ETH Library

Process Understanding, Modeling
and Predictive Simulation of Laser
Cladding
Doctoral Thesis
Author(s):
Wirth, Florian
Publication date:
2018
Permanent link:
https://doi.org/10.3929/ethz-b-000314396
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

Diss. ETH No. 25555

Process understanding, modeling and
predictive simulation of laser
cladding

A dissertation submitted to
ETH ZURICH

for the degree of
Doctor of Science

presented by
FLORIAN WIRTH
M.Sc.
born 21.11.1987
citizen of Germany

accepted on the recommendation of
Prof. Dr.-Ing. K. Wegener, examiner
Prof. Dr. R. Spolenak, co-examiner

2018

II

Acknowledgements

III

Acknowledgements
The present dissertation results from my work as a research assistant at inspire AG and
the Institute of Machine Tools and Manufacturing (IWF) at ET H Zurich. I wish to
acknowledge the support from several persons. Samuel Arpagaus set up the basic framework in Matlab for the automated high-speed camera video evaluation. Sebastian Freihse
created in his master thesis the basis for the model of the powder jet and process gases
flow in the finite element simulation software COMSOL Multiphysics. Zoran Vidakovic
always provided quick support when problems occurred in the implementation of my ideas
in COMSOL Multiphysics in spite of some inconveniences. Knut Krieger prepared the majority of the required metallographic cross sections and also carried out most microscopy.
Jona Engel carried out the EDX measurements. Albert Weber and Sandro Wigger prepared some samples and manufactured the required new parts of the measurement or
machine equipment in their mechanical workshop. Jens Boos and Mark Voegtlin helped
in other technical concerns regarding measurement equipment for example.
Thanks goes to my colleagues Daniel Eisenbarth, Michael Cloots and Thorsten Heeling
for the good collaboration.
I gratefully acknowledge the financial support granted by the Swiss Commission for Technology and Innovation (CTI) as well as the support by the industrial partner Oerlikon
Metco, particularly Thomas Peters, Arkadi Zikin and Jörg Spatzier.
Thanks to Prof. Wegener for making this dissertation possible and especially to Prof.
Ralph Spolenak for the helpful co-supervision.
Finally I want to express my highest gratitude to my family and friends for everything. I
also highly appreciate the English language help from Arron Sands.
Florian Wirth
October 2018

IV

Acknowledgements

Contents

V

Contents

Abbreviations and symbols
Abstract

IX
XVII

Zusammenfassung

XIX

1 Introduction

1

2 State of research

4

2.1

Principles of laser cladding . . . . . . . . . . . . . . . . . . . . . . . . . . .

4

2.2

Physical effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

11

2.2.1

Absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

11

2.2.2

Surface tension . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

19

Process analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

22

2.3.1

Attenuation and powder particle distribution . . . . . . . . . . . . .

22

2.3.2

Process investigation by high-speed camera . . . . . . . . . . . . . .

23

Process simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

25

2.4.1

General simulation of welding processes . . . . . . . . . . . . . . . .

25

2.4.2

Laser cladding process simulation . . . . . . . . . . . . . . . . . . .

25

Research gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

31

2.5.1

Research needs . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

31

2.5.2

Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

32

2.3

2.4

2.5

VI

Contents

3 Novel insights into melt pool flow by high-speed camera video analysis 34
3.1

Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

34

3.2

Automated high-speed camera video analysis . . . . . . . . . . . . . . . . .

37

3.2.1

Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

3.2.2

Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

41

3.3

Particle acceleration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

45

3.4

Influences on flow velocity field . . . . . . . . . . . . . . . . . . . . . . . .

49

3.4.1

Carrier gas and melt pool surface oxidation . . . . . . . . . . . . .

49

3.4.2

Powder nozzle orientation . . . . . . . . . . . . . . . . . . . . . . .

52

3.4.3

Process parameters . . . . . . . . . . . . . . . . . . . . . . . . . . .

54

3.4.4

Surface geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54

3.4.5

Material composition . . . . . . . . . . . . . . . . . . . . . . . . . .

58

3.4.5.1

MetcoClad R 52052 (NiCrSiBC + 60% WC) . . . . . . . .

58

3.4.5.2

MetcoClad R 625 + 20% TiC . . . . . . . . . . . . . . . .

59

3.4.5.3

MetcoClad R 625 + 60% WTiC . . . . . . . . . . . . . . .

61

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

63

3.5

4 Laser cladding process simulation - input data
4.1

Absorptivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

65

4.1.1

Heat source modeling . . . . . . . . . . . . . . . . . . . . . . . . . .

65

4.1.2

Absorptivity determination from cross section . . . . . . . . . . . .

67

4.1.3

Caloric measurement of average absorptivity . . . . . . . . . . . . .

69

4.1.4

Caloric measurement of temperature dependent absorptivity . . . .

73

4.1.5

Measurement of powder particle absorptivity using an integrating
sphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

76

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

80

Laser powder interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . .

82

4.2.1

Measurement of powder particle density distribution . . . . . . . .

82

4.2.2

Simulation of process gas flows and powder jet . . . . . . . . . . . .

84

4.1.6
4.2

65

Contents

4.2.3

VII

4.2.2.1

Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . .

84

4.2.2.2

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . .

89

4.2.2.3

Calculation of laser attenuation . . . . . . . . . . . . . . .

93

Caloric measurement of laser attenuation and powder absorptivity .

94

5 Laser cladding process simulation - initial model

96

5.1

Modeling approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

96

5.2

Basic equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

97

5.2.1

Physical representation . . . . . . . . . . . . . . . . . . . . . . . . .

97

5.2.2

Numerical implementation . . . . . . . . . . . . . . . . . . . . . . . 102

5.2.3

Material data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.3

Solver settings, discretization and computing time . . . . . . . . . . . . . . 105

5.4

Multi-track model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.5

5.4.1

Global estimate simulation . . . . . . . . . . . . . . . . . . . . . . . 109

5.4.2

Local detailed simulation . . . . . . . . . . . . . . . . . . . . . . . . 111

Results and validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
5.5.1

Single-track model . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.5.2

Multi-track model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.6

Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.7

Quick estimate results by disregard of the melt pool flow . . . . . . . . . . 127

6 Advanced laser cladding process simulation incorporating pores, carbide
particles, material mixing and turbulent melt pool flow
130
6.1

Movement of pores and carbide particles inside the melt pool . . . . . . . . 130

6.2

Multi-phase model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.3

Melt pool flow model adjustments . . . . . . . . . . . . . . . . . . . . . . . 137

7 Conclusion, final discussion and future work

145

Curriculum vitae

169

VIII

Contents

List of publications

170

List of student theses

172

Abbreviations and symbols

Abbreviations and symbols
CAM Computer-aided manufacturing
CFD Computational fluid dynamics
Cr Chromium
DMD Direct metal deposition
EDX Energy-dispersive X-ray
Fe Iron
fps Frames per second
MMC Metal matrix composite
Ni Nickel
PDMS Polydimethylsiloxane
SLM Selective laser melting
TiC Titanium carbide
WC Tungsten carbide
WTiC Tungsten titanium carbide

IX

X

Abbreviations and symbols

Symbol

Unit

Description

A

−

Absorptivity

a, b, c

−

Constants in powder particle density equation

Ak

−

Absorptivity for parallel polarized radiation

A⊥

−

Absorptivity for perpendicular polarized radiation

Ac

m2

Cross-sectional area of carrier gas inlet

As

m2

Cross-sectional area of shield gas inlet

C

J/K

Isobaric heat capacity

c

m/s

Speed of light

c0

m/s

Speed of light in vacuum

cO2

−

Oxygen volume percentage

Cµ ,
C2
cp

C1 , −

Turbulence model parameters

J
kg·K

Isobaric specific heat capacity

cp,ef f

J
kg·K

Effective heat capacity

D

m

Sphere diameter

d

m

Mesh displacement vector

Dim

m2 /s

Mixture-averaged diffusion coefficient of species i

Dik

m2 /s

Multicomponent Maxwell-Stefan diffusivity of species i
and k

Dt

m2 /s

Turbulent diffusion coefficient

dp

mm

Particle diameter

dt

mm

Track distance

e

µs

Exposure

E

V /m

Electric field strength

E0

V /m

Amplitude of the electric field strength

Ekin

J

Kinetic energy

es

J/m2

Specific energy

Abbreviations and symbols

XI

F

N/m3

Volume force vector

F drag

N/m3

Drag force vector

F d,pore

N/m3

Pore drag force

Fg

N/m3

Gravity force vector

f

1/s

Frequency, frame rate

g

m/s2

Gravity

h

m

Height

hm

J/kg

Melting enthalpy

hT Y

−

Tangential gradient of the height h in the y-direction

hz

m

Model height in z-direction

I0

W/m2

Original laser beam intensity

I0

W/m2

Actual laser beam intensity

Iavg

W/m2

Average intensity

ji

kg
m2 ·s

Mass flux of species i

k

−

Cladding condition parameter

kt

J/kg

Turbulent kinetic energy

kv

1/m

Wave number

L

m

Characteristic length

lmin

pixel

Position detection accuracy

lp

µm

Pixel size

lx

m

Length of the model in x-direction

M

g/mol

Mean molar mass

ṁ
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Abstract
Currently the additive manufacturing technologies increasingly attract attention from industry and from society due to their extended potentials compared to the conventional
manufacturing technologies with regard to the producible complexity of the parts, the
independence of the manufacturing costs from the batch size and the individualization
options. As the additive manufacturing technologies are clearly less established than the
conventional manufacturing technologies, there are still numerous challenges in the fields
of computer-aided manufacturing (CAM) tools, distortion management, finding of suitable
process parameters, process simulation and even the understanding of the process is still
incomplete.
In this work, the laser cladding process is investigated. The focus is on the improvement of
the understanding of the process, especially the understanding of the melt pool dynamics,
and on the development of a modular process simulation model.
Based on high-speed camera recordings, an automated video analysis is developed, which
tracks the particles on the melt pool surface, so that there the melt pool flow velocity field
is captured. The melt pool flow turns out to be partially turbulent due to the continuous
impact of powder particles, which are fed into the melt pool by a powder nozzle. Moreover,
the influence of the process parameters, process gasses, powder nozzle orientation, surface
geometry and powder material composition on the melt pool flow is quantified.
The elaborated simulation model is constructed modularly and consists of a powder jet
model, a heat source model and a melt pool model, so that each of these modules can
be refined independently as needed. The simulation model is physically based in order to
make predictions possible without calibration experiments and to reflect the process realistically, so that the understanding of the process can be improved. The required methods
to determine the input data of the simulation model are presented, newly developed if
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necessary and applied. The essential data are the absorptivity values of the different surfaces and the powder particle density distribution, which can be regarded as the analog
of the powder jet to the intensity distribution of the laser beam. The absorptivity of the
liquid metal and the absorptivity of the solid material surfaces is calorically measured.
New methods are developed for the measurement of the powder particle absorptivity and
the powder particle density distribution. The attenuation is defined as the percentage of
reduction in intensity on the workpiece surface due to the powder jet. The attenuation is
calculated from the powder jet simulation results. Thanks to the simulation of the process
gas flows in the vicinity of the powder jet, the oxidation on the melt pool surface can be
explained, which depends on the process gas settings, the powder nozzle geometry and the
process parameters and increases the absorptivity.
The simulation model is extended in order to simulate not only single tracks, but also the
several overlapping weld beads of a coating. Furthermore, the distribution of substrate
material concentration in the melt pool is calculated. It is concluded from the simulation
results, that the model errors can be traced back to the facts, that there is a partially
turbulent melt pool flow, whereas a laminar flow is assumed in the simulation and that
the wetting behavior of the liquid metal on solid substrate material surfaces is not taken
into account. A simple approach to adjust the melt pool flow model is presented, which is
not successful and demonstrates, that a new model for the laser cladding melt pool flow
has to be developed.
A particle simulation is carried out in order to investigate the behavior of pores and carbide
particles inside the melt pool. According to the simulation results, the melt pool flow has
only a minor influence on the movement of pores or carbide particles. The interaction time
is the main factor, as it determines for a material element the time in the liquid state,
which is the available time for a pore to escape from the melt pool or for a carbide particle
to accumulate on the melt pool surface or on the melt pool bottom.

Zusammenfassung
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Zusammenfassung
Die additiven Fertigungsverfahren gewinnen derzeit zunehmende Aufmerksamkeit in Industrie und Gesellschaft aufgrund der dadurch gewonnenen Möglichkeiten im Verbleich
mit den konventionellen Fertigungsverfahren im Hinblick auf die herstellbare Bauteilkomplexität, die Unabhängigkeit der Herstellkosten von der Losgrösse und die Individualisierungsmöglichkeiten. Da diese Fertigungsverfahren bei Weitem noch nicht so etabliert sind
wie die spanenden Fertigungsverfahren, bestehen derzeit noch zahlreiche Herausforderungen im Bereich der Computer-aided manufacturing (CAM) Tools, der Beherrschung des
Bauteilverzugs, der Bestimmung geeigneter Prozessparameter, der Prozesssimulation und
auch das Prozessverständnis ist noch lückenhaft.
Im Rahmen der vorliegenden Arbeit wird das Laser-Pulver-Auftragschweissen untersucht,
wobei der Fokus auf der Verbesserung des Prozessverständnisses insbesondere bezüglich
der Schmelzbaddynamik und auf der Entwicklung eines modular aufgebauten Prozesssimulationsmodells liegt.
Auf der Grundlage von Hochgeschwindigkeitskameraaufnahmen wird eine automatisierte Auswertung der Videos entwickelt, die anhand der Nachverfolgung von Partikeln auf
der Schmelzbadoberfläche das dortige Strömungsgeschwindigkeitsfeld erfasst. Es zeigt sich,
dass die Schmelzbadströmung teilweise turbulent ist aufgrund des Partikelbeschusses durch
die Pulverdüse. Weiterhin werden die Einflüsse auf die Schmelzbadströmung von Prozessparametern, Prozessgas, Pulverdüsenorientierung, Oberflächengeometrie und Pulvermaterialzusammensetzung quantifiziert.
Das entwickelte Simulationsmodell ist modular aufgebaut aus einem Pulverstrahlmodell,
einem Wärmequellenmodell und einem Schmelzbadmodell, sodass jedes einzelne dieser Module je nach Bedarf verfeinert werden kann. Das Simulationsmodell ist physikalisch basiert,
damit Vorhersagen ohne Kalibrierversuche möglich sind und der Prozess realitätsgetreu ab-

XX

Zusammenfassung

gebildet wird, wodurch auch das Prozessverständnis verbessert werden kann. Es werden
Verfahren zur Ermittlung der durch das Simulationsmodell benötigten Eingangsdaten vorgestellt, bei Bedarf neu entwickelt und angewandt. Die wesentlichen Daten sind hierbei
die Absorptivitätswerte der unterschiedlichen Oberflächen und die Pulverpartikeldichteverteilung, die als Analogon des Pulverstrahls zur Intensitätsverteilung des Laserstrahls
betrachtet werden kann. Die Absorptivität der Schmelze und der Festkörperoberflächen
wird mittels kalorischer Messungen bestimmt. Zur Messung der Absorptivität der Pulverpartikel und der Pulverpartikeldichteverteilung werden neue Verfahren entwickelt. Die
Abschattung, welche die prozentuale Reduktion der Intensität der Laserstrahlung auf der
Werkstückoberfläche durch den Pulverstrahl angibt, wird aus den Simulationsergebnissen
der Pulverstrahlsimulation errechnet. Anhand der Simulation der Prozessgasströme im
Bereich des Pulverstrahls kann auch die Oxidation an der Schmelzbadoberfläche erklärt
werden, die von den Prozessgaseinstellungen sowie von der Pulverdüsengeometrie abhängt
und die Absorptivität erhöht.
Das Simulationsmodell wird erweitert, um neben einzelnen Schweissraupen auch das Schmelzbad bei Beschichtungen mit sich überlappenden Schweissraupen simulieren zu können.
Ausserdem wird die Konzentrationsverteilung des Substratwerkstoffes im Schmelzbad simuliert. Es zeigt sich, dass die Modellabweichungen darauf zurückzuführen sind, dass im
Schmelzbad tatsächlich eine teilweise turbulente Strömung vorliegt anstatt der in der Simulation angenommenen laminaren Strömung und dass das Simulationsmodell das Benetzungsverhalten der Schmelze auf nicht geschmolzenen Substratoberflächen nicht berücksichtigt. Es wird ein einfacher Versuch zur Anpassung des Schmelzbadströmungsmodells
vorgestellt, der nicht erfolgreich ist und zeigt, dass ein neues Modell für die Schmelzbadströmung beim Laser-Pulver-Auftragschweissen zu entwickeln ist.
Zusätzlich wird eine Partikelsimulation durchgeführt, um das Verhalten von Poren und
Karbidpartikeln im Schmelzbad zu untersuchen. Die Simulationsergebnisse zeigen, dass
die Schmelzbadströmung nur einen geringen Einfluss auf die Bewegung der Poren und
Karbidpartikel hat. Der Haupteinflussfaktor ist hier die Interaktionszeit, die bestimmt,
wie lange sich die Schmelze im flüssigen Zustand befindet, und wie lange damit die Poren
Zeit haben zum Entweichen und die Karbidpartikel zur Akkumulation an der Schmelzbadoberfläche oder am Schmelzbadgrund.

Chapter 1

Introduction
At present, additive manufacturing is experiencing much hype within industry and also
in society. Many companies do not want to miss a promising trend and are seeking to
at least test the potentials of these new manufacturing technologies, which are in some
cases advantageous compared to conventional technologies as the manufacturing costs are
approximately independent of lot size and part complexity. However, the costs of additive
manufacturing are still high, meaning that in order to benefit from additive manufacturing, the advantages of this manufacturing technology must be exploited. For example the
potential integration of functions can reduce the number of parts and the possibility of
customization meets the rising demand for individualization.
For metal processing there are two main additive manufacturing processes which are industrially relevant. Figure 1.1 shows snapshots of both processes. The powder bed fusion
process for metals (Figure 1.1 left), which is most commonly denoted as selective laser
melting (SLM), is the most established one in industry as far as the additive manufacturing of 3-dimensional parts is concerned. On the contrary, the blown powder based laser
cladding process (Figure 1.1 right) is not yet that well established for this purpose but
according to Weisheit et al. [141] it has since the 1980’s been used to deposit coatings
against corrosion and wear on metallic parts or to repair worn-out or damaged high-value
parts such as turbine blades and molds or dies. While the SLM process emerged more
from the academic side, where it has been more researched, the development of the laser
cladding process has been driven mainly by industry, which has focused on applications
with little interest in the basic underlying mechanisms. This is why there is still a lack of
knowledge when it comes to the modeling of this process. As laser cladding now makes
steps from its beginnings in coating applications towards the additive manufacturing of
3D parts several problems develop. Computer-aided manufacturing (CAM) tools need
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information about the achieved layer thickness, which is not known a priori, but depends
on the process parameters. While distortion is a minor issue in coating applications as
the coated parts are mostly voluminous, especially thin-walled additively manufactured
3D parts show severe distortion. It is thus interesting to predict the residual stresses and
distortion by structure simulation and compensate for the distortion. The most significant
input for this simulation however is the heat source, which is not known a priori either as
it depends on the absorptivity of the involved materials, on the process parameters and on
the part geometry. In both mentioned problems related to CAM tools and structure simulation a process simulation can help, if it is able to predict the layer thickness and the heat
input reliably. Moreover, the process simulation can enhance the process understanding
and maybe also help to optimize the process, especially when the process is modified as
it is for high-speed laser cladding or for the deposition of metal matrix composites, which
form corrosion resistant and especially wear resistant coatings for heavy duty applications
such as mining tools. These coatings are high in demand as corrosion and wear cause
continuously considerable economic damage. Metal matrix composite (MMC) coatings
can be deposited by laser cladding when mixing metal powders with hard phase material
powders such as carbide particles.

