0  = 1 m/s and a concentration gradient existed only along 

the direction of 𝑥. The initial concentration distribution had a Gaussian 

shape with standard deviation 𝜍0 ≡ 𝜍 𝑡 = 0  and obeyed 

𝑐∗ x, 𝑡 = 0 =  𝑐max
∗ −  𝑐max

∗ − 𝑐min
∗  ∙ exp  −

 𝑥 − 𝑥0 
2

2𝜍0
2   

𝑐min
∗ =0, 𝑐max

∗ =1

 (4.43) 

The length of the pipe was 1 mm and 𝑥0 = 100 µm. At the inlet and 

outlet boundaries ∆𝑐in
∗ = ∆𝑐out

∗  was satisfied by using a periodic boundary 

condition. 

Figure 4.13 shows the concentration distribution at successive times 

using two different standard deviations, 𝜍0 = 10 µm and 𝜍0 = 20 µm. The 

distributions are found to be centred on a point which moves with the 

mean speed of the flow, so that they are symmetrical about 𝑥 = 𝑥0 + 𝑢x𝑡. 

Exact conservation of mass and concentration is maintained. However, 

the results clearly indicate that the numerical solution becomes smeared 

by artificial dissipation resulting from the numerical scheme. This 

numerical dispersion is caused by the mass exchange between neigh-

bouring cells as per equations (4.35) and (4.36) on page 73. Thus, if there 

is bulk motion, the scheme attempts to balance any spatial gradients in 

the concentration. In a discretized setting, concentration differences 

naturally propagate one cell spacing per time step, even if the actual 

local flow velocity is smaller than the lattice speed 𝑐 = ∆𝑥 ∆𝑡 . That also 

means that if the flow velocity is unity in dimensionless units, no 

numerical dispersion will occur. This, of course, is not applicable to 
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experimental and practical situations because the flow velocity is by no 

means constant or continuous. Moreover, a dimensionless flow velocity 

of  𝐮∗ x, 𝑡  = 1 would impair numerical stability as will be seen later in 

section 4.4. On condition that  𝐮∗ x, 𝑡   < 1, differences in concentration 

travel faster than anticipated by bulk motion alone. In this regard, the 

absolute value of  𝐮∗ x, 𝑡   has only little effect on numerical dispersion, 

because the concentration difference that is to be advected is multiplied 

by the mass exchange ∆𝑚𝑖 , which intrinsically includes a dependence 

upon the flow velocity. The same computations have been repeated 

deploying 𝑢x x, 𝑡 = 10 m/s or 𝑢x
∗ x, 𝑡 = 0.1 in dimensionless units, 

which yielded results that were very similar to those presented in figure 

4.13. Consequently, whilst the mean concentration will not be biased by 

the bulk flow, numerical dispersion will likely affect peak concentra-

tions. The extent of the latter depends on the concentration gradient 

and the distance travelled by the unit volume of fluid. 

Figure 4.13: Concentration distribution at various times in a constantly moving 

isothermal fluid. The flow velocity is 𝑢x ≡ 𝑢x x, 𝑡 = 1 m/s or 𝑢x
∗ x, 𝑡 = 0.01. Broken 

lines represent the evolution of min 𝑐∗ 𝑥, 𝑡   with time. The spatial resolution was 

1 µm and the time step size was 10-8 s. 
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Analyzing the accuracy of the scheme, the numerical predictions are 

seen to converge with 𝒪 ∆𝑥  when compared to the exact analytic 

solution 𝑐 ∗ 𝑥, 𝑡 ≡ 𝑐 ∗ x, 𝑡 . The discretization error is obtained from 

𝛿err 𝑐
∗ =  

1

𝑁x

  𝑐∗ 𝑥, 𝑡 − 𝑐 ∗ 𝑥, 𝑡  
2

𝑁x

, (4.44) 

where 𝑁x refers to the number of computational nodes in 𝑥 direction. 

Figure 4.14 shows 𝛿err 𝑐
∗  as a function of ∆𝑥 at three successive times 

and table 4.2 summarizes the numerical parameters used for the 

convergence study. 

An alternative line of approach to that pursued in this work would be to 

use a Lax-Wendroff-like discretization scheme as, e.g., in McNamara et 

al. (1995), to increase the order of accuracy. The scheme itself is based 

on finite differences and is second-order accurate in both space and 

time. Succi et al. (1999) additionally introduced an artificial diffusion 

term to counteract numerical diffusivity and thus to reduce numerical 

dispersion. However, their method tends to overshoot the scalar 

quantity just behind the propagating wave, which is not the case in our 

scalar transport scheme. 

 

 

Figure 4.14: Convergence of the solution for mass transport in isothermal bulk flow. 

Results are shown at three different times. The slopes of the dashed lines illustrate 

the order of accuracy. 
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Table 4.2: Numerical parameters for the convergence study. The flow velocity is 

𝑢x x, 𝑡 = 1 m/s. The fluid is molten titanium, the properties of which are given in 

table C.1 in appendix C. 

∆𝑥 ∆𝑡 𝜏F 𝑢x
∗ x, 𝑡  

    0.2 µm 4.0 · 10-10 s 0.524 0.002 

0.5 µm 2.5 · 10-9 s 0.524 0.005 

1.0 µm 1.0 · 10-8 s 0.524 0.01 

2.0 µm 4.0 · 10-8 s 0.524 0.02 

 

Droplet impact on a flat fluid surface 

A situation that frequently arises in SEBM or SLM is one where 

contacting powder particles coalesce upon melting to form a melt pool 

with the combined volume. This involves the movement of free surfaces, 

i.e. the creation and destruction of interface cells, and high capillary 

pressures once the edges of adjacent molten powder particles touch. 

The problem is represented by the impact of a fluid droplet being 

accelerated by gravity g onto a flat fluid surface, where the dimension-

less concentration of the (arbitrary) diffusing species was 𝑐∗ = 1 within 

the droplet and 𝑐∗ = 0 throughout the region that constitutes the flat 

obstacle. The simulations were isothermal, so that a phase change was 

not considered here. Figure 4.15 shows the simulated impact at succes-

sive times including an illustration of the flow by streamlines. Prior to 

impact, as the droplet moves towards the surface, the concentration is 

conserved to within 5  10-5. During the collision and the subsequent 

decay of the surface wave to the undisturbed state, however, almost 1 % 

of the total concentration is lost. This numerical quantity is not a fixed 

value; it exactly scales with the difference in the concentration between 

the colliding bodies. In this instance, if the concentrations are, e.g., 0.3 

and 0.2, the total error will be about 0.1 %, et cetera. Furthermore, as in 

the case of the steady state flow in the previous paragraph, the initially 

sharp front at the line of contact becomes numerically smeared as the 

distance travelled by the fluid increases. 
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Figure 4.15: Numerically computed interaction occurring between an impacting 

droplet of initial dimensionless concentration 𝑐∗ = 1 and a fluid surface of 

concentration 𝑐∗ = 0. Material properties were those of pure titanium, except for the 

viscosity which has been increased by a factor of 10. Periodic boundary conditions 

were applied to the left and right domain boundaries and for the solid wall at the 

bottom a no-slip condition was used. The spatial resolution was 1 µm. Time steps are 

𝑡1 = 1 000, 𝑡2 = 97 000, 𝑡3 = 98 000, 𝑡4 = 101 000, 𝑡5 = 105 000 and 𝑡6 = 300 000. 
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4.4 Numerical stability 

Performing numerical simulations that include evaporation effects 

necessitates adjustment of the spatial resolution and the time step size 

depending on the maximum expected recoil pressures and, hence, fluid 

velocities. Therefore, a systematic analysis which identifies some causes 

of numerical instability associated with lattice Boltzmann (LB) methods 

is provided in this section. 

The stability behaviour was investigated by simulating melting of a 

single track in solid samples of pure titanium having a global initial 

temperature of 25 °C. The sequence of events is sketched in figure 

4.16 (a). The electron beam was deflected out-of-plane with the scanning 

speed  v  = 𝑣y = 2 m/s and was represented by a two-dimensional 

Gaussian distribution with a width of 𝑤 = 4 𝜍beam = 400 µm. Helium 

was used as processing gas, whereby the external pressure was set to a 

value of 𝑝a = 0.2 Pa. The beam power was 600 W and the acceleration 

voltage of the electrons was 60 kV. The dimensions of the computational 

domain were 600 µm width by 300 µm height and were scaled within the 

parameter space of ∆𝑥. 

By evaluating the maximum fluid velocities  𝐮max   and  𝐮max
∗   at 

constant ∆𝑥, a distinctive region that provides stable behaviour can be 

identified in the parameter space of ∆𝑡, see figure 4.16 (b). Specifically, if 

the time step size becomes too large, the acceleration imparted upon the 

fluid cells will be too high to be numerically resolved. In the use of LB 

models developed for simulating fluid flow, convergence of the solution 

to the incompressible Navier-Stokes equations is only obtained in the 

limit of low Mach numbers, i.e. 𝑀𝑎L =  𝐮∗ 𝑐L
∗ ≲ 0.10 (Succi 2001) or 

𝑀𝑎L ≲ 0.15 (He and Luo 1997). Here, 𝐮 is the fluid velocity vector and 𝑐L
∗ 

is the lattice speed of sound with 𝑐L
∗2 = 1

3  for a D2Q9 lattice, where 

quantities with an asterisk are dimensionless. In LBE schemes, the 

pressure and the density are tied together by the relation 𝑝∗ = 𝜌∗ ∙ 𝑐L
∗2. It 

is apparent that significant changes in pressure will entail a violation of 

the assumption of incompressibility, so that an upper bound can be 

specified by stating Δmax 𝑝∗ ≲ 0.1 ∙ 𝑝∗ (Succi 2001). This restriction 

particularly applies to surface cells where the local gas pressure 𝑝G
∗  is 

constantly modified by the Laplace pressure and the recoil pressure, cf. 
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equation (2.12) in section 2.2. In this regard, the numerical scheme is 

subject to the stability condition that there must be a limit to prevent 

material and momentum to transverse more than half a cell width of the 

Eulerian grid in one time step. In contrast, when ∆𝑡 is inappropriately 

small, values of the fluid velocity become physically unrealistic. This is 

seen in figure 4.16 (b), where  𝐮max   > 20 for small ∆𝑡, which we 

consider unlikely in the case studied. This reflects a trade-off between 

the fluid velocity itself and the dimensionless relaxation time for the 

velocity field 𝜏F. In fact, according to Lallemand and Luo (2000), 𝜏F has 

to satisfy the condition 𝜏F ≳ 0.52, which represents an important lower 

bound. The distinct plateau in the additionally plotted evaporative mass 

loss curve indicates that, disregarding computations in the limit of low 

and high time step sizes, the predictions are self-consistent. The mass 

loss was chosen as a criterion since it is highly sensitive to changes in the 

temperature field and, in connection with that, the flow field. 

Figure 4.16: Numerical stability behaviour during the melting of a single track in 

terms of the fluid velocity  𝐮max  , the dimensionless fluid velocity  𝐮max
∗   and the 

mass loss per unit length. The Mach number 𝑀𝑎L  sets an upper limit on the 

maximum fluid velocity. 
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From the above requirements, the stability criteria to model hydrody-

namic systems can be deduced as follows (see appendix B.6): 

Laplace pressure: ∆𝑡2 ≤
1

4
∙
0.1 ∙ 𝑐L

∗2

𝜅∗
∙
𝜌 ∙ ∆𝑥3

𝛾
 (4.45) 

 

Recoil pressure: ∆𝑡2 ≤
1

4
∙ 0.1 ∙ 𝑐L

∗2 ∙
𝜌 ∙ ∆𝑥2

𝑝recoil

 (4.46) 

 

Momentum diffusion: ∆𝑡 ≤ 0.1 ∙ 𝑐L
∗2 ∙

𝜌 ∙ ∆𝑥2

𝜇
 (4.47) 

 

Viscous relaxation time: ∆𝑡 ≥ 𝑐L
∗2 ∙  min 𝜏F − 0.5 ∙

𝜌 ∙ ∆𝑥2

𝜇
 (4.48) 

 

𝑐L
∗2 = 1

3 ,    min 𝜏F = 0.52  

Here, 𝜅∗ is the dimensionless curvature, 𝛾 is the surface tension and 𝜇 is 

the dynamic viscosity. Concerning the Laplace pressure and the 

curvature 𝜅∗, two types of constraint are applied depending on the 

numerical experiment at hand: 𝜅∗ = 𝜅plane
∗ = 1

10  and 𝜅∗ = 𝜅powder
∗ = 1. 

The first one is employed in the above expressions and is effective when 

considering local melting of a target material with a plane surface using 

a broad electron beam. Here, it is not unreasonable to expect the radius 

of curvature to be of the same order as the beam radius. To account for 

capillary waves, the minimum radius of curvature below which the 

stability is supposed to deteriorate is taken as 10 cells, irrespective of the 

spatial resolution, giving a curvature of 𝜅plane
∗ = 1

10  . However, this 

constraint is too weak with respect to computations involving a powder 

bed that consists of individual powder particles. As a matter of course, 

dimensionless curvatures at the points of contact between neighbouring 

powder particles are equal (or close) to unity. To this effect, 𝜅powder
∗ = 1 is 

the most general condition, although it is important to stress that it is 

unnecessarily limiting in some cases. 

The stable region spanned by the stability criteria in the parameter space 

of ∆𝑥 and ∆𝑡 is depicted in figure 4.17. The straight lines plot equations 

(4.45) to (4.48) for pure titanium initially at room temperature and two 

different values of min 𝜏F . The value of 𝑝recoil is set so as to correspond 

to a surface temperature of 3700 K, the choice of which will be explained 
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later. The power to which ∆𝑥 is raised varies in the above equations, and, 

correspondingly, so does the slope of the functions. This entails the 

existence of a maximum lattice spacing defined by the intersection of 

the curves beyond which the numerical solutions become susceptible to 

instability. 

The stability behaviour is confirmed by comparison with simulations 

also shown in figure 4.17. Circles represent simulations with no evidence 

of instability and open squares denote simulations that became 

unstable. Diamonds define a transition region where simulations were 

found to give sufficiently stable results that, though, were either 

physically unrealistic or showed first symptoms of instability in the form 

of high-frequency capillary waves. The numerical results conform closely 

to the theoretical expectations, giving useful bounds on the spatial 

resolution and the time step. However, several points merit emphasis. 

The first concerns the tail at ∆𝑥 > 1 µm where numerical findings appear 

to conflict with the requirement 𝜏F ≳ 0.52. Some simulations in the case 

study were found to be stable using relaxation times as low as 0.504. The 

transition between stable and unstable simulations gets shifted to even 

lower values of 𝜏F, if the maximum flow velocity decreases. This occurs, 

for instance, when the beam irradiance is decreased. These results 

clearly suggest that the mismatch between theory and observation is not 

a universal one but varies on an individual basis. By carrying out 

simulations using various beam powers and scanning speeds, also 

including a powder bed, it can be shown that 𝜏F ≳ 0.52 constitutes the 

most general criterion for stability.  

In terms of an upper bound, stability in the presence of recoil pressure 

requires that owing to 𝑝recoil = 𝑝recoil 𝑇S  maximum surface temperatures 

remain below a certain threshold. In the present example, temperatures 

obtained from the simulations reported herewith as being stable peak at 

roughly 3700 K. The dashed line plotted in figure 4.17 represents the 

stability criterion arising from the recoil pressure that corresponds to 

𝑇S = 3700 K, i.e. 𝑝recoil(3700 K) = 1.1 bar. The stable region is located 

below this curve. Comparison with numerical data shows excellent 

agreement; any simulation performed in the parameter space of ∆𝑥 and 

∆𝑡 beyond the theoretical stability limit was indeed either unstable or 
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even failed to run to completion because recoil pressures could not be 

resolved. 

Another point to note is related to thermodynamic constraints, which 

have not been defined yet. Applying expressions for the thermal 

diffusion length and the relaxation time associated with thermal 

diffusion, 𝜏H, one arrives at (see appendix B.6): 

Thermal diffusion: ∆𝑡 ≤
1

8
∙
𝜌 ∙ 𝑐p

𝜆
∙ ∆𝑥2 (4.49) 

 

Thermal relaxation time: ∆𝑡 ≥ 𝑐L
∗2 ∙  min 𝜏H − 0.5 ∙

𝜌 ∙ 𝑐p

𝜆
∙ ∆𝑥2 (4.50) 

 

Figure 4.17: Stability map for pure titanium. Straight lines calculated using hydro-

dynamic stability criteria in equations (4.45) to (4.48). The stable region is con-

tained within the shaded area. Symbols represent individual numerical simulations. 

These are classified into stable, critical and unstable, where critical comprises stable 

but physically questionable runs. Simulations that violated thermodynamic stability 

are enclosed in chevrons. The numerical set-up is illustrated in figure 4.16 (a). 
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𝑐L
∗2 = 1

3 ,   min 𝜏H = 0.52  

where 𝑐p is the specific heat capacity and 𝜆 is the thermal conductivity. 

The lower-bound value for 𝜏H presumes that the stability criterion 

imposed on the thermal transport is the same as that for the fluid flow. 

Taking 𝜏H ≳ 0.52, the stability condition pertaining to the viscous 

relaxation time is always stronger than the condition obtained from the 

thermal relaxation time. This reflects the fact that the Prandtl number is 

𝑃𝑟 =
𝑐p𝜇

𝜆
< 1 for titanium, aluminium and their alloys, so that the 

condition given by equation (4.50) may be neglected in these cases. In 

contrast, the constraint upon the thermal diffusivity in equation (4.49) 

may considerably reduce the size of the stable region. This particularly 

holds true for low ∆𝑥. Thus, in figure 4.17, computations that violated 

this constraint have been marked with chevrons. These simulations 

actually showed stable behaviour, but since the dissipation of heat was 

numerically hampered, peak temperatures observed were substantially 

elevated leading to questionable results in terms of evaporative losses. 

The consistency of the numerical results is again verified by means of 

the mass loss and the maximum temperature, both of which are shown 

in figure 4.18. Note that only the results of stable simulations are shown. 

For the test case chosen, the mass loss per unit length is found to 

approach a value of 1250 µg/m as the spatial resolution decreases, whilst 

the maximum temperature converges rapidly to a limit of about 3700 K. 

The general conclusion is that if the spatial and temporal discretization 

is chosen within the bounds specified by equations (4.45) to (4.50), 

numerical simulations can be performed under conditions that provide 

stable behaviour. Moreover, within this stable region, the numerical 

solutions are largely insensitive to the precise values of ∆𝑥 and ∆𝑡. 

Additional stability maps for pure aluminium and the alloys Ti-6Al-4V 

and Ti-48Al-2Cr-2Nb are included in appendix B.7. 
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Figure 4.18: Evaluation of computed maximum temperatures () and total mass 

losses () in pure titanium as a function of the spatial resolution ∆𝑥. Numerical 

results taken from the stable region in figure 4.17. 

 

4.5 Sensitivity analysis 

Numerical models operate by accepting thermophysical property data 

which, in the majority, contains uncertainty. This owes to the fact that 

various measurement techniques exist and that the data is determined 

by means of a limited number of measurements—in the case of parame-

ters relating to evaporation, under extreme experimental conditions. 

The variation in computed responses as a result of uncertainty in the 

input data represents a fundamental limit to the accuracy of the 

numerical model. Sensitivity tests were run to properly characterize the 

impact of an artificial fractional error, 𝛿err, on the response of the model 

regarding the evaporative mass loss, 𝛿∆𝑚 , and the melt pool depth, 𝛿𝔪𝑑 . 

Here, 𝛿err is defined as the ratio of the error to the specified value of the 

parameter. 𝛿∆𝑚  and 𝛿𝔪𝑑  are given by 
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𝛿∆𝑚 =
∆𝑚vap 𝛿err − ∆𝑚vap 𝛿err = 0 

∆𝑚vap 𝛿err = 0 
, 𝛿𝔪𝑑 =

𝔪d 𝛿err − 𝔪d 𝛿err = 0 

𝔪d 𝛿err = 0 
, (4.51) 

in which ∆𝑚vap corresponds to the accumulated evaporative mass loss 

after the electron beam pass and 𝔪d denotes the melt pool depth. In the 

present instance, the sensitivity analysis was exemplarily performed on 

solid samples of pure titanium. The electron beam was traversed out-of-

plane across the surface thus generating a single melt track. The base 

values of the parameters were chosen as typical values for the SEBM 

process. In particular, the temperature of the sample was set at 𝑇preheat = 

750 °C, the beam power was chosen as 600 W at a scanning speed of 
 v  = 𝑣y = 4 m/s, the electron beam had a width of 𝑤 = 400 µm and an 

acceleration voltage of 60 kV and helium was applied as processing gas 

(𝑝a = 0.2 Pa, 𝑇a = 750 °C). The base material properties are summarized 

in table C.1 in appendix C.  

The values of the input data were all varied over the range ±20 %. Figure 

4.19 shows the sensitivities of 𝛿∆𝑚  and 𝛿𝔪𝑑  to these uncertainties. Within 

the range of uncertainties investigated, the computed responses are 

approximately linearly related to 𝛿err. Concerning evaporative mass 

losses, parameters classed as being supercritical are the beam power, the 

beam width and the boiling temperature. These parameters strongly 

affect either the maximum temperatures attainable or the shape of the 

saturated vapour pressure curve and consequently have a significant 

impact on evaporation kinetics. Specifically, 𝛿err 𝑃beam = ±5 % resulted 

in 𝛿∆𝑚 = ±20 %. For this 𝛿err-range, maximum temperatures during 

melting varied over ±40 K, with a reference value of 3770 K. According 

to Clausius-Clapeyron, equations (4.3) and (4.5), this change in tempera-

ture leads to a predictable change in the vapour pressure of ±15 to 20 %, 

so that the simulated response can be explained on the basis of the 

maximum temperature alone. An analogous situation is found for the 

beam width, where the same variation in the maximum temperature of 

±40 K is obtained numerically if 𝛿err 𝑤 = ∓4 %. The boiling tempera-

ture, on the other hand, controls the saturated vapour pressure curve in 

such a way that 𝛿err 𝑇boil  causes a shift of the curve along the 

temperature axis. This influences the value of  𝑝S at a given temperature 

and, thus, alters evaporative losses and the magnitude of recoil. 
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Following figure 4.19, perturbations of the mass density almost directly 

translate into changes in the mass loss and the pool depth, that is 

𝛿err 𝜌 ∝ 𝛿∆𝑚  and 𝛿err 𝜌 ∝ 𝛿𝔪𝑑 . This can be mainly attributed to the 

heat input per unit mass by the electron beam that, by definition, is a 

function of 𝜌. Variations in the electron penetration depth and the 

thermal diffusivity with 𝜌 only play a minor role in this regard. This 

conclusion holds for mid and high 𝑍 absorbers. In low 𝑍 materials like 

aluminium, the penetration depth is a stronger function of mass density 

and hence indirectly affects evaporative losses; see also the discussion in 

subsection 3.2.4 and the plots in figure 3.8. Similar to the mass density, 

both 𝛿∆𝑚  and 𝛿𝔪𝑑  nearly linearly increase with the sample preheating 

temperature. It has been verified numerically on samples of pure 

titanium that this relationship is roughly true for a wider temperature 

range spanning from room temperature to about 0.6 𝑇liq. 

In contrast to the mass loss, melt pool dimensions are remarkably 

insensitive to parameters governing evaporative losses. Therefore, in this 

situation, except for the mass density the only relevant parameters are 

those related to the process itself, i.e. the preheating temperature, the 

beam power and the beam width. The effect of the specific heat capacity 

on the melt pool depth is found to be less pronounced and that of the 

dynamic viscosity and the surface tension insignificant. The latter is an 

important point, since it also means that the temperature dependence of 

the surface tension can be disregarded without loss of accuracy as long 

as Marangoni forces are not included in the model. 

The overall findings of the analysis indicate that the evaporative mass 

loss is a highly sensitive measure; a fact that can be taken advantage of 

for model validation purposes, cf. chapter 5. Sensitivity analysis using 

different scenarios may give different results but, based on the runs 

carried out, important input data are the process parameters as well as 

the boiling temperature. The processing gas, on the other hand, has 

little or no influence on the simulation results. This finding is also 

supported by the theoretical graphs in figure 4.4, which suggest that the 

atmospheric conditions are negligible whilst applying external pressures 

of ≲ 1 Pa, irrespective of the use of helium or argon. The ambient 

atmosphere gains significance at higher external pressures, e.g. when 
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Figure 4.19: Response of the simulation model with respect to the evaporative mass 

loss, 𝛿∆𝑚 , (top) and the melt pool depth, 𝛿𝔪𝑑 , (bottom) to an artificial uncertainty 

𝛿err regarding various selected parameters. The 𝛿𝔪𝑑  curves have been obtained by 

least-squares fits to the numerical results employing linear and exponential func-

tions. The reference case is a single track melted in a solid sample of pure titanium 

using an electron beam with 𝑃beam = 600 W and 𝑣y = 4 m/s. The reference values are 

∆𝑚vap = 384 µg m-1 and 𝔪d = 60 µm. The simulations used a lattice spacing ∆𝑥 = 

2 µm and a time step size of ∆𝑡 = 3  10-8 s. 
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considering laser processes. Essentially, if 𝑃beam and 𝑤 are assumed 

accurate within ±5 %, 𝑇preheat within ±20 % and 𝑇boil is known with 

confidence, then also the error in the simulated responses can be 

expected to remain within the specified bounds of ±20 %. Note, 

however, that the errors pertaining to the parameters can amplify each 

other’s effects or counterbalance them. Table 4.3 summarizes the impact 

of 𝛿err of various input variables and parameters on the response of the 

model along with the corresponding ranges of uncertainty culled from a 

variety of sources. 