2 mm

10 mm

Figure 1.1: Snapshots of the powder bed based SLM process (left) and the laser cladding process with a
powder nozzle feeding powder into the melt pool (right)

Motivated by the aforementioned points it has been decided for this dissertation to set
up a laser cladding process simulation model which is able to predict the melt pool ge-

3

ometry, which implies the layer thickness. Additionally, it is physically based, so that the
simulation results depend only on the process parameters and no calibration factors or
calibration experiments are needed, rather only measurements of material and machine
properties are required, so that the model can help to understand the process better. For
this purpose, in the following the state of research is summarized and a research gap is
deduced, which has to be filled to achieve the defined goal.
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Chapter 2

State of research
2.1

Principles of laser cladding

During the laser cladding process the laser beam creates a melt pool on a metallic surface
as shown in Figure 2.1. Usually a shield gas, which flows coaxially with the laser beam
towards the melt pool is intended to protect the process area from oxidation. At the same
time the powder nozzle delivers powder into the melt pool by means of a carrier gas. The
laser beam and the powder nozzle are firmly aligned with one another. So the relative
movement between the substrate and the laser processing head leads to the deposition of
a weld track. Multiple laterally overlapping weld tracks form a coating or a layer of a part
manufactured in layers.
Gharbi et al. [39] observed the interaction between the powder particles and the laser
cladding melt pool with fast cameras at a frame rate of up to 5000 Hz. Accordingly,
when a powder particle hits the melt pool, it bounces off, if the impact angle is smaller
than a threshold collision angle. This is also reported by Weerasinghe & Steen [139],
who attribute the pockmarked appearance of the solidified weld tracks to the impact of
powder particles on the mushy zone. If a powder particle does not ricochet from the melt
pool, it can directly become immersed within the melt pool or float on the surface until
it is molten. According to Gasser [37] the powder particles can only overcome the surface
tension σ and directly become immersed within the melt pool, if the kinetic energy Ekin of
the powder particles with particle radius rp , powder material density ρpm , particle velocity
vp and angle of impact αi is sufficient to fulfill the condition
1
Ekin
= ρpm rp (vp · sinαi )2 ≥ σ
2
4πrp
6

(2.1)
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Figure 2.1: Laser cladding process principle [33]

This is still a conservative estimate as the wettability of particles is neglected, so that the
actually required particle velocity is lower. In the case of an average M etcoClad R 625
powder particle with rp = 34 µm, ρpm = 8440 kg/m3 , σ = 1.8 N/m and αi = 90◦ , Equation (2.1) is fulfilled for vp ≥ 6.2 m/s. According to the measurement results, which are
presented in subsection 4.2.2 in particular in Figure 4.15 for a commonly used three-jet
powder nozzle, the powder particle velocity is often not sufficiently high to fulfill Equation (2.1) depending on the carrier gas flow rate, but mostly the powder particles still do
not bounce off according to the herein presented experimental results even at the lowest
carrier gas flow rate. If a powder particle hits a solid region it bounces off and is lost [75].
Furthermore, loose powder on solid surfaces is blown away from the process region by the
carrier gas and by the shield gas.
The most important parameters of the laser cladding process are summarized in Table 2.1.
During a process optimization mainly the parameters laser power PL , scan speed vf , spot
size s, powder mass flow ṁ and overlap φ are varied. The overlap
φ=

s − dt
s

(2.2)
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is usually defined by the track distance dt and the spot size s. Sometimes other researchers
insert the width of the weld bead instead of the spot size. The calculation based on the
laser spot size is only an approximation based on the assumption that the weld bead width
is approximately equal to the laser spot size. But the actual weld bead width can only
be determined after the experiments. The shield gas type is mostly argon because it is
comparably cheap and has a high density so that it does not escape from the process zone
too fast but forms a shield gas cap above. Certain materials may require another shield
gas type or even a closed process chamber with a controlled extremely low oxygen content such as refractory metals, which are for example processed by Dobbelstein et al. [25].
The shield gas flow V̇s has to be sufficiently high to protect the process zone from oxidation, if oxidation is detrimental. Additionally, the shield gas flow through the beam path
in the center of the powder nozzle can be used for trying to hold off spatter and other
contamination from the optics. Song et al. [122] report an increased heat input due to
exothermic oxidation reactions under air atmosphere. Though, the results of this dissertation indicate, that the increased heat input is rather caused by the high absorptivity of
the formed oxides. Actually, the carrier gas is only needed for powder conveying and the
carrier gas flow V̇c has to be high enough to warrant a constant powder jet leaving the
powder nozzle. But in the case of a commonly used discontinuous coaxial powder nozzle
the carrier gas flow can introduce some turbulence into the shield gas cap, so that oxygen
is carried into the process zone as it is shown in subsection 4.2.2.2 and in subsection 5.5.1.
Because of this reason the shield gas flow should not be too high or the carrier gas type
has to be changed. According to Bartkowski et al. [5] argon is usually used as carrier gas
in industry due to costs , but a carrier gas with lower density such as helium introduces
less turbulence into the shield gas cap as shown in subsection 4.2.2.2. So the melt pool is
better protected from oxidation, albeit with a worsened powder conveying capability due
to the lower density. Nevertheless, the effect of the different process gas flows has not yet
been investigated comprehensively.
laser power
scan speed
spot size
powder mass flow
overlap
shield gas type
shield gas flow
carrier gas type
carrier gas flow

PL
vf
s
ṁ
φ
−
V̇s
−
V̇c

Table 2.1: The most important laser cladding process parameters
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There are also some combined process parameters, which can help to scale the process
for example from a parameter set with low laser power to one with high laser power and
accordingly higher productivity. Moreover, these combined process parameters can be
considered as characteristic values to quantify the heat input or other key factors which
influence the process result. The specific energy
es =

PL
vf · s

(2.3)

describes the heat input per area which is scanned by the laser beam during a single weld
track. Schneider [117] and Laeng et al. [68] consider the specific energy as a suitable
characteristic value for process scaling, where the process parameters are changed in a
way that the specific energy stays constant. However, the specific energy is just a guide
value because the melting efficiency increases, if the scan speed and the laser power are
proportionally increased, while the specific energy stays constant. The average intensity
Iavg =

PL
(s/2)2 · π

(2.4)

is proportional to the heat flux per area into the workpiece in the process zone. The
interaction time
s
tint =
(2.5)
vf
is a reference value for the time of a temporary molten material element in liquid state.
Instead of a powder nozzle a wire feeder can potentially be used, but it is not possible
to produce wires from such a variety of materials as powders and the process is not selfstabilizing any more with a wire. If a part comes closer to the powder nozzle during the
buildup as the layer thickness is higher than the z-increment, which states the machine
movement in buildup direction after each layer, the melt pool moves out of the powder
focus and the deposition efficiency decreases so that the working distance is stabilized. On
the contrary, the process aborts, if the working distance increases continuously. Because
of this reason the z-increment is always chosen some percent smaller than the maximum
achievable layer thickness. Laeng et al. [68] mention preplaced powder as a third deposition technique, albeit it could not take root because of several disadvantages compared to
powder injection.
There are basically three main kinds of powder nozzles according to Weisheit et al. [141].
While an off-axis powder nozzle delivers powder only from one side into the melt pool, a
discontinuous coaxial powder nozzle provides three or even more powder jets aiming at
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the melt pool from circumferentially evenly distributed directions. A continuous coaxial
powder nozzle shows an annular gap, where powder leaves the nozzle focused on the melt
pool. The latter powder nozzle design facilitates a small powder jet diameter in the working plane and so a high powder deposition efficiency. But the maximum possible powder
feed rate is lower compared to a discontinuous coaxial powder nozzle and the 3D capability
of the powder nozzle is limited, because the powder can accumulate on one side inside the
nozzle due to gravity when the nozzle is tilted.
When talking about coating applications, the herein considered process is predominantly
called ”laser cladding”. But meanwhile there is a multitude of alternative names. In 3D
additive manufacturing it is most frequently denoted as Direct Metal Deposition (DMD).
Other names are Laser Metal Deposition (LMD), Laser Engineered Net Shaping (LENS),
Laser Additive Manufacturing (LAM) or Direct Energy Deposition (DED) to list some of
them.
Two special kinds of a laser cladding process have to be mentioned, which are considered
in this dissertation. Firstly, the laser cladding of metal matrix composites brings along
some additional challenges. In theory, metal and generally carbide powders are mixed in
advance, so that the metal powder particles are molten during the process and form the
matrix of the coating, which ideally contains homogeneously distributed carbide particles,
which have not been melted or dissolved. In practice the carbide particles can settle as
sediment or accumulate on the surface of the melt pool because of their different density
compared to the metal matrix material. According to Nurminen et al. [97] this potentially inhomogeneous distribution of the carbide particles is one of the main problems
in addition to the dissolution of the carbide particles, which occurs to different extents
depending on the carbide and matrix type of material. Nowotny et al. [96] emphasize
the differentiation between pure physical dissolution and metallurgical reactions as some
carbides such as W C, W2 C or Cr3 C2 metallurgically significantly react with the most
used matrix materials to form new brittle phases. Another newly developed process called
high − speed laser cladding or ultra − high − speed laser cladding is described by Schopphoven et al. [118]. There the laser beam is more focused and the optical density of the
powder gas stream is increased by a smaller particle size, an increased powder mass flow,
a decreased powder focus diameter and by positioning the powder focus slightly above
the substrate, so that the powder particles are molten before reaching the substrate. In
combination with a high scan speed this leads to the fast deposition of a thin coating in
the range of 10 − 250 µm on a large area at coating rates up to 500 cm2 /min.
There are various applications of laser cladding in the coating sector such as coatings
against corrosion and wear in the oil and gas production sectors, wear resistant coatings
on mining tools and many further coatings on heavy duty components. Figure 2.2 exem-
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plarily shows a drill head for mining (a) and a crushing tool (b). Furthermore, an additively
manufactured turbine flange ring on a base ring (c) and a helical mount deposited on a
shaft (d) are depicted. The cross section of the latter shows that the outer layer of the
screw conveyor consists of a metal matrix composite containing carbide particles. Weisheit
et al. [141] additionally mention die and tool making, turbine components and the repair
of high value-added components as the most important applications, while they saw the
additive manufacturing of prototypes or serial parts in 2013 still only as a new application
on the horizon. Jones [55] specifically identifies a high saving potential, if the repair of
turbine blades by laser cladding is further established.

a

b

d

c

30 mm
Figure 2.2: Applications of laser cladding: Coating of a drill head (a), coating on a crushing tool (b),
additively manufactured turbine flange ring on a base ring (c), additively manufactured helical mount of
a screw conveyor (d) by courtesy of Oerlikon M etco

In addition to the aforementioned dissolution or inhomogeneous distribution of hard phase
particles there are further weld defects, which potentially occur and are not limited to metal
matrix composites. Cracks, all kinds of voids such as pores or bonding defects and high dilution are usually unwanted. Cracks are commonly divided into hot and cold cracks. While
hot cracks form during solidification in most cases because of low-melting alloy components, which segregate on grain boundaries and so allow cracks to open as the surrounding
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already solidified material contracts, cold cracks result from residual stresses exceeding the
tensile strength inside the completely solidified material. Vilar [136] distinguishes between
interlayer or intertrack porosity and intralayer porosity. Interlayer and intertrack porosity
can be brought together in the term ”lack of fusion” as they have the same cause. Lack of
fusion occurs, if the laser power is not sufficiently high to melt the surface of the underlying layer or of the previous track to create a defect-free metallurgical bond. This is also
related to the weld bead geometry, where surfaces can hardly be molten, which enclose
an acute angle with the laser beam or are even concealed from the laser beam. Because
of this reason a specific wetting angle or the critical aspect ratio should not be exceeded,
which states the ratio of track height to track width as a prerequisite to avoid bonding
defects. According to Vilar [136] the angle enclosed by the weld track surface and the substrate at their contact point should not exceed 80◦ . Vilar [136] explains intralayer porosity
consisting of spherical gas pores by two main reasons. Firstly, gas from the surrounding
atmosphere can be trapped inside the melt pool due to the melt pool dynamics when the
melt flow carries some gas into the melt pool or the gas is entrapped during the impact
of a powder particle on the melt pool surface. Secondly, pores can emerge inside the melt
pool because of the evaporation of contaminations or low-boiling alloy components, due to
chemical reactions and if gas is solved in the melt, but the solubility significantly decreases
during solidification. Moreover, Rabin et al. [109] observed, that sometimes the powder
particles already show pores, which contain atomizing gas, which has been entrapped during the powder production process. The dilution is defined as the percentage of molten
substrate material inside a coating, so the average dilution is given by the ratio between
molten substrate material and the whole cross-sectional area of a weld bead. Some low
diluton is necessary to attain defect-free bonding between the substrate and the coating,
but a high dilution usually affects the properties of the deposited coating material.
Nowadays in industry the process development is mainly based on expert knowledge and
trial and error experiments due to the high complexity of the process. The additive
manufacturing of a wall for example requires several iterative experiments to measure the
achieved layer thickness and to adjust the z-increment accordingly. This is feasible for
simple part geometries, but the problem becomes obvious in the case of complex parts.

2.2 Physical effects
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Physical effects
Absorption

Absorption is the most important physical effect for laser material processing. When light
interacts with material it can be absorbed, reflected or transmitted. During the stable
laser cladding process absorption takes place at metallic surfaces, where the penetration
depth is only about 10 nm according to Schaaf [114] so that transmission can be neglected.
Only if the temperature inside the melt pool is high enough for evaporation, especially
when using a CO2 laser a plasma plume can be formed by the interaction between the
laser beam and the vapor. Then the laser radiation can be absorbed inside the plasma
plume or even plasma shielding can occur. Absorptivity depends especially on material,
radiation wavelength, surface roughness and temperature. The following statements primarily pertain to a laser wavelength of 1030 nm if not stated differently.
In general, the propagation of a plane electromagnetic wave in z-direction can be described
by the time-dependent electric field strength
E(z, t) = E 0 · exp [i(kv z − ωt)]

(2.6)

[61] with the amplitude of the electric field strength vector E 0 and the angular frequency
ω. The wave number
2π
2πf
2πf n
ωn
kv =
=
=
=
(2.7)
λv
c
c0
c0
is linked to the refractive index n, the wavelength λv , the frequency f , the speed of light
c and the speed of light in vacuum c0 . The progagation of the electromagnetic wave in an
absorbing material such as a metal can be described using the complex refractive index
ñ = n(ω) + iκ(ω)

(2.8)

with the extinction coefficient κ. If the condition
n2 + κ2  1

(2.9)

is fulfilled, which is usually the case for metals, according to Prokhorov et al. [107] the
absorptivity for parallel polarized radiation
Ak =

(n2

+

4n · cosφi
+ 2n · cosφi + 1

κ2 )cos2 φi

(2.10)
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and the absorptivity for perpendicular polarized radiation
A⊥ =

(n2

+

κ2 )

4n · cosφi
+ 2n · cosφi + cos2 φi

(2.11)

can be calculated depending on the incidence angle φi .
The real and the imaginary part of the complex refractive index can be measured by ellipsometry, but Siah et al. [121] confirm, that this is very difficult on rough surfaces, which
are present in the herein considered technical surfaces of substrate, powder and deposited
materials. Ellipsometry is intended for specular surfaces [119]. Moreover, Equations (2.10)
and (2.11) are only valid for plane surfaces without roughness, which increases the absorptivity due to multiple reflection and absorption. According to Sugioka et al. [126] this
phenomenon comes mainly into effect as soon as the dimensions of the surface roughness
features are greater than several wavelengths of light, but also periodic arrays of subwavelength structures can increase the absorptivity. Prokhorov et al. [107] additionally
mention defects and impurities, oxide layers or layers consisting of adsorbed substances as
further factors which influence the absorptivity apart from laser wavelength and temperature, so that there is a significant variance of experimentally measured absorptivity values
in literature.
Besides ellipsometry two other main methods for absorptivity measurements can be identified in the form of calorimetry and measurements with an integrating sphere. There are
different types of calorimeters, but in the following only adiabatic calorimeters are considered. Calorimetry is based on the change in the inner energy of a body, which can be
calculated from the measured temporal temperature profile as the body is usually thermally insulated. The measurement setup can consist of a thermally insulated calorimeter,
which contains the measurement sample and helps to distribute the heat evenly thanks to
its high thermal conductivity, or the sample can be directly thermally insulated without
a calorimeter. This insulation can already be achieved when the sample is surrounded by
air with only small contact points, which allow conductive heat transfer. The sample can
for example be placed on the tip of a thermocouple. Willamowski et al. [146] indicate five
methods to evaluate the recorded temperature curves, which are the gradient method, the
pulse method, the integral method, the exponential method and the response method. All
of these methods are based on the general differential equation
Ṫ =

APL
− γ(T − T0 )
C

(2.12)

to describe the behavior of the temperature T during a caloric measurement depending
on the absorptivity A, the laser power PL , the isobaric heat capacity C, the temperature-
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loss coefficient γ and the initial temperature T0 . It is valid under the assumption of a
homogenous temperature of the sample, if the thermal losses can be linearly approximated
and when there is a thermal equilibrium between the sample and its surrounding at the
beginning of the measurement. Bergström [6] states the solution of this equation as

T (t) − T0 =




0

t ≤ t1

APL

γC


 APL
γC

(1 − e−γ(t−t1 ) )

t1 < t < t2

(2.13)

(e−γ(t−t2 ) − e−γ(t−t1 ) ) t ≥ t2

to describe the thermal cycle during a caloric measurement depending on the time t.
The irradiation starts at t1 and lasts until t2 . In the following the evaluation methods
according to Willamowski et al. [146] are summarized. The gradient method splits the
temperature curve into a heating and a cooling curve. The net heat flux into the body can
be calculated from the time derivative of the heating curve for any occurred temperature,
while the temperature-dependent thermal losses can be calculated in the same way from the
cooling curve. So the thermal losses during the heating period can be taken into account
to calculate the absorptivity. For this purpose for each temperature the corresponding
times th on the heating curve and tc on the cooling curve have to be found as it is shown
in Figure 2.3 (left) to calculate the absorptivity
h 


i C
A(T ) = Ṫ th (T ) − Ṫ tc (T ) ·
PL

(2.14)

As shown in Figure 2.3 (right), the pulse method extrapolates the cooling curve to the
time in the middle of the irradiation interval between t1 and t2 , which does not necessarily
coincide with the measured temperature peak, because the temperature can be measured
in a point inside the calorimeter with a time lag due to the distance to the irradiation
spot. The extrapolated temperature Textr allows to calculate the absorptivity
A=

C · (Textr − T0 )
P · (t2 − t1 )

(2.15)

The exponential method is based on a curve fitting, where the curves of Equation (2.13)
are fitted to the measurement. The integral method can be deduced from Equation (2.12)
by integration to obtain the absorptivity


Z t2
C
A=
· T (t2 ) − T (t1 ) + γ
T (t) − T (t1 ) dt
P · (t2 − t1 )
t1

(2.16)

Though, the temperature-loss coefficient γ has to be known in advance. The response
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Figure 2.3: Temperature curves from calorimeter measurements with exemplary dashed tangents at a
certain temperature level to explain the gradient method (left) and with the dashed extrapolation curve
of the pulse method (right)

method is more complex than the aforementioned methods, but it is able to take arbitrary
laser power fluctuations into account. Details can be found in [146]. In this dissertation
the pulse method is used to measure the average absorptivity during irradiation, whereas
the gradient method is applied in measurements of the temperature-dependent absorptivity.
An integrating sphere, which is also denoted as Ulbricht sphere, can likewise be used to
measure the absorptivity. Figure 2.4 shows the corresponding measurement setup, where
the incident laser beam hits the measurement sample inside the sphere and is partly
reflected or transmitted. According to Höpe [52] an integrating sphere is made of a hollow
sphere with a diffuse white reflective coating on the inside, which guarantees uniform
scattering. Hansen & Snail state, that this leads instantly to a homogenous distribution of
incident light, so that there is always a constant intensity of incident light on the detector,
which is directly proportional to the power of the incident laser beam and independent
of the detector position inside the sphere. Hence the power of the light incident on the
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laser beam

incident

inner surface of the sphere caused by reflection and/or transmission at the sample can
be measured. A baffle can prevent primary reflected light from the sample or the sphere
surface from hitting the detector. The measurement setup can be changed, so that not
only absorptivity, but also total transmittance, diffuse transmittance or reflectivity can be
measured.

sample

Figure 2.4: Typical integrating sphere measurement setup

The absorptivity of a powder bed can be measured both in a calorimetric measurement
setup and with an integrating sphere. It has to be emphasized here, that there is a
difference in the absorptivity of single powder particles and a powder bed, where multiple
reflection and absorption occurs. This means in a powder bed light can be reflected
from one powder particle onto another, where some percentage is again absorbed. So the
absorptivity of the powder bed is always higher and it depends on additional influences
such as the packing density of the powder bed. Haag et al. [45] for example observed a
higher absorptivity when the interparticle void fraction of a copper powder was increased.
Rubenchik et al. [111] summarize the effects on the powder bed absorptivity as the particle
shape, particle size distribution, particle surface roughness, particle surface oxidation,
porosity and powder layer thickness. Tolochko et al. [133] placed a cuvette filled with
powder at the center of an integrating sphere to obtain its absorptivity. They noticed an
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influence of residual oxygen on the optical properties of the powder, which could not be
avoided by flooding the sphere with an inert gas, but by dispersing the powder in ethanol
and arranging its evaporation in an argon atmosphere. Gusarov et al. [44] developed
this method further as the integrating sphere was replaced by a pyroelectric detector to
measure the angular distribution of the reflected radiation. Through this the lower average
reflectance of sub-micron powder compared to micron-sized powder could be explained by
the different reflection behavior, which manifests in a lower reflectance at higher reflection
angles and can be described by diffuse reflection. The measurement values of powder bed
reflectance Rpb were compared with the predicted values, which were calculated from the
reflectance of dense material Rd according to the two-flux model
√
1 − 1 − Rd
√
Rpb =
1 + 2 1 − Rd

(2.17)

which had been derived by Gusarov & Kruth [43] earlier under the assumption of specular
reflection. Most micron-sized powders showed a reasonable agreement with this model,
whereas the reflectance of the sub-micron powders could be described by another equation, which was derived under the assumption of diffuse reflection. Haag et al. [45] chose
a caloric measurement setup, where a powder layer of 0.7 mm was prepared on a sample
carrier, which contained three thermocouples. The intensity had to be reduced to 10 or
even 1 W/cm2 to avoid an overheating or glowing of the irradiated powder bed. Oxidation
could be avoided by purging the measurement container with helium, while argon could
only reduce the oxidation of iron. Rubenchik et al. [111] used a similar experimental setup
but without an inert gas. Through the gradient method the temperature-dependent absorptivity of stainless steel 316, Ti-6Al-4V and a 99.9% purity Aluminum powder could be
measured at temperatures up to 500◦ C. In this range the absorptivity was found constant.
Above 500◦ C oxidation would have affected the measurements. Boley et al. [8] used the
same setup to investigate further powder materials. Additionally a simulation model was
developed based on ray-tracing and the Fresnel equations (2.10) and (2.11) to predict the
absorptivity of a powder bed from the flat-surface absorptivity. The modeling results reveal, that highly reflective materials approximately show a 4 − 7 times higher powder bed
absorptivity compared to the flat-surface absorptivity, whereas this ratio is only 1.5 − 2 in
the case of well-absorbing materials. Nevertheless, powder absorptivity measurements are
still necessary, because a non-spherical powder particle shape, the particle size distribution,
surface oxides and roughness lead to a deviation from the model results. Consequently the
measured absorptivity was always approximately 10% higher than the predicted one and
even higher in the case of aluminum due to its oxide layer or in the case of tungsten due
to the roughness of the comparably large particles. Shao et al. [120] carried out caloric
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measurements of the absorptivity of powder beds in a similar way to determine higher
absorptivity values compared to bulk material, where the difference was most significant
for highly reflective materials. Kizaki et al. [60] applied both a caloric measurement setup
and a reflectivity measurement setup based on an ellipsoidal reflector, which gathered the
reflected light and focused it on a detector. So they could observe with a high temporal resolution, how the absorptivity decreases during melting of the particles inside the
powder bed. In summary, the measurement of the powder bed absorptivity is commonly
applied and reliable, whereas there are no established and reliable methods to measure the
absorptivity of single powder particles, which is shown in the following. Lemoine et al. [73]
calculated the absorptivity of the single powder particles from the cross-sectional area of
the corresponding clad using an analytical model, which assumes that the laser power
absorbed inside the powder cloud can be calculated from the cross-sectional area of the
clad as it is equal to the power required for melting the particles, which form the clad.
Nevertheless, this assumption is actually only valid, if the powder particles are molten
before reaching the melt pool and if only a small percentage of laser power is transmitted
through the powder jet. It cannot be verified, if these prerequisites were fulfilled. Usually
the laser cladding process is different. Picasso et al. [102] estimated the absorptivity of
single powder particles, which were supplied by an off-axis powder nozzle, from the time
the particles needed to pass through the laser beam and from the laser power, at which
the particles began to glow. This method yields only rough estimate values due to the
varying particle size, the varying interaction time and the cooling effect of the process gas
flow around the powder particles.
The absorptivity of the substrate material S235 considered in this dissertation has already
been measured by several authors. Apparently the most comprehensible data are given by
Seibold [119]. As the related measurements were performed in a vacuum chamber, oxidation could be precluded. The reflectivity of the samples was measured by an integrating
sphere, while the temperature in the laser spot with a diameter of 3 mm was measured
with a pyrometer, which showed a measuring spot size of 2.4 mm. During a measurement
the sample inside the integrating sphere was heated only by the laser within a short time,
so that a warming of 1000◦ C was achieved within 1 s or even less depending on the reflectivity of the sample. According to the results, under vacuum the absorptivity decreases on
average from 37% at room temperature to 31% at melting temperature. In contrast, in an
oxidizing atmosphere the absorptivity of a rough iron sample increases starting at 600◦ C
from 40% to an initial maximum of approximately 71% at 1375◦ C due to the growth of
iron oxide F eO. The following decrease of absorptivity until 1600◦ C is supposed to be
caused by the melting of the iron oxide layer, which converts to austenite and a liquid
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oxide. As the temperature increases the influence of the pure substrate material prevails,
because the oxide layer is increasingly removed. While hereupon the substrate material
and the oxides are molten, the absorptivity first increases until 1900◦ C, before a continuous decrease to 40% at the end of the measurement at 2200◦ C due to the evaporation
of the oxide layers could be observed. Seibold [119] can not differentiate, if the increase
above 1600◦ C has to be assigned to the temperature dependence of the liquid iron or of
the molten oxides. Conversely, Xie et al. [148] report a continuous increase of absorptivity
of a carbon steel from 10% at room temperature to 40% at melting temperature, which
was theoretically calculated based on the Hagen-Rubens relation
A=

p
80 ω/σe

(2.18)

which relates the absorptivity A to the angular frequency of radiation ω, the electrical conductivity σe and the vacuum permittivity 0 . Sainte-Catherine et al [113] investigated the
absorptivity of the steel 1.0503 in air environment. The temperature-dependent absorptivity for CO2 laser radiation was obtained from a caloric method, while the absorptivity
for Nd:YAG laser radiation could not be assigned to temperature as another measurement
setup in an integrating sphere had to be used. So the results only showed, that the absorptivity of a polished sample for example increases from approximately 30% to 55% at some
point of time during the measurement. Kwon et al. [67] arranged a measurement setup,
where the power of the directly reflected laser beam and the sample temperature were
recorded. For the stainless steel 1.4301 a continuous increase in absorptivity was observed
between 700◦ C and the melting temperature from 31% to 59% due to oxidation. The
partly contradictory references indicate, that the absorptivity should always be measured
under the present conditions.
Only few literature data can be found concerning the absorptivity of liquid metals at high
temperature. The high temperature per se and significant temperature gradients complicate temperature measurements and caloric measurements. Furthermore, an integrating
sphere cannot easily be employed because the thermal radiation affects the detector signal. Moreover, contradictory statements can be found. Arata & Miyamoto [3] for example
state, that the absorptivity calculated through the Hagen-Rubens relation is higher at the
melting temperature compared to the room temperature due to the increased resistivity.
But they also report for the same material, that the measured absorptivity at the melting temperature is equal to that of a polished surface at room temperature. In general,
the absorptivity should increase during melting as the number of conduction electrons
decreases according to Prokhorov et al. [107]. But Schmid et al. [116] currently cannot
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identify a theoretical model, which is able to predict the temperature-dependent optical
properties correctly for all metals. Thus measurements are inevitable. Schmid et al. [116]
presented a custom-made high-temperature ellipsometer to measure the refractive index
of liquid metals. The measurement device was enclosed in a vacuum chamber, where an
electrically powered heating stage and a diode laser provided temperatures up to 1700◦ C.
At higher temperatures the crucible which contains the liquid metal would be dissolved
by the mostly aggressive molten metal. Thanks to the surface tension the surface of liquid
metals is smooth, which facilitates ellipsometry. Nevertheless, the ellipsometer has to be
realigned as the sample surface is altering permanently and the alignment is not trivial on
a curved surface. Additionally, a large scattering of the measurement values was observed
even if determining the refractive index at the same spot. This was caused by a substance
denoted as debris, which shines bright on the melt pool surface, whereas the pure liquid
metal appears darker. But it is possible to move this debris through the position of the
heating laser after the debris layer has cracked up at a temperature clearly above the melting temperature. According to the herein presented results the debris, which was observed
by Schmid et al. [116] might consist of oxides.

2.2.2

Surface tension

According to Burdon [12] surface tension results as the molecules in a body of liquid
experience attraction forces to their neighbors, which are in balance in all directions as
long as a molecule is not at the surface. It can be seen from Figure 2.5, that there is
no equilibrium of forces but a resulting force on the surface molecules inwards. So the
molecules are attracted to each other leading to a contractive force in the surface molecule
layer.
If a liquid is in contact with a solid inside a gas atmosphere as shown in Figure 2.6, three
surface tensions determine the contact angle Θ and so the wetting behavior. The liquid
surface tension σ, the solid surface tension γs and the solid-liquid interfacial tension γsl
are in balance, if the contact angle Θ obeys the Young’s equation [70]
γs = σ · cosΘ + γsl

(2.19)

A comprehensive summary of surface tension effects during conduction mode welding is
given by Daub [20]. Surface tension mainly depends on temperature and chemical composition. So a gradient in surface tension can be caused by an inhomogeneous temperature
field, which leads to a pronounced melt pool flow during the laser cladding process as the
liquid metal on the surface is dragged by the surface tension from areas with lower surface

20

2. State of research

Figure 2.5: Attraction forces between molecules in a liquid leading to surface tension at the boundary due
to imbalance of forces
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Figure 2.6: Surface tension forces at a sessile drop

tension to areas with higher surface tension. This phenomenon called Marangoni effect is
depicted in Figure 2.7. There the surface tension σ of liquid iron is plotted against temperature for different oxygen activities a on the melt pool surface. There exist also other
chemical elements which have an influence on the surface activity. In an inert atmosphere
with an oxygen activity a = 0 usually the surface tension decreases with higher temperature, so the liquid metal on the melt pool surface flows due to the Marangoni effect from
the melt pool center, where the temperature is the highest, radially outwards towards the
colder melt pool boundary, where it submerges and flows back beneath the surface towards
the melt pool center to close the convection current circle. But if the oxygen activity is
so high that the surface tension increases with higher temperature, the flow direction is
reversed as it is shown for the high oxygen activity a = 10−7 . Through this the weld
penetration depth increases as the surface heat is effectively conveyed downwards in the
center of the melt pool because the convective heat transfer due to the melt pool flow
exceeds the conductive heat transfer. Nevertheless, it has not yet been quantified, how
the impact of powder particles influences the described melt pool flow.
Surface tension can be very sensitive to external influences. Egry & Brillo [31] for example
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Figure 2.7: Surface tension of liquid iron as function of temperature and oxygen activity a according to
Morohoshi et al. [87] and effect of oxygen activity on the convection current direction in the melt pool
cross section

report a potential decrease by 10% or even more caused by a few parts per million of
soluble oxygen in liquid metals, which can reverse the sign of ∂σ/∂T . This is confirmed
by Mills & Su [85]. So even a low contamination especially with oxygen or sulfur can have
a significant effect on the surface tension. Because of this reason Keene et al. [58] assume,
that the surface tension is often actually higher than it is reported in literature due to
contamination during the measurements. Furthermore they found several approaches in
literature to calculate the surface tension from other material properties, which mostly only
give rough approximations. This opinion is supported by Egry et al. [32], whose literature
review shows an increase of surface tension with higher melting temperatures. In alloys
the surface tension can additionally be influenced by the enrichment of some elements on
the surface. This is demonstrated by Costa et al. [18] in the case of Co-Cr-Ni alloys. Exact
surface tension data can only be obtained from precise measurements. In general, there
are several measurement methods, which are listed by Keene et al. [58]. Nevertheless,
Egry et al. [32] find only two methods suitable for high temperature measurements, which
are necessary for liquid metals. Although the sessile drop technique is the most common
one, it is difficult to find a suitable substrate, which does not affect the liquid metal
by a chemical reaction between these two components at high temperatures. Because
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of this reason electromagnetic levitation is identified as the most suitable technique for
liquid metals, where the surface tension is calculated from the oscillation frequencies of
the levitated drop.

2.3
2.3.1

Process analysis
Attenuation and powder particle distribution

In the laser cladding process, attenuation is defined as the percentage of laser power which
is not transmitted through the powder cloud created by the powder nozzle. This percentage
is absorbed or reflected by the powder particles. The attenuation can be determined by
measurement or by simulation. The measurement is always difficult because for exact
results the sensor should be placed in the same position as the workpiece, but this would
mean that the sensor is exposed to the impinging powder particles leading to a damage
of the sensor or at least to an impairment of the measurement. This problem can be
circumvented in the case of an off-axis powder nozzle, where Picasso et al. [102] and
Marsden et al. [80] placed a power meter well below the interaction zone between the
laser beam and the powder jet. The attenuation measured in this setup is double the
attenuation during the real laser cladding process, but it is only an average value and
cannot be spatially resolved. Liu et al. [77] used the same setup in the case of a coaxial
powder nozzle. To protect the power meter from damage by the impinging particles or
the laser, the power meter had to be moved further away from the working plane. So the
interaction length between the power particles and the laser beam was not that clearly
known as with the off-axis powder nozzle. Lin [76] solved this problem by placing a sheet of
metal in the working plane of the powder nozzle with a hole to let the powder and the laser
beam pass through and with a cross-jet immediately below the sheet metal to blow the
powder particles rapidly out of the laser beam before the latter reaches the power meter.
Nevertheless, this method still overestimates the attenuation as the particles do not leave
the laser beam instantly as soon as they approach the working plane. It is most likely
that simulation models allow the most precise determination of the attenuation. Devesse
et al. [23] developed a computational fluid dynamics (CFD) simulation model without
validation to replicate the powder jet, so that the local attenuation in each point of the
substrate surface could be calculated by ray tracing. This approach can only guarantee
more accurate attenuation values, if the correct simulation of the powder particle behavior
is ensured. This can be verified by measurements of the powder particle velocity and of the
powder particle density distribution, which indicates the relative mass per time of powder
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delivered to a specific point. The powder particle density distribution is most commonly
measured by optical methods as described by Melo [83] for example. This method however,
can only analyze an unhindered powder jet because the particles reflected from a barrier
in the working plane would distort the measurement result. This barrier is nonetheless
still necessary to create the same gas flow as in the real laser cladding process although
the effect of the barrier has not yet been quantified. Morville et al. [88] developed a
measurement method, where a sheet metal with a small bore is placed in the working
plane of the powder nozzle. During the measurement the powder nozzle is radially moved
away from the bore hole, while the powder mass passing the hole is continuously measured
so that the powder particle density distribution in the radial direction of the nozzle is
recorded. Nevertheless, this method has not yet been extended to characterize the powder
jet in the whole 2D working plane.

2.3.2

Process investigation by high-speed camera

Several authors have already based their research on high-speed camera videos of the
melt pool. The laser cladding process was first investigated by Gasser [37], who used small
amounts of TiC particles as tracer particles, which do not melt below 3170◦ C. The manual
tracking of a small amount of particles facilitated the rough evaluation of the melt pool
flow velocity field as having a maximum velocity of 1 m/s on the melt pool surface. The
alignment of the off-axis powder nozzle turned out to be the main influence factor on the
melt pool flow. In the trailing configuration, where the powder nozzle points from ahead
towards the melt pool tail (see also Figure 3.12), it was observed that the melt pool flow
is directed only in the according direction. Conversely, in the leading configuration, where
the tip of the powder nozzle at the back is tilted towards the head of the melt pool, the melt
pool flow is not limited to one direction. It can be concluded, that both the Marangoni
effect and the powder-gas-flow from the powder nozzle influence the melt pool flow as this
finding agrees with those of Ott [100]. This is potentially different in the case of a coaxial
nozzle, where the powder is fed more from above than from the side. Scheitler et al. [115]
could see the bursting of diamonds when a high speed camera was utilized to investigate
the influence of the laser and of the liquid metal on the diamond particles, which were fed
purely into the metallic melt pool. It was demonstrated by De Baere et al. [21], that high
quality high-speed camera videos can be obtained, when there are appropriate illumination
lasers or lamps and a bandpass filter is inserted before the camera. So for example the
high frequency dynamics due to the powder particle impingement on the melt pool surface
can be seen in the form of waves of different traveling speed and magnitude, which depend
on the impingement location. Similarly, Ott [100] identified a disturbance of the melt pool
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flow by the powder particle impingement, which potentially reverses the flow direction on
the surface temporarily. It was inferred, that the surface flow becomes more chaotic as the
powder mass flow is increased. This effect is additionally influenced by the location of the
powder particle impingement. Nevertheless, the effect of the powder particle impact on the
laser cladding melt pool and the influence of the process parameters, process gases, powder
nozzle orientation, material composition or surface geometry has not yet been investigated
in depth. Abe et al. [1] investigated a process instability which manifests in the form of
a kind of balling phenomenon during the preplaced powder laser cladding process, which
could be explained on the basis of the observation of its formation. The instabilities of other
laser processes were also investigated by others with the aid of high-speed camera imaging.
Heeling et al. [48] for example focused on the spatter occurrence caused by the selective
laser melting process. Heß [50] could explain the humping phenomenon during the deep
penetration welding process after high-speed camera imaging. The keyhole behavior in
the inner workpiece was imaged by X-ray. Leimser [72] analyzed the efficiency of different
shield gas types in terms of their influence on the oxide layer on aluminum welds during
deep penetration welding. This process was also researched by Müller-Borhanian [90], who
developed a process monitoring using a high-speed camera and based on the measurement
of the melt pool surface area and keyhole size. It was found, that an infrared camera
is most suitable, because the visible light emitted by the melt pool is outshined by the
light emitted by the stimulated vapor, whereas the maximum intensity of the thermal
radiation even lies in the infrared or in the near infrared spectrum at least as far as
melting metals are considered. Weberpals [138] solved this problem by utilizing an 808 nm
illumination laser in combination with the corresponding bandpass filter, so that the melt
pool dynamics during deep penetration welding could be observed including the spatter
formation. A stereo vision system using high-speed camera imaging was developed by
Zhao et al. [153] for the conduction mode welding process to determine the 3D position of
single oxide particles on the melt pool surface, which were assumed to show the velocity
of the surrounding liquid metal. Nevertheless, this method was not developed to a level,
where the whole melt pool surface flow could be reconstructed. Stereo vision by high speed
camera imaging was also utilized by Mnich et al. [86] in order to measure the melt pool
geometry during gas metal arc welding, which was intended to be employed in a closed
loop control system. Czerner [19] developed an experimental setup to observe the flow
inside the melt pool during the conduction mode welding process from the side and from
above by means of X-ray images at a frame rate of 1000 Hz. Tracer particles such as the
preferred tungsten carbide particles could be manually tracked in sufficient numbers to
derive the flow field inside the melt pool. Interestingly, the melt pool flow on the surface
was always directed to the center of the melt pool for all iron-based alloys investigated
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except for the high-speed steel 1.3344. This is the opposite of the most commonly observed
direction and might be explained by the effect of oxygen on the surface tension. Tenner
et al. [131] developed an automated method to obtain the melt pool flow field in deep
penetration welding. Two differently positioned high-speed cameras were used and some
additional experiments were carried out right behind a transparent glass, which allowed an
open view into the keyhole moving alongside the window. The liquid metal velocity could
be derived automatically from the wave movement on the melt pool surface, whereas the
tungsten tracer particles, which were originally intended to visualize the melt pool flow,
did not follow the melt pool flow but the particles were driven by the metal vapor.