 

Table 4.3: Classification of the responses of 𝛿∆𝑚  and 𝛿𝔪𝑑  to the input parameters 

used in the sensitivity analysis in supercritical (), critical (), subcritical () and 

no significant effect (‒) in the error range ±20 %. Additionally, the actual ranges of 

parameter uncertainty are given; with material parameters taken from Ablesimov et 

al. (1998), Battezzati and Greer (1989), Brandes and Brook (1992), Das (2003), Desai 

(1987a), Hoch (1988), Iida and Guthrie (1988) and Paradis and Rhim (2000). 

  sensitivity ratings  actual 𝛿err in %  

  𝛿∆𝑚  𝛿𝔪𝑑   pure aluminium pure titanium  

        process parameters: 

 𝐸0
   ‒  n/a n/a  

𝑃beam
     n/a n/a  

𝑇preheat
 

    n/a n/a  

𝑤     n/a n/a  

        material properties: 

 𝜌     −26†  to n/a −8.5†  to 1.9  

𝜇  ‒ ‒  n/a to 46 n/a to 58  

𝛾  ‒ ‒  −33‡ to n/a −29‡ to 8.6  

𝑇boil
   ‒  −14 to 2.5 −0.7 to 0.1  

𝑇crit
  ‒ ‒  −19 to n/a −8.6 to n/a  

𝑐p,s
 

    −14 to 18 −23 to 17  

𝑐p,l
 

    −0.1 to n/a −1.6 to n/a  

𝐿vap,0
 

  ‒  −1.3 to 2.3 −2.7 to 2.7  

        † minimum mass density at 𝑇boil (Iida and Guthrie 1988) 

‡ minimum surface tension at 𝑇boil using 𝛾 𝑇boil = 𝛾 𝑇liq − ∂𝛾 ∂𝑇 ∙  𝑇boil − 𝑇liq  and 

∂𝛾 ∂𝑇 = 0.19  10-3 J m-2 K-1 for aluminium and ∂𝛾 ∂𝑇 = 0.27  10-3 J m-2 K-1 for 
titanium (Lu and Jiang 2005) 
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4.6 Concluding remarks 

In this chapter, an evaporation model based on literature and our own 

research is presented. The model provides a direct approach to solving 

evaporation kinetics at a free surface by an analytical description of the 

net evaporation flux. The formulations incorporate dependencies on the 

properties of the evaporating material, the local chemical composition if 

the material is an alloy and the atmospheric conditions present in the 

system. The evaporation model can be applied to manufacturing 

processes in which the material is liable to become highly superheated, 

like in SEBM or SLM. In the limit of weak evaporation at low ambient 

pressures, it is, however, to be expected that model predictions will be 

affected by inaccurate estimates of the net evaporation flux. The reason 

for this is that the model supposes a fully developed Knudsen layer, 

which cannot be established within a reasonable period of time if the 

superheat at the evaporating surface is low—that is, if the Knudsen 

number is very high. 

The numerical model considers the transfer of mass and energy from the 

condensed to the gas phase and recoil onto the evaporating surface 

generated by the expanding vapour. In multi-component systems, these 

evaporative effects are governed by the partial vapour pressures of the 

elements involved. The evaporation of alloying elements gives rise to 

local changes in the chemistry of the multi-component mixture. 

Thereby, mass transport is by advection only, since mass diffusion was 

found to be negligible over the time scales of interest. In the lattice 

Boltzmann formulation employed, advective mass transport is accoun-

ted for by an additional scalar solver. Verification experiments have 

demonstrated that, while the numerical solution suffered from disper-

sion, the conservation of mass and concentration was maintained when 

bulk flow was examined. In contrast, in the case of moving free surfaces, 

the total concentration was not preserved exactly. The scheme was 

shown to be first order accurate in space. 

The stability of the lattice Boltzmann model has been formulated by a 

number of stability criteria, with the constraints upon the viscous 

relaxation time 𝜏F, the Laplace pressure and the evaporation recoil 

pressure being the most important ones. The stability behaviour of the 
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LBM including the evaporation model has then been demonstrated on a 

simple test case. It could be shown that within the stable region in the 

parameter space of ∆𝑥 and ∆𝑡, numerical results were self-consistent. 

Provided that the numerical solutions were stable, they were only 

subject to the physical properties of the vaporizing material and the 

process conditions. Model results with respect to evaporation effects 

were particularly sensitive to the power of the beam, the beam width 

and the boiling temperature. Melt pool dimensions were found to be 

much less sensitive to uncertainties in the input data provided. 
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5  

Validation of the 
Evaporation Model 

 

The evaporation model was validated against experimental data ob-

tained using a modified selective electron beam melting (SEBM) process 

on an Arcam EBM S12 system (Arcam AB, Mölndal, Sweden). Process 

conditions and exact dimensions of the samples as well as those of the 

numerical domain varied depending on the particular experiment. 

Section 5.1 provides further details concerning the experimental and 

numerical set-up. Results on mass losses in single and multi-component 

systems are presented in sections 5.2 and 5.4, respectively, and on melt 

pool dimensions in section 5.5. The beam power dependence of the 

electron beam width is described in section 5.3. 

 

5.1 Experimental and numerical specifications 

5.1.1 Experimental methods and materials 

The validation experiments involved melting of continuous single tracks 

in specimens of pure aluminium, pure titanium and Ti-6Al-4V (grade 5 

titanium alloy) by a focused electron beam. The composition of the 

titanium alloy as measured by arc/spark OES (Spectromaxx, Spectro 

Analytical Instruments GmbH, Kleve, Germany) is shown in table 5.1. 

Application of powder and preheating were disabled, so that the 

experiments were conducted on bulk samples at room temperature. 

 

Chapter 
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Table 5.1: Chemical composition of the Ti-6Al-4V plates used for the experiments as 

determined by arc/spark OES. Values are means ± standard deviation of 25 separate 

measurements. 

 Ti (wt.-%) Al (wt.-%) V (wt.-%) bal. (wt.-%)  

 89.56 ± 0.06 5.94 ± 0.04 4.26 ± 0.03 0.24  

 

Prior to melting, the build chamber was evacuated and backfilled with 

helium to a pressure of 𝑝a = 0.2 Pa. The electron beam acceleration 

voltage was fixed at 60 kV. Beam parameters are defined in terms of the 

beam power 𝑃beam, the scanning speed  v  and the line energy 

𝐸ℓ =
𝑃beam

 v 
 . (5.1) 

The validation was divided into two separate sets: mass loss experiments 

and experiments aimed at determining melt pool dimensions. 

 

Mass loss experiments.     In the mass loss experiments, the specimens 

were plates with dimensions of 40  40 mm² and a thickness of 15 mm 

for pure aluminium and 5 mm for pure titanium and Ti-6Al-4V. The 

electron beam was scanned across the top surface of the samples 

following a regular pattern that consisted of a number of rectangular, 

closed contours. For the aluminium and the titanium samples, the scan 

pattern was composed of 17 such contours with edge lengths of 35 mm  

1.0 mm each, thus resulting in a total distance of 1.224 m covered by the 

beam per cycle. The inter-contour distance was 1.0 mm. For the Ti-6Al-

4V samples, the scan pattern was slightly different in that it comprised 

24 adjacent contours having edge lengths of 35 mm  0.75 mm with an 

inter-contour distance of 0.75 mm, totalling 1.716 m. The experimental 

arrangement is schematically shown in figure 5.1. 

The evaporative mass loss was determined by comparing sample masses 

obtained before and after the trials. Weight measurements were done 

using an analytical balance with 0.1 mg readability. In order to obtain a 
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measurable loss of mass of at least about 1 mg, the cycles were repeated 

multiple times per sample. Process parameters with which expected 

mass loss rates were rather low required up to 200 cycles. The process 

was paused for 30 s after each cycle to prevent the plates from heating 

up beyond room temperature during the experiments. In the build file 

supplied to the EBM S12 system, the contours had to be provided in a 

layer-wise fashion because of the design of the machine’s software, so 

each cycle was represented by one layer. The vertical movement of the 

build table at intervals of the layer thickness was bypassed by placing the 

samples onto a fixed holder. The recess of the holder enabled the top 

face of the samples to be situated at the focal plane of the beam over the 

entire course of the experiments. In order to ensure that the beam 

current was stable from the outset of the trials, the beam had to be 

deflected along an additional contour line prior to each cycle using the 

same settings as in the melting step. This additional contour lay at the 

level of the gap between the holder and the build tank, so that the 

incident beam hit the start plate at the bottom of the tank without 

affecting the actual experiment. The position of the holder was 

adjustable in the 𝑥 and 𝑦 directions. This permitted the experimental 

package to be placed such that in the undeflected state the electron 

beam hit the centre of the sample. For grounding purposes, electrically 

conductive adhesive tapes were used to mount the samples on the 

holder and the holder on the build tank. 

Figure 5.1: Schematic of the experimental set-up for the mass loss measurements 

showing the sample and the sample holder mounted inside the SEBM build 

chamber. 
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For the Ti-6Al-4V samples, in addition to the mass loss experiments, the 

chemical composition in the region of the re-solidified tracks was 

examined. Therefore, after the trials, the plates were sectioned perpen-

dicular to the scan direction (𝑥-𝑧 plane, cf. figure 5.1), prepared by 

grinding and polishing and measured with an electron probe 

microanalyser (JXA-8100, JEOL Ltd., Tokyo, Japan).8 Also, the melt 

tracks were experimentally visualized using laser scanning confocal 

microscopy (LEXT OLS4000, Olympus Corp., Tokyo, Japan).9 

Melt track dimensions.     The experimental arrangement for the 

melting of single tracks employed a Ti-6Al-4V plate of thickness 5 mm 

and dimensions 170 mm across the flats. The plate was placed directly 

onto the build table which was adjusted such that the top surface of the 

plate remained at the focal position of the electron beam. Tracks to be 

scanned by the electron beam were specified using 60 mm  5.0 mm 

rectangular contours, each of which having its own parameter set. Here, 

too, every melt track was preceded by an additional dummy contour line 

to provide for a stable beam current. 

Imaging was accomplished using optical microscopy; the melt pool 

width was assessed in plan view and the melt pool depth via micro-

sections. The microsections were prepared by cutting the samples in 

half, subsequent grinding/polishing and etching at 60 °C with 8 % H2O2 

in a 25 % KOH solution. 

 

5.1.2 General numerical set-up 

Numerical calculations were carried out in two dimensions within a 

simulation domain that only comprised a small section of the real 

sample. The electron beam was deflected out-of-plane with a predefined 

                                           
8 Metallographic sample preparation by Annemone Alleborn and Kerstin Zinn; 

measurements performed by Sabine Michel; Friedrich-Alexander University 

Erlangen-Nürnberg (FAU), Germany. 

9 Measurements performed by Thorsten Scharowsky; Friedrich-Alexander University 

Erlangen-Nürnberg (FAU), Germany. 
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scanning speed. The beam had a two-dimensional Gaussian intensity 

distribution with a width of 𝑤 = 4 𝜍beam. In order to save computational 

time, the domain size was restricted to the cross-section of one 

representative single track and its surrounding bulk material, see 

schematic in figure 5.2. This approach implies that, first, neither the flow 

field nor the thermal field of the single track was affected by its 

neighbouring tracks and, second, the local temperature at the beginning 

of each cycle was not considerably higher than room temperature. In 

fact, the experiments were designed in a way such that the inter-contour 

distances were large enough to completely preclude an overlap of the 

melt pools and also to avoid substantial build-up of heat. The size of the 

simulation domain has been chosen so as to ensure that during the 

computations the thermal front, given by the thermal diffusion length, 

did not reach the domain boundaries.  

Material properties assigned to the samples are listed in table C.1 in 

appendix C. 

 

 

Figure 5.2: Schematic of the cross-section of the sample showing the single tracks 

and their isotherms. The electron beam — represented by a Gaussian intensity 

distribution ℊ 𝑥, 𝑦, 𝑡  — moves out-of-plane with scanning speed  v  = 𝑣y and scans 

the sample from left to right. The critical issue here is whether or not the track being 

melted is influenced by the temperature field of its neighbouring tracks. 
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5.2 Mass loss in pure metals 

Mass loss experiments to validate the single component evaporation 

model were carried out on samples of pure aluminium and pure 

titanium. Beam powers used for the experiments at hand ranged from 

150 to 1200 W and scanning speeds from 1.5 to 6.0 m/s for the aluminium 

samples and from 1.0 to 8.0 m/s for the titanium samples. The line 

energy was constant at a value of 0.20 J/mm for aluminium and 

0.15 J/mm for titanium. 

In figure 5.3, simulation results are compared with experimental data. 

The mass loss was found to be a strong function of the beam width. 

Since the beam width is difficult to access experimentally, the value of 𝑤 

is varied in the simulations in steps of 25 µm within the range of 350 to 

500 µm and in steps of 50 µm for 𝑤 > 500 µm. The numerical calcula-

tions show that for a constant beam width the mass loss increases 

exponentially with beam power in the parameter range analysed. The 

measured mass loss, however, does not follow this trend, suggesting that 

the electron beam broadens with increasing beam power. This observa-

tion applies to the experiments on both aluminium and titanium. Taking 

the broadening of the electron beam as a premise, numerical predictions 

agree well with the corresponding experimental measurements. Based 

on these results, the beam width would be about 375 µm for beam 

powers of 300 W and slightly above 400 µm for 600 W. As a side note, it 

should be mentioned that all attempts to obtain evaporative mass losses 

in titanium deploying beam powers of 1050 W and 1200 W were 

unsuccessful; the difference in mass was below the detection limit of the 

analytical balance. Finally, the decrease in evaporative mass loss for 

beam powers beyond roughly 600 W (or 10 mA in terms of beam 

current) can be explained by a decrease in the maximum temperature 

due to a broader beam. Figure 5.4 plots the maximum temperature 

computed employing the most probable electron beam width inferred 

from the data in figure 5.3. 

Temperatures during the experiments were monitored using a thermo-

couple affixed to the bottom of the holder just beneath the sample. 

Depending on process parameters, sample temperatures reached about 
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Figure 5.3: Evaporative mass loss in dense samples of (a) pure Al and (b) pure Ti for 

different beam powers. 𝑛 denotes the number of samples. The samples were initially 

at room temperature 𝑇RT. Simulation results are plotted for different beam widths 

𝑤 = 4 𝜍beam, where dashed lines used an elevated substrate temperature of 

𝑇preheat = 𝑇RT + 50 K at 𝑤 = 400 µm. The lattice spacing was ∆𝑥 = 1 µm and the time 

step size ∆𝑡 = 10-8 s (pure Al) and ∆𝑡 = 8  10-9 s (pure Ti). 
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50 °C to 70 °C by the end of the experiments (after 80 to 200 cycles). An 

increase of the temperature of less than 50 K is not thought to be of 

significance. This assumption has been confirmed in a numerical case 

study in which initial substrate temperatures have been increased by 

50 K. The dashed lines in figure 5.3 represent the simulated results for a 

beam width of 400 µm. The absolute error is predicted to be small, 

indicating that the time between subsequent cycles, that is 30 s, was 

sufficiently long for the specimens to cool down and hence to avoid 

build-up of heat. 

The comparison between experimental and numerical mass losses allows 

assessment of the electron beam width; this is examined in section 5.3. 

Two further conclusions emerge from figure 5.3. The first is that the 

total mass loss from the aluminium samples is much lower than that 

from pure titanium. The process conditions are almost identical, just the 

line energy is increased in the case of aluminium as compared to that of 

titanium. The reason for the apparent difference in total mass losses is 

entirely attributable to the absorption of the electron beam energy and 

the rate at which heat is transferred into the bulk. In more specific 

terms, in aluminium, the penetration depth of impinging electrons is 

about 50 % higher and the thermal diffusivity roughly an order of 

magnitude larger than that in titanium. The former leads to a spread of 

the beam energy over a larger volume, whilst the latter causes the heat 

to diffuse more rapidly into the subsurface region. Both mechanisms 

significantly reduce the efficiency of the heating and melting of 

aluminium, which is particularly reflected in a lower maximum tempera-

ture, cf. figure 5.4.  

Second, experiments performed using very low scanning speeds suffer 

from the fact that the temperature fields of neighbouring tracks interfere 

with each other. Consequently, the temperature builds up over the 

course of a cycle, leading to a gross overestimation of evaporative losses. 

This is primarily the case in aluminium because of its high thermal 

diffusivity. For this reason, measured data at a beam power of 150 W and 

a scanning speed of 0.75 m/s (cf. figure 5.3 (a)) were excluded from 

further analysis. Furthermore, the numerical computations are two-

dimensional, which is why heat conduction out of the simulated plane is 

not accounted for. Due to the thermal front preceding the electron 
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beam, scanning speeds considerably below about 1.5 to 2.0 m/s for 

aluminium and 0.2 to 0.3 m/s for titanium may yield inaccurate predic-

tions. It is in this limiting scanning speed regime that, prior to the 

electron beam striking the sample, the local substrate temperature 

would be elevated enough that the evaporative mass loss encountered in 

an actual experiment (or a three-dimensional numerical setting) would 

differ from that of a two-dimensional computation. 

 

 

Figure 5.4: Peak temperatures in the melt phase determined from numerical 

calculations using the most probable electron beam width as per results plotted in 

figure 5.3. The test case involved melting of a single track in dense samples of pure 

aluminium and titanium at line energies of 0.20 J/mm and 0.15 J/mm, respectively. 

Additionally, corresponding maximum recoil pressures are given. 
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5.3 Determination of the electron beam width 

The measurements of the mass loss and the simulation results as 

presented in the previous section can be used as an instrument to 

extract information regarding the width of the electron beam, see figure 

5.5. This has been done on specimens of pure aluminium and pure 

titanium. The most probable electron beam width was determined by 

comparing measured and computed mass losses. Missing data was 

linearly interpolated. 

In consideration of the fact that the two absorber materials investigated 

differ strongly in their thermophysical properties, the results are 

remarkably consistent. It is notable, however, that almost over the whole 

𝑃beam range the electron beam width that is based upon the experiments 

on the aluminium specimens is slightly larger than that using titanium. 

This bias is partly related to the numerical stability criteria introduced in 

section 4.4, particularly to the constraint upon the thermal diffusivity in 

equation (4.49). In contrast to titanium and its alloys, in aluminium, the 

stability condition obtained from the thermal diffusivity is more 

restrictive than that defined by the viscous relaxation time. This is true 

across the whole parameter space of ∆𝑥, which means that it is generally 

not possible to simulate a thermodynamic system having the material 

properties of aluminium without violating one of the stability 

conditions, cf. stability maps in appendix B.7. In more specific terms, the 

discretization of space and time chosen in section 5.2 to simulate the 

melting of pure aluminium did not satisfy condition (4.49). This may 

readily be seen to be equivalent to artificially limiting the diffusion of 

heat in the numerical scheme. Peak temperatures within the hotspot of 

the beam were thus overestimated, causing a shift of predicted mass 

losses towards higher values. Also, as expected from the discussion 

about the influence of the mass density on electron beam absorption in 

subsection 3.2.4, the use of a constant density of 𝜌 = 𝜌l ≡ 𝜌 𝑇liq  in the 

simulations causes an additional increase in temperature near the melt 

pool surface. Correspondingly, the possible error in the predicted depth-

dose curve is noticeably larger in aluminium than it is in heavier 

elements like titanium. Fortunately, all these factors show little impact 

on the final results, but they offer an explanation of why an agreement 

between calculated mass loss curves and corresponding experimental 
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data is obtained for slightly higher beam widths when aluminium is used 

as target material.  

Further analysis of the data shows an overall increase in the beam width 

with beam power, where two distinct regimes are recognizable with 

regressions of 

𝑤 𝑃beam  =  

342.5 μm + 0.11 
μm

W
∙ 𝑃beam , 𝑃beam ≤  675 W

20.6 μm + 0.58 
μm

W
∙ 𝑃beam , 𝑃beam >  675 W

  (5.2) 

 

RMSDAl = 7.80 μm,      RMSDTi = 9.74 μm.  

Here, RMSD is the root-mean-square deviation. The kink in the upward-

sloping curve in figure 5.5 conforms to the sudden drop in the mass loss 

for beam powers greater than about 600 to 700 W as observed in figure 

5.3. This indicates a fundamental change in how electrons are emitted 

from the heated filament of the electron gun. A schematic of the 

tungsten ribbon filament used in the Arcam EBM S12 system is shown in 

figure 5.5, upper left. The thermionic portion of the filament is usually 

contained within the flat segment at the tip. To achieve stable electron 

emission, the temperature of the cathode must be maintained uniform 

to a certain degree. In operation, particularly at high filament and thus 

beam currents, heating of the cathode legs causes electrons to be 

emitted thereof. The transition at which these additional electrons 

emerge is likely to occur at beam powers of 600 to 700 W or beam 

currents of about 10 to 12 mA for the tungsten filament utilized. In the 

electron gun, the filament is surrounded by a grid cap or Wehnelt 

cylinder; the anode is located directly below the grid cap. Electrons 

leaving the filament attempt to pass through both the grid cap and the 

anode. It is not clear whether or not this gun configuration suppresses 

electrons emitted from the filament except at the tip, and if so, to what 

extent. This determines the total number of electrons accelerated 

towards the workpiece and, ultimately, the profile of the electron beam’s 

intensity distribution in the focal plane. In either case, if the beam 

current does not significantly exceed above mentioned transition point, 

say up to 1200 W or 20 mA, it is reasonable to assume that the beam 
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distribution is still approximately Gaussian in shape — but with an 

increased 4𝜍beam as per equation (5.2).  

In addition, the electron beam width was obtained experimentally by 

deploying thin wire or fibre probes across which the beam was moved. 

In the beam power range of 120 W to 1200 W, our model predictions give 

a very close match to these measured results. However, the experimental 

data is confidential and cannot be made publicly available. 

 

 

Figure 5.5: Width of the 60 kV electron beam as used in the experiments with the 

Arcam EBM S12 system as a function of beam power. The beam width is defined as 

𝑤 = 4 𝜍beam. Data points were determined on samples of pure aluminium and 

titanium by comparing measured evaporative mass losses with those obtained by 

numerical computations. Values are contained in appendix D.1 for convenience. 

Solid lines are linear fits to the data. The sketch in the upper left illustrates the 

tungsten filament of the electron gun employed. 
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5.4 Mass loss in metallic alloys 

One peculiar feature of multi-component systems that distinguishes 

them from pure substances is that in the molten state the chemistry of 

the melt bath is constantly changing due to evaporation. For the melt 

track experiments reported herein this means that the evaporative mass 

loss varies with the number of cycles, since the region to be melted has a 

local chemical composition different from that observed in the previous 

cycle(s). The effect of the chemical composition on evaporation 

behaviour was investigated in Ti-6Al-4V using the set-up described in 

subsection 5.1.1. The beam power was 450 W and the scanning speed 

3.0 m/s, giving a line energy of 0.15 J/mm. Mass losses were recorded 

after the first, fifth, 20th, 50th, 100th and 200th cycle. 

 

5.4.1 Numerical set-up 

In the multi-component simulation, the alloy was treated as a binary 

mixture. Hence, the presence of alloying elements other than titanium 

and aluminium was neglected, giving 𝜔Ti = 93.78 wt.-% and 

𝜔Al = 6.22 wt.-% as initial concentrations for the main constituents 

according to the values in table 5.1, which yields 𝜔Ti + 𝜔Al = 100 wt.-%. 

These concentrations were employed in the computations only and were 

adjusted before analysis using the actual total titanium and aluminium 

content of 95.50 wt.-%. The electron beam had a width of 390 µm as per 

equation (5.2). The computational efficiency was increased by introdu-

cing a break condition for the cycles — that is, once the melt pool was 

completely solidified after the electron beam pass, the current cycle 

terminated and the next cycle began. To account for the pre-set cooling 

time of 30 s between successive cycles in the experiments, the 

temperature field was reset to room temperature at the beginning of 

each cycle, while the concentration as well as the shape of the free 

surface and the region occupied by material was conserved. The spatial 

and temporal resolution was fixed to ∆𝑥 = 1 µm and ∆𝑡 = 5  10-9 s, 

respectively. Based on these values, dimensionless relaxation times were 

𝜏F = 0.517 and 𝜏H 𝑇 > 0.52 in the solid state and 𝜏H 𝑇 ≳ 0.6 in the 

liquid state. To mention in advance, surface temperatures during the 
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computation peaked at around 3200 K, which corresponds to a maxi-

mum recoil pressure of 1.5 bar — according to the maps in appendix B.7 

this is within the limits of stability. 

 

5.4.2 Experimental and computational results 

Evaporative mass losses in units of mg and µg/m are shown in figure 5.6 

as a function of the number of successive melting operations. Note that 

only one data point per cycle is contained within the measurements, so 

no standard deviation can be associated with the experimental results. 

Also, due to the experimental design, the mass loss per unit length 

represents a quantity averaged over the number of cycles. Figure 5.7 

displays the spatial distribution of aluminium within the region of the 

melt track, expressed in weight percent 𝜔Al; further microprobe images 

are included in appendix D.2. Figure 5.8 demonstrates an isometric view 

of the melt track after the first cycle and after 200 cycles. 

The loss of mass was found to monotonically increase with the number 

of melting operations, where the evaporation rate is not constant but 

shows a slight decrease with repeated cycles. This is a first indicator of 

the dependence of vaporization on the actual chemical composition of 

the evaporating material within the melted region. Experimental 

evaluation of the contributions of the titanium and aluminium com-

ponents to overall evaporation behaviour is laborious, so the evapora-

tion model provides an opportunity to perform this analysis—see 

broken lines in figure 5.6, left. According to that, the predicted total loss 

of aluminium outweighs that of titanium. Thereby, fractions 

∆𝑚vap
Al  ∆𝑚vap

Ti + ∆𝑚vap
Al    per cycle are roughly 85 % for the first cycle, 

62 % for the 100th cycle and 39 % for the 200th cycle. This is not 

surprising considering that partial vapour pressures of the two elements 

are of widely different magnitudes. The enhanced localized aluminium 

depletion causes the corresponding evaporation rate to decline with the 

number of melting operations. As the alloy becomes increasingly 

depleted in aluminium in the melting zone, the total evaporative mass 

loss of the Ti-6Al-4V sample seems to approach that of pure titanium. 

This is indicated by the hatched area in figure 5.6, right, which shows 
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the range of measured ∆𝑚vap
Ti  per metre. The data is taken from the mass 

loss experiments on pure metals presented in section 5.2 of this chapter. 

The computed pure titanium mass loss, on the other hand, is 

appreciably lower than the experimental one. This suggests that the 

electron beam may actually be narrower than 390 µm, which is most 

plausible given that the best fit for 450 W and 3.0 m/s in pure Ti has 

been achieved using 𝑤 = 380 µm, cf. values tabulated in appendix D.1. 

Nevertheless, the agreement obtained between observed and predicted 

results is fairly good. From further inspection of the element maps in 

figure 5.7, it can be deduced that even after 200 cycles the remaining 

aluminium makes a notable contribution to the total mass loss. At this 

stage, the aluminium concentration within the region of the single track 

amounts to roughly 1.5 to 2.0 wt.-% on average. The reduced aluminium 

content and, hence, aluminium activity leads to a decrease in the partial 

mass loss rate of aluminium. This rate is only about one-tenth of the 

Figure 5.6: Evaporative mass loss in the melted region in dense samples of Ti-6Al-

4V against the number of melting operations (#). The experimental procedure 

involved repeatedly melting single tracks with a 60 kV electron beam and 𝑃beam = 

450 W and  v = 3.0 m/s. Experiments are represented by data points and 

computed results by solid lines (total mass loss) and dashed lines (alloying 

elements). ∆𝑚vap
Ti  gives the mass loss in pure titanium. 
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same rate obtained after the first cycle but still large enough to compete 

with the loss of titanium. Therefore, direct comparison of mass losses of 

pure titanium and Ti‐6Al‐4V is misleading as long as aluminium can be 

detected in the melt bath.  

Vanadium was not taken into account because its partial vapour 

pressure is at least an order of magnitude lower than that of titanium. 

Hence, vanadium losses were expected to be negligible in the overall 

mass balance. This is in line with measured microprobe data where the 

relative vanadium content in the melt pool was found to be increased by 

Figure 5.7: Sequence of microprobe images (left) and 2D simulation images (right) 

showing the progress of aluminium depletion within a single track with the number 

of melting operations (#) in a Ti-6Al-4V sample. Process parameters are listed at 

the top and are the same as in figure 5.6. The aluminium concentration, 𝜔Al, is in 

wt.-%. Microprobe measurements used spatial resolutions of 2 µm (# = 1, 5, 100) 

and 1 µm (# = 200). 
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an amount that can be explained by the loss of titanium and aluminium 

alone — see also appendix D.2. 

A comparison of simulation results with measurements of both the mass 

loss and the alloy composition shows very good agreement, given the 

sensitive dependence of the results on details of the experimental and 

numerical set-up. The relative deviation of the predictions with respect 

to the experimental mass loss data is within 30 % (cycle # 20) or better. 

The evaporation model predicts a slightly greater loss of mass than is 

indicated by the experiments within about the first 150 cycles and a 

slightly lower loss of mass above this point. In part, the mismatch may 

be attributed to the two-dimensional nature of the model. The reason is 

that the melt is constrained to flow in a single plane, which influences 

advection and mixing of both heat and mass. However, the degree to 

which these factors affect the computed results is not known. 

Finally, perhaps the most obvious discrepancy between model and 

experiment is related to the melt pool geometry. In the measured 

concentration maps in figure 5.7, the melted tracks are broader and less 

deep than predicted by the model. The melt pool depths and widths as 

given in table 5.2 confirm this observation. This may again be explained 

by the absence of the third dimension and the change in melt flow 

Figure 5.8: 3D laser scans of the single track after (a) one melting operation and 

(b) 200 melting operations (right). The electron beam was deflected in 𝑦 direction. 

Values are in µm. 

 



Chapter 5. Validation of the Evaporation Model 

116 

associated with that. Moreover, in the experiments, while the melt track 

appears largely uniform after the first cycle having a bulge at its centre, 

it is already after the fifth cycle that the melted surface features peaks 

and troughs along the scan direction. These grow in size as the number 

of cycles increases, cf. figure 5.8. Hence, dimensions of the melt pool 

strongly depend on the position of the polished surface in 𝑦 direction. 

 

Table 5.2: Depth and width of the single tracks in the Ti-6Al-4V sample against the 

number of cycles (#). Experimental values are means ± standard deviation of 5 

separate measurements performed on micrographs. 

# 
 melt pool depth in µm  melt pool width in µm  

 experiment simulation  experiment simulation  

                1  34.0 ± 2.9 47.0  317.8 ± 6.6 336.0  

5  39.8 ± 2.6 47.0  347.9 ± 13.2 351.0  

100  64.2 ± 7.0 83.0  413.3 ± 15.6 351.0  

200  83.6 ± 14.2 108.0  399.5 ± 7.4 351.0  

                

 

5.4.3 Influence of the activity coefficient 

The multi-component evaporation model involves activity coefficients 

which are not validated for temperatures significantly beyond the 

liquidus temperature. Maximum temperatures observed during our 

simulations, however, are between 3200 and 3300 K, which is equivalent 

to a maximum activity coefficient of 𝛾act
Al = 1.5 in Ti-6Al-4V. In order to 

assess the impact of the activity coefficient on evaporation kinetics, the 

same simulation was carried out applying an upper limit of 1.0 to 𝛾act
Al . 

The corresponding plots are shown in appendix D.3. In terms of the total 

mass loss, both simulations are found to be consistent to within 3 %; just 

the contributions of titanium and aluminium are altered: The titanium 

mass loss increases by about 19 % and that of aluminium decreases by 

roughly 6 % in the case of max 𝛾act
Al  ≡ 1.0 after 200 cycles. The final 

composition of the alloy within the region of the melt track thus shows a 

slightly higher aluminium concentration for max 𝛾act
Al  ≡ 1.0. The 

elevated loss of titanium is mainly caused by an increase in temperature 
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within the hotspot of the beam. The increase amounts to approximately 

100 K. This, in turn, illustrates in particular the strong cooling effect 

induced by the evaporation of the aluminium component. In closing, 

with the experiments conducted, a general statement concerning the 

validity of the activity coefficient cannot be made. Since both approach-

es perform equally well, we refrain from limiting the activity coefficient 

to a, strictly speaking, arbitrary value of 1.0 in the simulations conducted 

in the following. 

 

5.5 Melt pool geometry 

Among parameters like the hatch spacing and the layer thickness, the 

shape and size of the melt pool determines whether the product built by 

selective melting is fully dense or porous. In order to ensure model 

accuracy also with respect to the dimensions of the melt pool, single 

tracks produced by SEBM in bulk samples of Ti-6Al-4V were analysed 

and compared to the model’s predictions. 

 

5.5.1 Numerical set-up and stability considerations 

The numerical set-up is outlined in subsection 5.1.2. The beam width 

was calculated as a function of beam power according to equation (5.2) 

in section 5.3. The simulations included multi-component evaporation 

employing 𝜔Ti = 93.78 wt.-% and 𝜔Al = 6.22 wt.‐% as initial concentra-

tions for the two constituents, cf. table 5.1. The computations used a 

uniform grid with ∆𝑥 = 1 µm and a time step size of ∆𝑡 = 5  10‐9 s. 

Preliminary trials showed that the surface temperature peaked at 

roughly 3800 K. The corresponding recoil pressure exceeded a value of 

10 bar which was too high to be satisfactorily resolved by the numerical 

scheme using the parameters specified above without compromising 

stability. In an attempt to remedy this problem, two approaches were 

investigated. The first of these included a decrease of ∆𝑥 and ∆𝑡 as per 

stability criteria in section 4.4; however, computational demands 
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became excessive this way. The second was to artificially decrease the 

recoil pressure by omitting the contribution of aluminium to the total 

pressure. In line with the definition in subsection 4.3.3 for single 

component evaporation, the total recoil pressure for multi-component 

systems is 

∆𝑝recoil =  𝓇𝛼 ∙ ∆𝑝recoil
𝛼

𝛼∈Γ
 , (5.3) 

with 𝓇𝛼 ∈ [0,1]. Numerical computations performed within this section 

utilize 𝓇Ti = 1 and 𝓇Al = 0 throughout, so that ∆𝑝recoil xS, 𝑡 =

∆𝑝recoil
Ti  xS, 𝑡 . Figure 5.9 shows how the maximum melt pool depth and 

width varies with the scaling coefficient, 𝓇Al, for the case of a 900 W 

beam moving at a speed of 1.8 m/s (𝐸ℓ = 0.5 J/mm). Melt pool 

dimensions are practically unaffected by the exact value of the recoil up 

to about 𝓇Al ≅ 0.3. For higher values of 𝓇Al, the numerical solutions 

become unstable in that the maximum dimensionless flow velocity 

exceeds  𝐮∗ x, 𝑡  ≳ 0.1. Note that the change from stable to unstable 

behaviour depends on the process parameters chosen. The most relevant 

finding is that both the depth and width of the molten pool increase 

with 𝓇Al. Although the results still leave ambiguous the extent to which 

Figure 5.9: Computed maximum melt pool depth and melt pool width as a function 

of the scaling factor for the recoil pertaining to the aluminium species in Ti-6Al-4V. 

𝓇Al = 0 means that only the titanium component contributes to the total recoil 

pressure. 
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the observed increase is a consequence of numerical error, maximum 

dimensions of the melt tracks presented in the following are very likely 

to be underestimated by the neglect of ∆𝑝recoil
Al . Including computations 

that were numerically unstable, the maximum possible difference in 

melt pool depths ranges from zero at the lowest line energy of 0.15 J/mm 

to roughly 20 % at 𝐸ℓ = 1.0 J/mm. 

 

5.5.2 Experimental and computational results 

Figure 5.10 (a) presents two micrograph cross-sections of a single track 

melted using line energies of 𝐸ℓ = 1.0 J/mm and different beam powers, 

i.e. 300 W and 600 W. The cross-sections were prepared normal to the 

electron beam scan direction and show the solidified melt pool, the heat 

affected zone (HAZ) and the unprocessed bulk material which was 

rolled grade 5 titanium. The experimental findings suggest that, on the 

basis of the appearance of the single tracks, melting with a beam power 

of 300 W at a rather low scanning speed of 0.3 m/s rests upon heat 

conduction, whilst at 600 W and 0.6 m/s advection is the predominant 

mechanism. However, accompanying simulations indicate that in both 

settings melt flow is highly dynamic, exhibiting fluid velocities of up to 5 

– 10 m/s. For the operating conditions chosen, it is at the low end of the 

range of scanning speeds that there is enough time for the melt pool to 

level out. This is not the case at higher scanning speeds. In general, as a 

response to the recoil generated by the expanding vapour, molten 

material is expelled from the hotspot to the periphery of the melt pool. 

The acceleration of the melt acts radially outwards, forming a small 

vapour cavity in the centre of the electron beam interaction zone. In the 

limit of strong evaporation, this vapour cavity typically evolves to a 

keyhole. The uniform deflection of the beam in the 𝑥-𝑦 plane gives rise 

to two separate side streams of molten material. These flow past the 

vapour cavity to the rear portion of the melt pool where they collide 

with the central stream (Fabbro 2010). Due to the rapid cooling at rates 

of 106 – 108 K/s and preferably at higher scanning speeds, the trailing 

edge of the combined stream solidifies without spreading out over the 

full width of the track. This is observed as a bump or surface concavity in 

the cross-sections depicted in figure 5.10. 
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Melt track cross-sections produced using a variety of process parameters 

are provided in figure 5.10 (b). Experimental melt tracks are shown by 

grey shaded areas and simulation results by dashed lines. The numerical 

predictions are further subdivided into computations with and without 

the inclusion of the effects of evaporation. Note that the beam power 

Figure 5.10: Continuous single tracks in dense Ti-6Al-4V samples melted by a 

60 kV electron beam. The samples were initially at room temperature; the atmo-

sphere was helium with 𝑝a = 0.2 Pa and 𝑇a = 298 K. (a) Micrograph cross-sections 

at line energies of 1.0 J/mm and beam powers of 300 W and 600 W, respectively. (b) 

Comparison of experimental single tracks (shaded areas) and computed envelopes 

of the melt pool (broken lines). 
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increases from left to right (300 W, 600 W and 900 W) and the line 

energy decreases from top to bottom (1.0 J/mm, 0.5 J/mm and 

0.25 J/mm). In figure 5.11, the maximum melt pool depth, 𝔪d, is plotted 

against the scanning speed for different values of the beam power. The 

melt pool depth is thereby defined as the greatest straight-line distance 

within the melted track that is perpendicular to the unprocessed 

specimen surface. The graph of the melt pool width, 𝔪w, versus scanning 

speed is provided in appendix D.4. Also contained in this appendix are 

diagrams showing computed melt pool depths with and without 

evaporation as functions of the scanning speed and relative errors 

corresponding to 𝔪d and 𝔪w. The experimental data and the simulations 

generally agree to within ±25 %, with the exception of two trials, i.e. at 

300 W and 2.0 m/s and at 600 W and 4.0 m/s, which show deviations of 

36 % and 54 % for the melt pool depth, respectively. The numerical 

model, even though two-dimensional, matches the measured melt 

tracks particularly well. Limitations imposed by the omission of the 

third dimension are, as a matter of fact, related to the fluid velocity 

component pointing in the direction of beam movement. In the 

Figure 5.11: Maximum melt pool depths of continuous single tracks in dense          

Ti-6Al-4V samples for different electron beam powers and scanning speeds. The 

plots present a comparison of computed (open symbols) and measured results (full 

symbols). Experimental data were taken on two melt pool cross sections each. 

Process conditions as in figure 5.10. 
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simulations, the out-of-plane fluid velocity is zero (𝑢y = 0). Since the 

melt is constrained to flow normal to the beam movement, predicted 

melt tracks are comparable to but wider than real experiments would 

suggest. This holds for single tracks melted using line energies greater 

than or equal to about 0.25 J/mm. In this regime, the maximum melt 

pool depth obtained from the model is less than that observed 

experimentally. The mismatch can be largely explained by the neglect of 

the recoil pressure of the aluminium component. Conversely, at line 

energies 𝐸ℓ ≲ 0.25 J/mm, the melt pool is slightly narrower and deeper 

in the computations. Subject to the restrictions already mentioned, 

there is also no bump in the centre of the re-solidified tracks. 

Melt tracks computed neglecting evaporative losses as well as the recoil 

pressure possess elliptical melt pool shapes, as displayed in figure 

5.10 (b). In the parameter space analysed, these largely conform to the 

melt pool envelopes from the computations with evaporation. However, 

the mechanism by which the melt front propagates into the bulk during 

melting differs in the two cases. This is exemplified in figure 5.12, which 

shows the temperature trace and the evolution of the melt depth with 

time in the Ti-6Al-4V sample excited with a 600 W electron beam using 

the scanning speeds 1.2 m/s and 4.0 m/s. The arrows denote the position 

of the electron beam with respect to the simulated two-dimensional 

plane. They span the time interval from when the centre of the electron 

beam is in the simulation plane (at 0  𝜍beam) to the point in time when 

the beam passed the plane (at a distance of 1  𝜍beam). Hence, peak 

temperatures were achieved when the electron beam was about to 

traverse the 2D plane, whereas melt pool depths approached their 

maximum behind the beam. According to the model predictions, maxi-

mum melt pool sizes strongly depend on the degree of superheat in the 

absence of evaporation effects. Considering evaporation, on the other 

hand, the primary mechanism responsible for the propagation of the 

melt front relies on the recoil momentum. Here, interfacial vapour 

pressures become significant for surface temperatures in excess of about 

3500 K, which is approximately the boiling temperature of pure titanium 

at standard atmosphere. The impact of the recoil pressure on the melt 

pool depth is seen in figure 5.12, right. That is, when the temperature 

reaches its maximum, the melt depth experiences an immediate increase 

in its rate of propagation as a result of evaporative recoil. In the regime 
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of recoil pressure driven melt flow, solidified pools rather show a V- than 

an elliptical shape. Additionally, evaporative effects control maximum 

temperatures, melt pool lifetimes and the chemical composition if the 

sample material is an alloy. 

Figure 5.12: Computed traces showing the increase in maximum temperature (left) 

and melt pool depth (right) in Ti-6Al-4V after electron beam excitation (𝑡 = 0) with 

and without evaporation. The arrows identify the points in time when the centre of 

the electron beam is in the simulated 2D plane (first arrow) and when the beam 

traversed the plane and is located at a distance of 1  𝜍beam behind it (second arrow). 

Process conditions as in figure 5.10. 
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Maximum temperatures computed during melting are summarized in 

figure 5.13. As is evident from the graphs, there is an upper temperature 

limit of about 3800 K due to evaporation. Excluding evaporative effects 

gives an almost exponential increase in peak temperature with decreas-

ing scanning speed with values up to 7200 K. Since this is in the range of 

the critical temperature, it would trigger homogeneous nucleation 

(Batanov et al. 1973, Prokhorov et al. 1973), which, in turn, would 

promote the formation of spatter. Here, it is sufficient to note that in the 

experiments carried out, no spatter droplets could be observed on visual 

inspection. In this regard, temperatures in excess of about 6000 K, which 

is approximately 0.76 𝑇crit
Ti  or 0.90 𝑇crit

Al , are physically unlikely. 

 

5.6 Concluding remarks 

The evaporation model presented in chapter 4 has been applied 

successfully to reproduce measured mass losses and melt pool geome-

tries in both pure metals (aluminium and titanium) and a commercially 

Figure 5.13: Computed peak temperatures during melting of continuous single 

tracks in Ti-6Al-4V. Comparison of numerical predictions with evaporation effects 

(broken lines) and without considering evaporation (solid lines). Process conditions 

as in figure 5.10. 
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available alloy (Ti-6Al-4V). Given the strong and highly nonlinear 

temperature-dependence of the evaporation rate, the computed results 

were in good accordance with the experimental findings for each metal 

and alloy system examined. Thereby, the electron beam absorption 

model as introduced in chapter 3 played a crucial role in accurately 

predicting the temperature field. Peak temperatures calculated employ-

ing typical process conditions for SEBM were about 2700 K for pure 

aluminium and 3800 K for pure titanium and Ti-6Al-4V. These 

temperatures are in excess of the respective boiling points at standard 

atmosphere, indicating that the recoil pressure is an important factor in 

driving the melt flow. 

Results from the multi-component evaporation showed aluminium 

concentrations consistent with element maps from corresponding 

experiments performed in Ti‐6Al‐4V. Interestingly, although the 

aluminium content was low compared to that of the primary con-

stituent, the numerically predicted loss of aluminium due to evaporation 

amounted to about 90 % of the total mass loss. This value was obtained 

after the first melting operation in the unprocessed alloy. In order to 

achieve a fully dense final product in SEBM, the hatch spacing must be 

set so that adjacent melt pools overlap. This overlap requires repeatedly 

scanning the same area but with a defined offset in the position of the 

beam within the working plane. In the single track experiments, the 

aluminium concentration in the melted region was found to drop off 

very rapidly with the number of melting operations. The average 

aluminium content decreased from the bulk value of about 5.9 wt.-% by 

roughly 0.6 wt.-% after only five melting steps, suggesting that 

components manufactured from Ti‐6Al‐4V using SEBM are most likely 

to have a chemical composition notably different from that of the base 

material — this issue is investigated further in chapter 6. 

The simulated melt pool dimensions were also comparable to the experi-

mental ones, despite the two-dimensional nature of the computations. 

The evaporation model performed satisfactorily across a wide range of 

beam powers and line energies, even in the limit of strong evaporation 

where a small keyhole has been formed. Although the experiments were 

carried out on bulk samples, the numerical model is expected to be 

applicable to settings involving a powder bed as well. 
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Additionally, comparison of model predictions with measured data 

allowed for a determination of the electron beam width as a function of 

beam power.  
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6  

Numerical Applications 

 

The basic theory underlying electron beam absorption and evaporation 

from a free surface as well as the validation of the model against 

measured data have been covered in the previous chapters. In this 

chapter, the model is applied to the specific problem of predicting 

evaporative losses in a selective electron beam melting (SEBM) process. 

The analysis will be in three parts. In the first part, section 6.1, melt 

depths and effects associated with evaporation will be reviewed using 

single track process maps. The material examined will be compact 

Ti-6Al-4V. Further issues emerging in the context of this evaluation will 

be the impact of vapour particle condensation within the Knudsen layer 

and steady state evaporation. The influence of the electron beam 

acceleration voltage on evaporation will be presented in section 6.2. 

Finally, in the third part, section 6.3, cube-shaped samples built from 

Ti‐48Al‐2Cr‐2Nb powder will be the subject of investigation. 

 

6.1 Process maps for SEBM 

Process maps are a common means of conveying information about the 

properties of a fabricated product within a certain parameter space. In 

SEBM, the parameter space can be defined in terms of the scanning 

speed and the energy input per unit length, 𝐸ℓ, or the energy input per 

unit area, 𝐸𝒶 — depending on whether the built part is a cellular 

structure (or a thin-walled component) or compact: 

Chapter 
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𝐸ℓ =
𝑃beam

 v 
                      𝐸𝒶 =

𝐸ℓ

ℓoff

 (6.1) 

Here, ℓoff is the hatch spacing or line offset. In some cases, it may be 

convenient to use the beam power instead of 𝐸ℓ or 𝐸𝒶 and/or the 

thermal diffusion length in place of the scanning speed for the 

parameter space. The analysis performed in this section intends to 

numerically evaluate an SEBM process by means of single track process 

maps. 

 

6.1.1 Numerical set-up 

The case studied included melting of a single track in solid samples of 

Ti-6Al-4V by a 60 kV electron beam. The movement of the electron 

beam was perpendicular to the simulated two-dimensional plane. The 

intensity of the beam obeyed a 2D Gaussian distribution with a constant 

4 𝜍beam‒width of 400 µm which was assumed to be independent of beam 

power. The initial temperature of the sample was set to a value of 800 °C 

to substitute for the preheating step. The alloy was treated as a single-

component system having effective physical properties. Essentially, this 

involved an adapted boiling temperature of 𝑇boil = 3315 K as per Rai et al. 

(2009a). The processing gas was helium at 𝑝a = 0.2 Pa. Scanning speeds 

ranged from 0.6 to 30 m/s, line energies from 25 to 500 J/m and beam 

powers from 15 W to 2.25 kW. The computations used a uniform cell size 

of ∆𝑥 = 1 µm and a time step size of ∆𝑡 = 5  10‐9 s. Note that the 

simplifications made above considerably ease the computational burden, 

especially with respect to numerical stability, without impairing the 

validity of the conclusions. 