2.4
2.4.1

Process simulation
General simulation of welding processes

Essentially, after most additive manufacturing processes the entire final part except for the
base part consists completely of weld seams. Radaj [110] divides the welding simulation
into the three fields of process simulation, material simulation and structure simulation as
it is shown by figure 2.8. Process simulation focuses on the melt pool and its immediate
surroundings to obtain the melt pool flow velocity field, the temperature field and thus the
melt pool geometry. Structure simulation looks at whole workpieces especially regarding
residual stresses and distortion. Material simulation predicts, how the microstructure
is influenced by the welding process. All three fields of welding simulation are crosslinked among each other because each simulation can provide data which is needed by
another one. These crosslinks are summarized in figure 2.8. For example the temperature
cycles resulting from the process simulation can be used in the material simulation. This
dissertation focuses mainly on the process simulation.

2.4.2

Laser cladding process simulation

A multitude of publications can already be found which deal with laser cladding process
simulation or similar topics. In the following the main approaches are categorized and
issues are summarized.
The free deformation of the melt pool surface in conjunction with the added powder or
wire material is the main particularity of the laser cladding process from the point of view
of simulation. There are in principle two accurate methods to track the surface and some
approximate methods. The volume of fluids method or the similarly implemented level
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Figure 2.8: Subfields of welding simulation with the most important result and coupling data based on
Radaj [110]

set method and the arbitrary Lagrangian-Eulerian (ALE) method allow accurate tracking.
In the volume of fluids or level set method the whole model volume has to be meshed
which can potentially be filled when the surface moves. An additional dedicated variable
indicates in the whole model domain the distance to the surface in the case of the level
set method or the degree of filling of each finite element or finite volume in the case of the
volume of fluids method so that the surface can be reconstructed. The volume of fluids
method has for example been used by Ibarra-Medina et al. [54], Xu et al. [149], Lee &
Farson [71] or Passandideh et al. [101], while Desmaison et al. [22], Kong & Kovacevic [62],
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Han et al. [46], Qi et al. [108], Li et al. [74] or Buscaglia & Ausas [13] applied the level
set method. Most recently Dubrov et al. [28] and Wei et al. [140] applied a coupled level
set and volume of fluids method to combine the advantages of both methods, which are
the precise mass conservation of the volume of fluids method and the accurate surface
reconstruction of the level set method. In the ALE methods the model surface coincides
with the physical surface. The deformation of the surface is calculated explicitly by temporal integration of the flow velocity field on the surface. This necessitates a remeshing
after each time step. So the fluid flow is observed from a stationary Eulerian point of
view in a fixed volume, but especially the surface is described by a Lagrangian approach,
where the observer follows the movement accordingly. An ALE method can for example
be found in the publications of Traidia [134], El Cheikh & Courant [34], Morville et al. [89]
or Carin [15]. The volume of fluids method or the level set method are more suitable in
cases of severe surface deformations such as the multilayer additive manufacturing of a thin
wall, because the severe deformation would lead to highly distorted finite elements with
an ALE method. The advantages of ALE methods lie in the more precise representation
of the surface contour and the lower computational effort as there is no void volume which
has to be meshed providently.
As the accurate surface tracking is not trivial, there are also some approximation approaches especially in structure simulation models. El Cheikh & Courant [34], Bourne
et al. [9] and Vásquez et al. [135] approximated the single track surface contour as a circular arc. Nenadl et al. [92] considered different shape functions such as a circular arc,
parabolic, elliptic or sinusoidal functions to estimate the surface contour of single tracks,
coatings or even multilayers [93], where the width of the curve was equal to the laser
spot diameter. The assumption of a circular arc surface contour may be justified by the
fact, that liquid metals show a high surface tension in the order of 1000 mN/m, whereas
the surface tension of water at room temperature is only 70 mN/m. Zhang et al. [152]
estimated the single weld track contour with a parabolic curve, whereas Zhou et al. [154]
used a rectangle. Tabernero et al. [127] calculated the surface contour of the deposited
material analytically from the powder jet intensity profile disregarding the melt pool flow
with the associated redistribution of material. Pirch et al. [104], Yang & Babu [151] and
other authors took the surface contour from experimental cross sections.
As the fluid flow simulation requires high computational effort, the melt pool flow is
partially neglected by some authors, although the convection inside the melt pool is an
important heat transfer mechanism, which redistributes the heat efficiently. Brückner
et al. [10] and Desmaison et al. [22] tried to compensate for this by increasing the thermal
conductivity of the molten metal. Desmaison et al. [22] modeled the hybrid laser gas metal
arc welding process without the occurrence of a keyhole. It was found, that the thermal
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conductivity in the melt pool should be increased by a factor of five to minimize the difference between the simulation results and the experimental melt pool dimensions, but
then the melt pool shape is still different. This was confirmed by Safdar et al. [112], who
applied an enhanced thermal conductivity in the case of conduction mode laser welding
simulation. Though, the melt pool shape could be changed by an anisotropic enhanced
thermal conductivity, where the thermal conductivity was increased by a factor of five in
the transverse direction of the weld. This mimics the Marangoni effect, which conveys the
heat outwards from the melt pool center leading to an increase of the melt pool width.
Most commonly a laminar melt pool flow is assumed for example by Morville et al. [89],
Gan et al. [36], Qi et al. [108], Li et al. [74], Ibarra-Medina et al. [54] Huang et al. [53]
and Wen & Shin [143]. Though, the findings of Ott [100] mentioned in subsection 2.3.2
indicate, that this assumption might be wrong. Moreover, Dong et al. [26] showed for
the gas tungsten arc welding process, that the simulation results are closer to the experimental results, if a turbulence model is applied instead of a laminar flow model. This
is confirmed by Chakraborty et al. [16], who modeled the laser surface alloying process,
which is a special laser cladding process with high dilution, where a surface layer is melted
so that its properties can be homogeneously modified by the alloying filler material. Usually the Reynolds number is calculated to asses the type of fluid flow. Though, there is no
established critical Reynolds number of a laser cladding melt pool available in literature
and the impingement of the powder particles has additionally to be taken into account as
this potentially disturbs the melt pool flow. But as there is no other possible theoretical
approach to clarify, if the melt pool flow is laminar or turbulent, the Reynolds number can
give a rough idea and if it is under conservative assumptions still significantly higher than
the critical Reynolds number, at least the turbulent flow regime can be confirmed. There
are two different points of view on the melt pool as it can be considered completely in its
whole extent or locally, where the liquid metal flows around a powder particle. If the melt
pool flow is approximately compared with the flow over a plate, the Reynolds number
Re =

ρ·U ·L
µ

(2.20)

with the density ρ, the fluid velocity U and the dynamic viscosity µ can be calculated, if
the melt pool radius is taken as the characteristic length L. Inserting some typical values
of Inconel R 625, which are the density ρ = 8440 kg/m3 , a melt pool radius L = 2 mm, a
low viscosity µ = 2 mP a · s and a high maximum melt pool velocity U = 1 m/s, leads to
the Reynolds number Re = 8440. This is one order of magnitude lower than the critical
Reynolds number Recrit = 50000 reported by Goedecke et al. [40], so it supports the
assumption of a laminar flow. The flow around a sphere with diameter D is addressed by
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the corresponding Reynolds number
ReD =

ρ·U ·D
µ

(2.21)

A powder particle diameter of D = 67 µm results in ReD = 285 indicating a turbulent
flow as Tavener [130] reports a critical Reynolds number ReD,crit = 200 for this flow condition, while Kawaguti [56] states a lower critical Reynolds number ReD,crit = 100 for the
flow around a sphere. In addition, the powder particles are no ideal spheres as they show
some surface roughness and waviness, so that the critical Reynolds number is actually even
lower. According to Sen for example the critical Reynolds number of porous spheres is in
the range of 1 − 10. The actual critical Reynolds number for the melt pool flow around the
powder particles can be assumed as a value between the mentioned extreme cases. This
implies a high probability, that there is a turbulent flow around the powder particles as
long as there is a relative velocity between the particles and the liquid metal.
The influence of the powder particle impingement on the melt pool was investigated by
Han et al. [46] and Choi et al. [17] in a 2D simulation model. The results suggest, that
the melt pool flow is influenced more by the powder injection than by the Maragoni effect.
However, the models neglect the influence of surface tension when the particles hit the
melt pool surface. The assumption, that the particles simply merge with the melt pool
contradicts the fact, that the melt pool surface tension prevents the powder particles from
direct immersion or at least damps the immersion. Furthermore the models are not 3D,
perhaps rendering them too simplistic.
The correct modeling of the melt pool flow is important for an accurate simulation of the
heat transfer and the resulting temperature field. The Péclet number
Pe =

U · L · ρ · cp
λ

(2.22)

with the isobaric specific heat capacity cp and the thermal conductivity λ indicates the
relevance of the convective heat transfer compared to the conductive heat transfer. With
J
W
the isobaric specific heat capacity cp = 720 kg·K
and the thermal conductivity λ = 30 m·K
of liquid Inconel R 625 a Péclet number in the range of P e = 400 can be calculated,
which emphasizes the relevance of the convective heat transfer. According to Pitscheneder
et al. [105] the convective heat transfer mechanism is prevalent for P e  1.
In the early days of research into the laser cladding process, the process models were only
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two-dimensional due to the limited computing power available at that time. Nevertheless,
nowadays one can still distinguish between recently presented 2D and 3D models because
the multitude of physical effects and the coupling of different physical equations such as the
equations of heat transfer or fluid mechanics still present a challenge, if a computationally
efficient solution with manageable complexity is demanded. For example Ya et al. [150]
presented a 2D model still in 2016 and the 2D model developed by Morville et al. [89] until
2012 tackled both issues of free surface deformation and multilayer additive manufacturing.
A simulation model can be physically based or calibration based. A physically based simulation model relies on physical equations and material properties or also machine properties
so that it can give predictions, while a calibration based model needs experiments in advance so that some calibration factors or empirical equations can be adjusted iteratively
until the simulation results agree with the experimental results. Usually the calibration
iterations have to be executed all over again for each different process parameter set. One
of the first physically based simulation models which takes the addition of a filler material
into the melt pool into account was presented by Traidia [134]. Moreover, this model
considers the free surface motion caused by fluid flow due to surface tension, filler wire addition, gravity and buoyancy force during the transient 2D axisymmetric spot welding or
the stationary 3D gas tungsten arc (GTA) welding process. For the laser cladding process
Ibarra-Medina et al. [54] developed one of the most advanced current simulation models,
which uses the volume of fluids method, where the simulation of the powder particle flow
through the powder nozzle until the melt pool surface is directly coupled with the simulation of the melt pool. Nevertheless, there is a potential for improvement as especially
the heat source model could be enhanced by more detailed measured absorptivity values
instead of the estimated ones.
Different software companies offer simulation software dedicated to the SLM process
such as 3DSIM , which was recently acquired by Ansys, with exaSIM and F LEX,
Additive W orks with Amphyon, M SC Sof tware Company with Simuf act Additive,
Autodesk with N etf abb, ESI Additive M anuf acturing or GeonX with V irf ac, which
is now part of General Electric (GE). All mentioned software packages offer structure
simulation to predict the distortion and residual stresses of SLM parts, but only F LEX,
ESI Additive M anuf acturing and V irf ac contain a process simulation that considers
the melt pool. On the contrary, for laser cladding there is significantly less software on
the market. M SC Sof tware Company offers Simuf act W eld for structure simulation,
whereas GeonX and ESI claim, that their software is also suitable for laser cladding melt
pool simulation. Though, there is some doubt, if software with models originally devel-
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oped for the SLM process can successfully be applied to the laser cladding process without
major adjustments and additional specific sub-models for example for the heat source or
for the powder jet.

2.5

Research gap

2.5.1

Research needs

Three main fields related to laser cladding process simulation can be identified, which need
research. Namely the melt pool dynamics have not yet been fully understood, there is a
lack of an integrated physically-based simulation model and new measurement methods
are needed to obtain the simulation input data. This is important to understand the process better and to replicate the process in the simulation realistically so that the simulation
results reflect the reality making predictions possible.
The previous literature research shows, that there is currently no physically-based integrated simulation model which is able to predict the laser cladding melt pool characteristics. This is confirmed by Pinkerton [103], Gan et al. [36] and Manvatkar et al. [79]. Several
promising approaches can already be found in literature, but the sub-models of melt pool,
heat source and powder jet still have to be brought together and have to be integrated
in a comprehensive laser cladding process model. Such a model is needed to improve the
process understanding and to investigate phenomena, which cannot properly or at all be
observed by measurements. It is for example interesting to retrace the thermal history
of carbide particles in an MMC coating to understand the related metallurgical phenomena such as the dissolution of the particles and to derive the necessary optimizations of
the process parameters accordingly. Furthermore, an accordance between simulation and
experimental results finally shows, that the process has been understood and all relevant
mechanisms have been considered. This is helpful as the melt pool flow still has not been
completely understood. Although there are indications for a turbulent melt pool flow,
which conflicts with the common laminar flow assumption of state-of-the-art process simulation models, it still has to be investigated, under which conditions the melt pool flow
becomes turbulent and to what extent and how this is affected by the process parameters.
This in turn raises the question of margins of error, when a laminar flow is assumed in
simulation instead of a turbulent flow and which measures have to be derived to improve
the process model.
Predictive simulation results are only possible with reliable input data, which have to be
measured before simulation to characterize a machine or material. But for some data there
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are no established measurement methods available or they require an effort, which exceeds
the available financial and time resources. Up to now especially the powder absorptivity
cannot be measured as the present common methods reveal the absorptivity of a powder bed but not the absorptivity of the single powder particles inside a powder jet. The
measurement of the liquid metal absorptivity is in principle possible by ellipsometry, but
requires an expensive measurement setup and is limited by the maximum temperature
which the crucible can withstand before it is dissolved by the aggressive molten metal.
There are methods that have already been developed for the powder particle density distribution measurement, but these methods are mostly expensive and additionally show
some shortcomings.

2.5.2

Approach

In order to meet the aforementioned research needs, first in chapter 3 the laser cladding
process is investigated experimentally by high-speed camera imaging. There the focus is
on the melt pool flow and on the development of an automated video analysis method to
obtain the melt pool flow velocity field, which is additionally compared with the simulation
results.
A modular laser cladding process simulation model is developed in chapter 4-6, which is
composed of a powder jet model, a heat source model and a melt pool model. Each of
these modules can be refined independently depending on the future research needs. For
this purpose, a heat source model as well as measurement methods are developed and
applied to gather the simulation input data as presented in chapter 4. It becomes obvious from the final heat source model, which absorptivity data are needed for the process
simulation. The method of determining the heat source from experimental cross sections,
which is most commonly applied in joining technology, is considered and its deficiency
is shown. Therefore, the average absorptivity and the temperature-dependent absorptivity are measured in custom-made measurement devices using the pulse method and the
gradient method respectively. For the powder particle absorptivity a new measurement
method is developed. The investigation of the laser powder interaction is accessed from
two sides, i.e. by simulation and measurement. For this purpose a measurement method
for the powder particle density distribution is developed. Additionally, a simulation model
for the powder jet is set up, which is calibrated by the powder particle density distribution measurement results. So the correct laser light attenuation can be deduced from the
simulation results. The caloric measurement method for laser attenuation and powder
absorptivity is shown complementary as an option to obtain estimate values.
In chapter 5 the laser cladding process simulation model is set up starting form a single
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track. The model brings together the best approaches, which can be found in literature
based on the current understanding of the process. Numerical issues are pointed out and
the appropriate solutions are explained. The model is enhanced towards a multi-track
model and it is validated by experimental cross sections and process absorptivity measurements. Furthermore, the sensitivity of the simulation results to the material data is
analyzed and the margins of error are investigated, when the melt pool flow is neglected
in order to speed up the simulations.
The enhancements of the laser cladding process simulation model in a second step are
presented in chapter 6. The enhancements are inspired by the new experimental insights
with regard to the melt pool flow and the carbide particle movement inside the melt pool.
The aims are to simulate phenomena such as the pore or carbide particle movement, which
have not yet been investigated before by simulation, to implement the capability of multiphase simulations, which allow for the calculation of the substrate material distribution
inside the deposited material and to improve the laser cladding model in order to make it
more predictive. The latter is achieved by the comparison between the experimental melt
pool flow and the previous simulation results, so that model adjustments can be deduced
to account for the characteristic type of fluid flow inside a laser cladding melt pool.

34

3. Novel insights into melt pool flow by high-speed camera video analysis

Chapter 3

Novel insights into melt pool flow by
high-speed camera video analysis
3.1

Experimental setup

The experiments were carried out on a T rumpf T ruLaser Cell 7020 CNC machine using
a T rumpf T ruDisk 3001 ytterbium-doped yttrium aluminum garnet (Yb:YAG) disk laser
with a wavelength of 1030 nm. The powder was fed by a three-jet powder nozzle type
3 − JET − SO16 from F raunhof er − ILT at a working distance of 15 mm. The videos
were recorded with a V ision Research P hantom v12.1 high-speed camera at a frame rate
of 200 000 − 670 000 frames per second (fps). The image size was adjusted to the different
melt pool sizes to obtain the maximum possible image quality and number of images on the
limited memory of the camera. Different powder materials were deposited on the substrate
of structural steel S235JRC + C. The main powder material consisted of a mixture of
M etcoClad R 625 showing a particle size in the range from 45 µm up to 90 µm (−90 +
45 µm) with 1% by weight of titanium carbide (TiC). M etcoClad R 625 is a nickel-base
alloy with the chemical composition given in Table 3.1, which is similar to Inconel R 625
with only an increase in the maximum niobium content from 4.15% to 5.0% The TiC
particles served as tracer particles as their low density and high melting temperature lets
them float on the melt pool surface for long time. Though, they would not necessarily
have been required as there are also some oxide patches on liquid M etcoClad R 625 during
the laser cladding process which can be tracked.

weight percent

Ni
58.0-63.0

Cr
20.0-23.0

Mo
8.0-10.0

Nb
3.0-5.0

Fe
≤ 5.0

Table 3.1: Chemical composition of M etcoClad R 625 [99]

other
<2.0
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Additionally, some MMC powder mixtures were investigated. M etcoClad R 52052 is a
mixture of 60% by weight of spherical fused tungsten carbide (WC) and 40% by weight of
a corrosion resistant nickel chromium silicon boron carbon (NiCrSiBC) alloy, which is an
established standard material for wear resistant coatings. A mixture of 60% by weight of
angular tungsten titanium carbide (WTiC) and 40% by weight of M etcoClad R 625 was
investigated as a potentially improved coating material as well as a mixture of 20% by
weight of TiC and 80% by weight of M etcoClad R 625.
Figure 3.1 shows the two experimental setups for top view and side view observation. The
top view videos were primarily used to analyze the melt pool flow, while the behavior of the
powder particles regarding their impact and potential ricochet could be observed better in
the side view. The distance of the workpiece on the rotary table from the axis of rotation
was at least 300 mm in the different experimental series. During the deposition of a track
the workpiece was moved by the rotation of the table, while the laser cladding processing
head stayed in a fixed position. So the melt pool did not pass through the image but was
also stationary and could be observed during the whole period of time it needed to deposit
one track. The laser processing head was only moved between two consecutive tracks to
generate the track distance. The direction of movement was always directed away from
the camera. Otherwise the melt pool surface of an overlapping track is inclined towards
the camera and potentially reflects the laser beam towards the camera, which is especially
harmful in the side view setup, where the camera lens is close to the process. The resulting
weld tracks had a length of 80 mm. Single weld tracks were primarily deposited to validate
the process simulation model and were also sufficient for basic research. Three tracks were
found to be sufficient to mirror the coating process of broad surfaces. In one experiment 10
tracks were deposited on top of each other to investigate the melt pool during the additive
manufacturing of a thin wall. In the top view setup the integrated camera optics were
utilized, where the dichroic mirror allows the laser beam with its specific wavelength to
pass through, whereas it reflects the light towards the camera, which is emitted by the
melt pool at differing wavelengths. Due to the high magnification especially in the top
view setup the depth of field was in the range of only 0.5 mm. So one could only obtain
sharp images, if the optical path length between the melt pool and the camera was set up
correctly. After rough adjustment the optimum optical path length was determined in a
preliminary test, where the laser processing head was continuously moved away from the
camera during the deposition of one track. Afterwards the point of time in the video was
determined, where the melt pool was in focus and the corresponding optical path length
was chosen to be constant in the actual experiments during the last track, which was
recorded. The focusing of a cold track was not suitable because of the thermal lensing due
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to the heating of the gas above the melt pool. While the camera did not need additional
protection in the top view setup, in the side view setup a filter had to be inserted before
the camera lens to protect the camera sensor from laser radiation and some aluminum foil
protected the other parts of the camera.

workpiece
rotary table

camera lens
integrated optics

workpiece
Figure 3.1: Experimental setup for top view (left) and side view (right) high-speed camera imaging

The significant differences in brightness within one image as well as between the images obtained from different process parameter sets posed an issue for the high-speed camera imaging. The camera software provides a setting called ”Extreme Dynamic Range (EDR)”
exposure, which damps the brightness of initially overexposed image areas [137]. This
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setting was always set to 50% of the original exposure. The optimum exposure is strongly
influenced by the process parameter. For example after the laser spot diameter had been
reduced from 4 mm to 3 mm, the exposure had to be reduced by more than 50%, which
approximately complies with the increase in laser intensity. The intensity of light emission
from the melt pool also depends on the material as a melt pool of M etcoClad R 52052
requires a 70% longer exposure than a M etcoClad R 625 melt pool. It was attempted
without success to achieve a homogeneous illumination independent of the process parameters or the location on the melt pool by a similar method as it was shown by De Baere
et al. [21]. For this purpose a 445 nm illumination laser was employed together with a
corresponding bandpass filter in front of the camera lens. Unfortunately the melt pool
surface appeared irregularly specular in the resulting high-speed camera images so that
the image quality even deteriorated due to many gamboling blinding speckles on the melt
pool surface. It is assumed that this is due to the not diffusely but directly reflecting melt
pool surface or oscillations of the local laser beam intensity. Nevertheless, the described
approach would have led to better image sharpness and recognizability of all melt pool
features for the human eye, but the high contrast between the bright carbide particles or
oxide patches and the liquid metal with its lower emissivity would have been lost. It is not
certain, if the automated high-speed camera video analysis would then still have worked,
which is described in the following section.

3.2
3.2.1

Automated high-speed camera video analysis
Theory

The hereafter described method to analyze high-speed camera videos automatically is
based on the detection and tracking of dark powder particles and of bright particles on
the melt pool surface in order to draw conclusions about the melt pool flow. The bright
particles can be identified as TiC particles, which were added to the metal powder as tracer
particles, or as oxides due to melt pool surface oxidation. While the powder particles melt
and disappear within a short period of time, the bright particles float on the melt pool surface for long time. The video analysis method was implemented in a Matlab script, where
the main steps are the particle detection, the particle tracking and the post-processing.
The videos are originally saved in the *.cine format with 12 bits per pixel, which needs to
be converted into the recommended *.mp4 format using the H264 codec before the videos
are split into their single frames, where the 8 bit *.jpg format is most storage saving. The
video raw data allowed to optimize the video quality before the conversion. No video
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quality loss due to the conversion could be observed, but the single images in the 8 bit
*.jpg format lost some quality compared to the 24 bit *.png format. Though, this did not
affect the analysis results. Then after the conversion and splitting, in the first step the
single particles are detected in each frame using the Matlab function ”imfindcircles” [81],
which is based on a two-stage circular Hough transformation. In the second step the ”simpletracker” particle tracing algorithm by Tinevez [132] works out the tracks, which yield
the shortest linking distances between the previously detected particle positions. Table 3.2
summarizes the parameters and their settings for the videos, the particle detection, the
particle tracking and the post-processing. After the first experimental series some parameters were changed in order to improve the measurement results. Especially a higher
magnification meaning a smaller pixel size lp was chosen and the frame rate f was reduced,
because the first experimental series had shown, that the tracking algorithm works equally
well with a lower frame rate and the particle displacements between consecutive frames
are predominantly smaller than the particle position detection accuracy so that too high
a temporal resolution cannot be utilized anyway as explained in the following. Moreover,
the high-speed camera did not allow higher frame rates due to the increased image size in
terms of pixels. So a longer period of time could be recorded and slower particle velocities
could be detected with a higher resolution of the melt pool. As the first experimental
series was carried out with a magnification of 52 pixel/mm corresponding to the pixel
size lp = 19.2 µm while the magnification was increased to 81 pixel/mm corresponding to
lp = 12.4 µm in the second experimental series, for the dark particles the range of radii
was also increased, which indicates the expected particle radii. It was further increased
for the bright particles to detect more oxide patches. The object polarity is set to ‘dark’
or ‘bright’ depending on the particles to be detected. The metal powder particles appear
dark, whereas the TiC particles and the oxide patches are bright. The number of detected
particles could be increased by a lower edge gradient threshold or a higher sensitivity factor at the price of more erroneous detections. The maximum linking distance defines
the maximum accepted movement of a particle between two consecutive tracks so that the
algorithm does not take particles with an exceptionally high velocity into account which
for example fly through the image field but have not yet touched the melt pool. Therefore,
the maximum linking distance is set such that only particle movements with a velocity
below 70% of the powder jet velocity in the xy-plane vjet are taken into account. The
powder jet leaves the powder nozzle with a velocity of 5.56 m/s in the case of 5 l/min
argon as carrier gas or 3.97 m/s in the case of 5 l/min helium as carrier gas. These
velocities appear from the camera perspective as vjet = 2.27 m/s or vjet = 1.63 m/s
respectively. Due to the possibility, that a particle is exceptionally not detected in some
frames, but before and after these frames, in a second substep the tracking algorithm looks
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for potential connections between the different tracks which have been identified in the
first substep in order to close these gaps. The maximum gap closing specifies the number of frames which may lie between two tracks, which are connected in the second substep.
During post-processing all relevant data are extracted from the resulting tracks so that
they are condensed in the five matrices Uij , Vij , Wij , np,ij and zij as it is explained in the
following. The indices (i,j) resemble the discretization of the image field into n · n sectors.
Particle movements smaller than the position detection accuracy of lmin = 1.0 pixels are
neglected. But as the particle movement between two consecutive frames is often smaller,
the particle displacement and the corresponding velocity is always calculated relative to a
frame further ahead. The distance between these to frames is defined by the vector gap
ng . The vector gap determines the minimum detectable velocity
vmin =

lmin · lp
·f
ng

(3.1)

depending on the frame rate f and the pixel size lp , which is defined as the physical length
in µm per pixel. Due to the decreased frame rate f and the smaller pixel size lp the
vector gap could be reduced from ng = 10 to ng = 5 in the second experimental series.
Figure 3.2 illustrates the approach to determine the position detection accuracy lmin . For
this purpose two particles A and B sticking to the mushy zone were tracked over 30 frames,
1st series: 19.2 µm
2nd series: 12.4 µm
video parameters
1st series: 67065 1/s
frame rate f
2nd series: 20000 1/s
1st series: [1 3]
range of radii [pixel]
2nd series: [2 4] or [1 8]
object polarity
‘dark’ or ‘bright’
particle detection parameters
computation method
‘TwoStage’
sensitivity factor
0.9
edge gradient threshold
0.1
maximum linking distance 0.7 · vjet /(f · lp )
[pixel]
particle tracking parameters
maximum
gap
closing 2
[number of frames]
1st series: 10
post-processing parameters vector gap ng
2nd series: 5
pixel size lp

Table 3.2: Parameters of video, particle detection, tracking and post-processing
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where they should only move with the scan speed in y-direction. The deviation from the
corresponding set point position in x- and y-direction is depicted in Figure 3.2 (right).
The set point is the expected position due to scan speed. With the exception of one point
on the curve representing the x-position of particle B, the values of each curve lie within
a range of 1.0 pixels.
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Figure 3.2: Location of the tracked points A and B in the high-speed images (left) and the corresponding
deviation from their set point position (right) for the determination of the position detection accuracy

As np,ij particle center points p have been detected in each of the sectors (i,j), the particle
displacement of all points in x-direction up,ij can be accumulated in the matrix
Uij =

Xnp,ij
p=1

up,ij

(3.2)

The particle displacements in y-direction vp,ij are analogously summarized in
Vij =

Xnp,ij

The absolute displacements are added up in

p=1

vp,ij

(3.3)
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Wij =

Xnp,ij q
p=1

(up,ij )2 + (vp,ij )2
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(3.4)

Additionally, for each sector the number of tracks zij is stored in which a particle movement has been detected in a sector. This number is needed to decide in the graphical
representation, if the corresponding data are displayed in a sector or if the number of data
sets from different tracks does not exceed the critical number nm , which is needed for a
sufficient statistical basis and to get rid of some rare artifacts, which appear in places
without correct detections. nm was set to 0.03% of the sum of all entries in zij
From the condensed matrices for each sector (i,j) two specific velocities are calculated.
The norm of the average velocity vector
p
(Uij )2 + (Vij )2
ūij =
· f /ng
np,ij

(3.5)

describes the absolute velocity of the average movement of all particles in one sector,
where for example two movements with the same velocity in the opposite direction lead
to ūij = 0. The average absolute velocity
w̄ij =

Wij
· f /ng
np,ij

(3.6)

states the average velocity of a particle in a sector (i,j) regardless of the direction of the
single movements, so that for example two movements with the same velocity of 1 m/s in
the opposite direction lead to w̄ij = 1 m/s. Thus the velocity ratio
qij =

ūij
w̄ij

(3.7)

indicates, to what extent the melt pool flow in a sector (i,j) is laminar with a preferred
flow direction. If the flow direction and velocity in one sector is always the same, w̄ij is
equal to ūij so that qij = 1. In the contrary case, where the melt pool flow is random, the
norm of the average velocity vector ūij approaches zero leading to qij ≈ 0.

3.2.2

Application

In this subsection the detailed results of the automated high-speed camera video analysis
are shown exemplarily based on a reference experiment with the parameters listed in
Table 3.3.
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experiment no.
2.17
experimental series
2
laser power PL
1750 W
scan speed vf
1.0 m/min
spot size s
3.74 mm
powder mass flow ṁ 15 g/min
overlap φ
47%
number of tracks nt 3
shield gas flow V̇s
15 l/min
carrier gas type
Ar
carrier gas flow V̇c
5 l/min
frame rate f
20 kHz
exposure e
20 µs
Table 3.3: Process and video parameters of reference experiment no. 2.17

In Figure 3.3 the resulting particle velocity fields are presented both for the metal powder
particle tracking and for the bright particle tracking. The arrows represent the average
velocity vector field with a length of the arrows which is proportional to the norm of
the average velocity vector ūij . The indicated velocities are absolute, but due to the
comparably low scan speed in the range of 1 m/min = 0.017 m/s the velocity field
relative to the workpiece is not significantly different. The arrow in the lower left corner of
the graphic indicates the feed direction relative to the substrate and serves as a scale with
its length equivalent to a velocity of 1 m/s. The background color shows the velocity ratio
qij . The average value ūavg and maximum value ūmax of the norm of the average velocity
vector ūij are stated additionally as quantitative numeric values. The origin (0,0) of the
depicted coordinate system coincides with the center of the laser beam and of the powder
jet. The evaluations of both particle types show qualitatively similar results. One half of
the melt pool shows an apparent preferred flow direction, while the velocity ratio generally
indicates a high degree of randomness to the velocity directions. In the case of the metal
powder particles the maximum velocity ratio is approximately 70%, whereas the maximum
bright particle velocity ratio is only 5 percentage points higher. According to the results of
the bright particle tracing the melt pool flow originates near the melt pool front. Due to
the Marangoni effect the flow lines then run towards the colder regions with higher surface
tension at the melt pool tail and at the melt pool front, where the liquid metal submerges
and flows back to the origin of the melt pool flow to close the flow cycle. The melt pool
flow is additionally influenced by capillary forces, which are caused by the surface tension
per se in order to minimize the surface energy. The surface tension of the liquid metal
promotes a spherical shape of the melt pool surface and the interfacial tension is relevant
for the wetting behavior. These surface tension effects can be seen in the pronounced flow

3.2 Automated high-speed camera video analysis

43

towards the melt pool tail and towards the previous track on the right so that the melt
pool is prolonged along the right side. The asymmetrical melt pool shape is additionally
caused to a minor extent by the low thermal conductivity of the cladding material, which is
up to 80% below the thermal conductivity of the substrate material. But according to the
multi-track simulation results of section 5.4 this effect is insignificant and the remaining
heat of the previous tracks is already homogeneously distributed so that the remaining
heat cannot have an influence either. Though, there is an influence of the asymmetrical
powder nozzle orientation as shown in subsection 3.4.2. When the flow field of the metal
powder particles is compared with the flow field of the bright particles, the effect of the
powder injection can also be seen in the flow field of the metal powder particles, which
move into the negative y-direction near the melt pool tail due to their initial momentum,
which is determined by that channel of the powder nozzle which delivers the powder from a
direction at the bottom of the image. There is an apparent correlation between the norm of
the average velocity vector and the corresponding velocity ratio, because the impingement
of the powder particles can disturb the melt pool flow only significantly, if the melt pool
flow velocity is low. The influence of the substrate movement can be neglected because
it is typically as low as 1 m/min = 0.017 m/s, which is significantly smaller than the
melt pool flow velocities shown in Figure 3.3. The data point at (0.2, 4.2) stems from
some debris adhering to the inside of the powder nozzle. This can also be seen in the
corresponding high-speed camera images in Figure 3.4. It has to be noted, that the results
of the dark particle tracking are not always similar to the bright particle tracking. It
was observed, that there is especially a high degree of agreement, if the airborne powder
particles of the powder jet cannot be detected by the particle detection algorithm such as
during the multi-track recordings where the airborne particles are predominantly out of
the focus range of the camera. Otherwise the airborne particles affect the particle tracing
algorithm.
Figure 3.4 shows that the automated image evaluation is able to capture the whole melt
pool in the case of the metal powder particle tracking (left) as well as in the case of
the bright particle tracking (right). The red curve represents the border of the detected
velocity field and spans the whole melt pool.
Figure 3.5 displays the corresponding values of zij , which indicate the number of particle
movements from different tracks inside the respective sector (i,j). The border of the detected velocity field is again represented by the red-colored line identically to Figure 3.4.
Inside this border there is a statistically sufficient amount of data. The minimum required
number of data sets is nm = 10 for the dark particles and nm = 34 for the bright particles.
There are some additional bright particle data with zij > nm outside of the melt pool
caused by melt pool boundary fluctuations and by the inner wall of the powder nozzle,
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bright particles

velocity ratio

metal powder particles

𝑢𝑎𝑣𝑔 = 0.07 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.25 𝑚/𝑠

𝑢𝑎𝑣𝑔 = 0.07 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.26 𝑚/𝑠

Figure 3.3: Resulting metal powder particle (left) and bright particle (right) velocity field of reference
experiment 2.17 according to table 3.3

which is partially visible as a gray ring in the outer area of the high-speed camera images.
These data were filtered out based on the average gray scale value, which was calculated in
each sector based on 10 frames with a distance of 1000 frames between the single frames. A
low average gray scale value indicates, that there is no durable melt pool in the respective
sector. The gray scale value threshold had to be determined individually for each video
due to the differing brightness.
In Figure 3.6 the whole number of detected particle movements in relation to their respective velocity is shown in a histogram. There are obviously no extra-peaks, which would
point to erroneous detections such as airborne particles flying through the image above
the melt pool. There are no data for velocities below 0.05 m/s as this is the minimum detectable velocity according to Equation (3.1). There is no significant difference between the
cumulated relative frequency of the dark particle velocities and the cumulated frequency of
the bright particle velocities. This means both particle types exhibit the same velocities.
The bright particles show only a marginally higher relative frequency of movements with
high velocities compared to the dark particles because the bright particles float on the
melt pool surface for longer time so that the acceleration period is less influential. There
is a significantly higher absolute amount of bright particle movements because the bright
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bright particles

1 mm
Figure 3.4: High-speed camera image together with the border of the detected metal powder particle (left)
and bright particle (right) velocity field of reference experiment 2.17 according to table 3.3

particles can better be detected due to the higher contrast to the liquid metal compared
to the dark particles.

3.3

Particle acceleration

When a powder particle impinges on the melt pool surface, there are three potential
scenarios. If the particle can neither be wetted by the melt nor penetrate the melt pool
surface, the particle ricochets. If the momentum of the particle is sufficiently high, it can
directly immerse into the melt pool. If the particle is partially wetted by the melt but
its impact momentum is not high enough to overcome the melt pool surface tension, the
particle floats on the melt pool surface. The latter case is studied in Figure 3.7. There
each third frame of a thirty frame recording is shown. A red circle marks the position of
the tracked particle, a green circle anticipates the particle position in the next displayed
frame and the red winding curve represents the whole tracked path of the particle. At
−75 µs prior to the powder particle impact on the melt pool surface the particle is still
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bright particles

number of tracks in sector (i,j)

metal powder particles
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Figure 3.5: Number of tracks in sector (i,j) zij for the metal powder particle (left) and bright particle
tracks (right) of reference experiment 2.17 according to table 3.3

airborne and has not yet touched the melt pool surface. Between 0 µs and 75 µs the
first contact takes place, whereupon the particle floats on the melt pool surface following
the red winding curve with varying velocity. Over time the particle is increasingly molten
until it cannot be detected automatically any more at 525 µs and has finally completely
disappeared after 600 µs. In summary, the powder particles generally impinge on the
melt pool surface with an initial velocity which is different from the velocity of the melt
inside the melt pool. Thereupon the particles can experience a high acceleration in the
order of 104 m/s2 . Thus the particles adapt the velocity of the surrounding liquid metal
instantly. The acceleration was calculated for three acceleration phases of exemplary
tracks as shown in Figure 3.8. Though, the actual acceleration values might even be
higher, because the velocity was always calculated from the position difference relative
to the tenth succeeding frame, which leads to a smoothing of the velocity curves. In the
presented case stemming from the first experimental series the vector gap of ng = 10
frames at a frame rate of f = 67065 Hz corresponds to an interval of 0.15 ms, while
the vector gap of ng = 5 frames during the second experimental series with a frame rate
of f = 20000 Hz corresponds to an interval of 0.25 ms. This increased interval leads
to lower calculated acceleration values. The acceleration calculations for some exemplary
tracks of experiment 2.1 according to table 3.4 from the second experimental series yield
acceleration values, which are approximately only 50% of the acceleration values shown in
Figure 3.8.