 

6.1.2 Prediction of melt depth and evaporation via 

process maps 

Factors limiting the SEBM process are the maximum melt pool depth to 

provide for a sufficient connection between consecutive layers, strong 

melt pool dynamics due to the recoil of the expanding vapour plume and 
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evaporative losses. These are plotted in figures 6.1 (a) to (c) against the 

line energy and the scanning speed; the graph in figure 6.1 (d) deals with 

the effect of the evaporation coefficient on the evaporative mass loss and 

will be explained in subsection 6.1.3. The melt pool depth increases with 

the line energy as expected. Generally, for a constant 𝐸ℓ and supposing 

the entire energy provided by the electron beam to be consumed for 

melting, the melt pool depth should be independent of the scanning 

speed. However, on account of heat losses by thermal diffusion into the 

bulk at very low scanning speeds and molten metal expulsion to the 

periphery of the melt pool due to evaporative recoil at high scanning 

speeds (and high irradiances), the melt pool depth reaches its maximum 

somewhere in between. This results in V-shaped contour lines as 

depicted in figure 6.1 (a). From the recoil pressure and mass loss contour 

plots in figures 6.1 (b) and (c) it becomes apparent that a deep melt pool 

implicates considerable melt pool hydrodynamics and removal of mass. 

These effects are most pronounced at higher scanning speeds. Melt pool 

oscillations induced by recoil pressure lead to an unsteady melt pool 

surface. For instance, the 105 Pa (1 bar) and 106 Pa (10 bar) lines in figure 

6.1 (b) coincide with a maximum melt velocity of approximately 10 m/s 

and 20 m/s, respectively. The melt tracks, when solidified, exhibit 

characteristic ripples that could not be balanced by surface tension — 

see also Fabbro (2010) for a discussion of mechanisms that cause surface 

irregularities. These are undesired since they affect surface roughness 

and, particularly with regard to powder-based fabrication, increase the 

tendency to form porosity by reason of a non-uniform layer thickness. 

The loss of mass due to evaporation, on the other hand, is important 

when processing multi-component systems, as it influences the chemical 

composition of the alloy on a local scale. The contour lines of both the 

recoil pressure and the mass loss maps run into saturation at high 

scanning speeds. Consequently, there exists a line energy for which the 

recoil and the mass loss become largely independent of the scanning 

speed. However, when operating in this regime, individual scan tracks 

are characterized by rather small melt depths. In powder bed fusion 

processes, insufficient melting is the main reason for porosity. An 

important parameter in the manufacture of compact parts is the spacing 

between single scan lines. The sum of these scan lines constitutes a scan 

pattern. In order to avoid the formation of lack of fusion defects, the 
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hatch spacing has to be set such that successive melt pools as well as 

powder layers overlap. Due to this geometrical overlap and the resulting 

superposition of thermal fields within the scan pattern, the effective 

melt depth can considerably exceed that of an isolated single track. 

Figure 6.1: Computed process maps for continuous single tracks melted by a 60 kV 

electron beam in dense Ti-6Al-4V samples. The preheating temperature was 800 °C 

and the processing gas was helium at a pressure of 0.2 Pa. The beam had a constant 

width of 400 µm (4 𝜍beam). Plotted are (a) the maximum melt pool depth, (b) the 

maximum recoil pressure and (c) the mass loss per unit length. The graph in 

(d) compares the evaporating mass employing a constant value of 𝜙 = 0.82 to the 

mass loss in (c), where 𝛿cond  is defined in equation (6.2) in subsection 6.1.3. 
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Hence, in an effort to decrease evaporative losses and, at the same time, 

preserve high relative densities of the parts by employing very high 

scanning speeds, major emphasis must be on the development of 

suitable scan strategies. The build-up of compact parts from metal 

powder will be shown on the example of the titanium alloy 

Ti‐48Al‐2Cr‐2Nb in section 6.3.  

The process maps predicted assume an EBM system that operates using 

an electron beam with a 4 𝜍beam‒width of 400 µm over the whole range 

of beam powers investigated. Regarding the tungsten filament of the 

Arcam EBM S12, it is established that the electron beam deteriorates 

with increasing beam power. The dashed curves in figure 6.1 represent 

the threshold above which this deterioration becomes significant, 

namely 𝑃beam = 675 W, cf. section 5.3 of this work. That is, on theoretical 

grounds, the numerical results are reasonable but when applied to a 

particular EBM system, the process maps might have to be restricted to 

a certain range of 𝑃beam. 

In the following subsections 6.1.3 and 6.1.4, the data obtained to generate 

the process maps is further exploited to investigate the impact of two 

effects on overall evaporation losses, that is, the condensation of vapour 

due to particle collisions within the Knudsen layer and the establish-

ment of steady state evaporation. 

 

6.1.3 Condensation within the Knudsen layer 

In order to quantify the effect of condensation within the Knudsen layer, 

the entire set of simulations was repeated using a constant evaporation 

coefficient of 𝜙 = 0.82 instead of 𝜙 = 𝜙 𝑇S . This completely decoupled 

the condensation flux and the ambient atmosphere by setting 

𝑗− = 18 % ∙ 𝑗+. The corresponding evaporative mass losses are denoted 

by ∆𝑚vap
𝜙=0.82

 and ∆𝑚vap
𝜙=𝜙 𝑇S  in the following. The map in figure 6.1 (d) 

gives the ratio of mass losses as per 

𝛿cond =  100 % ×   
∆𝑚vap

𝜙=0.82

∆𝑚vap
𝜙=𝜙 𝑇S 

− 1 . (6.2) 
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The plot clearly demonstrates that a detailed description of the 

condensation flux using jump conditions for the temperature and the 

mass density across the Knudsen layer is only necessary in the limit of 

very weak evaporation. For example, predicted peak temperatures were 

about 2100 to 2300 K for 𝛿cond = 10 % and slightly above the liquidus of 

Ti‐6Al‐4V for 𝛿cond = 50 %. The temperatures encountered indicate that 

when differences due to the simplification of the evaporation coefficient 

become apparent, the evaporation rate is so low that it can also be 

neglected on the time scales of interest. This finding holds for 

evaporation into (high) vacuum as is the case for SEBM. Because heating 

rates under process conditions typical of industrial production can be 

expected to range between 106 – 108 K/s, the vapour at the exit plane of 

the Knudsen layer almost immediately reaches the sonic state 

(𝑀𝑎Kn 𝑇S = 1), where 𝜙 = 0.82. 

In laser based additive manufacturing, temperatures usually peak at 

values 𝑇S < 𝑇S,1,10 which means that vapour expansion is commonly 

entirely subsonic and therefore the evaporation coefficient is 𝜙 < 0.82. 

This requires the kinetics of vapour condensation to be taken into 

account, because a constant condensation flux of 18 % would be grossly 

inaccurate. For example, Mundra and DebRoy (1993) have reported 

evaporative losses of iron and manganese from a stainless steel during 

laser beam welding. The authors have found that the neglect of the 

condensation flux, i.e. setting 𝑗− = 0 or 𝑗net = 𝑗+, led to a considerable 

overestimate of the net evaporation flux. In contrast, mass losses 

predicted using a model based on the theoretical works of Ytrehus (1975) 

and Knight (1979) were shown to agree well with experimental data. 

 

                                           
10 𝑇S,1 defines the temperature at which the expanding vapour at the exit plane of the 

Knudsen layer attains the sonic state. For Ti-6Al-4V with effective physical 

properties, the temperature interval within which the flow Mach number increases 

from 𝑀𝑎Kn 𝑇S,0 = 0 to 𝑀𝑎Kn 𝑇S,1 = 1 is between 𝑇S,0 = 1886 K and 𝑇S,1 = 2178 K for 

𝑝a = 0.2 Pa and between 𝑇S,0 = 3315 K and 𝑇S,1 = 4400 K for 𝑝a = 1 bar. 



6.1 Process maps for SEBM 

133 

6.1.4 Steady state evaporation 

The evaporation model employed in this work assumes that the 

expansion of vapour is in the continuum regime, as already discussed in 

section 4.1.6. Correspondingly, the net evaporation flux attains a steady 

state after 𝜏steady, which can be estimated to be about 20 times the mean 

collision time of vapour particles, cf. equations (4.14) on page 60.  

Figure 6.2 shows 𝜏steady as a function of the peak temperature that has 

been recorded during the corresponding trial, max 𝑇S , plotted against 

the line energy and the scanning speed. An appropriate reference value 

for the analysis can be obtained from the mean heating rate 𝜕𝑡𝑇 . The 

reciprocal of the heating rate defines the time required to cause a certain 

increase in temperature during the heating phase. Considering the 

surface temperature to be constant within the range 𝑇S ± ∆max𝑇 2 , that 

is, assuming evaporation to take place under near-isothermal conditions 

within ∆max𝑇, the following inequality has to be satisfied: 

 𝜏steady max 𝑇S  ≤
∆max𝑇

𝜕𝑡𝑇 
 (6.3) 

The maximum allowed variation in temperature was thereby set to 

∆max𝑇 = 10 K. The mean heating rate was determined by following the 

computed temperature traces during heating. The calculated curves are 

presented in the right panel in figure 6.2 together with the mass loss per 

unit length from figure 6.1 (c). 

The point of particular interest is whether or not 𝜏steady significantly 

biases the prediction of evaporative losses. From the figure it can be seen 

that the criterion in equation (6.3) using a temperature tolerance of ±5 K 

coincides with the 10 µg/m mass loss contour line. Hence, there is a 

distinctive region in which stabilization of the condensation flux is not 

established within the specified period of time. However, this only 

occurs at low line energies and scanning speeds. Clearly, by comparing 

this result with the evaporative loss of mass, it can be inferred that if 

𝜏steady is too large to be ignored in the calculation of the evaporation 

coefficient 𝜙, overall vaporization rates will likely be negligible. In beam 

based additive manufacturing processes, it is therefore reasonable to 

expect steady state evaporation. 
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6.2 Electron beam absorption and its impact 

on evaporation 

The experiments carried out in this work exclusively use electrons with a 

nominal kinetic energy of 𝐸0 = 60 keV as energy source. The reason for 

this is that the SEBM system deployed is equipped with an electron gun 

that operates at an acceleration voltage of 60 kV. In beam based 

manufacturing processes, not only process parameters like the beam 

power, the scanning speed or the scan pattern sequence are important. 

A question that is also both of theoretical interest and practical 

relevance is how the energy provided by the beam is absorbed by the 

sample material. In this section, the effect that the absorption behaviour 

has upon evaporative losses is investigated. Special emphasis is placed 

on the distribution of the electron beam energy with depth inside the 

target material. 

Figure 6.2: Time to achieve steady state evaporation, 𝜏steady max 𝑇S  , plotted (a) in 

absolute terms and (b) normalized to the mean heating time per 10 K temperature 

change,  𝜕𝑡𝑇  −1. For comparison, the right panel additionally shows the mass loss 

per unit length due to evaporation. The simulation settings are as in figure 6.1. 
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6.2.1 Numerical set-up 

The test case chosen was that of a continuous single track melted in 

Ti-6Al-4V using a beam power of 600 W and a scanning speed of 

6.0 m/s. Electron backscattering was disabled, so that the energy 

absorbed per unit track length exactly corresponded to the preset line 

energy of 𝐸ℓ = 0.1 J/mm. The electron beam acceleration voltage was 

varied between 𝑈 = 15 kV and 135 kV in steps of 15 kV. The beam had a 

constant 4 𝜍beam‒width of 400 µm. Additionally, for comparison, a 

moving surface heat source with a penetration depth of one surface cell 

was applied, i.e. 𝑅 = 𝜖 ∙ ∆𝑥. The sample temperature was initially set to 

room temperature, 𝑇preheat = 298 K. The computations used a uniform 

cell size of ∆𝑥 = 1 µm and a time step size of ∆𝑡 = 5  10‐9 s. Multi-

component evaporation was considered with no restrictions upon the 

recoil pressure. 

 

6.2.2 Influence of the electron beam acceleration voltage 

The computed response to changes in the acceleration voltage is shown 

in figures 6.3 and 6.4. It is seen that under identical ambient conditions, 

the mass loss per unit length, which represents the extent of evaporative 

effects in general, is severely affected by the acceleration voltage. More 

specifically, the higher the acceleration voltage, the more pronounced 

bulk heating as compared to surface heating and the lower the surface 

temperature—cf. plot of max 𝑇S  in figure 6.4 (a). This finally led to a 

decreased loss of mass due to evaporation. In every instance, the main 

contribution to total evaporative losses came from the aluminium 

component, which is indicated by the shading of the bars in figure 6.3. 

The maximum melt pool depth slightly increased with increasing 

acceleration voltage, which is not considered significant. The cross-

section of the single tracks reached its peak value at roughly 𝑈 = 60 kV 

in the example provided. This is a consequence of the characteristic 

shape of the depth-dose profile on the one hand, and the magnitude of 

the recoil pressure on the other. That is, at high acceleration voltages, 

the beam energy is distributed over a larger volume inside the target. 

The energy input near the flatter tail of the absorption curve is not 
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sufficient to locally melt the material, so that a considerable fraction of 

the beam energy is lost to the bulk. In contrast, at low acceleration 

voltages, the increased recoil pressure at the surface of the molten pool 

induced ejection of melt from the hotspot, leading to wide and shallow 

re-solidified tracks—cf. series of computed cross-sections in figure 

6.4 (b). The shape of the fusion zone, particularly the ratio of melt 

volume to liquid/solid boundary surface area, determines the extent of 

heat loss by thermal diffusion. The dissipation of heat into the 

surrounding material is further enhanced by the high spatial tempera-

ture gradients encountered at low acceleration voltages. Hence, there 

must be an acceleration voltage where the trade-off between the heating 

efficiency and the propagation of the liquid/solid phase boundary into 

the solid material as a result of the recoil pressure is optimized. If the 

acceleration voltage drops below a certain value, which is about 20 to 

30 kV in titanium and its alloys, the penetration depth of impinging 

Figure 6.3: Evaporative mass loss per unit length during melting of a continuous 

single track in dense Ti-6Al-4V under various ambient conditions. Results 

computed using surface heating and an electron beam with acceleration voltages 

ranging from 30 kV to 120 kV. The maxima of the depth-dose curves, max dℰA d𝑧  , 

are located at depths of 𝑧 = 1.3 µm (30 kV), 4.1 µm (60 kV), 7.9 µm (90 kV) and 

12.5 µm (120 kV). The lattice spacing was ∆𝑥 = 1 µm. 
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electrons will be so small that absorption behaviour more closely 

resembles that of a surface heat source.11 

From the findings reported here, it can be concluded that the 

acceleration voltage of the electron beam constitutes a process variable 

which has the potential to drastically reduce evaporative losses without 

impairing melt pool dimensions. Note, however, that an increase in 

acceleration voltage changes the spectrum of emitted X-rays. This may 

require different shielding for the installation to ensure that operator 

doses are kept adequately low. 

In terms of ambient conditions, it is to point out that net vaporization 

occurs at about the same rate in a (high) vacuum when employing a 

                                           
11 The maximum penetration depth for 𝐸0 = 20 keV is about 3 µm and for 

𝐸0 = 30 keV it is about 6 µm. 

Figure 6.4: Numerical investigation of the melting of a continuous single track in 

dense Ti-6Al-4V. The processing gas is helium at a pressure of 𝑝a = 0.2 Pa. 

(a) Maxima of surface temperature max 𝑇S , melt pool depth 𝔪d and melt pool 

cross-section 𝔪area as a function of the beam acceleration voltage. (b) Cross-sections 

of the re-solidified tracks. The abbreviation s. h. stands for surface heating. 
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60 kV electron beam as under atmospheric pressure when applying a 

surface heat source. This is despite the fact that in the case of surface 

heating the temperature peaks at a significantly higher value, i.e. 3800 K 

as compared to 3400 K for the 60 kV beam. The apparent mismatch can 

be understood by considering that condensation effects within the 

Knudsen layer are very strong at standard atmosphere, so that the 

evaporation coefficient is 𝜙 < 0.82 almost throughout. Also, the 

shielding or processing gas gains in importance with increasing external 

pressure 𝑝a. The simulations suggest that the substitution of pure argon 

for pure helium involves a substantially cooler melt pool when 

𝑝a = 1 bar. This difference almost completely vanishes when operating in 

vacuum. Therefore, concerning evaporation in SEBM processes, the 

choice of processing gas is most likely of minor importance.  

 

6.3 Production of simple Ti-48Al-2Cr-2Nb 

parts via SEBM 

Titanium aluminide alloys based on the -TiAl-phase represent a 

potentially attractive alternative to traditional superalloys for auto-

motive and aircraft applications. An important consideration when 

processing -TiAl is the control of the chemical composition, as it 

strongly influences the microstructure of the fabricated product and 

thus the combination of mechanical strength, ductility and creep 

resistance. In this section, simple cube-shaped parts of the titanium 

alloy Ti-48Al-2Cr-2Nb (Ti-48-2-2, at.-%) built by SEBM are analysed, 

with a particular focus on the aluminium concentration. 
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6.3.1 Experimental and numerical specifications  

Experimental methods and materials12 

For this study, two series of cube-shaped samples measuring nominally 

15 mm in width and length and 15 mm in height were built. The samples 

were manufactured in batches of 25. 

The first series was produced on an Arcam EBM S12 system. These 

samples were selected to prepare qualitative compositional mappings 

that show the spatial distribution of alloying elements within the bulk. 

For the first batch, the beam power and the energy input per unit area 

were 𝑃beam = 600 W and 𝐸𝑎 = 1.5 J/mm², respectively, while the 

scanning speed and the hatch spacing were varied — the SEBM settings 

are summarized in table 6.1. The chemical composition of the samples 

was determined by electron probe microanalysis with a JEOL JXA-8100 

(JEOL Ltd., Tokyo, Japan). The analysis was carried out using a spot size 

of 2.5 µm; the scanned areas were 500 µm  500 µm each. All cube-

shaped parts were sectioned in the midplane (𝑥-𝑧 plane, parallel to the 

build direction) and prepared by grinding and polishing. In order to 

 

Table 6.1: SEBM process parameters for the experimental and numerical evaluation 

of the chemical composition of fabricated Ti‐48-2-2 bulk samples of the first series. 

 
𝑃beam 
in W 

𝑣y 

in m/s 

ℓoff 
in µm 

𝐸ℓ 
in J/m 

𝐸𝒶 
in J/mm² 

     

             16.0 25 37.5   A, B, C  
 

600 
8.0 50 75.0 

1.5 
  B, C  

 4.0 100 150  A, B, C  
  2.0 200 300   A,  C  

 600 3.0 200 200 1.0  A,  C  

A ... samples for microprobe analysis; built on an Arcam EBM S12 system 

B ... simulations using layers of compact material 

C ... simulations using layers of spherical powder particles 

 

                                           
12 All experiments and measurements described within this subsection were 

performed and/or commissioned by Vera Jüchter; Friedrich-Alexander University 

Erlangen-Nürnberg (FAU), Germany. 
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avoid edge effects, only the central region of the cross-sections was 

investigated. 

The second series was produced on an Arcam A2X system by reason of 

an improved temperature control during the build. In order to ensure 

that beam characteristics are comparable between the two EBM systems, 

the electron gun of the A2X was equipped with the type of tungsten 

ribbon filament also utilized in the EBM S12. For the second batch, a 

particular parameter set was selected and the beam power varied while 

holding the scanning speed and hatch spacing constant. The base 

process parameters were  v  = 4.0 m/s and ℓoff = 100 µm. The samples 

were fully dense for 𝑃beam = 800 W and 𝐸𝑎 = 2.0 J/mm², respectively. 

The beam power was then decreased from 800 W to 200 W in steps of 

40 W, which yielded an energy input per unit area of between 2.0 and 

0.5 J/mm². The samples were considered for quantitative point analyses 

of the elemental composition and for porosity measurements. Bulk 

compositions were obtained from the average of five point measure-

ments using a Spectro Spectromaxx arc/spark OES (Spectro Analytical 

Instruments GmbH, Kleve, Germany). Imaging for porosity measure-

ments was done by optical microscopy. 

The feedstock consisted of Ti‐48-2-2 powder supplied by TLS Technik 

GmbH & Co. Spezialpulver KG (Bitterfeld, Germany), with particles 

having a volume median diameter of 𝐷v50 = 74.5 µm and 10 % and 90 % 

diameters of 𝐷v10 = 45.5 µm and 𝐷v90 = 121.0 µm, respectively. Particle 

sizes were determined using a Zetasizer Nano ZS instrument (Malvern 

Instruments Ltd., Worcestershire, UK); a plot of the size distribution is 

provided in appendix F.1. The bulk powder density including all inter-

particle voids was 2210 ± 4 kg/m³, which corresponds to a density of 

53.0 % relative to the solid density of Ti‐48‐2‐2 of 4170 kg/m³—cf. 

table C.1 in appendix C. The elemental composition of the titanium 

aluminide alloy is given in table 6.2. 

The SEBM process was performed under a controlled vacuum of 

𝑝a = 0.6 Pa by backfilling the build chamber with helium. The electron 
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Table 6.2: Nominal chemical composition of the Ti‐48Al‐2Cr‐2Nb powder in atomic 

percent and weight percent and values as used in the simulations. 

  Ti Al Cr Nb  

       nominal composition: (at.-%) 48.0 48.0 2.0 2.0  

 (wt.-%) 59.2 33.3 4.8 2.7  

       
simulation settings: (wt.-%) 58.0 33.5 − −  

        

gun operated at an acceleration voltage of 60 kV. Prior to melting each 

layer, the powder bed was preheated in successive electron beam scans 

to achieve the target build temperature of about 1000 to 1050 °C. This 

temperature was recorded throughout the build by a thermocouple 

placed directly beneath the start plate. The start plates were made of 

steel and had dimensions of 150 mm × 150 mm × 10 mm. The preset 

powder layer thickness was 50 µm. During melting, the scan direction of 

the electron beam was reversed every new scan line, resulting in a 

meander pattern as shown in figure 1.2 in section 1.1. The hatch direction 

was rotated 90° between consecutive layers. This scanning strategy is 

representative of what is commonly used for building bulk components. 

However, since the surface finish of the samples was unimportant in the 

analysis carried out, there were no additional electron beam passes 

along the contour of each layer. 

Numerical set-up 

For the numerical simulation of the SEBM process, a rectangular domain 

that constitutes a small section of the fabricated part was chosen. Due to 

the computational run times involved, the build-up of the samples was 

not simulated in full scale. The powder was deposited in a layer-wise 

fashion onto a dense substrate with dimensions of between 1.8 to 

2.4 mm in 𝑥 direction (depending on the particular case) and 0.3 mm in 

𝑧 direction. Electron beam movement was out-of-plane between 

−7.5 mm ≤ 𝑦 ≤ +7.5 mm with a predefined speed 𝑣y, so that the 

simulated 2D plane coincided with the midplane of the cube-shaped 

samples. Due to the position of the simulation plane, it was irrelevant 

whether or not the scan direction of the beam was reversed. However, 
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unlike in the experiments, the hatch direction was rotated by 180° 

instead of 90° between each layer. This means that moving the beam in-

plane was not accounted for in the simulations. The electron beam 

width was calculated as per equation (5.2) in section 5.3. For the 

temperature field, a Dirichlet condition was used on the boundaries of 

the domain. 

In the EBM system, the build table was lowered by 50 µm every new 

layer. Considering the relative powder density of around 0.5 as noted 

above, the effective layer thickness can be assumed to approach a value 

of approximately 100 µm after a total of 5 to 10 layers due to powder 

consolidation. In order to avoid this initial break-in in the simulations, 

the first powder layer applied had a thickness of 100 µm, whilst all 

subsequent layers had a nominal thickness of 50 µm. Thus, the substrate 

in the model was not the start plate but an idealized representation of 

already consolidated material. The powder particle size distribution 

followed that obtained experimentally. In the experiments, the tempera-

ture after the preheating of the powder bed was about 1000 to 1050 °C. 

Given that the measurements were taken below the steel start plate, it 

can be assumed that in the top few layers of the part, where the material 

is processed, the temperature is appreciably higher than this target 

value. The initial temperature within the simulated domain was set to 

𝑇preheat = 1200 °C. 

The material properties of both the powder particles and the substrate 

were those of Ti‐48‐2‐2, cf. table C.1 in appendix C. These were treated as 

constant parameters, independent of temperature and local changes in 

chemical composition. Multi-component evaporation was considered. 

Preliminary evaluation of the composition of the as-built parts by 

arc/spark OES showed that the aluminium content of the powder was 

slightly higher than indicated by the nominal composition as specified 

in table 6.2. Taking into account impurities, the initial concentrations 

for the two main constituents employed for the simulations were 

𝜔Ti = 58.0 wt.-% and 𝜔Al = 33.5 wt.‐%; niobium and chromium were 

neglected. 

The computations used a uniform grid with ∆𝑥 = 3 µm and a time step 

size of ∆𝑡 = 5  10‐8 s. The dimensionless relaxation times were 𝜏F = 0.54 

and 𝜏H 𝑇 > 0.62. Regarding numerical stability, the criteria given in 
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section 4.4 were met for the system examined, with two exceptions. 