3.3 Particle acceleration
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Figure 3.6: Absolute frequency (bars) and cumulated relative frequency (lines) of track length of dark
metal powder particles and bright particles as a function of velocity resulting from reference experiment
2.17 according to table 3.3

The high acceleration values can also be deduced from Figure 3.9 in combination with
Figure 3.6. According to Figure 3.9 the bright particle track lengths are longer than the
dark particle track lengths meaning the acceleration phase of the bright particles is shorter
in proportion to the track length. Thus the average particle velocity is less influenced by
the acceleration phase with its lower average velocity, provided that the particles accelerate
and then move constantly inside a laminar flow. Nevertheless, there is still no significant
difference in the average velocities of dark and bright particles according to Figure 3.6.
The low values of the velocity differences can therefore be explained by fast accelerations.
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-75 µs

300 µs

0 µs

375 µs

75 µs

450 µs

150 µs

525 µs

225 µs

600 µs

1 mm
Figure 3.7: Image series of a melt pool section to show the powder particle behavior based on the example
of the particle marked with a red circle
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-9180 m/s2
11100 m/s2

-3590 m/s2

Figure 3.8: Velocity curves of 4 tracks over time resulting from the dark particle tracking of an experiment
with the parameters of reference experiment 2.17 according to table 3.3 but from the first experimental
series with argon as carrier gas and f = 67065 1/s

3.4
3.4.1

Influences on flow velocity field
Carrier gas and melt pool surface oxidation

There is always some oxidation on the melt pool surface as indicated by the red dashed
lines, which enclose the melt pool areas covered by oxides in Figure 3.10. The green dotted
line delimits the laser spot. The corresponding process parameters are listed in Table 3.4.
Due to their high absorptivity according to the measurements in subsection 4.1.3 and
hence also due to their high emissivity, the oxides appear bright in the high-speed camera
images. The oxides always form patches, which accumulate at the melt pool tail. The
oxidation is reduced, when helium (Figure 3.10b,d) is used as carrier gas instead of argon
(Figure 3.10a,c). The other process parameters are identical in Figure 3.10 a and b or in
c and d. It is shown in subsection 4.2.2.2, that there is less oxygen inside the shield gas
atmosphere, if helium is used as carrier gas, because helium introduces less turbulence into
the shield gas atmosphere compared to argon. The parameters of c and d lead to higher
melt pool temperatures and higher melt pool flow velocities compared to the process
parameters of a and b according to the simulation results presented in subsection 5.5.1.
So the amount of oxides inside the laser spot can apparently also be reduced by high
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Figure 3.9: Absolute frequency (bars) and cumulated relative frequency (lines) of track length of dark
metal powder particles and bright particles as a function of track length resulting from reference experiment
2.17 according to table 3.3

temperatures and high melt pool velocities, which remove the oxides from the area of the
laser spot. It can be assumed that high temperatures impair the oxide patches and the
vigorous melt pool flow carries the oxides quickly out of the laser spot towards the melt
pool tail.
Figure 3.11 shows that the melt pool flow velocity field can be completely changed when the
carrier gas helium (left) is replaced by argon (right). One reason is certainly the increased
heat input with argon as carrier gas as the resulting oxides show a higher absorptivity
than the liquid metal. It is also possible, that the surface tension is changed. According
to Egry & Brillo [31] the sign of ∂σ/∂T can already be reversed by a few parts per million
of soluble oxygen in liquid metals.
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a

b

c

d

1 mm
Figure 3.10: High-speed camera images of the melt pool showing the influence of carrier gas (a, c: Argon;
b, d: Helium) and melt pool temperature on oxide layer (a, b: Parameter set 2.1a/2.1; c, d: Parameter
set 2.12a/2.12 according to Table 3.4)
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experiment no.
experimental series
laser power PL
scan speed vf
spot size s
powder mass flow ṁ
number of tracks nt
shield gas flow V̇s
carrier gas type
carrier gas flow V̇c

2.1a
2
2200 W
1.0 m/min
4.0 mm
24 g/min
1
15 l/min
Ar
5 l/min

2.1
2
2200 W
1.0 m/min
4.0 mm
24 g/min
1
15 l/min
He
5 l/min

2.12a
2
3000 W
3.5 m/min
3.0 mm
65 g/min
1
15 l/min
Ar
5 l/min

2.12
2
3000 W
3.5 m/min
3.0 mm
65 g/min
1
15 l/min
He
5 l/min

velocity ratio

Table 3.4: Process parameters related to Figure 3.10

𝑢𝑎𝑣𝑔 = 0.12 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.29 𝑚/𝑠

𝑢𝑎𝑣𝑔 = 0.09 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.22 𝑚/𝑠

Figure 3.11: Comparison between the melt pool flow velocity field of experiment 2.1 according to table 3.4
with helium as carrier gas (left) and experiment 2.1a with argon as carrier gas (right)

3.4.2

Powder nozzle orientation

The symmetry of the melt pool flow velocity fields depicted in Figure 3.11 is obviously
affected by the asymmetrical powder nozzle orientation in the default orientation. Figure 3.12 defines the different investigated powder nozzle orientations. The laser spot is
represented by a circle, while the arrows indicate the powder flow from the single powder
channels of the powder nozzle. The indicated feed direction refers to the movement of the
powder nozzle relative to the workpiece. The lateral off-axis powder nozzle orientation
and the trailing off-axis powder nozzle orientation were realized by sending all powder
through only one of the three single powder channels of the powder nozzle. This also
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means, that the powder particle velocity was increased because the total carrier gas flow
was kept constant. Based on three experiments with the process parameters of experiment 2.1 according to table 3.4, Figure 3.13 shows that there is a symmetric melt pool
flow velocity field in the symmetrical powder nozzle configuration or in the trailing off-axis
configuration. Generally, the powder jet can strongly influence the melt pool flow as it is
clearly visible in the lateral off-axis powder nozzle orientation. The effect of the leading
or trailing off-axis powder nozzle orientation has already been shown to some extent by
Gasser [37].

symmetrical

trailing off-axis

lateral off-axis
feed direction

default

Figure 3.12: Definition of powder nozzle orientations

symmetrical

𝑢𝑎𝑣𝑔 = 0.10 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.23 𝑚/𝑠

lateral off-axis

𝑢𝑎𝑣𝑔 = 0.09 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.39 𝑚/𝑠

trailing off-axis

𝑢𝑎𝑣𝑔 = 0.09 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.28 𝑚/𝑠

velocity ratio

Figure 3.13: Influence of the powder nozzle orientation according to Figure 3.12 on the melt pool flow
with process parameters of experiment 2.1 according to table 3.4
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Process parameters

In eight experiments one process parameter at a time was varied up and down compared
to experiment 2.1 according to table 5.4 to investigate the influence of laser power, scan
speed, powder mass flow and laser spot size. Figure 3.14 shows the results regarding laser
power and scan speed. As the laser power in (b) is increased compared to (a), the melt pool
flow velocities increase due to the higher surface temperature gradients and thus due an
increased Marangoni effect. The higher scan speed in (d) compared to (c) leads to higher
melt pool flow velocities as well. So the effect of the smaller melt pool size outweights
the decreased melt pool temperature, so that the resulting surface temperature gradient
is higher and therefore the Marangoni effect is stronger.
The influence of powder mass flow and laser spot size on the melt pool flow velocity field
can be seen in Figure 3.15. When the powder mass flow is increased in (b) compared to
(a), the melt pool temperature is decreased due to the cooling effect of the powder material
added to the melt pool, so that the surface temperature gradient is reduced and with it the
melt pool flow velocities. Furthermore the velocity ratio is decreased, because the higher
amount of impinging powder particles disturbs the melt pool flow increasingly. Due to the
low powder mass flow in (a) the average velocity ratio is higher than in any of the other
analyzed experiments. In (c) the small laser spot size leads to the highest maximum melt
pool velocity, which is caused by two effects. As the laser radiation intensity is higher in
the smaller laser spot, the maximum temperature and the surface temperature gradient
are inherently higher. Due to the smaller melt pool size, the surface temperature gradient
is additionally intensified. On the contrary, the large laser spot size in (d) leads to low
melt pool flow velocities.

3.4.4

Surface geometry

There is already a significant difference between the melt pool flow during a single track
and the melt pool flow during one of the consecutive overlapping tracks. Figure 3.16
shows the melt pool flow velocity field during the first track (left) and the third track
(right) of experiment 2.1 according to table 3.4. Due to the remaining heat of the previous
tracks and due to the up to 80% lower thermal conductivity of the deposited material
compared to the substrate material, the melt pool size is increased during the third track.
So the surface temperature gradient is reduced leading to lower melt pool flow velocities.
Concurrently, the capillary forces deflect the melt pool flow during the third track towards
the previous track on the right as already mentioned in subsection 3.2.2.
Furthermore, three multi-track experiments with different overlap φ and different number
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velocity ratio
a
𝑃𝐿 = 1540 𝑊

𝑢𝑎𝑣𝑔 = 0.04 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.21 𝑚/𝑠

b
𝑃𝐿 = 2860 𝑊

𝑢𝑎𝑣𝑔 = 0.13 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.38 𝑚/𝑠

10

10

c
𝑣𝑓 =

𝑚
0.7 𝑚𝑖𝑛

𝑢𝑎𝑣𝑔 = 0.06 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.21 𝑚/𝑠

d
𝑣𝑓 =

𝑚
1.3 𝑚𝑖𝑛

𝑢𝑎𝑣𝑔 = 0.11 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.30 𝑚/𝑠

Figure 3.14: Influence of laser power and scan speed on the melt pool flow; process parameters equal to
experiment 2.1 according to table 5.4 unless stated differently
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velocity ratio
a
𝑚=

𝑔
17.5
𝑚𝑖𝑛

𝑢𝑎𝑣𝑔 = 0.14 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.31 𝑚/𝑠

b
𝑚=

𝑔
32.5
𝑚𝑖𝑛

𝑢𝑎𝑣𝑔 = 0.07 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.25 𝑚/𝑠

10

10

c
𝑠 = 3 𝑚𝑚

𝑢𝑎𝑣𝑔 = 0.14 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.44 𝑚/𝑠

d
𝑠 = 5 𝑚𝑚

𝑢𝑎𝑣𝑔 = 0.03 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.14 𝑚/𝑠

Figure 3.15: Influence of powder mass flow and laser spot size on the melt pool flow; process parameters
equal to experiment 2.1 according to table 5.4 unless stated differently

3.4 Influences on flow velocity field

57

third track

velocity ratio

first track

𝑢𝑎𝑣𝑔 = 0.09 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.28 𝑚/𝑠

𝑢𝑎𝑣𝑔 = 0.07 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.26 𝑚/𝑠

Figure 3.16: Melt pool flow velocity field during the first (left) and the third track (right) of experiment
2.17 according to table 3.3

of tracks nt according to Table 3.5 were carried out in order to investigate the influence
of the surface geometry on the melt pool flow. The results are depicted in Figure 3.17
including a high-speed camera image of experiment 1.3 according to table 3.5, which
represents the additive manufacturing of a thin wall. In experiment 1.2 according to
table 3.5 the increased overlap φ = 62.6% leads to higher melt pool flow velocities and
higher velocity ratios compared to experiment 1.1 according to table 3.5 with φ = 46.5%.
This can be explained by the increased capillary forces as there is a sharper notch between
the adjacent previously deposited track and the substrate surface because the increased
overlap leads to a higher layer thickness of the deposited material. The melt pool flow
of the ten-track experiment 1.3 in Figure 3.17 (right) is completely different from all
melt pool flow velocity fields which have been shown so far. Inside the main melt pool
of region D the melt pool flow lines run radially outwards from the melt pool center
primarily to the sides of the wall. There are additionally two side melt pools on the
left and on the right in the regions A and B surrounded by the red dashed line, because
the laser spot exceeds the wall width and partially melts non-uniformities of subjacent
weld seams or the substrate material. In experiment 1.3 according to table 3.5 the heat
transfer conditions are only 2-dimensional as the conductive heat flow is restricted to the
downward and to the longitudinal direction of the wall. Consequently the heat dissipation
is less efficient than in the case of a planar coating, where the heat can flow into all
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three directions of the substrate. Therefore the temperature gradient on the top of the
thin wall is comparably low, the surface temperature gradient is comparably reduced and
the Marangoni effect is less pronounced. Though, the melt pool flow velocities and the
velocity ratio are significantly higher in experiment 1.3 according to table 3.5 compared to
the other two experiments. Thus the observed melt pool flow must have been significantly
intensified by capillary forces.

3.4.5

Material composition

When carbide particles are added to the metal powder this has different effects depending
on the volume fraction of carbide particles, the carbide particle shape, the carbide material
density and the process parameters. This is shown in the following based on three different
powder mixtures. Table 3.6 summarizes the material density and particle shape properties
of the involved powder materials.

3.4.5.1

MetcoClad R 52052 (NiCrSiBC + 60% WC)

Figure 3.18 shows, that the developed automated high-speed camera video analysis method
could also successfully be applied when M etcoClad R 52052 powder was deposited with the
parameters listed in Table 3.7. Interestingly, despite the high amount of carbide particles
inside the melt pool, there is still a considerable melt pool flow with velocities in the range
of those when pure M etcoClad R 625 is processed. Furthermore, in the high-speed camera
image of Figure 3.18 an accumulation of bright speckles indicating carbide particles at
the melt pool front can be observed, whereas the carbide particles have predominantly
submerged in the deeper regions of the melt pool closer to the melt pool tail due to their
experiment no.
experimental series
laser power PL
scan speed vf
spot size s
powder mass flow ṁ
overlap φ
number of tracks nt
shield gas flow V̇s
carrier gas type
carrier gas flow V̇c

1.1

1.2
1.3
1
1750 W
1.0 m/min
3.74 mm
15 g/min
46.5% 62.6% 100%
3
3
10
5 l/min
Ar
5 l/min

Table 3.5: Process parameters related to Figure 3.17
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high density in comparison with the metal matrix material density.
3.4.5.2

MetcoClad R 625 + 20% TiC

Due to their low density TiC particles tend to float on the melt pool surface, if they are
not injected by the powder nozzle with high enough velocity to pass through the melt pool

1.1: Φ = 46.5%

1.2 1.2: Φ = 62.6%
𝑢𝑎𝑣𝑔 = 0.13 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.38 𝑚/𝑠

velocity ratio

𝑢𝑎𝑣𝑔 = 0.11 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.31 𝑚/𝑠

1.3: Φ = 100%

1.3: Φ = 100%

𝑢𝑎𝑣𝑔 = 0.15 𝑚/𝑠
𝑢𝑚𝑎𝑥 = 0.34 𝑚/𝑠

A

D

B

C

Figure 3.17: Influence of the overlap φ on the melt pool flow with further process parameters according
to Table 3.5
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density
M etcoClad 625 8440 kg/m3
N iCrSiBC
≈ 8300 kg/m3
W C/W2 C
16400 kg/m3
T iC
4930 kg/m3
W T iC
9810 kg/m3
R

particle shape
spherical
spherical
spherical
spherical
angular

Table 3.6: Density and particle shape of the involved powder materials

velocity ratio
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Figure 3.18: Results of bright particle tracking of an experiment with M etcoClad R 52052
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laser power PL
scan speed vf
spot size s
powder mass flow ṁ
overlap φ
number of tracks nt
carrier gas
shield gas flow V̇s
carrier gas flow V̇c
frame rate f
pixel size lp
exposure e

61

1778 W
0.9 m/min
3.7 mm
20 g/min
47%
3
Ar
5 l/min
5 l/min
40 kHz
19.2 µm
14 µs

Table 3.7: Process and video parameters of M etcoClad R 52052 experiment

surface and/or if they are not dispersed in the melt pool by a strongly mixing melt pool
flow. This is illustrated in Figure 3.19, where on the left the high laser power combined
with the small spot size and the high scan speed primarily leads to a short time in liquid
state, so that the TiC particles do not have sufficient long time to rise inside the melt pool
and to accumulate on the surface as shown in section 6.1. Furthermore, the mentioned
process parameter combination causes an intense melt pool flow with turbulences, which
support the homogeneous distribution of the carbide particles inside the melt pool as it
can be seen from the cross section. On the contrary, the process parameters on the right
do not generate sufficiently high flow velocities and allow enough time for the particles to
rise, so that the TiC particles accumulate on the surface. This is also because the newly
arriving particles are prevented from immersion into the melt pool by the closed layer of
accumulated TiC particles on the surface, which can be seen in the high-speed camera
image.
3.4.5.3

MetcoClad R 625 + 60% WTiC

In Figure 3.20 a high amount of angular WTiC particles can be identified in the highspeed camera images on the melt pool surface and also in the cross section. The high-speed
camera images were taken during the third track, while the cross section was extracted from
a broad coating. There is hardly any melt pool flow observable in the corresponding highspeed camera video because of the high volume fraction of carbide particles and because
of their shape. Some few small billows can be identified at the most. Thus the automated
video analysis would reveal a homogeneous velocity ratio qij = 0 and the average velocity
field would uniformly show the scan speed. Nevertheless, it was not tested, if the particle
detection algorithm can handle the angular carbide particles at all instead of spherical
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45° side view
feed direction

1 mm
laser power 𝑃𝐿

3000 𝑊

1625 𝑊

scan speed 𝑣𝑓

3.133 𝑚/𝑚𝑖𝑛

1.0 𝑚/𝑚𝑖𝑛

spot size 𝑠

2.61 𝑚𝑚

5.0 𝑚𝑚

powder mass flow 𝑚

37.6 𝑔/𝑚𝑖𝑛

16.9 𝑔/𝑚𝑖𝑛

overlap 𝜙

67%

60%

1 mm
Figure 3.19: Influence of process parameters on TiC particle mixing in M etcoClad R 625 according to highspeed camera images (top) and metallographic cross sections (bottom)(carrier gas argon, V̇c = 5l/min,
V̇s = 15l/min, nt = 3)

particles. The powder mixture M etcoClad R 52052 contains the same mass fraction of
carbide particles, but those are spherical and there is still a considerable melt pool flow
as it is shown in subsection 3.4.5.1. Although it has to be mentioned, that the volume
fraction of carbide particles is lower in M etcoClad R 52052, the melt pool flow is still not
influenced as much as it could be expected from the results with the WTiC particles if the
particle shape was not taken into account. The powder efficiency of the coating related to
Figure 3.20 was only 50%, although the powder jet diameter was in the range of the melt
pool size. This can be explained by the observation, that some particular metal powder
particles ricochet off the solid WTiC particles on the melt pool surface as the mass of the
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metal powder particles is predominantly smaller.

top view

feed direction

feed direction

45° side view

1 mm

laser power 𝑃𝐿

1667 𝑊

scan speed 𝑣𝑓

1.0 𝑚/𝑚𝑖𝑛

spot size 𝑠

4.0 𝑚𝑚

powder mass flow 𝑚

25 𝑔/𝑚𝑖𝑛

overlap 𝜙

60%

shield gas flow 𝑉𝑠

5 𝑙/𝑚𝑖𝑛

carrier gas type

Ar

carrier gas flow 𝑉𝑐

15 𝑙/𝑚𝑖𝑛

0.5 mm
Figure 3.20: WTiC particles in M etcoClad R 625 matrix in high-speed camera images of the melt pool
(top) and in a metallographic cross section (bottom)

3.5

Conclusion

In this chapter it has been shown that the powder particles adapt to the melt pool flow
velocity within a short period of time upon impact with the melt pool surface thanks to
surface tension effects. Thus the developed automated high-speed camera video analysis
reveals the melt pool flow velocity field of the liquid metal and not the velocity field of
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some inertial particles. Subsequently several influential factors on the melt pool flow could
be identified and quantified in order to close the research gap and obtain a better understanding of the melt pool dynamics. Oxidation on the melt pool surface can even reverse
the melt pool flow due to the changed surface tension. The powder nozzle orientation
supports a melt pool flow in the area of the particle impact, which is oriented in the same
direction as the powder jet. The melt pool flow velocities are increased, when the laser
power is higher, when the scan speed is increased, when the powder feed rate is reduced,
or when the spot size is reduced. Capillary forces, which are present at uneven surfaces,
additionally influence the melt pool flow to minimize the surface energy. However, there
is always a high degree of randomness to the melt pool flow as the impact of the powder
particles leads to a partially turbulent melt pool flow. The addition of carbide particles
to the melt pool leads to different effects depending on the carbide particle properties. A
sufficient amount of angular carbide particles inside the melt pool can inhibit the melt
pool flow, whereas a noticeable melt pool flow still exists with the same percentage of
spherical carbide particles. Furthermore, the density of the carbide particles determines,
if the particles tend to accumulate on the melt pool surface or on the bottom of the melt
pool. A turbulent melt pool flow can contribute to a homogeneous distribution of the
carbide particles inside the melt pool.
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Chapter 4