First, for the condition relating to the Laplace pressure when fusing 

powder particles, the particular combination of ∆𝑥 and ∆𝑡 is likely to 

create dimensionless fluid velocities in excess of 0.1 𝑐L
∗ due to the high 

curvature at the points of contact. The disturbances caused in the flow 

field are undesirable but short-lived and isolated to specific regions in 

the domain. Second, the criterion for the recoil pressure is very 

restrictive in that it permits max 𝑝recoil ≈ 1.1 bar for the spatial and 

temporal resolution chosen. This corresponds to a maximum surface 

temperature of only roughly 3000 K. Peak temperatures when processing 

Ti‐48‐2‐2 using SEBM are expected to be higher than this value. For this 

reason, the recoil pressure has artificially been reduced by omitting the 

contribution of the evaporating aluminium. This manipulation repre-

sents a compromise between accuracy and computation time and is 

analogous to the procedure outlined in section 5.5 for the validation of 

the melt pool size in Ti‐6Al‐4V. Hence, 

∆𝑝recoil xS, 𝑡 = ∆𝑝recoil
Ti  xS, 𝑡 + 𝓇Al ∙ ∆𝑝recoil

Al  xS, 𝑡  

as per equation (5.3), with 𝓇Al = 0. 

 

6.3.2 Consolidation of powder and comparison with 

compact material 

The consolidation of alloy powder using an electron beam to form near 

net-shape parts is generally associated with depletion or enrichment of 

the principal constituents as a result of evaporation. In this subsection, 

we examine the change in the chemistry of the titanium aluminide alloy 

Ti-48-2-2. The specific issues to be addressed are  𝑖  whether the 

mechanism of advection, as induced by the fusion of neighbouring 

powder particles, affects the loss of aluminium and its distribution 

within the fabricated part and  𝑖𝑖  how the spatial distribution of 

aluminium evolves with the number of scan lines within one layer and 

over several successive layers. 
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Two series of SEBM simulations were conducted. The first series 

included the build-up of a small cube-shaped part from layers of 

individual spherical powder particles with an effective layer thickness of 

100 µm. The second series used compact material with a layer thickness 

of 50 µm, which corresponds to a relative particle density of 50 %. In 

both settings, the physical properties were those of the bulk alloy. 

Melting of one layer of material 

The effect of an actual powder bed on the aluminium concentration can 

be observed in figure 6.5 by comparing the melting of bulk material and 

a powder layer, with all other numerical settings kept constant—cf. 

table 6.1. The plots illustrate the regions of melted and re-solidified 

material after one single electron beam pass and after a total of 12 passes. 

The isolines represent the loss of aluminium, i.e.  𝜔init
Al − 𝜔Al , on a 

logarithmic scale. During melting of the first scan line, the melt and the 

heat flow are symmetrical about the axis of the beam in the case of the 

compact target, so that the resulting evaporative losses and hence the 

aluminium concentration are symmetrical as well. For multiple passes, 

this symmetry breaks down due to the residual heat from previous scan 

lines which builds up over the course of the scanning procedure. Still, 

both the pool envelope and the alloy composition follow a regular 

pattern that indicates the shape and position of the individual melt 

tracks. In contrast, in a powder bed, stochastic variations in particle 

number and size distribution create an imperfect packing and cause 

random disturbances in the flow field. Consequently, the scanned 

section is irregular in terms of its shape and aluminium content. The 

two mechanisms governing how alloying elements are spatially 

distributed within the sample are evaporation recoil and advection, 

which not only occur simultaneously but also affect each other. The near 

surface region of the melt bath becomes depleted in aluminium by 

evaporation. Mass transport due to surface effects and mixing with 

underlying molten material provides for redistribution of the aluminium 

concentration. From the elemental maps in figure 6.5, we can infer that, 

induced by the presence of powder particles, advection between surface 

and deeper regions of the melt is increased. This influences the 

distribution of aluminium in the final part as will be seen in the 
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following paragraph. Marangoni convection is most likely to be 

insignificant during SEBM, as noted in section 1.2. 

The graph in figure 6.6 displays the average aluminium concentration 

within the processed material, 𝜔 Al, against the distance scanned by the 

electron beam in hatch direction. The total distance covered in 𝑥 

direction was 1.8 mm. Scanning speeds and hatch spacings were varied, 

while maintaining a beam power and an energy input of 600 W and 

1.5 J/mm², respectively—cf. table 6.1. This is equivalent to a constant 

build time. The first point to notice is that, although 𝐸𝒶 = 1.5 J/mm² 

throughout, there is a clear dependence of the vaporized mass on the 

combination of scanning speeds and hatch spacings utilized. Primarily, 

this provides evidence that the line energy, 𝐸ℓ, is a key parameter not 

only in single track experiments but also in the fabrication of bulk 

Figure 6.5: Melting of compact Ti-48-2-2 (top) and a powder bed with a layer 

thickness of 100 µm (bottom). The panels show the computed local loss of 

aluminium, plotted on a logarithmic scale. Beam deflection was out-of-plane with a 

scanning speed of 𝑣y = 4.0 m/s. Scan track lengths in 𝑦 direction were 15 mm. 

Circles at the top of each image section indicate the positions of the scan tracks in 𝑥 

direction where the electron beam axis passed through the 2D plane. The sample 

was scanned from left to right. 
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components. The line energy predominantly controls the thermal field 

such that a higher 𝐸ℓ generally means a higher peak temperature. In the 

plots in figure 6.6, 𝐸ℓ decreases from left to right and so does the total 

aluminium loss. The corresponding temperature histories of the first 

electron beam passes during hatching are shown in figure 6.7 (a). 

Temperatures peaked at around 3625 K for ℓoff = 100 µm (𝐸ℓ = 150 J/m), 

while they peaked at only about 2850 K for ℓoff = 25 µm (𝐸ℓ = 37.5 J/m). 

Furthermore, maximum temperatures are seen to increase over time, 

especially for the selective melting using a high scanning speed in 

conjunction with a small hatch spacing. In that instance, heat builds up 

during the scanning procedure, since the electron beam takes less time 

to return to a particular position in hatch direction and so generates a 

significant amount of residual heat. In figure 6.7 (b), the average peak 

temperature is plotted against the line energy and the scanning speed. 

Figure 6.6: Computed average aluminium concentration in the melted and re-

solidified region as shown in figure 6.5 as a function of the distance covered in 

hatch direction. Comparison of the selective melting of () a compact material and 

(,) a powder bed employing different scanning speeds and hatch spacings. Hash 

signs followed by a number are used to distinguish between different randomly 

packed beds, where 1 corresponds to the case in figure 6.5. Points represent single 

scan tracks. Numbers at the end of each series give the total number of scan lines. 
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Simulations from figure 6.7 (a) are represented by full circles, additional 

runs by open circles. The full set of parameters can be found in appendix 

F.2. The resulting data points fall into three distinct groups, each of 

which following a logarithmic increase with 𝐸ℓ: 

I—In the first regime, at very high scanning speeds and small 

hatch spacing, the amount of energy input is not sufficient to melt 

the powder material in the initial stage of hatching. For example, 

for 𝑣y = 128 m/s and 𝐸ℓ ≈ 4.7 J/m, four electron beam passes were 

required to overcome the heat of fusion and to produce an 

observable, albeit small, melt pool. Consequently, powder 

consolidation strongly relies on the build-up of heat based on 

previous scans. Hence, temperatures observed during hatching are 

considerably higher than those during scanning of an isolated scan 

track using the same parameters. Evaporative losses are negligible.  

Figure 6.7: Simulation results showing (a) maximum temperatures during hatching 

of a powder layer using a constant energy input of 1.5 J/mm² and 1: 𝑣y = 4.0 m/s, 

ℓoff = 100 µm, 𝐸ℓ = 150 J/m and 2: 𝑣y = 16.0 m/s, ℓoff = 25 µm, 𝐸ℓ = 37.5 J/m and 

(b) average peak temperatures as a function of the line energy. The simulation 

settings are as in figure 6.6, additional parameters are listed in appendix F.2. In (b), 

I to III correspond to regimes in which different physical effects are dominant. 
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II—The combination of high scanning speed and intermediate 

hatch spacing creates a dependence between consecutive scan 

tracks, much as in regime I except that here the line energy is 

sufficiently high to melt the powder bed upon beam irradiation. 

The latter is the reason for the increased slope of the relationship 

between average peak temperature and line energy. In this regard, 

evaporation becomes increasingly dominant with an increase in 

line energy. Thus, the average aluminium content after hatching 

drops from the initial value of 33.5 wt.-% for 𝑣y = 48 m/s and 

𝐸ℓ = 12.5 J/m to 32.9 wt.-% for 𝑣y = 6 m/s and 𝐸ℓ = 100 J/m. 

III—In this regime, the low scanning speed and/or large hatch 

spacing leaves the thermal field of the current scan line practically 

unaffected by previous scan tracks. Prior to melting, the already 

fused powder cools down to the preheating temperature, so that 

maximum temperatures during hatching are comparable to those 

of isolated scan tracks. Evaporative losses reach levels far in excess 

of 25 % of the deposited energy, leading to a flatter slope 

compared to regime II. 

In figure 6.7 (b), the transition region between regimes II and III 

typically covers the conventional operating range of SEBM. For all 

simulated scanning parameters, irrespective of the regime, fabricated 

samples were predicted to be fully dense. 

In all cases, losses in aluminium were predicted to be higher when 

melting a powder bed as compared to bulk melting. The enhanced 

decrease in 𝜔 Al may be attributed to the effective thermal conductivity, 

since powder beds are better insulators than compact materials. 

Normally, the specific section to be molten during a beam pass is not 

completely surrounded by powder particles but is in direct thermal 

contact to the consolidated previous layer or substrate as well as the 

already fused neighbouring scan track. Thus, the transfer of heat is only 

inhibited in hatch direction. Nevertheless, the reduced heat conduction 

suffices to produce a greater superheat and consequently higher 
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evaporative losses.13 Appendix F.3 provides an example of computed 

local temperatures within the molten pool, basically demonstrating the 

thermal resistance of the powder bed and how it affects peak tempera-

tures. As evaporation rates show a nearly linear relationship with surface 

concentration, it can be deduced that advection and hence mixing has 

less impact than the surface temperature, which exponentially increases 

the evaporation rate. Note that the points raised above hold for medium 

beam irradiances as encountered in SEBM processes. Heat conduction 

becomes increasingly unimportant at higher irradiances, because in the 

regime of strong evaporation the formation of the melt pool is largely 

determined by the recoil pressure. 

The average aluminium content is found to approach a steady value as 

𝑥 → ∞. Overall, for the system under investigation, 𝜔 Al can reasonably 

be taken as constant after a distance of about 1.0 mm in hatch direction. 

This does not apply to the size of the melt pool, which, particularly in a 

powder bed, builds up over the course of the scanning procedure—cf. 

plot of the melt pool depth versus distance covered in hatch direction in 

appendix F.3. However, since the numerical study focuses specifically on 

the final composition of the alloy examined, the exact size of the melt 

bath is of secondary importance as long as the fabricated part is fully 

dense. 

A final observation concerns the absorption of the electron beam energy. 

The fraction of energy deposited inside the compact target amounts to 

0.868 𝐸beam , where the maximum possible value is 0.869 𝐸beam  for a flat 

surface. Interestingly, the energy absorbed during heating and melting 

of the powder bed is 0.852 𝐸beam  on average, so one may draw the con-

clusion that approximately the same amount of energy is imparted to 

both types of systems.  

                                           
13 Although the melted and re-solidified region is larger in the case of a powder bed, 

this does not compensate for the increased loss of aluminium, hence leading to a 

lower total 𝜔 Al as compared to a compact bulk sample. 
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Melting of successive layers of material 

The basic principles of the consolidation of powder particles have been 

covered in the previous paragraph. Selective melting of successive layers 

adds another level of complexity due to irregularities in the surface 

topography and the chemical composition of the underlying material. 

Again, the comparison here is between simulations employing layers of 

compact material and layers of individual powder particles.  

Figure 6.8 shows the build-up of a solid cube-shaped part over a total of 

ten layers. In the set-up using compact material, the aluminium content 

is fairly evenly distributed across the specimen, with maxima in the 

aluminium loss being arranged in layers. As already noted, the presence 

of powder particles creates a more turbulent mixing, so that the spatial 

distribution of aluminium appears essentially random, exhibiting only a 

weak preferred orientation along the hatch direction.  

The average bulk aluminium concentration against the layer number is 

presented in figure 6.9. The content of aluminium is significantly lower 

when fusing layers of powder as compared to the melting of compact 

material. For the simulations, the beam power and the total energy 

input were constant at 600 W and 1.5 J/mm², respectively, and the 

scanning speed and hatch spacing were varied. In order to exclude edge 

effects, the analysed region was within ± 2 beam standard deviations 

from the first and the last scan track in hatch direction, respectively, as 

illustrated by the vertical dashed lines in figure 6.8. The average 

aluminium concentration, 𝜔 Al, is seen to level off with increasing layer 

number, suggesting that approximately ten layers are necessary to 

adequately represent the problem. Moreover, simple changes to the 

process parameters, i.e. decreasing the line energy, 𝐸ℓ, while maintaining 

a constant energy input, 𝐸𝒶, and hence total build time, produced 

substantial reductions in the loss of aluminium. The findings broadly 

correspond to those observed during melting of a single layer; a 

discussion of local evaporative losses and elemental distributions within 

the processed material is contained in the preceding paragraph. 

The decreased loss of aluminium associated with a reduced line energy 

is accompanied by a lower level of re-melting of the previous layer, as is 
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evident from the plots in figure 6.10. The figure shows the computed 

ratio of melted material to the material applied in that layer as a 

function of the layer number. The ratio approaches a value of 100 % 

when both ℓoff and 𝐸ℓ are reduced by the same factor, which also means 

an increase in scanning speed. The 100 % threshold signifies that the 

amount of material fused equals the amount of material deposited. 

Fabricating dense parts always requires a certain overlap between 

adjacent melt tracks and between layers. This can solely be achieved via 

re-melting. The ratio can thus be interpreted as an indicator of porosity, 

Figure 6.8: Selective electron beam melting of a cube-shaped specimen of Ti-48-2-2 

over ten layers. The contour plots show the computed local loss of aluminium. The 

simulations used layers of compact material with a layer thickness of 50 µm (left) 

and powder layers with an effective layer thickness of 100 µm (right). The scan 

direction pointed out-of-plane and the hatch direction was rotated by 180° between 

each layer; the hatch direction for the respective layer is denoted by an open arrow. 

Circles at the top illustrate the locations of the scan track passes. The dashed 

vertical lines are located at ± 2 𝜍beam from the first/last scan track in 𝑥 direction. 
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where a lower value means an increased tendency for pores and lack of 

fusion defects to form. Note that in powder beds, the ratio is subject to 

large local variations in the thickness of the actually deposited layer, 

which further increases the risk of pore formation. Hence, in order to 

ensure sufficient bonding between layers and a fully dense component 

overall, the material to be molten should be approximately twice the 

powder material deposited. 

In practice, the results illustrate that, generally, there is a trade-off 

between the loss of volatile elements due to evaporation and porosity. 

 

Figure 6.9: Solid blocks of Ti-48-2-2 built additively using SEBM and three different 

sets of process parameters. 𝑃beam and 𝐸𝒶 were constant at 600 W and 1.5 J/mm², 

respectively. The graphs show the computed average aluminium content, 𝜔 Al, 

versus the layer number. Comparison between melting layers of () compact 

material with a layer thickness of 50 µm and (,) spherical powder particles with 

an effective layer thickness of 100 µm. Powder 1 and powder 2 are different 

random powder packings. 
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6.3.3 Comparison between simulation and experiment 

In this subsection, numerical results are compared to experimental data 

with regard to the aluminium content and the porosity for the titanium 

aluminide alloy Ti‐48‐2‐2. Up to this point, the discussion has been 

centred on the mechanisms behind the loss of the aluminium compo-

nent and its spatial redistribution within the bulk. The findings were 

also used to determine an appropriate size of the computational domain. 

Following the results in subsection 6.3.2, adequate nominal dimensions 

of the simulated cube-shaped part are 1.2 mm in width and 0.5 mm in 

height. The latter corresponds to ten successive powder layers having an 

effective layer thickness of 100 µm and a relative density of 0.5. 

Figure 6.11 shows a qualitative comparison of measured and predicted 

aluminium concentrations. In representing the data, each panel of the 

figure uses the same dimensional scale and colour bar. The first 

observation, immediately apparent from the compositional maps, is that 

 

Figure 6.10: Numerically predicted ratios of melted to deposited material versus 

the layer number. The simulation settings are as in figure 6.9. 
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Figure 6.11: Distribution of aluminium in Ti-48Al-2Cr-2Nb samples produced by 

SEBM using different scanning speeds and hatch spacings. Cross-sections show 

compositional maps determined via electron microprobe (left) and corresponding 

numerical results (right). In the simulated maps, the arrows mark the nominal width 

of the hatched regions and the dashed vertical lines enclose the region in 𝑥 direction 

(± 2 𝜍beam from the first/last scan track) selected for evaluation in figure 6.12. 
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the average aluminium content dramatically decreases with increasing 

hatch spacing. This is in line with the findings of the preceding 

subsection and is explained by the strong dependence of the peak 

temperature on the line energy 𝐸ℓ. Note again that if 𝑃beam and 𝐸𝒶 are 

kept constant, higher hatch spacings are equivalent to lower scanning 

speeds and thus higher line energies. The maps exhibit isolated regions 

of increased aluminium loss. These are preferentially oriented in hatch 

direction and reflect the layer-wise method of manufacture. Individual 

crescent-shaped melt track contours are also identifiable in the patterns. 

The simulated aluminium distributions clearly capture the trends seen 

in the experimental data. 

A quantitative analysis of the aluminium depletion in Ti‐48‐2‐2 is 

presented in figure 6.12 (a) for one particular scanning speed and hatch 

spacing, i.e. 𝑣y = 4.0 m/s and ℓoff = 100 µm. The settings that have been 

varied are the total energy input, written in terms of 𝑃beam and 𝐸𝒶, and 

𝑇preheat. The left panel displays the average aluminium content as a 

function of the total energy input, obtained via arc/spark OES and 

computed using our lattice Boltzmann model. The error bars on the 

experimental data represent the standard deviation between five 

measurements. The diagram confirms that when constant 𝑣y and ℓoff are 

employed, the loss of aluminium can substantially be reduced by 

decreasing the total energy input. Measured and simulated results are, 

on the whole, in excellent agreement, but they show differences which 

cannot be attributed to measurement uncertainty alone. The principal 

difference is that the predicted aluminium content monotonically 

decreases with 𝐸𝒶, whereas there is a seemingly random spread of values 

of 𝜔 Al observed for the parts fabricated in the EBM system. The reason 

for this is not clear but could possibly be related to the local temperature 

of the powder prior to melting. This temperature is referred to, for 

convenience, as preheating temperature 𝑇preheat. Such temperature 

inhomogeneities may have formed in consequence of the different 

positions of the samples of a batch within the build area or because 

sample sections were scanned in sequential order in each layer. 

However, this hypothesis could not be supported by the numerical 

model. For the verification test case, different preheating temperatures 

were considered at constant beam power 𝑃beam = 600 W, see figure 
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Figure 6.12: (a) and (b)—Average aluminium content, 𝜔 Al, and (c) and (d)—part 

porosity in compact Ti-48-2-2 samples against 𝐸𝒶 at constant 𝑇preheat = 1200 °C (left 

panels) and against 𝑇preheat at constant 𝐸𝒶 = 1.5 J/mm² (right panels). Porosity 

includes lack of fusion defects only. Open circles are experimental data ± standard 

deviation of five arc/spark OES measurements. Numerical results are represented by 

full diamonds, while the hash sign embraces simulations that were run with different 

random powder packings but otherwise identical parameters; these points are 

plotted offset from each other for clarity. 
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6.12 (b). Predicted evaporative losses were found to be remarkably insen-

sitive to the preheating temperature within the range 900 – 1300 °C, 

suggesting that the exact value of 𝑇preheat has only minor influence on 

the alloy composition. Variations in 𝜔 Al associated with different 

random powder packings were larger than the differences induced by 

altering 𝑇preheat—see additional simulations marked with a hash sign in 

figure 6.12, top panels. Temperatures in the vicinity of the processing 

region are not expected to drop below about 900 °C in the experiments, 

since the predicted porosity would greatly exceed that measured. 

Lowering the powder bed preheating temperature involves a decrease in 

relative density of the part. In general, porosity does not constantly 

change with the preheating temperature or the total energy delivered by 

the electron beam. In fact, it shows a threshold response. That means 

that there is a limiting preheating temperature, beam power, etc., which 

separates fully dense from porous parts. The porosity normally rises 

steeply once a process parameter falls below its threshold value. This 

high sensitivity of the porosity enables a qualitative comparison between 

numerical and experimental results to be made. Porosity can be 

classified as resulting from gas pores or from lack of fusion. The former 

can usually be observed in experiments but is currently not accounted 

for in our numerical model. Here, porosity is synonymous with lack of 

fusion defects. Figure 6.12 (c) presents measured and predicted sample 

porosities. Predicted porosities closely follow the experimental data. 

However, due to the two-dimensional nature of the computations, 

model results should be treated as rough estimates rather than verified 

values. Defining relative densities of ≥ 99.9 % as being fully dense, the 

requirement for producing bulk components under the given process 

conditions is 𝐸𝒶 ≳ 0.7 J/mm². The data demonstrates that it is perfectly 

possible to significantly reduce the energy input during melting while 

keeping evaporative losses to a minimum and, at the same time, 

preserving a high level of densification. Consequently, for every part 

geometry and parameter set chosen, there exists an optimal amount of 

energy deposited. 

In the present instance, the experiments were designed so that the total 

build time was constant. On the industrial scale, the build time is a 

major economic factor. In order to minimise the build time, the 
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scanning speed and/or the hatch spacing have to be adjusted instead of 

the beam power alone. In this work, comparable results with regard to 

the aluminium content and the relative density of the produced samples 

could also be achieved at enhanced build rates. An example is included 

in figure 6.11. The last two panels show experiments conducted with the 

same set of parameters, with the only difference being the scanning 

speed which was increased from 2.0 to 3.0 m/s and hence 𝐸𝒶 which was 

decreased from 1.5 J/mm² to 1.0 J/mm². Both part sections are fully 

dense, but by manipulating the scanning speed, the loss of aluminium 

could be reduced by about 50 %, from  𝜔init
Al − 𝜔 Al  = 1.8 wt.-% to 

0.9 wt.-% in the experiments (via microprobe measurements) and from 

1.8 wt.-% to 1.0 wt.-% in the simulations.  

In summary, the compositional maps and the general shape of the plots 

indicate that the model provides a sufficient representation of what is 

occurring experimentally. 

Energy consumption during SEBM 

The energetic efficiency of the melting process is investigated via the 

example of a cube-shaped Ti-48-2-2 part. The underlying data is from 

the simulations already used in the plots in figures 6.11 and 6.12. The 

energy delivered by the electron beam is broken down into the following 

major components: electron backscattering, melting and re-melting, 

evaporation and a remainder that includes heat conduction into the 

volume and superheating of the melt beyond the liquidus temperature. 

Melting and re-melting incorporates the heating of the material from 

𝑇preheat = 1200 °C to the liquidus temperature and the total specific 

enthalpy of fusion required for the phase transition.  

The results are shown in figure 6.13 for (a) different hatch spacings and 

(b) against the total energy input. About 84 % of the primary electron 

beam energy was transferred to the processed material, so 16 % were lost 

to the surrounding environment by electron backscattering. This ratio 

can be considered largely independent of the process settings, except 

those related to the electron gun, like the acceleration voltage, and the 

absorber material itself. Another 55 to 70 % of the total energy input 

were heat losses due to thermal diffusion, melt superheat and evapora- 
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Figure 6.13: Energy consumed during the melting step of the SEBM process. 

Simulation settings were (a) 𝐸𝒶 = 1.5 J/mm² and 𝑃beam = 600 W and (b) 𝑣y = 4.0 m/s 

and ℓoff = 100 µm. The preheating temperature was 𝑇preheat = 1200 °C. In the top 

diagram, percentage values to the right reflect the distribution of input energy for 

200 µm hatch spacing. The bottom diagram additionally shows the predicted 

porosity from figure 6.12 (c). Note that thermal radiation was not considered in the 

energy balance.  
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tion. Evaporative losses can amount to more than 40 %, which is also 

reflected in the final alloy composition of the parts. Reducing the hatch 

spacing and/or the energy input leads to a decrease in vaporization to 

only a few percent of the nominal energy input. With these process 

settings, SEBM rather takes place in conduction mode instead of a weak 

form of keyhole mode. 