Laser cladding process simulation input data
4.1
4.1.1

Absorptivity
Heat source modeling

Figure 4.1 dissects the energy fluxes within the laser cladding process as follows. When
the laser beam with the laser power PL coming from the focusing optics intersects with
the powder jet, it splits up into the transmitted and the attenuated laser radiation which
interacts with the powder particles. The average powder attenuation
xp =

PL − PL0
PL

(4.1)

is defined as the percentage of laser power which is not transmitted through the powder
jet, whereas the transmitted laser power PL0 passes through the powder cloud to reach
the workpiece surface. So the average powder attenuation can also be considered as the
sum of absorptivity plus reflectivity of the powder jet, which includes the transparent gas
between the powder particles. It has to be noted that the absorptivity and the reflectivity
of the powder jet are characteristics of the powder cloud, which are different from the
absorptivity and reflectivity of the powder particles themselves. As the density of the
powder jet is not homogeneous, the local powder attenuation
xp (x, y) =

I0 (x, y) − I 0 (x, y)
I0 (x, y)

(4.2)
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𝑃𝐿
1 − 𝛼𝑝 ⋅ 𝑥𝑝 ⋅ 𝑃𝐿
powder attenuation
𝑥𝑝 ⋅ 𝑃𝐿

transmitted
laser power
𝑃𝐿′ = (1 − 𝑥𝑝 ) ⋅ 𝑃𝐿

𝛼𝑝 ⋅ 𝑥𝑝 ⋅ 𝑃𝐿

𝛼𝑝 ⋅ 𝑥𝑝 ⋅ 1 − 𝛼𝑤 ⋅
⋅ 1 − 𝑥𝑝 ⋅ 𝑃𝐿
workpiece reflection

workpiece
absorption

powder absorption

1 − 𝛼𝑤 ⋅ (1 − 𝑥𝑝 ) ⋅ 𝑃𝐿

powder and free
workpiece reflection

1 − 𝛼𝑤 ⋅ 𝑥𝑝 ⋅
⋅ 1 − 𝛼𝑤 ⋅
⋅ 1 − 𝑥𝑝 ⋅ 𝑃𝐿

𝛼𝑤 ⋅ (1 − 𝑥𝑝 ) ⋅ 𝑃𝐿
Figure 4.1: Split-up of the energy fluxes within the laser cladding process

can be calculated from the original laser beam intensity I0 (x, y) in the working plane
without a powder jet and the actual laser beam intensity I 0 (x, y) transmitted through
the powder jet, depending on the x- and y-coordinate. On the workpiece surface the
transmitted laser power is absorbed with an average workpiece absorptivity αw . The
actual workpiece absorptivity αw (λv , T, c) is also not constant, but it depends on the laser
wavelength λv , the temperature T and the material characteristics c, which include the
chemical composition and the surface roughness. So the laser heat source
QL (x, y) = I0 (x, y) · αw (λv , T, c) · [1 − xp (x, y)]

(4.3)

can be deduced, which describes the heat input on the workpiece surface by the absorption
of laser radiation. The laser radiation which is reflected from the workpiece surface is not
completely lost, but it is partially absorbed by the powder jet. Identically to Marsden
et al. [80], it is assumed that the same percentage of laser radiation which is reflected from
the workpiece surface, interacts with the powder jet as the percentage of laser radiation
which comes from the optics and is attenuated by the powder jet. When the laser radiation
which comes from the optics or which is reflected from the workpiece surface interacts with
the powder particles, it is absorbed with the powder absorptivity αp or it is reflected and
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so lost. The energy absorbed by the powder particles is only brought into the melt pool,
if the particles enter the melt pool. Otherwise it is lost. It is assumed that all particles
which hit the melt pool, then enter it. The existence of a melt pool is described locally by
the cladding condition parameter k, which equals 1, if there is a melt pool and otherwise
k = 0. In summary, the powder heat source, which describes the heat brought into the
melt pool by the powder particles, can be stated as
Qp (x, y) = I0 (x, y) · {αp · xp (x, y) + αp · xp (x, y) · [1 − αw (λ, T, c)] · [1 − xp (x, y)]} · k (4.4)
Equation (4.3) and Equation (4.4) form the heat source model, which is implemented into
the process simulation model in chapter 5. So the workpiece absorptivity αw (λ, T, c), the
powder absorptivity αp and the powder attenuation xp (x, y) are required as input data.
In the subsequent (sub-)sections methods are developed and shown, which allow to gather
these data.
The deduced heat source model can explain, under which conditions the overall process
absorptivity becomes higher, if the powder mass flow is increased as it was observed by
Marsden et al. [80]. Other researchers such as Schneider [117], Huang et al. [53], Hoadley
& Rappaz [51] or Gedda et al. [38] also report an overall absorptivity of 30% or even more
for the laser cladding of Stellite R 6 with a CO2 laser, where the absorptivity of the melt
pool is only in the range of 10%. If the absorptivity of the powder particles is higher than
that of the melt pool, the overall process absorptivity increases in any case with a higher
powder mass flow. But it can also increase, if the powder absorptivity is lower, as the
powder particles do not only absorb the laser radiation coming from the optics but also
the radiation reflected from the melt pool. Because of this reason Heigel et al. [49] found
a higher process efficiency when using powder instead of wire filler material.

4.1.2

Absorptivity determination from cross section

In joining technology it is common practice to calibrate the heat source, which is applied
in the simulation of distortion and residual stresses, based on experimental cross sections.
This means the heat source parameters such as absorptivity and penetration depth are
iteratively adjusted in the simulation model until there is sufficient agreement between
simulation and experimental results. Although this method yields several drawbacks and
so was finally not chosen in this dissertation, it is concisely explained in the following
because it requires low effort and can still provide estimate values of the absorptivity.

68

4. Laser cladding process simulation - input data

Figure 4.2 shows, that the absorptivity strongly depends on the surface quality as all other
parameters of the bead on plate experiments with a CO2 laser corresponding to the depicted cross sections were kept constant. The base material consists of several layers of
the cobalt-base alloy M etcoClad R 6, which was deposited by laser cladding. The surface
was left untreated, was ground or was polished before the weld bead was created, which is
visible in the cross sections as the single weld bead was generated perpendicularly to the
deposition weld tracks, which leads to a contrast in microstructure.

0.5 mm
untreated surface

ground surface
polished surface
Figure 4.2: Influence of the surface condition on the melt pool size in metallographic cross sections
(material M etcoClad R 6, CO2 laser, PL = 2930 W , vf = 3.6 m/min, s = 2.1 mm, ṁ = 0)

In order to determine the absorptivity of solid and liquid M etcoClad R 6 or structural steel
S235 respectively, the process simulation model described in chapter 5 was used, where
the absorptivity of solid and liquid material were iteratively adjusted until the optimum
match between simulation and experimental result was achieved. This was done for the
weld seam on an untreated surface as it is shown in Figure 4.2 and for a weld seam on
structural steel S235. Furthermore this procedure was applied to the weld seam on a
polished surface of Figure 4.2 under the assumption based on Arata et al. [3], that the
solid polished surface shows the same absorptivity as the liquid M etcoClad R 6. The
Flüssig (ohne
material
Fest
(unbearbeitet)
Flüssig
results are summarized in Table 4.1. It is obvious, that the 100% absorptivity of Verunreinigunge
solid
R
M etcoClad® 6 is too high, whereas the polished surface absorptivity agrees with the data
Stellite 6
𝛼=1
𝛼 = 0.128
𝛼 = 0.1
provided by Frenk et al. [35]. The values obtained for structural steel S235 are also close to

S 235

material
M etcoClad R 6
S235

𝛼 = 0.2

solid (untreatet)
1.0
0.20

liquid (untreated)
0.128
0.13

𝛼 = 0.13

polished surface
0.1

Table 4.1: Absorptivity values of M etcoClad R 6 and S235 for CO2 laser radiation obtained from simulation calibration
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the caloric measurement results presented in a previous publication [147]. The inaccuracy
of absorptivity values related to the untreated M etcoClad R 6 surface can be explained
by the temperature dependence of its absorptivity. As the corresponding experiment was
carried out with a high scan speed, a considerable proportion of the laser beam irradiated
the zone in front of the melt pool, which shows a very inhomogeneous temperature field.
Under conditions like this the temperature dependence has a higher influence than in a
case of low scan speed, where the laser beam predominantly irradiates the melt pool, which
shows only a weak temperature dependence of absorptivity. It can be concluded that the
described absorptivity determination method provides the most accurate liquid material
absorptivity, if the process parameters are set such that the laser beam minimally irradiates
material outside of the melt pool. This also means, that the method is not suitable to
determine the absorptivity of the solid material, if its absorptivity strongly depends on
temperature. There are yet further sources of inaccuracy in this method, with material
data being highly influential. Daub [20] for example demonstrated, that the cross sectional
area of the melt pool strongly depends on the surface tension.

4.1.3

Caloric measurement of average absorptivity

A calorimeter was designed based on Auer [4] as shown in Figure 4.3 to measure the average absorptivity during the irradiation of samples placed inside the calorimeter. The
calorimeter consists of a copper sample holder surrounded by a styrofoam insulation. The
specific size of the calorimeter was chosen so that it can accommodate a standard substrate workpiece with a size of 25 mm · 8 mm · 100 mm. Up to three thermocouples
can be inserted into the sample holder to measure the temperature at different distances
from the sample, so that it can be identified, when a homogeneous temperature inside the
calorimeter is reached. Though measurements showed, that there is already a homogeneous temperature distribution inside the sample holder when its maximum temperature
is reached. The styrofoam lid is used to cover the calorimeter after the irradiation of the
sample in order to reduce the convective heat loss. A powder catch fixture can be inserted
to retain powder inside the calorimeter, which would otherwise be blown away, so that the
heat contained in this powder can be measured. Nevertheless, it has to be mentioned, that
the powder catch fixture can increase the measured absorptivity value by back reflection
of the laser radiation, which is reflected from the sample surface or from the powder jet.
The measurement values can also be increased by back reflection from the powder nozzle,
if it is not coated with an absorbing paint. Measurements with an uncoated powder nozzle
resulted in 11% higher absorptivity values of liquid M etcoClad R 625 in comparison with
a blackened powder nozzle.
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TemperatureTemperaturdifferenz
difference [°C] 

laser beam / powder jet

powder catch fixture

At the beginning of a measurement the sample is irradiated with a certain laser power for a
defined period of time. Then the lid is closed and the temperature is further recorded, while
the heat homogenizes inside the whole calorimeter, whereupon the temperature slowly
decreases due to conductive and convective heat loss. Usually the maximum temperature
inside the sample holder at the thermocouples occurs only after the irradiation is finished.
The pulse method described in subsection 2.2.1 was used to calculate the absorptivity
60
according to Equation (2.15). The cooling curve was extrapolated for this purpose linearly
because a linear curve can approximate the temperature in the cooling phase with sufficient
°C
accuracy as it is shown in Figure 4.3.
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Figure 4.3: Cross section of the calorimeter (left), its realization (bottom right) and a typical temperature
profile (top right)

The calorimeter was used for three kinds of measurements to determine the absorptivity
of materials in solid state, in liquid state or to measure the overall absorptivity during a
laser cladding process. Furthermore, the calorimeter can potentially be used to determine
the powder attenuation and the powder absorptivity approximately as it is described in

s
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[147]. For all measurements the laser cladding processing head was used. The process
absorptivity was obtained by simply carrying out the laser cladding process on a substrate
workpiece, which was placed inside the calorimeter. The corresponding measurement results of the process absorptivity are presented in section 5.5.
For solid state measurements the laser beam was defocused to a spot size of s = 20 mm on
the sample, which was irradiated for 20 s with an appropriate laser power, so that the whole
calorimeter ideally experienced a temperature rise in the range of 20 − 50◦ C. During the
measurements there was no relative motion between the laser beam and the sample. The
absorptivity of the S235 substrate samples was measured with different laser intensities,
so that the average temperature inside the laser spot varied, which was calculated from
simulations. According to the results shown in Figure 4.4 (left) the temperature has no
significant influence on the absorptivity. Though the obtained absorptivity values are more
than 100% higher than those measured by Seibold [119]. But they are in the same range
as the absorptivity values reported by Tanaka [129] for the iron oxides F e3 O4 with an
absorptivity of 0.84 and F e2 O3 with 0.79. The presence of an oxide layer on the S235
substrate samples is confirmed by the measurement results in Figure 4.4 (right), where
the absorptivity of a ground S235 sample is decreased despite the higher surface roughness
due to grinding. This can only be explained by the removal of a dissimilar material on
the surface. Nevertheless, the thickness of the oxide layer varies depending on the batch
number as there is a significant difference in the measured absorptivity values. Figure 4.4
(right) shows also the absorptivity of different surfaces on M etcoClad R 625. While the
absorptivity value of the ground surface is the lowest, the absorptivity of the untreated
laser cladding coatings is higher due to the rough surface. The coatings were deposited
with helium (He) or with argon (Ar) as carrier gas. Argon leads to more oxidation on the
surface, so that the corresponding sample shows a higher absorptivity. The influence of
different carrier gases on the shield gas atmosphere is explained in subsection 4.2.2.
There was also no relative motion between the laser beam and the sample during the liquid
metal absorptivity measurements, where the laser spot size was mostly set to s = 2.5 mm
with an irradiation time of 15 s. This measurement requires a sufficiently high laser power
or sufficiently low laser spot size so that the melt pool is larger than the laser spot and the
laser therefore irradiates predominantly the melt pool but not the solid material around it.
But the intensity may not be too high in order to avoid significant evaporation. Moreover
the oxide layer on the melt pool has to be broken and removed, which complicated the
ellipsometry measurements of Schmid et al. [116] similarly. This can be achieved by a high
melt pool temperature and a strong melt pool flow. Otherwise a too high absorptivity is
measured as shown in Figure 4.5, where the absorptivity of liquid M etcoClad R 625 was
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Figure 4.4: Influence of the average temperature on the absorptivity of S235 (left) and absorptivity values
of different surfaces (right)

measured with two different spot sizes. Accordingly, the absorptivity decreases with higher
laser power and converges towards the absorptivity of the pure liquid metal as the melt
pool size increases and the oxide on the surface is removed. In addition, the oxidation of the
melt pool surface is reduced by a sufficient shield gas flow, which was V̇s = 15 l/min during
the presented measurements. The carrier gas flow was turned off, because it introduces
turbulences and therefore oxygen into the shield gas cap leading to oxidation as it is shown
in subsection 4.2.2. Unfortunately there is still some oxidation on the melt pool surface
during the laser cladding process, so for the simulations an approximately by 3 percentage
points higher absorptivity than that of the pure liquid metal had to be inserted, which
leads to a precise prediction of the overall process absorptivity as it is shown in section 5.5.
The obtained absorptivity value of liquid M etcoClad R 625 is reasonable as Kundakcıoğlu
et al. [65] state an absorptivity of 0.37 for Inconel R 625 during the SLM process, where
the absorptivity is increased due to multiple reflection and absorption in the powder bed
and especially inside the rudimentary keyhole. Furthermore the absorptivity of liquid
Inconel R 718 with its roughly similar chemical composition can be calculated based on the
Hagen-Rubens relation stated in Equation (2.18) and on the electrical resistance data provided by Pottlacher et al. [106]. According to this the absorptivity of liquid Inconel R 718
increases from 0.44 at its liquidus temperature to 0.47 at its evaporation temperature.
The breakup of the oxide layer on the melt pool can clearly be seen in the two high-speed
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Figure 4.5: Influece of the laser power and spot size on the measured absorptivity of liquid
M etcoClad R 625

camera images of Figure 4.6, where the melt pool was observed under 45◦ from the side.
The melt pool turns dark within less than 20 ms after 7.3 s of irradiation time with a
laser power PL = 1100 W and a spot size s = 2.5 mm. On the melt pool boundaries it
can still be seen, where the oxide layer broke away.

2 mm
Figure 4.6: High-speed camera images of the melt pool during an absorptivity measurement before (left)
and after (right) the breakup of the oxide layer in a 45◦ side view

4.1.4

Caloric measurement of temperature dependent absorptivity

The measurement of the temperature dependent absorptivity was carried out in order to
verify the observation of Seibold [119], according to which the absorptivity of structural
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steel S235 is constant since other authors report different findings. Although this was
also verified by the measurements in the previous subsection with different intensities and
therefore different temperatures inside the laser spot, the measurement method is still
explained in the following, because the temperature dependence of the substrate surface
can have an important influence on the laser cladding process and other materials show
a temperature dependence, which necessitates an appropriate absorptivity measurement
method. If for example the absorptivity of the solid substrate material varies significantly
with temperature, while the scan speed is high, such as during the high-speed laser cladding
process and therefore the laser irradiates to a great extent the substrate material in front
of the melt pool, the absorptivity has to be known at each temperature so that reasonable
predictions by simulation are possible.
Figure 4.7 (left) shows the schematic experimental setup. The samples with a size of
25 mm · 25 mm · 8 mm were placed on the tip of a thermocouple inside a small container,
which was permanently purged with 10 l/min of argon inert gas. Nevertheless this still
could not prevent the sample surface from oxidation if it was heated above 900◦ C as the
sample depicted in Figure 4.7 (right). Obviously, the oxygen content of the atmosphere has
to be eliminated almost completely. Otherwise there is always some oxidation due to the
long irradiation time in the range of 1−6 min, albeit slower. Therefore measurements were
only carried out up to 900◦ C. The laser power was kept constant during one measurement
at a value in the range of 100 − 500 W and the laser spot size was always set to s =
20 mm. For some measurements the thermocouple was replaced by a thin wire to hold the
sample, while a two-color pyrometer measured the temperature in the bottom center of
the sample. The two-color pyrometer does not show a response time like a thermocouple.
Therefore the temperature measurement accuracy is higher, but the measurement noise
at low temperatures allowed reasonable measurements only above 400◦ C in the present
setup.
The temperature-dependent absorptivity was calculated according to Equation (2.14) using the gradient method as explained in subsection 2.2.1. This means the sample should
ideally have a homogeneous temperature, which is obtained by slow heating with low laser
power. Though, the thermal losses increase with temperature so that the maximum temperature of the measurement is determined by the laser power. Additionally, the sample
should not be kept at elevated temperatures for too long in order to avoid oxidation.
Thus higher measurement temperatures require higher laser power and shorter measurement times, which lead to a less homogeneous temperature inside the sample meaning the
measurement accuracy decreases. During the whole measurement there is no perfectly homogeneous temperature distribution inside the sample, but in the main temperature range
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Figure 4.7: Schematic experimental setup to measure the temperature dependent absorptivity (left) and
an oxidized sample after heating above 1000◦ C (right)

the effect is not visible in the calculated absorptivity, because the temperature distribution
is always similar, while only the mean value changes. Only at the minimum temperature
and at the maximum temperature, where the laser was turned on or off respectively, the
temperature distribution and especially the heat flow inside the sample differs, so that
the calculated absorptivity values are not correct. This can be seen in Figure 4.8, where
the absorptivity according to the pyrometer measurement increases near the maximum
temperature and even exceeds 100%. The absorptivity values calculated from the thermocouple measurements are cut off in the minimum and maximum temperature range.
So they are not shown in Figure 4.8. The same applies to the pyrometer measurement
data below 400◦ C. The difference between the calorimeter, the thermocouple and the pyrometer measurement results can be explained by the fact, that the measurement samples
were taken from different batches. The thermocouple measurements are more reliable than
the pyrometer measurements because there the heating was very slow with 1.4 K/s. So
the calorimeter and thermocouple measurements confirm the temperature independence
of the absorptivity. Although the pyrometer measurements are less reliable due to the fast
heating with 4.3 K/s, they still do not deviate from the other measurement results by
more than 0.1.
In order to improve the measurement results and to cover the whole temperature range
until melting, future measurements should be carried out in a closed chamber with a
controlled inert gas atmosphere without oxygen. Though, during the laser cladding process
oxidation cannot be avoided completely as long as it is not also carried out in such a
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Figure 4.8: Temperature dependent absorptivity of S235 surface

chamber. Furthermore a more constant heating rate could be achieved by an increase of
the laser power over time.