Melting represented a relatively small proportion of the total energy use. 

In the case of constant energy input of 1.5 J/mm², figure 6.13 (a), roughly 

10 % of the energy supplied was consumed in melting the top powder 

layer, while another 6 to 12 % contributed to the re-melting of already 

consolidated material from previous layers. As mentioned in subsection 

6.3.2, the amount of re-melting is a convenient quantity indicative of 

pore formation. The re-melted portion is seen to drop with decreasing 

hatch spacing. This may be ascribed to the melt depth which tends to be 

smaller at reduced ℓoff (cf. figure F.3 in appendix F.3), ultimately 

requiring an increase in energy input at very small hatch spacings to 

produce dense parts. 

Employing 𝐸𝒶 = 1.5 J/mm², all investigated parts were fully dense. 

Following the data on porosity shown in figure 6.12 (c) for 𝑣y = 4.0 m/s 

and ℓoff = 100 µm, 𝐸𝒶 can be decreased to about 0.8 J/mm² without 

impairing the relative density of the parts. Since the amount of material 

deposited per layer was approximately the same in each case, energies 

used for melting the top powder layer were also comparable, that is, 

about 0.14 J/mm² over the whole range of 𝐸𝒶 examined — cf. figure 

6.13 (b). This means an increase in energetic efficiency of the melting 

process at lower 𝐸𝒶. However, the improved efficiency comes at the 

expense of increased part porosity. While re-melting constituted almost 

50 % of total melting for 𝐸𝒶 ≳ 1.5 J/mm², it was only 25 % for 0.6 J/mm². 

Insufficient re-melting was the reason for the high level of porosity 

observed for 𝐸𝒶 < 0.8 J/mm². 

The data provides further support to the findings in subsection 6.3.2 that 

lower evaporative losses of volatile elements can be achieved, if 

 
 𝑖  𝐸𝒶 is held constant, while ℓoff and 1 𝑣y  are reduced by the same 

factor or 
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 𝑖𝑖  𝑣y and ℓoff are held constant, while 𝑃beam (and hence 𝐸𝒶) is 

decreased 

and that this increases the risk of pore formation. 

 

6.4 Concluding remarks 

The lattice Boltzmann method was utilized to study the selective 

melting of metal alloys by an electron beam. The model incorporated 

the effects of electron beam absorption and evaporation, both of which 

have been introduced in chapters 3 and 4. Analyses were performed by 

means of single track process maps and by melting simple compact parts 

from layered powder. The most influential process parameters affecting 

alloy compositions and bulk densities were identified to be the line 

energy 𝐸ℓ, the combination of scanning speed  v  and hatch spacing ℓoff 

and the acceleration voltage of the electron gun. 

The numerical applications investigated in this chapter indicate a trade-

off between the tendency toward higher levels of porosity and loss of 

volatile alloying elements. Changes in alloy composition due to 

evaporation could be tremendously reduced by employing very high 

scanning speeds in conjunction with a small hatch spacing. The former 

is a key feature of SEBM as compared to laser based processes. Normally, 

an increase in scanning speed is equivalent to a decrease in line energy. 

The line energy, although typically used in conjunction with cellular 

structures and thin-walled parts, has also proven to be a crucial 

parameter for building bulk components. Another important factor is 

the voltage deployed for accelerating the electrons toward the build 

area, as it influences the depth of penetration and hence the distribution 

of heat inside the target.  

In a powder layer, the irregular packing caused by stochastic variations 

in particle number and size distribution causes variations in the 

deposited powder layer thickness. Numerical simulations demonstrated 

that these geometrical deviations from an idealized powder bed together 

with the capillary forces acting between individual particles are the 



Chapter 6. Numerical Applications 

162 

reason for both the spatial distribution of alloying elements in the final 

part and the formation of pores. The model predictions were broadly 

confirmed by experimental data. Excellent agreement was found using 

elemental maps and for average compositions and porosities across a 

wide range of process parameters.  

Concerning the evaporation model, it was shown that a detailed 

description of the kinetics of vapour condensation within the Knudsen 

layer is not necessarily required under process conditions typical of 

SEBM. In contrast, in laser based additive manufacturing, condensation 

effects may significantly contribute to the net evaporation flux, since the 

laser beam normally operates at atmospheric pressure. Likewise, both 

during SEBM and SLM, steady state evaporation can be assumed 

throughout. 
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Summary and Conclusion 

 

Selective electron beam melting (SEBM) is a manufacturing technology 

in which metal parts are built in a layer-wise manner via melting of 

powder using a focused electron beam. The technology offers a high 

degree of design freedom, which is difficult to achieve by conventional 

means like casting, forging or machining. In order to reach economically 

attractive production rates, especially when operating on an industrial 

scale, the electron beam has to be reasonably powerful. Typically, beam 

irradiances lie between 109 and 1010 W/m², generating peak temperatures 

at the powder bed surface during melting of between 3000 and 4000 °C. 

In this temperature regime, evaporation effects are strong and hence 

constitute a major factor directly influencing melt pool dynamics, alloy 

composition and energetic efficiency of the melting process. 

This thesis reports on the development of a numerical model for the 

analysis and prediction of evaporative losses from both pure elements 

and multi-component systems. The application of primary concern is 

SEBM, so that the method of heating is by using an electron beam. The 

electron energy absorbed by the processed material is characterized by a 

distinct peak in its depth-dose distribution — ranging from a few 

microns to about 50 µm below the sample surface, depending on the 

powder material and the exact experimental conditions. Electron beam 

absorption was thus modelled by a volumetric approach, which mainly 

rests on a set of analytical and semi-empirical expressions compiled 

from various published sources. The absorption model was shown to 

produce depth-dose profiles in accordance with measured data from 

other authors. Validation was performed for selected absorbers between 

beryllium and uranium employing electron energies between about 

10 keV and 1 MeV and different angles of beam incidence.  

For the evaporation model, the gas kinetics of the vapour close to the 

phase interface was directly solved by an analytical description of the net 

evaporation flux. Evaporation was thereby treated as a pure surface 
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phenomenon, including local loss of mass and energy to the vapour 

phase and recoil pressure exerted on the molten surface by the 

expanding plume. Fluid dynamics in the vapour phase itself was 

disregarded in the model. The net evaporation flux was determined by a 

modified Hertz-Knudsen formula, considering inter-particle collisions 

within the Knudsen layer via macroscopic jump conditions for the 

temperature and the mass density of the vapour. Multi-component 

evaporation was accounted for by incorporating the partial vapour 

pressures of the alloying elements involved. 

The numerical framework into which the proposed models for electron 

beam absorption and evaporation were introduced is based on the 

lattice Boltzmann method (LBM) with free surfaces. It is able to 

accurately simulate hydrodynamic flow and heat conduction as well as 

melting and solidification. In order to realize the transport of alloying 

elements in the melt, the method was extended by an advection solver. 

The transport of different chemical species was considered to be entirely 

advective, neglecting the effect of molecular diffusion. Validation of the 

numerical model was done by comparison with experimental data for 

process parameters and settings common to SEBM. Experiments were 

conducted in an EBM machine under high vacuum employing a 60 kV 

electron beam. The analyses focused on evaporative mass losses and 

melt pool geometries in compact samples of pure aluminium, pure 

titanium and the titanium alloy Ti‐6Al‐4V (wt.‐%). For each metal and 

alloy system examined, predicted and measured results corresponded 

well within 30 % or better. Additionally, simple parts were built by 

melting several successive layers of Ti‐48Al‐2Cr‐2Nb (at.‐%) powder. 

The set-up involved a randomly packed powder bed and alloying 

elements with different boiling points. 

From the SEBM experiments, it was concluded that adjustments of basic 

process parameters such as beam power, scanning speed or hatch 

spacing can cause significant changes in, e.g., the loss of volatile 

elements or the part porosity. The data indicates that there is a positive 

correlation between aluminium depletion in fabricated Ti‐48Al‐2Cr‐2Nb 

parts and both the line energy and the energy input per unit area. The 

line energy predominantly controls peak temperatures during melting 

and hence strongly affects vaporization. In an effort to keep evaporative 
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losses to a minimum, scanning parameters with very low line energies 

were utilized in the present work. This required a substantial increase in 

scanning speed, which, to preserve a high level of densification, had to 

be compensated by a decrease in hatch spacing to maintain a constant 

total energy input. In this way, average aluminium losses could be 

reduced from roughly 1 wt.-% to values close to what can be assumed to 

be the initial composition of the pre-alloyed powder. Overall, the 

combination of data on elemental compositions and porosities enabled 

advanced control of the SEBM process.  

The proposed numerical model has proven to be a reliable research tool 

not only for the evaluation of the consolidation behaviour of powder 

selectively melted by an electron beam but for any other melting process 

in which special emphasis is on intense evaporation and advective 

redistribution of alloying elements within the molten region. 
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Appendix A 

Supplementary Material Regarding 
Electron Beam Absorption 

 

Theoretical calculations in this appendix were performed for target 

materials at room temperature. The material data was taken from Iida 

and Guthrie (1988) and Lide (2010). 

 

A.1 Evaluation of the function C 

The electron beam absorption model presented in section 3.1 is based on 

the energy fraction ℰA z,Z,E0,φ  as given by equation (3.2). The expres-

sion features a term that accounts for electrons being backscattered 

within the bulk of the target in depth 𝑧 and which is denoted by 𝐶, 

where 𝐶 = 𝐶 𝑧, 𝑍, 𝐸0, 𝜑 , cf. equation (3.3). For the sake of simplicity, 

𝐶 = 1 is used throughout the electron beam absorption model. In order 

to validate this assumption, it is necessary to quantify the impact of the 

arguments in 𝐶 𝑧, 𝑍, 𝐸0, 𝜑 . The missing part entering into 𝐶 𝑧, 𝑍, 𝐸0, 𝜑  

is the fraction of backscattered electrons, 휂B z,Z,E0,φ , which is given by 

an empirical relation of the form (Neubert and Rogaschewski 1984): 

휂B 𝑧, 𝑍, 𝐸0, 𝜑 = 0° = 휂B,∞ 𝑍, 𝐸0, 𝜑 = 0° ∙  1 − exp  −
𝑎 1 ∙  

𝑧
𝑅

 
𝑎 2

 1 −
𝑧
𝑅

 
𝑎 3

   (A.1) 

In the work of Neubert and Rogaschewski (1984), the adjustable 

parameters 𝑎 1 to 𝑎 3 have been determined experimentally on targets of 

pure aluminium and gold using acceleration voltages of 15 to 60 kV at 

various angles of incidence. In the case of normal incidence of the 
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electron beam, a rough estimate of these parameters for arbitrary 

materials is given by Rau et al. (2013): 

𝑎 1 =  0.752 ∙ 𝑍0.667 𝑎 2 ,  𝑎 2 = 휂B,∞ 𝑍, 𝐸0 , 𝜑 = 0° −0.333,  𝑎 3 = 1 (A.2) 

The other function that has been omitted due to the approximation 

𝐶 = 1 is the path dependent energy of backscattered electrons, 

ℰB z,Z,E0,φ , which, though, is not required in the analysis and can be 

readily obtained by taking ℰB,∞ Z,E0,φ  instead. This estimate only has 

an impact on the exact slope of 𝐶 between the surface and the depth at 

which 𝐶 runs into saturation and therefore does not affect the validity of 

the evaluation. 

The function 𝐶 plotted against 𝑧 𝑅 , φ, E0 and Z is shown in figure A.1. 

From these plots, it is apparent that the measure of the deviation of 𝐶 

from unity is largest at normal beam incidence and intermediate 

electron energies when backscattering surpasses its saturation point. In 

low and intermediate atomic number absorbers, the error introduced 

into the electron beam absorption model from assuming 𝐶 = 1 is 

insignificant. In high atomic number materials, 𝐶 can take values as low 

as about 0.8, whereby ultimately the model still provides an adequately 

good prediction of the absorption characteristics as shown by the depth-

dose curves in pure uranium in figure A.5 (appendix A.7 on p. 194). 
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Figure A.1: Function 𝐶 𝑧, 𝑍, 𝐸0 , 𝜑  in various metal absorbers. 
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A.2 Empirical equations for the penetration 

depth 

Depth-energy relations based on empirical data often obey an expression 

of the form: 

𝑅 E0,ρ = 𝛬1 ∙  
𝐸0

keV
 

𝛬2

∙ 𝜌−𝛬3  (A.3) 

Parameters 𝛬𝑖  with 𝑖 ∈  1,2,3  depend on the experimental set-up, the 

definition of the cut-off that separates the background from the 

measuring signal and whether the measure of the penetration depth 

relates to the flux of transmitted electrons or their energy, cf. table A.1. 

The relation in equation (A.3) has no dependence on the atomic 

number. This owes to the fact that 𝑍 is commonly used in conjunction 

with the atomic mass, i.e. for example  𝑚A𝑁A 𝑍8 9    as in equation (3.4) 

or  𝐴 𝑍   as per Koral and Cohen (1965): 

𝑅 𝑍, E0,ρ =
𝐴

𝑍
∙

13

27
∙ 412 ∙  

𝐸0

MeV
 

1.265−0.0954∙ln 𝐸0 MeV  

∙
1

𝜌
 (A.4) 

where 𝐴 is the relative atomic mass in unified atomic mass units. Since 

the above ratios are very nearly constants for all elements, the 

penetration depth varies primarily with the mass density. Consequently, 

most of the data points of the scatter plots in figure 3.2 (a), where the  

 

Table A.1: Empirical constants determined by different authors for calculating the 

penetration depth as per equation (A.3); the constants are chosen so that 𝑅 is in m. 

Reference 𝛬1 𝛬2 𝛬3 

Klein (1966)1 1.25 · 10–4 1.65 1 

Everhart and Hoff (1971)2 3.98 · 10–5 1.75 1 

Fitting (1974)3, 

— 

𝐸0 < 10 keV 
𝐸0 > 10 keV 

2.26 · 10–5 

2.26 · 10–5 

1.3 

1.7 

0.8 

0.9 

1
 Bethe range, 

2
 CSDA range, 

3
 maximum depth (criterion 휂T≲ 1 %) 
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penetration depth is shown as a function of the mass density, fit a 

straight line. Fluctuations with position in the periodic table, i.e. with 𝑍, 

are negligible under experimental conditions due to noise in the data 

and the limited number of trials, especially when only few absorber 

materials are investigated. 

 

A.3 Parameters for calculating the fraction 

number and energy fraction of 

backscattered electrons 

The following table includes the empirical parameters used for 

calculating the fraction number 휂B,∞ and the energy fraction ℰB,∞ of 

backscattered electrons as per equations (3.5) and (3.6), respectively. 

Functions 𝑎𝑖 𝑍  are taken from Ito et al. (1992) and constants 𝑏𝑖  from 

Tabata et al. (1999). 

 

Table A.2: Parameters 𝑎𝑖 𝑍  as function of atomic number 𝑍 and values of the 

constants 𝑏𝑖 . 

𝑖 𝑎𝑖 𝑍  𝑏𝑖  

1 𝑎1 𝑍 = 9.41 ∙ 10−3 + 1.132 ∙ exp − 57.1 𝑍  0.579  𝑏1 = 82.6 

2 𝑎2 𝑍 = 3.47  1 +  𝑍 0.163  0.833   𝑏2 = 0.2063 

3 𝑎3 𝑍 = 7.3 ∙ 10−4  1 +  58.5 𝑍  5.14   𝑏3 = 1.075 

4 𝑎4 = 0.574 𝑏4 = 6.56 ∙ 10−3 

5 𝑎5 𝑍 = 1.43 ∙ 𝑍0.447 𝑏5 = 2.54 

6 𝑎6 𝑍 = 1.108 + 0.471  1 +  13.0 𝑍  176   𝑏6 = 2.08 

7 − 𝑏7 = 0.082 

8 − 𝑏8 = 0.509 
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A.4 Validation of fit functions 𝒅𝒊 

In this section, a validation of the fit functions 𝑑𝑖 𝑍, 𝜑  for calculating 

the fraction of transmitted electrons, 휂T , as introduced in subsection 

3.1.4 of this work is provided. The model validation is carried out using 

data obtained by Neubert and Rogaschewski (1984). The results are 

shown in figure A.2, top row, as a function of the angle of incidence in 

two absorbers, aluminium and gold. The root-mean-square deviation 

normalized to the mean of the respective observed values is well below 

3 % (cf. table A.3), thus indicating that the fit functions are accurate. As 

a side note, the function 𝑑2 𝑍, 𝜑  as suggested by Klassen et al. (2014) 

gives a normalized RMSD of 1.95 % for aluminium and 1.12 % for gold, 

which is slightly higher than the residual variance reported in this work. 

Additionally, functions 𝑑𝑖 𝑍, 𝜑  are plotted against atomic number 𝑍 in 

figure A.2, bottom row. 

 

Table A.3: Absolute root-mean-square (RMS) deviation and normalized RMS 

deviation of the fit functions 𝑑𝑖 𝑍, 𝜑  from the original data of Neubert and 

Rogaschewski (1984). The values correspond to the top row in figure A.2. 

  aluminium  gold  

  RMSD norm. RMSD  RMSD norm. RMSD  

      𝑑1
  0.043 1.56 %  0.036 1.09 %  

𝑑2
  0.019 1.45 %  0.006 0.83 %  

𝑑3  0.017 2.60 %  0.020 1.51 %  
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Figure A.2: Functions 𝑑𝑖 𝑍, 𝜑  in pure aluminium and gold calculated using 

equations (3.10) to (3.12), solid curves, as compared to values determined by Neubert 

and Rogaschewski (1984), points (top row). The bottom row shows 𝑑𝑖 𝑍, 𝜑  for 

arbitrary target materials, where values below 𝑍 = 13 and above 𝑍 = 79 (full circles) 

are extrapolated. 
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A.5 Remarks upon the energy of transmitted 

electrons 

The most probable energy of electrons transmitted through a layer of 

thickness 𝑧 is denoted by ℰT and is calculated using an analytical model 

by Kanaya and Ono (1978), cf. equations (3.13) to (3.15) (sec. 3.1.4 on p. 

32). Their model incorporates explicit dependence upon the absorber 

material in terms of the atomic number 𝑍 and the kinetic energy of the 

incident electrons E0. The impact of 𝑍 and E0 on the transmission 

coefficient, however, is not apparent due to the nested nature of the 

governing equations. As would be expected, the dependence of ℰT on 

the atomic number is insignificant as shown in figure A.3, left. This is 

because the analytical model uses the sixth root of 𝑍. Since the exponent 

휁  휁 + 1   asymptotically approaches a value of 0.5 as E0 increases, also 

the dependence on E0 for E0 ≳ 10 keV is not very pronounced. In 

Figure A.3: Exponent for calculating the most probable energy of transmitted 

electrons, ℰT, as a function of the electron energy in three different elemental 

absorbers, left, and ℰT-depth relations in pure titanium at various E0, right. 

Experimental data obtained from  Fitting (1974) in aluminium, beryllium and 

germanium at incident energies of 0.8 to 4 keV and  Cosslett and Thomas (1964b) 

in aluminium, copper, silver and gold at 18 keV. 
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consequence of this, the analytical model of Kanaya and Ono (1978) 

produces ℰT-depth relations that are nearly superimposable over a wide 

atomic number and electron energy range, cf. figure A.3, right. This is 

supported by experimental measurements, for instance by Fitting (1974) 

and Cosslett and Thomas (1964b). 

 

A.6 Transmission coefficient — comparison of 

power law and linear interpolation 

This appendix complements the validation of the depth-dose profiles 

described in subsection 3.1.5. The focus is on the impact of the fit 

functions 𝑑𝑖 𝑍, 𝜑 . These fit functions determine the fraction of 

transmitted electrons, 휂T(𝑧, 𝑍, 𝜑), and are, therefore, critical for 

obtaining accurate absorption curves. In the electron beam absorption 

model, the functions 𝑑𝑖 𝑍, 𝜑  are calculated using equations (3.10) to 

(3.12), cf. subsection 3.1.4. Alternatively, values of 𝑑𝑖 𝑍, 𝜑  can be directly 

approximated from the results of Neubert and Rogaschewski (1984) by 

straightforward linear interpolation between 𝑑𝑖 𝑍 =  13 , 𝜑  and 

𝑑𝑖 𝑍 =  79 , 𝜑 . 

Figure A.4 shows depth-dose profiles in various elemental absorbers, 

that is, iron (𝑍 = 26), copper (29) and molybdenum (42). Experimental 

data and theoretical curves are essentially the same as in figure 3.6 in 

subsection 3.1.5, except that depth-dose profiles using linear interpola-

tion for values of 𝑑𝑖 𝑍, 𝜑  were added to the plots (dashed curves). In 

effect, the agreement with experimental findings is less close in the case 

of linear interpolation than in the case of the power law fits—the 

profiles using linear interpolation tend to overestimate the depth of 

maximum energy dissipation, involving a shift of the curves to deeper 

layers. 
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A.7 Depth-dose profiles in very low and very 

high Z absorbers 

Depth-dose profiles in elemental absorbers in the range 13 ≤ 𝑍 ≤ 42 

were found to correlate well to experimental data reported by Cosslett 

and Thomas (1965) and Lockwood et al. (1980) as shown in figure 3.6 

(sec. 3.1.5 on p. 32). In the regime below 𝑍 = 13 and above 𝑍 = 79, the 

transmission and hence absorption characteristics have to be extrapo-

lated, giving rise to potentially erroneous predictions. The question of 

model reliability beyond the limits of interpolation is addressed in figure 

A.5, where depth-dose profiles in beryllium and uranium are plotted. In 

Figure A.4: Depth-dose curves in pure iron (𝑍 = 26), copper (29) and molybdenum 

(42). Comparison of experimental measurements of the electron energy deposition 

with predictions assuming power law fits (solid lines) and linear interpolation 

(dashed lines) for the fit functions 𝑑𝑖 𝑍, 𝜑 . 
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effect, the calculated profiles are sufficiently accurate, though, in very 

low 𝑍 absorbers the portion of absorbed energy near the peak tends to 

be overestimated. Consequently, d𝐸A d𝑧  is slightly lower near the tails. 

In contrast, in materials of very high atomic number like uranium the 

distinctive peak vanishes almost completely causing a modest overesti-

mation of the deposited energy near the target surface. 

 

 

Figure A.5: Depth-dose curves in pure beryllium (𝑍 = 4) and uranium (92) 

calculated using equation (3.2), full curves, plotted against experimental data from 

Lockwood et al. (1980), points. The penetration depth given by Lockwood et al. is the 

CSDA range, so that the experimental values had to be adjusted to match the 

penetration depth embodied in equation (3.4). 

 

A.8 Penetration time of impinging electrons 

In this section, an estimate is provided of the lower limit of the time step 

size. This limit is defined as the time an electron requires to cover the 

whole penetration depth, i.e. 𝑅 𝑐e . The tortuosity of an electron’s actual 

path and the fact that electrons experience discontinuous deceleration 

while travelling through the target is thereby neglected. Here, 𝑐e is the 

speed of a relativistic electron as a function of its kinetic energy 

(Bertozzi 1964): 

𝑐e 𝐸0 = 𝑐 ∙  1 −  
𝑚e𝑐

2

𝑚e𝑐
2 + 𝐸0

 
2

 (A.5) 
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The ratio 𝑅 𝑐e  is plotted in figure A.6 in various target materials. 

Accordingly, at intermediate kinetic electron energies or acceleration 

voltages, respectively, the computational time step size should be 

greater than about 10-13 to 10-12 s. 

 

 

Figure A.6: Time for electrons to travel a distance corresponding to the maximum 

penetration depth 𝑅 as a function of their kinetic energy in various target materials. 

 

A.9 Estimate of the maximum pressure 

generated by the electron beam 

As impinging electrons interact with an absorber they also impart 

momentum to it. This momentum 𝑃 can be expressed in terms of a 

pressure 

p
e

=
d𝑃

d𝑡
∙

1

d𝑆
 , (A.6) 
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where d𝑆 is a reference surface. The additional pressure p
e
 is not 

considered in the numerical model presented herein, which has three 

reasons. First, the mathematical description of interaction processes of 

moving charged particles with any surrounding matter involves a 

determination of, for instance, the differential cross-section and the 

angle of scattering. Second, since electrons interact with the bulk 

volume instead of the surface alone there is the need to specify a certain 

depth that effectively translates into a thin surface layer. Finally, 

electrons travel in essentially straight lines only near the surface; in the 

bulk their paths become increasingly tortuous, so that there is no 

preferred direction of net momentum. All these factors can introduce 

significant uncertainty in predicting p
e
. However, to investigate the 

importance of the pressure exerted by incident electrons, a rough 

approximation of p
e
 is given in the following. The quantity of interest is 

the maximum value of p
e
. Therefore, impinging electrons are considered 

to move in a parallel direction with respect to the central axis of the 

electron beam, whereby the axis is normal to the target surface. 

Collisions are treated as if they were simple two-body collisions, where a 

complete exchange of momentum is assumed with the target in 

accordance with the fraction of absorbed electrons, that is ℰA 𝑧S,Z,E0,0° . 

Here, 𝑧S represents the thickness of the virtual surface layer. 

Due to conservation of momentum, the momentum transferred by a 

number of 𝑛e electrons to the impacted target during the course of the 

collisions equals 

d𝑃

d𝑡
= 𝑛e ∙

d 𝑚e𝑐e 

d𝑡
 . (A.7) 

If a Gaussian beam distribution ℊ 𝑥, 𝑦,0  is applied, the number of 

electrons incident on a reference surface d𝑆 (cf. figure A.7) can be 

calculated from the total number of incident electrons, i.e. 𝑛e
tot =

ℐ 𝑒 ∙ d𝑡: 

𝑛e = 𝑛e
tot ∙   ℊ 𝑥, 𝑦,0  d𝑥

+𝑙

−𝑙

d𝑦
+𝑙

−𝑙

∙ ℰA 𝑧S,Z,E0,0°  (A.8) 



A   Supplementary Material Regarding Electron Beam Absorption 

198 

Here, ℐ is the electron beam current. The reference surface is defined by 

the limits of integration ±𝑙 as shown in figure A.7. Note that 𝑙 = ∞ and 

𝑧S = 𝑅 gives 𝑛e = 𝑛e
tot. The pressure p

e
 can then be expressed as: 

p
e

= ℐ 𝑒 ∙ 𝑚e𝑐e ∙
  ℊ 𝑥, 𝑦,0  d𝑥

+𝑙

−𝑙
d𝑦

+𝑙

−𝑙

d𝑆
∙ ℰA 𝑧S,Z,E0,0°  (A.9) 

The maximum value of p
e
 is obtained in the centre of the Gaussian 

distribution when 𝑙 goes to zero 

lim
𝑙→0

 
  ℊ 𝑥, 𝑦,0  d𝑥

+𝑙

−𝑙
d𝑦

+𝑙

−𝑙

d𝑆
 = lim

𝑙→0
 
  ℊ 𝑥, 𝑦,0  d𝑥

+𝑙

−𝑙
d𝑦

+𝑙

−𝑙

𝑙2𝜋
 =

2

𝜋2𝜍beam
2  , (A.10) 

where 𝜍beam is the standard deviation. With the above relations, p
e
 can 

finally be written as: 

p
e

=
2

𝜋2𝜍beam
2 ∙ ℐ 𝑒 ∙ 𝑚e𝑐e ∙ ℰA 𝑧S,Z,E0,0°  (A.11) 

As mentioned above, the thickness of the virtual surface layer 𝑧S is not 

known. Therefore, three different layer thicknesses are used in the 

subsequent analysis of the maximum pressure, i.e. 𝑧S = 0.1, 1.0 and 

10 µm. Electrons absorbed beyond these cut-off depths do not contribute 

to the pressure. 

The pressure as a function of the incident electron energy for an electron 

beam of width 𝑤 = 4 𝜍beam = 400 µm is shown in figure A.8. Here, 

curves are calculated from equation (A.11) for selected absorber materials 

without any restrictions concerning the virtual surface layer thickness 

(𝑧S = 𝑅), whereas points give the maximum value of p
e
 for all metals and 

metalloids when the above limiting conditions for 𝑧S are applied. Note 

that by reason of p
e

∝ ℐ, p
e
 is plotted per beam current ℐ. For beam 

currents of up to 20 mA, the maximum pressure inferred from the plot is 

of the order of 10 to 100 Pa. 
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Figure A.7: Schematic showing the fraction of electrons that contributes to the 

pressure p
e
 (a) in lateral direction (shaded volume) and (b) with virtual surface layer 

𝑧S (hatched area). 

 

 

Figure A.8: Pressure exerted on the target surface by impinging electrons in various 

elemental absorbers. The pressure is defined in terms of the beam current ℐ for an 

electron beam of width 𝑤 = 4 𝜍beam = 400 µm. Values in brackets are the means of 

𝑝𝑒 ℐ  for a given 𝑧S over all metals and metalloids considered. 
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Appendix B 

Supplementary Material Regarding 
Evaporation 

 

B.1 Knudsen layer jump conditions 

The Knudsen layer constitutes a gasdynamic discontinuity at the direct 

interface between the condensed and the vapour phase and can be 

modelled using macroscopic jump conditions. The evaporation model 

requires jump conditions for the temperature and the density for the 

calculation of the evaporation coefficient 𝜙 (eq. (4.8)) and the recoil 

pressure 𝑝recoil (eq. (4.13)). These jump conditions are denoted by 𝑇Kn 𝑇S  

and 𝜌Kn 𝜌S , respectively. In the following, all functions are defined in 

terms of the dimensionless velocity ℳKn (Knight 1979, Ytrehus and 

Ostmo 1996): 

ℳKn =  
 𝛾v

2
∙ 𝑀𝑎Kn (B.1) 

with  𝛾v being the ratio of specific heats and 𝑀𝑎Kn being the flow Mach 

number of the vapour at the exit plane of the Knudsen layer. For the 

Knudsen layer the following system of equations applies (Anisimov 1968, 

Luikov et al. 1971, Ytrehus 1975, Knight 1979): 

  
𝑇Kn

𝑇S

=  1 + 𝜋 ∙  
 𝛾v − 1

 𝛾v + 1
∙
ℳKn

2
 

2

−  𝜋 ∙
 𝛾v − 1

 𝛾v + 1
∙
ℳKn

2
 (B.2) 

 
𝜌Kn

𝜌S

=  
𝑇S

𝑇Kn

∙  
1

2
 2ℳKn

2 + 1 ∙ exp ℳKn
2  ∙ erfc ℳKn −

ℳKn

 𝜋
   

 +
1

2

𝑇S

𝑇Kn

∙  1 −  𝜋 ∙ ℳKn ∙ exp ℳKn
2  ∙ erfc ℳKn   (B.3) 
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 𝛽 ℳKn =   2ℳKn
2 + 1 −  𝜋 ∙ ℳKn ∙  

𝑇S

𝑇Kn

 ∙ exp ℳKn
2  ∙

𝜌S

𝜌Kn

 
𝑇S

𝑇Kn

 (B.4) 

 

 𝐹− ℳKn = exp −ℳKn
2  −  𝜋 ∙ ℳKn ∙ erfc ℳKn  (B.5) 

where erfc is the complementary error function. From the ideal gas law, 

the pressure in and the temperature of the vapour at the outer side of 

the Knudsen layer, 𝑝Kn and 𝑇Kn, can be expressed as 

𝑝Kn = 𝑝S ∙
𝜌Kn

𝜌S

𝑇Kn

𝑇S

,                   𝑇Kn = 𝑇S ∙
𝑇Kn

𝑇S

. (B.6) 

In figure B.1, the functions 𝛽 and 𝐹− are plotted against 𝑀𝑎Kn. 

 

 

Figure B.1: Functions 𝛽 and 𝐹− against the flow Mach number of the vapour at the 

exit plane of the Knudsen layer 𝑀𝑎Kn. 
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B.2 Mach number as a function of surface 

temperature 

In order to calculate the evaporation coefficient, the flow Mach number 

at the exit boundary of the Knudsen layer must be known. This Mach 

number is a function of the surface temperature, i.e. 𝑀𝑎Kn 𝑇S , and 

gradually increases from a value of 0 at temperature 𝑇S,0 to a maximum 

value of 1 at 𝑇S,1. Directly specifying 𝑀𝑎Kn 𝑇S  involves solving equations 

(4.5) and (4.9), which is difficult to accomplish. In figure B.2, 𝑀𝑎Kn 𝑇S  

has been computed for the vapour ablation plumes of pure titanium and 

aluminium using different processing gases. Conveniently, it turns out 

that the Mach number is approximately linearly dependent on 𝑇S, which 

finally allows for a much simpler function once 𝑇S,0 and 𝑇S,1 are 

determined. 

 

 

Figure B.2: Mach number plotted against the normalized surface temperature. 

Titanium and aluminium vapour plumes propagating into a helium or argon atmo-

sphere are considered. Note that there are two curves in each case, corresponding to 

a different fixed 𝑝a (0.1 Pa and 1 bar). 
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B.3 Evaporation recoil pressure — an 

alternative formulation 

In this work, the recoil pressure as a function of the flow Mach number 

at the downstream edge of the Knudsen layer, 𝑀𝑎Kn, is calculated using 

a formula derived in this thesis — equation (4.13) on page 58. An 

alternative formulation for the recoil pressure is given by Knight (1982): 

 𝑝recoil Knight'82 =
𝜌Kn

𝜌S

𝑇Kn

𝑇S

∙  1 + 𝛾v𝑀𝑎Kn
2   (B.7) 

Essentially the same equation is used by Jeong et al. (1998). In figure B.3, 

the two expressions are plotted; the recoil pressure calculated from 

equation (4.13) is close to that in equation (B.7) and displays a similar 

decrease with Mach number.  

 

 

Figure B.3: Recoil pressure as a function of the flow mach number at the exit plane 

of the Knudsen layer, 𝑝recoil 𝑀𝑎Kn , for a monatomic gas with 𝛾v = 5/3. The recoil 

pressure is given in units of the saturated vapour pressure 𝑝S. The solid line follows 

from equation (4.13) of this work, the broken line from Knight (1982). 
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B.4 Partial Gibbs free energies in the system 

Ti-Al-V 

Partial Gibbs free energies of the individual components in the system 

Ti‒Al‒V have been reported by Ivanchenko et al. (2003) as: 

∆𝐺Ti−Al−V
Ti  𝑇S,χ = 𝜒Al 1 − 𝜒Ti ∙  ℒTi−Al

 𝑛  𝑇S ∙  𝜒Al − 𝜒Ti 𝑛

2

𝑛=0

− 𝜒Al𝜒Ti 𝜒V + 2𝜒Al  ℒTi−Al
 1  𝑇S + 2ℒTi−Al

 2  𝑇S ∙  𝜒Al − 𝜒Ti  

− 𝜒Al𝜒V ∙  ℒAl−V
 𝑛  𝑇S ∙  𝜒Al − 𝜒V 𝑛

1

𝑛=0

− 𝜒Al𝜒V 𝜒Al − 𝜒V ∙ ℒAl−V
 1  𝑇S 

+ 𝜒V 1 − 𝜒Ti ∙  ℒTi−V
 𝑛  𝑇S ∙  𝜒Ti − 𝜒V 𝑛

1

𝑛=0

+ 𝜒Ti𝜒V 𝜒Al + 2𝜒V ∙ ℒTi−V
 1  𝑇S  

(B.8) 

 

∆𝐺Ti−Al−V
Al  𝑇S,χ = 𝜒Ti 1 − 𝜒Al ∙  ℒTi−Al

 𝑛  𝑇S ∙  𝜒Al − 𝜒Ti 𝑛

2

𝑛=0

+ 𝜒Al𝜒Ti 𝜒V + 2𝜒Ti  ℒTi−Al
 1  𝑇S + 2ℒTi−Al

 2  𝑇S ∙  𝜒Al − 𝜒Ti  

+  1 − 𝜒Al 𝜒V ∙  ℒAl−V
 𝑛  𝑇S ∙  𝜒Al − 𝜒V 𝑛

1

𝑛=0

+ 𝜒Al𝜒V 𝜒Ti + 2𝜒V ∙ ℒAl−V
 1  𝑇S 

− 𝜒Ti𝜒V ∙  ℒTi−V
 𝑛  𝑇S ∙  𝜒Ti − 𝜒V 𝑛

1

𝑛=0

+ 𝜒Ti𝜒V 𝜒V − 𝜒Ti ∙ ℒTi−V
 1  𝑇S  

(B.9) 
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∆𝐺Ti−Al−V
V  𝑇S,χ = −𝜒Al𝜒Ti ∙  ℒTi−Al

 𝑛  𝑇S ∙  𝜒Al − 𝜒Ti 𝑛

2

𝑛=0

− 𝜒Al𝜒Ti 𝜒Al − 𝜒Ti  ℒTi−Al
 1  𝑇S + 2ℒTi−Al

 2  𝑇S ∙  𝜒Al − 𝜒Ti  

+ 𝜒Al 1 − 𝜒V ∙  ℒAl−V
 𝑛  𝑇S ∙  𝜒Al − 𝜒V 𝑛

1

𝑛=0

− 𝜒Al𝜒V 2𝜒Al + 𝜒Ti ∙ ℒAl−V
 1  𝑇S 

+ 𝜒Ti 1 − 𝜒V ∙  ℒTi−V
 𝑛  𝑇S ∙  𝜒Ti − 𝜒V 𝑛

1

𝑛=0

− 𝜒Ti𝜒V 𝜒Al + 2𝜒Ti ∙ ℒTi−V
 1  𝑇S  

(B.10) 

Here, χ =  𝜒Ti, 𝜒Al, 𝜒V . In the present work, only the alloy system Ti-Al 

is considered. Equations (4.25) and (4.26) on page 64 are expressions for 

the binary system Ti‒Al and can also be obtained by neglecting 

vanadium in equations (B.8) and (B.9), i.e. inserting 𝜒V = 0. The 

parameters ℒ  𝑛  𝑇S  are given in table B.1. 

 

Table B.1: Temperature dependent mixing parameters for calculating the partial 

Gibbs free energy in the binary systems Ti‒Al, Al‒V and Ti‒V in the liquid state. 

ℒ  𝑛  𝑇S  is in J/mol. Data taken from Ansara et al. (1998). 

system  ℒ  0  𝑇S  ℒ  1  𝑇S  ℒ  2  𝑇S   

            Ti‒Al  −108,250 + 38 ∙ 𝑇S −6,000 + 5 ∙ 𝑇S 15,000  

Al‒V  −50,725 + 9 ∙ 𝑇S −15,000 + 8 ∙ 𝑇S ‒  

Ti‒V  1,400 4,100 ‒  
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B.5 Calculation of temperatures 𝑻S,0 and 𝑻S,1 in 

alloys 

In multi-component systems, both the onset temperature of evapora-

tion, 𝑇S,0
𝛼 , and the temperature 𝑇S,1

𝛼  when 𝑀𝑎Kn
𝛼 = 1 is attained are 

dependent on the local chemical composition of the alloy. Since the 

chemical composition is constantly changing due to evaporation, these 

two temperatures would need to be recalculated in every interface cell 

and time step. This can become computationally demanding, especially 

when employing iterative procedures. Hence, this appendix proposes a 

technique to ease the computational burden. 

Provided that the surface temperature is significantly below the critical 

temperature 𝑇crit, which normally is the case in SEBM/SLM processes, 

the Clausius-Clapeyron equation (eq. (4.5) on p. 52) gives a linear 

relationship between log 𝑝S
𝛼  and 1 𝑇S , that is 

log 𝑝S
𝛼 ∝ − 1 𝑇S         or        log 1 𝑝S

𝛼  ∝ 1 𝑇S . (B.11) 

This also holds for the temperatures 𝑇S,0
𝛼  and 𝑇S,1

𝛼 . For the onset 

temperature, it is straightforward to establish that log 𝜒𝛼𝛾act
𝛼  ∝ 1 𝑇S,0

𝛼 . 

Here, 𝑝partial
𝛼 = 𝜒𝛼𝛾act

𝛼 ∙ 𝑝S
𝛼 𝑇S,0

𝛼   as per equation (4.15) and the condition 

𝑝a = 𝑝partial
𝛼  were employed. Likewise, the same proportionality applies to 

𝑇S,1
𝛼 , but with an offset because of the Knudsen layer jump conditions. 

These proportionalities are plotted in figure B.4 for titanium and 

aluminium within the binary system Ti‒Al. Note that the activity 

coefficient is a function of both the temperature and the chemical 

composition, i.e. 𝛾act
𝛼 = 𝛾act

𝛼  𝑇S,χ . Finally, the problem is simplified to 

computing four unique tuples   𝜒𝛼𝛾act
𝛼 ,  𝑇S, 𝑛

𝛼  
𝑛= 0,1 

  in the parameter 

space of every alloying element 𝛼 at the start of a computation. 

Intermediate values of 𝑇S,0
𝛼  and 𝑇S,1

𝛼  can then be found by interpolation. 

As noted in subsection 4.1.4 and shown in appendix B.2, the Mach 

number is well approximated as being linear between 𝑇S,0
𝛼  and 𝑇S,1

𝛼 . 

Accordingly, values of 𝑀𝑎Kn
𝛼  𝑇S  can be interpolated between 𝑇S,0

𝛼  and 

𝑇S,1
𝛼  as required by the model. 
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Figure B.4: Temperatures 𝑇S,0 and 𝑇S,1 as a function of the activities of titanium and 

aluminium in the system Ti‒Al. The atmosphere is helium with 𝑝a = 0.2 Pa and 

𝑇a = 298 K. 

 

B.6 Stability criteria 

In this appendix, we derive the stability requirements for modelling 

hydrodynamic and thermodynamic systems with the lattice Boltzmann 

method. The conditions have already been given in section 4.4 of this 

work. The following expressions are used in the derivation of the 

stability criteria: 

Δ𝑝∗ ≲ 0.1 ∙ 𝑝∗ (B.12) 𝑝∗ = 𝜌∗ ∙ 𝑐L
∗2 (B.13) 

 

𝛾∗ = 𝛾 ∙
∆𝑡2

𝜌∆𝑥3
 (B.14) 𝑝recoil

∗ = 𝑝recoil ∙
∆𝑡2

𝜌∆𝑥2
 (B.15) 

 

𝜇∗ = 𝜇 ∙
∆𝑡

𝜌∆𝑥2
 (B.16)   
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where ∆𝑥 is the grid spacing, ∆𝑡 the time step, Δ𝑝 the change in 

pressure, 𝑝 the absolute pressure, 𝜌 the mass density, 𝑐L the lattice speed 

of sound, 𝛾 the surface tension and 𝜇 the dynamic viscosity. All variables 

superscripted by an asterisk are dimensionless. The condition in 

equation (B.12) is from Succi (2001). Remaining parameters are: 

 ∆𝑥∗ = 1 ∆𝑡∗ = 1  

 𝜌∗ = 1 𝑐L
∗2 = 1

3   

Laplace pressure 

The stability condition for the Laplace pressure is derived using 

equations (B.12) and (B.13) and the Young-Laplace equation 

Δ𝑝∗ = 𝛾∗ ∙ 𝜅∗, giving 

𝛾∗ ∙ 𝜅∗ ≤ 0.1 ∙ 𝜌∗𝑐L
∗2. (B.17) 

Substituting the dimensionless surface tension from equation (B.14) into 

(B.17), we find 

𝛾 ∙
∆𝑡2

𝜌∆𝑥3
∙ 𝜅∗ ≤ 0.1 ∙ 𝜌∗𝑐L

∗2.  

Here, ∆𝑡 represents a maximum time step used to obtain a necessary 

condition for numerical stability, i.e. ∆𝑡 ≡ ∆𝑡max. In order to define a 

sufficient condition that guarantees robust feasibility and stability, 

however, we employ ∆𝑡 ≡ ∆𝑡max 2 , so that above equation becomes 

𝛾 ∙
 2∆𝑡 2

𝜌∆𝑥3
∙ 𝜅∗ ≤ 0.1 ∙ 𝜌∗𝑐L

∗2,  

 

∆𝑡2 ≤
1

4
∙
0.1 ∙ 𝜌∗𝑐L

∗2

𝜅∗
∙
𝜌 ∙ ∆𝑥3

𝛾
. (B.18) 

Recoil pressure 

The stability condition for the recoil pressure is derived from equations 

(B.12) and (B.13) and the dimensionless recoil pressure in equation (B.15). 

In the lattice Boltzmann formulation used in this work, the recoil 

pressure is treated as a change in the local gas pressure, that is, as a 
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pressure difference. Hence, again utilizing ∆𝑡 ≡ ∆𝑡max 2  for establishing 

a necessary and sufficient condition for stability, we can write 

𝑝recoil
∗ ≤ 0.1 ∙ 𝜌∗𝑐L

∗2,  
 

𝑝recoil ∙
 2∆𝑡 2

𝜌∆𝑥2
≤ 0.1 ∙ 𝜌∗𝑐L

∗2,  

 

∆𝑡2 ≤
1

4
∙ 0.1 ∙ 𝜌∗𝑐L

∗2 ∙
𝜌 ∙ ∆𝑥2

𝑝recoil

. (B.19) 

Momentum diffusion 

The derivation of the stability condition for the momentum diffusion 

rests upon the assumption of shear flow of a Newtonian fluid. In a 

uniformly spaced numerical grid, this shear flow is described by the 

equation Δ𝑝∗ = 𝜇∗ ∙ ∆𝑢∗ ∆𝑥∗ , where the flow velocity is taken to be 

∆𝑢∗ = 1
2 ∙ ∆𝑥∗ ∆𝑡∗ . In dimensionless units, ∆𝑥∗ = 1 and ∆𝑡∗ = 1, so that 

this expression reduces to Δ𝑝∗ = 1
2 ∙ 𝜇∗. Substitution in equation (B.12) 

and use of equation (B.16) and ∆𝑡 ≡ ∆𝑡max 2  yields 

1

2
𝜇∗ ≤ 0.1 ∙ 𝜌∗𝑐L

∗2,  

 

1

2
𝜇 ∙

 2∆𝑡 

𝜌∆𝑥2
≤ 0.1 ∙ 𝜌∗𝑐L

∗2,  

 

∆𝑡 ≤ 0.1 ∙ 𝜌∗𝑐L
∗2 ∙

𝜌 ∙ ∆𝑥2

𝜇
. (B.20) 

Viscous relaxation time 

The relation between viscous relaxation time 𝜏F and the kinematic 

viscosity 𝜈 = 𝜇 𝜌  is defined by equation (2.7) in section 2.2 as 

 𝜈 = 𝑐L
2 ∆𝑡 ∙  𝜏F − 0.5 , (B.21) 

with 𝑐L = 𝑐L
∗ ∙ Δ𝑥 Δ𝑡 . Application of 𝜏F ≥ min 𝜏F = 0.52 (Lallemand and 

Luo 2000) immediately leads to 
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∆𝑡 ≥ 𝑐L
∗2 ∙  min 𝜏F − 0.5 ∙

𝜌 ∙ ∆𝑥2

𝜇
. (B.22) 

Thermal diffusion 

The stability condition for the thermal diffusion is governed by the 

inequality 

 𝑙th ≤  ∆𝑥, (B.23) 

where 𝑙th is the thermal diffusion length 

𝑙th =  4 ∙
𝜆

𝜌𝑐p

∆𝑡 , (B.24) 

with the thermal conductivity 𝜆 and the specific heat capacity 𝑐p. For 

establishing a necessary and sufficient condition for stability, we again 

use ∆𝑡 ≡ ∆𝑡max 2 , and so we have 

 8 ∙
𝜆

𝜌𝑐p

∆𝑡 ≤ ∆𝑥,  

 

∆𝑡 ≤
1

8
∙
𝜌𝑐p

𝜆
∙ ∆𝑥2. (B.25) 

Thermal relaxation time 

The stability condition arising from the thermal relaxation time 𝜏H is 

analogous to that described for the viscous relaxation time 𝜏F, except 

that now the thermal diffusivity 𝜆 𝜌𝑐p  is used instead of the kinematic 

viscosity. The resulting expression is  

∆𝑡 ≥ 𝑐L
∗2 ∙  min 𝜏H − 0.5 ∙

𝜌𝑐p

𝜆
∙ ∆𝑥2, (B.26) 

with the requirement 𝜏H ≥ min 𝜏H = 0.52 as per Lallemand and Luo 

(2000). 
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B.7 Stability maps 

Stability maps for aluminium, Ti-6Al-4V and Ti-48Al-2Cr-2Nb are 

shown in figures B.5 and B.6. The underlying stability criteria are 

detailed in equations (4.45) to (4.50) in section 4.4 and in appendix B.6. 

The lower bound is determined by the viscous relaxation time 𝜏F; the 

upper bounds are defined by the recoil pressure of the evaporating 

species (denoted by 𝑇S in the figures), the Laplace pressure, the 

momentum diffusion and the thermal diffusion length 𝑙th. The thermal 

diffusion length uses values of 𝜆, 𝜌 and 𝑐p in the liquid state. The weak 

formulation of the Laplace pressure uses a curvature value of 𝜅∗ = 1
10 , 

the strong one a value of 𝜅∗ = 1. In each case, the dark-shaded areas 

represent the stable region in the parameter space of ∆𝑥 and ∆𝑡 with no 

restrictions imposed on the numerical set-up. If, however, the flow 

velocity is expected to be relatively low, which implies that maximum 

temperatures are also low, and no powder bed is included, then stability 

may already be established within the light-shaded region. 

 

 

Figure B.5: Stability map for aluminium at elevated temperatures. Recoil pressures 

are 𝑝recoil(2500 K) = 0.15 bar, 𝑝recoil(3000 K) = 2.3 bar and 𝑝recoil(3500 K) = 18 bar. 
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Figure B.6: Stability maps for Ti-6Al-4V and Ti-48Al-2Cr-2Nb at elevated tempera-

tures. Recoil pressures at 3000 K, 3500 K and 4000 K are 0.30 bar, 3.8 bar and 28 bar 

for Ti-6Al-4V and 1.3 bar, 12 bar and 70 bar for Ti-48Al-2Cr-2Nb, respectively. The 

stability condition for the recoil pressure (𝑇S) is essentially that of the aluminium 

component, since aluminium, despite its lower content, generates the highest recoil. 
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Appendix C 

Material Parameters 

 

The physical properties of the materials used for the numerical 

calculations within this work are given in table C.1. The mean atomic 

number of an alloy is defined by (ICRU 1984) 

𝑍 =

  𝜔𝛼  𝑍𝛼 2

𝑀A
𝛼  𝛼∈𝛤

  𝜔𝛼 𝑍𝛼

𝑀A
𝛼 𝛼∈𝛤

 . (C.1) 

in which 𝛤 are the alloying elements in the alloy, 𝜔𝛼  is the mass fraction 

of species 𝛼 and 𝑀A
𝛼  its molar mass. All further material properties such 

as an alloy’s atomic mass or its density are given by the mean values 

weighted by mass fraction. Note that in the instance of Ti-48Al-2Cr-2Nb 

some properties are those of alloys of comparable chemical composition. 

Thermal conductivities are plotted in figure C.1 as a function of 

temperature, where the numerical calculations deploy values defined by 

a set of linear fit curves, cf. table C.2. Due to the lack of data at elevated 

temperatures, simulations with pure titanium as target material use the 

thermal conductivity of Ti-6Al-4V. It is to emphasize that at interme-

diate temperatures thermal conductivities of pure titanium can signifi-

cantly deviate from those of Ti-6Al-4V; however, this is not accounted 

for in the numerical computations presented herein. Where applicable, 

values within the gap between the solidus and liquidus temperatures are 

obtained by linearly interpolating between 𝜆 𝑇sol  and 𝜆 𝑇liq . The 

specific heat of vaporization and its dependence on temperature is 

shown in figure C.2. The curves are calculated using equation (4.29) on 

page 68 and 𝑇crit and 𝐿vap,0 as listed in table C.1. Table C.3 includes data 

on the atomic mass (𝑚A) and the van der Waals radius (𝑟) of the 

processing gases used in this work, helium and argon. 
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Table C.1: Physical properties as used for the numerical calculations. The references 

for the parameters are denoted by bracketed numbers and are listed at the end of the 

table. 

Property  pure Al pure Ti Ti-6Al-4V Ti-48Al-2Cr-2Nb  

𝑍   13  1  22  1  21.47  1,†  19.81  1,†   

𝑚A
 u  26.98154  1  47.9  1  46.77  1,‡  43.19  1,‡   

𝜌 RT kg/m³  2700  2  4506  2  4457  2,‡  4170  2,‡   

𝜌 l kg/m³  2380  1  4130  1  4122  11  3780  1,‡   

𝜌 boil kg/m³  1753  1  3777  1  ‒ ‒  

𝜇 mPa·s  1.3  3  3.3  7  4.76  12  9.2  12   

𝛾 J/m²  1.031  4  1.52  4  1.52  12  1.28  12   

𝑇sol K  ‒ ‒ 1878  13  1734  16   

𝑇liq K  933  1  1940  8  1928  13  1825  16   

𝑇boil K  2726  1,#  3558  8  ‒ ‒  

𝑇crit K  6700  5  7890  9  7845  5,9,‡  7623  5,9,‡   

𝑐p,s
  ⋆  J/(kg K)  1039  6  660  10  670  14  661  17,⋄   

𝑐p,l J/(kg K)  1177  6  966  10  1126  15  1147  17,⋄   

𝐿fus kJ/kg  390  1  305  1  290  15  377  18   

𝐿vap,0 kJ/kg  11,600  1,⋇  9,700  1,⋇  9,820  1,‡  10,190  1,8,‡   

⋆ Average value over the temperature range 𝑇RT to 𝑇liq. 
† Mean atomic number as per equation (C.1). 

‡ Mean value weighted by mass fraction. 

# Boiling point determined from the empirical vapour pressure from Iida and Guthrie 
(1988), p 88. 

⋄ Specific heat capacities of Ti-44Al-8.1Nb-1B. 

⋇ Extrapolated value at zero temperature, calculated using equation (4.4) on p 51 of this 
work. 

Ref.: (1) Iida and Guthrie (1988), (2) Lide (2010), (3) Battezzati and Greer (1989), (4) Lu and 

Jiang (2005), (5) Morel et al. (2009), (6) Desai (1987a), (7) Ishikawa et al. (2012), 
(8) Brandes and Brook (1992), (9) Ablesimov et al. (1998), (10) Desai (1987b), (11) Li et al. 

(2006), (12) Wunderlich (2008), (13) Boyer et al. (1998), (14) Rai et al. (2009a), 
(15) Boivineau et al. (2006), (16) Overton (2006), (17) Cagran et al. (2003), (18) Wang and 
Wei (2002). 
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Figure C.1: Thermal conductivities of pure titanium ( Ermolaev 1974,  Boyer et al. 

1998) and the alloys Ti-6Al-4V (Boivineau et al. 2006) and Ti-47Al-4(Nb,W,B) 

(Zhang et al. 2001), top, and of pure aluminium ( Powell et al. 1966,  Meydaneri et 

al. 2010), bottom, and their dependence on temperature. 
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Table C.2: Best-fit linear curves of thermal conductivities; the curves obey 

𝜆 𝑇 = 𝜆0 + 𝑇 ∙
d

d𝑇
𝜆. 

Material  𝜆0  in  
W

mK
 

d

d𝑇
𝜆  in  10−3 

W

mK2 Temperature range  

      pure Al  261.6 −54.0 solid state  
  63.0 30.0 liquid state  

      Ti-6Al-4V / pure Ti  −0.3 14.6 solid state  

  −6.7 18.3 liquid state  

      Ti-48Al-2Cr-2Nb  12.3  #  11.7  #  solid/liquid state  

# Values of Ti-47Al-4(Nb,W,B). 

 

 

Figure C.2: Specific heat of vaporization as a function of temperature. Data from 

 Iida and Guthrie (1988) and  Brandes and Brook (1992) for pure aluminium and 

titanium. 

 
Table C.3: Atomic mass and van der Waals radius of helium and argon. Data from 

Lide (2010). 

Property  Helium Argon  

      𝑚A
 u  4.003 39.948  

𝑟 Å  1.40 1.88  
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Appendix D 

Additional Results from the 
Validation Experiments 

 

D.1 Electron beam width as a function of beam 

power 

The following table D.1 lists the electron beam width, 𝑤 ≡ 4 𝜍beam, as 

generated by the electron gun of the Arcam EBM S12 system using a 

tungsten filament at given beam powers 𝑃beam. Values of 𝑤 were 

determined by comparing simulated evaporative mass losses in samples 

of pure aluminium and titanium with those from experimental measure-

ments. 

The increase in beam width with the beam power leads to a local 

maximum in beam irradiance. This is shown in figure D.1. In accordance 

with equation (5.2) in section 5.3, which relates the 4 𝜍beam width of the 

electron beam to 𝑃beam, the beam irradiance reaches its maximum at 

𝑃beam = 675 W. Thus, the electron gun utilized in the EBM machines in 

the framework of this work was capable of developing maximum beam 

irradiances of about 5  109 to almost 1010 W/m², depending on the 

irradiation area used for normalization. 
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Table D.1: Width of the electron beam 𝑤 ≡ 4 𝜍beam as a function of beam power. 

𝑃beam in W 
𝑤 𝑃beam  in µm  

pure Al pure Ti  

     150  − 364  

225  − 370  

300  375 372  

375  390 385  

450  396 379  

525  405 391  

600  415 400  

675  425 423  

750  458 448  

825  500 482  

900  552 550  

975  594 604  

1050  640 −  

1200  700 −  

      

 

Figure D.1: Beam irradiance as a function of beam power for the tungsten ribbon 

filament deployed in the experiments in this work. Plots calculated from equation 

(5.2) (see section 5.3) using two different reference areas. The reference areas were 

the areas beneath the two-dimensional Gaussian intensity distribution, with diame-

ters of 4 𝜍beam and the FWHM width of the electron beam. 
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D.2 Additional element maps 

Figure D.2 displays a set of microprobe images of the main constituents 

of Ti-6Al-4V, i.e. titanium, aluminium and vanadium. These are 

supplementary to those provided in section 5.4 where the analyses of 

multi-component evaporation in metallic alloys was carried out. As for 

the experimental set-up, which is described in more detail in subsection 

5.1.1, the specimens were locally melted using a 60 kV electron beam 

with a beam power of 450 W and a scanning speed of 3 m/s. Samples 

were taken after 100 (left) and after 200 (right) melting operations. The 

melted and re-solidified region of the single tracks is clearly visible in 

the element maps. In addition, a micrograph cross-section of the single 

track after 200 cycles is shown. 

Figure D.2: Micrograph and microprobe images of the cross-section of a single 

track melted in a solid sample of Ti-6Al-4V. The element maps show concentrations 

of titanium, aluminium and vanadium. The hash sign denotes the number of mel-

ting operations. Microprobe measurements were carried out using spatial resolu-

tions of 1 µm for # = 100 and 2 µm for # = 200. 
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The chemical composition of the samples within the melted region of 

the single track is provided in table D.2. The average aluminium content 

decreases with the number of melting operations as obtained by the 

microprobe measurements, while the average titanium and vanadium 

contents increase. 

 

Table D.2: Chemical composition of the Ti-6Al-4V sample within the region of the 

re-solidified melt bath of the single track as a function of the number of melting 

operations (#). Data obtained by arc/spark OES and by microprobe analysis. Values 

are means ± standard deviation of at least three separate measurements each. 

#  Ti (wt.-%) Al (wt.-%) V (wt.-%) bal. (wt.-%)  

arc/spark OES measurements: 

−  89.56 ± 0.06 5.94 ± 0.04 4.26 ± 0.03 0.24  

       
microprobe measurements: 

−  89.55 ± 0.09 5.96 ± 0.03 4.28 ± 0.08 0.21  

5  89.66 ± 0.08 5.35 ± 0.04 4.33 ± 0.01 0.65  

100  92.23 ± 0.24 2.57 ± 0.12 4.74 ± 0.06 0.46  

200  92.34 ± 0.08 2.03 ± 0.20 5.08 ± 0.02 0.55  

 

D.3 Impact of limiting the activity coefficient 

of aluminium in the alloy Ti-6Al-4V 

An important parameter controlling the partial vapour pressures in 

multi-component systems is the activity coefficient 𝛾act
𝛼 , where 𝛼 denotes 

a particular species in the alloy. The following numerical experiment 

examines the role of the activity coefficient of aluminium 𝛾act
Al  in 

influencing evaporative losses and, finally, the chemical composition in 

Ti‐6Al‐4V. The experimental procedure is outlined in subsection 5.1.1. 

The reference case used activity coefficients calculated as per equations 

in subsection 4.2.2. During melting, the activity coefficient of aluminium 

 



D   Additional Results from the Validation Experiments 

223 

 

Figure D.3: Numerically computed evaporative mass loss in a Ti-6Al-4V sample 

irradiated by a 60 kV electron beam (𝑃beam = 450 W, 𝑣y = 3.0 m/s). The left panel 

shows the total mass loss as a function of the number of melting operations and the 

right panel the mass loss per unit length. Curves designated max 𝛾act
Al  ≡ 1 represent 

simulations in which the upper limit to the activity coefficient of the aluminium 

component was 1. 

 

peaked at values of about 1.5. This case is compared to a simulation in 

which 𝛾act
Al  was limited to values of 𝛾act

Al ≤ 1; here, the activity coefficient 

of titanium remained unaffected. Simulation results are plotted in 

figures D.3 and D.4. Computations using max 𝛾act
Al  ≡ 1 yield slightly 

lower loss of aluminium and, by virtue of an increased peak tempera-

ture, a higher loss of titanium. The total mass loss agrees to within 3 % 

with that of the corresponding simulation where no such restriction was 

made. The same observations apply to the mass loss per unit length as is 

evident from the plot in the right panel of figure D.3. The aluminium 

content drops off with the number of melting operations and 

approaches a value of 𝜔 Al ≈ 2.0 wt.-% as determined by microprobe 

measurements and 𝜔 Al ≈ 1.5 wt.-% as predicted by the simulation. The 

minimum aluminium concentration is about 0.5 wt.-% after 200 cycles. 

Both the reference case and the simulation with max 𝛾act
Al  ≡ 1 show 

similar overall behaviour. 
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Figure D.4: Aluminium content in the melt bath of a single track against the 

number of melting operations, where 𝜔 Al is the average concentration and min 𝜔Al  

the minimum concentration. Process parameters are the same as in figure D.3. 

Experimental data obtained using microprobe analysis, cf. table D.2. 

 

D.4 Melt pool dimensions and error 

evaluation 

This section includes supplementary data regarding the depths (𝔪d) and 

widths (𝔪w) of the melted region of single tracks generated in bulk 

samples of Ti-6Al-4V. The details of the process can be found in section 

5.5 of this work. 

Maximum melt pool depths and widths are plotted in figures D.5 and 

D.6 against the scanning speed of the electron beam for different beam 

powers 𝑃beam. Note that due to the broadening of the electron beam with 

beam power, the melt depth at constant line energy is greatest at 600 W 

and it decreases when the beam power is further increased. In contrast, 

the width of the melt track continuously increases with 𝑃beam. 
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Figures D.7 and D.8 display the error in 𝔪d and 𝔪w, respectively. The 

numerical error is given by 

𝛿𝔪𝑑
num =

 𝔪d
num ± ∆𝑥 − 𝔪 d

exp

𝔪 d

exp , (D.1) 

where ∆𝑥 accounts for an uncertainty of one computational cell and 𝔪 d 

is the mean melt pool depth. The superscripts exp and num denote 

whether the parameter is from the experiments or the numerical 

calculations. Deviations in the experimental data result from the range 

of 𝔪d
exp

 observed, i.e. from min 𝔪d
exp

  and max 𝔪d
exp

 . These deviations 

are symmetrical about 𝛿𝔪𝑑 = 0 because there are only two data points 

per parameter set. The numerical error in the maximum melt pool width 

is calculated analogous to the expression in equation (D.1). 

 

Figure D.5: Computed maximum melt pool depths of continuous single tracks in 

dense Ti-6Al-4V samples for different electron beam powers and scanning speeds. 

Comparison of numerical results with and without evaporation. 
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Figure D.6: Maximum melt pool widths of the continuous single tracks from figure 

D.5. Comparison of numerical results (with and without evaporation) with measured 

data. Measurement uncertainties are smaller than the symbols used. 
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Figure D.7: Error between experimental and computed 𝔪d values for different beam 

powers. 
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Figure D.8: Error between experimental and computed 𝔪w values for different beam 

powers and line energies. Note that 𝛿𝔪𝑤
num is not shown in the graph because it is 

negligibly small. 
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Appendix E 

Péclet and Schmidt Numbers in SEBM 

 

This appendix deals with the significance of transport phenomena in 

selective electron beam melting (SEBM). The focus is on mass transfer 

by diffusion as compared to that by advection. The dimensionless 

numbers relevant in this analysis are the Péclet and the Schmidt 

numbers. These are defined in equation (4.34) on page 71 and read 

 𝑃𝑒 x, 𝑡, 𝑇 =
∆𝑥 ∙  u x, 𝑡  

𝐷 𝑇 
        and         𝑆𝑐 𝑇 =

𝜇

𝜌 ∙ 𝐷 𝑇 
, (E.1) 

where x is the lattice site, 𝑡 is the time and 𝑇 is the temperature, with 

𝑇 ≡ 𝑇 x, 𝑡 . The dynamic viscosity  𝜇 and the mass density 𝜌 are 

constants. The diffusion coefficient is calculated according to an 

approximation formula given for the alloy Ti-6Al-4V in Ivanchenko et al. 

(2003): 

 𝐷 𝑇 = 10−9
 
m2

s
∙ exp  

250 
kJ

mol

𝑅g

∙  
1

𝑇liq

−
1

𝑇
   (E.2) 

where 𝑅g is the gas constant in J/(mol K) and 𝑇liq is the liquidus 

temperature of the alloy. Note that the value 10-9 m2 s-1 represents the 

mass diffusivity at the liquidus. 

Figure E.1 shows simulated cross-sections of single tracks melted in a 

solid substrate of Ti‐6Al‐4V at successive times using two different beam 

parameters. The examples are representative of SEBM, except that the 

powder has been omitted. The numerical results were taken from the 

computations presented in section 6.1. In a first approximation, Péclet 

and Schmidt numbers are of the same order of magnitude. This follows 

from the fact that the local Reynolds number varies between about 0.1 

and 10. Generally, since the Péclet number is a direct function of the 
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flow velocity, it is more severe than the Schmidt number. Thus, the 

present investigation only involves the Péclet number. 

The plots in figure E.1 indicate that as melting commences, the Péclet 

number within the hotspot of the electron beam is 𝑃𝑒 < 1. In this region, 

mass transport would be clearly dominated by diffusion. The low Péclet 

number is a result of an extremely low flow velocity (with Reynolds 

numbers ⋘ 1) and a high temperature and hence high diffusivity. 

However, once the momentum recoil of the vapour plume becomes 

large enough to accelerate the melt radially outwards, which occurs 

Figure E.1: Péclet (𝑃𝑒) and Schmidt (𝑆𝑐) numbers within the melt pool of a single 

track at different beam positions, given in units of 𝜍beam. The substrate material is 

Ti‐6Al‐4V. 
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roughly in the centre of the electron beam, the Péclet number increases 

to 𝑃𝑒 ≫ 1. This condition persists as long as melt flow is maintained due 

to the combination of evaporation recoil pressure and Laplace pressure. 

In consideration of these results, the question arises as to whether it is 

necessary to account for mass transport by diffusion. Since in a powder 

bed, melt flow is additionally driven by capillary action, the flow velocity 

can be expected to be relatively high once a melt pool is formed. That is, 

𝑃𝑒 and 𝑆𝑐 numbers can be assumed to be > 1 throughout. Although 

diffusion is at least temporarily a dominant transport mechanism, it is of 

secondary importance during the melting stage in an SEBM process. 
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Appendix F 

Selective Melting of the Alloy 
Ti-48Al-2Cr-2Nb 

 

F.1 Particle size distribution 

Figure F.1 plots the particle size distribution of the virgin 

Ti-48Al-2Cr-2Nb powder measured using a Zetasizer Nano ZS 

instrument (Malvern Instruments Ltd., Worcestershire, UK). In the 

SEBM experiments, loose, un-fused powder is recycled back into the 

process upon completion of a build. The quantity of fines, i.e. particles 

with diameters below about ~20 µm, is likely to be reduced due to 

repeated recycling. 

 

F.2 SEBM process parameters for peak 

temperature evaluation 

Table F.1 presents the complete list of SEBM process parameters used for 

the numerical evaluation of the average peak temperature during 

melting of a layer of Ti-48Al-2Cr-2Nb powder, cf. figure 6.7 in subsection 

6.3.2. 
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Figure F.1: Particle size distribution of the as-received Ti-48Al-2Cr-2Nb powder. The 

dashed line indicates the volume median diameter 𝐷v50, which is 74.5 µm. 

 

Table F.1: Full set of SEBM parameters for the simulation runs in figure 6.7 in 

subsection 6.3.2. 

 
𝑃beam 
in W 

𝑣y 

in m/s 

ℓoff 
in µm 

𝐸ℓ 
in J/m 

𝐸𝒶 
in J/mm² 

 

         128 3.125 4.6875   

  96 4.16  6.25   

  80 5 7.5   

  64 6.25 9.375   

  48 8.3  12.5   

  40 10 15   

  32 12.5 18.75   

 
600 

24 16.6  25 
1.5 

 

 20 20 30  

  16 25 37.5   

  12 33.3  50   

  8 50 75   

  6 66.6  100   

  4 100 150   

  2.6  150 225   

  2 200 300   
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F.3 Additional data on the selective melting of 

single layers 

Figure F.2 shows typical frequency distributions of predicted tem-

peratures encountered inside a melt bath. The analysis was performed 

on the example of a representative melt track. Here, the electron beam 

pass investigated is the 12th scan line in the first layer deposited on a flat 

substrate. The scanning parameters in the simulation were 

𝑃beam = 600 W and 𝑣y = 4.0 m/s and the hatch spacing was 100 µm. All 

other settings are detailed within subsection 6.3.1 on p. 139. The material 

was Ti‐48Al‐2Cr‐2Nb, whereby comparison was made between melting 

of compact material and consolidation of a layer of powder particles 

having an effective layer thickness of 100 µm. The histograms in figure 

F.2 represent different points in time, given in terms of the position of 

the electron beam central axis relative to the simulated 2D plane in units 

of the standard deviation 𝜍beam. Regarding evaporative losses, the most 

important factors are the maximum value of the temperature and the 

period of time the melt bath remains at an elevated temperature. 

Heating of the target was found to be almost independent of whether 

the applied layer consisted of compact material or of individual powder 

particles. The temperature reached its peak value when the beam was 

about to pass the 2D plane between 0  𝜍beam and 1  𝜍beam. However, 

almost as soon as the temperature in the molten metal had started to 

decrease, significant differences in the temperature distribution between 

the compact and the powder layer became apparent. This is a 

consequence of the reduced effective thermal conductivity of the 

powder bed, where the transfer of heat is inhibited by the decreased 

contact area between powder particles. In response to the lower effective 

conductivity, the melt pool in the powder bed was considerably hotter 

during the cooling phase, thus leading to higher evaporative losses. 

Additionally, table F.2 summarizes the computed melt pool cross-

sections and the maximum temperatures corresponding to the graphs in 

figure F.2. Clearly, in the case of the powder bed, the molten pool was 

larger than the pool obtained when fusing compact material. This is 

important when evaluating the average aluminium content. 
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Figure F.3 displays the re-melting depth as a function of the distance in 

hatch direction, 𝑥. The re-melting depth is the maximum depth attained 

in the bulk substrate underlying the current layer. Hence, it defines the 

overlap between successive layers. In the plot, each data point consti-

tutes a single scan line. The simulations employed three different sets of 

scanning parameters, while maintaining the energy input per area 

constant at 𝐸𝒶 = 1.5 J/mm². Although the re-melting depth decreased 

with decreasing hatch spacing (from left to right), there was, in every 

Figure F.2: Frequency distributions of computed temperatures within a melt pool 

at different beam positions, given in units of 𝜍beam. Scanning parameters are 

𝑃beam = 600 W, 𝑣y = 4.0 m/s and ℓoff = 100 µm. Temperature data obtained from 

the 12th scan line during melting of compact material and one layer of powder. 
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instance, sufficient overlap, so that no porosity could be observed after 

the first layer. Furthermore, the results suggest that in a powder bed the 

re-melting depth tends to be larger than in compact material. This is due 

to the increased thermal resistance of a powder bed in general. Also, the 

melt depth was seen to build up over the course of the scanning proce-

dure. In particular, this holds for the selective melting using a low hatch 

spacing. Provided 𝐸𝒶 is constant, it is reasonable to conclude that the 

lower the hatch spacing and thus the line energy, the more the melting 

efficiency depends on the residual heat from the previous scan line(s).  

 

Table F.2: Predicted melt cross-sections and maximum temperatures during 

scanning of a section of compact Ti‐48Al‐2Cr‐2Nb and a powder layer of the same 

material. Scanning parameters as in figure F.2. Data taken from the 12th melt track. 

Time 𝑡 = 0 s was the beginning of the numerical experiment. The position of the 

electron beam central axis relative to the simulated 2D plane is given in units of 

𝜍beam. Values in brackets represent the change in melt cross-section between the 

powder and the compact layer. 

𝑡 in ms pos. 
 melt cross-section in 103 µm²  max 𝑇  in K  

 compact powder  compact powder  

43.375 −𝜍beam
  5.4 5.6  +4.8 %   2244.8 2306.5  

43.400 0  12.2 13.6  +11.5 %   3403.2 3396.9  

43.425 +𝜍beam
  17.7 19.3  +8.7 %   3427.3 3543.7  

43.450 +2𝜍beam
  22.1 23.4  +6.1 %   3008.1 3223.1  

43.475 +3𝜍beam  25.4 26.6  +4.5 %   2647.1 2889.9  
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Figure F.3: Re-melting depth in Ti-48Al-2Cr-2Nb as a function of the distance in 

hatch direction. Comparison of the selective melting of () compact material and 

(,) a powder bed with an effective layer thickness of 100 µm. Data points represent 

single scan lines. Hatching was in 𝑥 direction. Powder 1 and powder 2 are different 

random powder packings. 
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