4.1.5

Measurement of powder particle absorptivity using an integrating sphere

Boley et al. [8] consider the measurement of powder bed absorptivity with an integrating
sphere as more difficult and expensive compared to a caloric measurement. Though,
an integrating sphere is the better choice to measure the absorptivity of single powder
particles as it is shown in the following. Figure 4.9 summarizes the five evaluated powder
absorptivity measurement methods, where the method depicted in Figure 4.9a was finally
successfully implemented. For this purpose an integrating sphere type U P B −150−ART A
from Gigahertz − Optik with a diameter of 150 mm and a linear photodetector type
P DA100A − EC from T horlabs were employed. During a measurement the sample was
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exposed to 80 W laser radiation with a wavelength of 1030 nm in a laser spot of 10 mm for
20 ms. Three different measurements with an integrating sphere are necessary to determine
the absorptivity of a powder material. During each measurement two apertures are open to
keep the losses of the sphere constant. In a reference measurement the sample carrier glass
with an anti-reflective coating and a transmissivity > 99.5% is turned inside the integrating
sphere so that it is not touched by the primary laser beam. The resulting reference voltage
U0 from the detector corresponds to a reflectivity R = 100%. For the second measurement
the sample carrier is turned into a horizontal position and it is sparsely covered with the
powder material. During irradiation the integrating sphere detects the radiation reflected
by the powder particles and the radiation transmitted through the sample resulting in
the voltage U1 . During the third measurement the bottom aperture is open so that the
sphere only detects the radiation reflected by the powder particles leading to the voltage
U2 . Consequently the reflectivity of the whole sample
R = U2 /U0

(4.5)

A = 1 − U1 /U0

(4.6)

τ =1−A−R

(4.7)

αp = A/(1 − τ )

(4.8)

the sample absorptivity

the sample transmissivity

and the powder absorptivity

can be calculated.
The measurement method shown in Figure 4.9b uses a sample, where powder is embedded
in the transparent polymer P olydimethylsiloxane (PDMS). This sample is irradiated for
a certain period of time with a specific laser power and the transmissivity of the sample
is measured by a power meter, whereupon the absorbed laser energy is measured in a
calorimeter. But the thermal decomposition of PDMS already starts at 200◦ C according
to Liu et al. [78] and the thermal conductivity is low as it is a polymer. So even at low
laser intensities the powder particles are heated quickly, but the heat only equilibrates
very slowly inside the sample and also inside the calorimeter. These PDMS samples are
also used for the measurement method depicted in Figure 4.9c, where the sample is placed
inside an integrating sphere and a power meter measures the transmissivity of the sample,
while the integrating sphere detects the laser radiation reflected by the powder particles.
Here an additional problem occurs. PDMS is transparent but there is still a reflectivity
of 2.9% at normal incidence, which has to be considered when the laser beam enters the
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Figure 4.9: Evaluated powder absorptivity measurement principles
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sample and also when it leaves the sample. But, worse still, the reflectivity is significantly
higher, when the laser radiation is reflected by the powder particles inside the samples and
hits the sample boundary under an angle other than 90◦ . This affects the measurements
significantly. The measurement method according to Figure 4.9d is based on a powder
jet or rather powder falling through an integrating sphere, where it passes through a laser
beam. Here the transmissivity of the powder cloud can again be measured by a power
meter, while the integrating sphere detects the reflected laser power, so that the absorptivity of the powder particles can be calculated. If this method is chosen, it has to be
ensured that the power particles do not contaminate the inner surface of the integrating
sphere and that the powder mass flow as well as the density of the powder cloud are constant. Figure 4.9e shows a measurement method, where again powder is falling through a
laser beam and the transmissivity of the powder cloud is measured with a power meter.
The absorbed laser energy is calculated from the powder particle temperature, which is
measured in a container, which collects the heated powder. This method only works in a
vacuum atmosphere because the powder particles cool down again during their flight from
the laser beam to the container because of the heat loss to the ambient atmosphere.
The finally chosen measurement method of Figure 4.9a requires a certain transmissivity
of the samples as shown in Figure 4.10. Accordingly, the measured powder absorptivity
initially decreases with increasing sample transmissivity, because of multiple reflection and
absorption between the densely packed powder particles of samples with low transmissivity. But if the transmissivity lies in the range of 0.8 − 0.9, the measurement values are
constant. Higher transmissivity values should be avoided. Otherwise the reflection signal
in form of the voltage U2 is low so that small absolute but high relative deviations lead to
a significant scatter of the measured powder absorptivity.
Figure 4.11 summarizes the measurement results of different powder materials. In addition to the results from the newly developed measurement method for loose powder
particles some literature data are presented. Tolochko et al. [133] measured the powder
bed absorptivity of WC and two further materials which are similar to M etcoClad R 625
or M etcoClad R 6. Because of the multiple reflection and absorption inside the powder
bed the corresponding measurement values are higher than those of loose powder particles. Lemoine et al. [73] determined the absorptivity of loose powder particles by an
inverse method, which is based on an analytical model of the laser cladding process and
on measurements of the cross-sectional area of single tracks. This method was carried
out for different powder particle sizes leading to the indicated range of powder absorptivity values. The results of the newly developed measurement method indicate that the
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Figure 4.10: Influence of sample transmissivity on the measured powder absorptivity of M etcoClad R 625

three metal powders M etcoClad R 625, M icro − M elt R 316L and M etcoClad R 6 show
a similar absorptivity, while the carbide particles of WTiC and especially WC exhibit a
significantly higher absorptivity. It has to be mentioned that the measurement results
of M etcoClad R 52052 and M etcoClad R 625 + T iC might be affected by the problem,
that the therein contained spherical carbide particles tend to roll off the sample carrier
in contrast to all other analyzed powder particles due to their almost perfectly spherical
shape.

4.1.6

Summary

In subsection 4.1.1 a heat source model has been deduced, which is used in the following
laser cladding process simulation. The required absorptivity values can be obtained as
follows. The liquid metal absorptivity, which is the most important, can be determined
from measurements with a calorimeter as explained in subsection 4.1.3, where it is crucial
to select an appropriate laser spot size or laser intensity. An oxide layer potentially affects
the measurement results. Though, this oxide layer is potentially similarly present during
the laser cladding process, but it depends also on the process parameters, how many oxides
are present on the melt pool surface and so how significantly the absorptivity is thereby
increased. The absorptivity of the solid substrate and coating material can most easily be
determined by measurements with an integrating sphere or with calorimeter measurements

4.1 Absorptivity

81

powder absorptivity

0.9

0.8
0.7
0.6
0.5
0.4

measurement, loose
powder particles

0.3

Tolochko et al., powder
bed

0.2
0.1

Lemoine et al.

0

Figure 4.11: Absorptivity of different powder materials according to present measurements and literature
data

as described in subsection 4.1.3. If the solid material absorptivity varies significantly
depending on temperature and if this has a high effect on the process as a significant portion
of material in the laser spot is not yet molten, the temperature-dependent absorptivity can
be measured as explained in subsection 4.1.4. The powder absorptivity can be measured
with an integrating sphere combined with the newly developed method described in the
previous subsection 4.1.5. Table 4.2 summarizes the absorptivity values, which are used
in the following laser cladding process simulation.
solid
M etcoClad R 625 liquid
powder
S235JRC + C

0.59
0.37
0.50
0.82

Table 4.2: Obtained absorptivity values to be used for laser cladding process simulation
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Laser powder interaction
Measurement of powder particle density distribution

The measurement setup shown in Figure 4.12 (left) was developed to measure in any point
of the workpiece the amount of powder per area hitting its surface, which is expressed in the
powder particle density distribution similar to the laser intensity distribution. The setup
consists of a metal sheet, which contains a small drill hole with a diameter of 0.4 mm, and
a continuously reading scale below, which carries a container in order to catch the powder
passing through the hole. In the beginning of a measurement the powder nozzle moves to
the center point of the drill hole at a distance equal to the working distance in the laser
cladding process. Afterwards the powder nozzle orbits around the drill hole along circular
paths with incrementally increasing radii, so that the whole powder jet is characterized in
the working plane. After the measurement the powder particle density distribution can be
calculated from the time derivative of powder mass on the scale as each measurement point
with the corresponding point of time can be related to a point in space. An exemplary
result can be seen in Figure 4.12 (right), where it can be seen, that the powder particle
density distribution of the three-jet powder nozzle type 3 − JET − SO16 is rotationally
symmetric in the working plane. Outside of the working plane the powder particle density
distribution of a three-jet powder nozzle is not rotationally symmetric. The powder particle
density distribution ρp (x, y) is always normalized, so that its integral over the coordinates
x and y equals 1. If the powder particle density is rotationally symmetric as in the present
case, it can be condensed from 2D to 1D, where it only depends on the radius r relative
to the powder jet axis. For this purpose the powder particle density equation


(r − b)2
ρp (r) = a · exp −
c2

(4.9)

is fit to the measurement data by the constants a, b and c. The corresponding curves
from measurements of the 3 − JET − SO16 powder nozzle, which was used for the experimental work of this dissertation, and of the similar M etco three-jet nozzle are shown in
Figure 4.13. The working distance of the M etco powder nozzle is only 12 mm, which leads
to a smaller powder focus radius r86% compared to the 3 − JET − SO16 powder nozzle
with a working distance of 15 mm.
Compared to the established optical methods, the developed measurement method is closer
to the real process conditions, where the workpiece forms an obstacle for the gas flow, so
that it is different from that of a free powder jet during the optical measurement methods.
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Figure 4.12: Powder particle density distribution measurement setup (left) and result (right)

A similar method has already been described by Morville et al. [88], but there the powder
particle density is not measured in the whole working plane.
Two previously tested approaches to measure the powder particle density distribution
using double-sided adhesive tape were not successful. In the first approach the powder
nozzle was moved over double-sided adhesive tape, so that a track of powder remained on
the adhesive tape. The powder particle density could then be analyzed in the transverse
direction and the powder particle density distribution in the 2D working plane could be
calculated under the assumption of a rotationally symmetric particle density distribution.
But this measurement method provides too large a powder jet radius because several
powder particles hit already sticking particles or do not remain stuck during the first
contact with the adhesive tape and bounce to the side. As shown in Figure 4.13, this
could also not be avoided with a slot aperture in a metal sheet, which was moved through
quickly between the adhesive tape and the powder nozzle, so that the tape was exposed
to the powder jet for a very short period of time only. All powder nozzles were measured
with a carrier gas flow V̇c = 5 l/min of argon and a shield gas flow V̇s = 15 l/min. Two
additional measurements were carried out with the 3 − JET − SO16 powder nozzle with
helium as carrier gas and with a decreased shield gas flow. An influence of the shield gas
flow on the powder particle density distribution cannot be detected, but the powder jet is
more focused with helium as carrier gas.
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Figure 4.13: Powder particle density distribution measurement results for different carrier + shield gas
flow settings and from different measurement methods

4.2.2

Simulation of process gas flows and powder jet

4.2.2.1

Modeling

A simulation model of the three-jet powder nozzle type 3−JET −SO16 by F raunhof er −
ILT , which was used for the experimental work of this dissertation, was developed in the
software environment of COM SOL M ultiphysics 5.2 using its modules T urbulent F low, k−
, T ransport of Concentrated Species and P article T racing f or F luid F low. This means
the turbulence of the gas flows, the interaction of different gas types such as air, argon
or helium and the equations of motion for the powder particles were considered. The
space above the workpiece surface and below the powder nozzle was modeled as shown in
Figure 4.14, where the symmetry of the problem was exploited, so that only a sixth had
to be modeled.
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powder / carrier gas inlet

shield gas inlet
open boundary

Figure 4.14: Model geometry for the process gas flow and powder jet simulation

The gas flow is primarily described by the continuity equation
ρ∇ · u = 0

(4.10)

and by the stationary Navier-Stokes equation



ρu · (∇ ⊗ u) = ∇ −pI + (µ + µt ) ∇ ⊗ u + (∇ ⊗ u)T + F

(4.11)

with the density ρ, the fluid flow velocity vector u, the pressure p, the unity tensor I, the
dynamic viscosity µ and the volume force F . Wilcox [144] defines the eddy viscosity
µt = ρCµ

kt2


(4.12)

by the turbulent dissipation rate  and the turbulent kinetic energy kt , which are determined by the following equations:



µt
ρ(u · ∇)kt = ∇ · µ +
∇kt + Pk − ρ
(4.13)
σk

 
µt

2
ρ(u · ∇) = ∇ · µ +
∇ + C1 Pk − C2 ρ
σ
kt
kt

(4.14)

Table 4.3 lists the values of the turbulence model parameters Cµ , C1 , C2 , σk and σ . The
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Reynolds stress is defined as



Pk = µt ∇u : ∇ ⊗ u + (∇ ⊗ u)T

(4.15)

The wall functions according to Kuzmin et al. [66] and Grotjans & Menter [42] are applied
in order to approximate the flow close to solid walls. The normal fluid flow velocity at the
powder and carrier gas inlet
V̇c
uc =
(4.16)
Ac
is determined by the carrier gas flow V̇c and by the cross-sectional Ac area of the carrier
gas inlet, whereas the shield gas flow V̇s and the cross-sectional area As of the shield gas
inlet define the normal fluid flow velocity at the shield gas inlet
us =

V̇s
As

(4.17)

At the open boundary according to Figure 4.14 the normal stress is given by the ambient
pressure p0 = 105 P a.
The atmosphere in the modeled domain consists of up to three types of gases, which are
denoted as species in the following. The shield gas is argon, the carrier gas is optionally
helium or argon and air comes from the environment of the powder nozzle. The mass
fraction ωi of each species i is described by the corresponding mass transport equation
∂ωi
+ ρ(u · ∇)ωi = −∇ · j i
∂t

(4.18)

j i = −ρ(Dim + Dt )(∇ωi + ωi ∇M/M )

(4.19)

ρ
The mass flux of species i

can be calculated according to Kee et al. [57] from the mixture-averaged diffusion model
with the mixture-averaged diffusion coefficient Dim of species i and the mean molar mass
M , which is determined by
Xns ωi
1/M =
(4.20)
i=1 Mi
Cµ
C1 C2 σk
0.09 1.44 1.92 1

σ
1.3

Table 4.3: Turbulence model parameters
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with the number of species ns . The turbulent diffusion coefficient
Dt =

µt
ρ · Sct

(4.21)

can be calculated using the turbulent Schmidt number Sct = 0.71. The mixture-averaged
diffusion coefficient
1 − ωi
(4.22)
Dim = Pns
xk
k=1,k6=i Dik

with the mole fraction xk of species k is derived from the Maxwell-Stefan equations according to Kee et al. [57]. The multicomponent Maxwell-Stefan diffusivities
Dik =

10−3 T 1.75 (1/Mi + 1/Mk )1/2

2
1/3
1/3
p vi + vk

(4.23)

in cm2 /s can be calculated based on Welty et al. [142] with the pressure p in atmospheres,
the temperature T in K, the molar masses Mi , Mk in g/mol and the dimensionless molecular diffusion volumes vi , vk .
The dynamic viscosity of the gas mixture
µ=

Xns
i=1

x ·µ
Pns i i
j=1 Fij · xj

with


1 + (µi /µj )1/2 (Mj /Mi )1/4
p
Fij =
8(1 + Mi /Mj )

(4.24)

2
(4.25)

was calculated according to the mixing rule developed by Wilke [145]. Table 4.4 lists the
properties of all potentially involved process gases.
The powder particle movement obeys Newton’s second law
d(mp v)
= F drag + F g
dt
Argon
Helium
Air

Mi [g/mol]
39.9
4.00
29.0

vi
16.1
2.88
20.1

µi [µP a · s]
2.24
1.97
1.82

Table 4.4: Physical properties of process gases at room temperature

(4.26)
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with the particle velocity v, powder particle mass mp and gravity force F g . Ochieng &
Onyango [98] indicate the drag force


0.687 
ρku−vkdp
3µ · 24 1 + 0.15
µ
F drag =

4ρpm ·

d2p

r
· mp

u+ζ

2kt
−v
3

!
(4.27)

according to the Schiller-Naumann drag model with the particle diameter dp , the particle
material density ρpm and ζ a random number with zero mean and unit standard deviation.
This means the influence of the turbulent flow on the particles is reflected by the term
p
ζ 2kt /3. Because of the bounce condition at the solid boundaries of the powder nozzle,
a particle with the initial velocity v c before the collision shows afterwards the velocity
v = v c − 2(n · v c )n

(4.28)

with the normal vector n of the boundary. At the powder and carrier gas inlet the initial
particle velocity
(4.29)
v 0 = −v0 · n + v d
is defined by the divergence velocity v d and the mean initial particle velocity v 0 . The latter
was obtained from high-speed camera measurements at a frame rate of 20’000 frames per
second as shown in Figure 4.15. The particles were observed when they left the powder
nozzle, where their velocity was measured either manually or automatically with the same
method as explained in section 3.2 for the melt pool. Unfortunately the automatic method
worked only at low particle velocities, because at high velocities the traveled distance
between two consecutive frames was potentially longer than the distance to a neighboring
particle. This problem could be circumvented in future measurements by a lower powder
mass flow or a higher frame rate, which necessitates more light.
The divergence velocity is defined as
 
ζ1
 
v d = vd · ζ2 
0

(4.30)

with the random numbers ζ1 and ζ2 with zero mean and unit standard deviation and the
mean divergence velocity vd . The latter was calibrated so that the powder particle density
distribution in the working plane was the same in the measurement as in the simulation
results. For a carrier gas flow V̇c = 5.0 l/min, in the case of Argon the mean divergence
velocity vd = 0.326 m/s was found, whereas it is vd = 0.318 m/s in the case of helium as
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carrier gas. The corresponding carrier gas velocity uc = 15.7 m/s inside the three powder
channels with a diameter of 1.5 mm indicates, that the powder particle velocity according
to Figure 4.15 is only a fraction of the carrier gas velocity.

initial particle velocity v0 [m/s]
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8
𝑣0 = 1.1451

6

𝑚 ⋅ 𝑚𝑖𝑛
⋅ 𝑉𝑐
𝑠⋅𝑙

Ar (autom.)
He (autom.)
Ar (man.)

4

He (man.)

𝑚 ⋅ 𝑚𝑖𝑛
𝑣0 = 0.6716
⋅ 𝑉𝑐
𝑠⋅𝑙

2

0
0

1

2

3
4
5
6
7
8
carrier gas flow rate [l/min]

9

10

Figure 4.15: Influence of the carrier gas flow rate and gas type on the initial particle velocity according
to automatic and manual measurement

4.2.2.2

Results

Figure 4.16 shows the oxygen volume percentage for different carrier gas types and shield
gas flows according to the simulation results in an isometric view over the whole model
and in a plan view over the bottom surface of the model, which represents the workpiece
surface. In the ambient air there are 20% by volume of oxygen. When using helium as
carrier gas the melt pool is obviously best protected from oxidation. If the carrier gas
is argon, it introduces turbulences and so also oxygen into the shield gas cap due to its
tenfold density compared to helium, whereas helium is deflected from the argon shield gas
cap as it is significantly lower in density. It has to be mentioned, that the simulation results
give a conservative estimation of the oxygen content in the atmosphere above the laser
cladding process zone. Actually the oxygen content is higher, because the multicomponent
Maxwell-Stefan diffusivities Dik were calculated at room temperature in Equation (4.23).
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Though, this is still a better approximation than the melt pool temperature as gases show
a low thermal conductivity. Furthermore, the influence of the powder particles on the gas
flow is not taken into account, which potentially introduce additional turbulence into the
gas flow due to their different velocity.

carrier gas

5 l/min He

5 l/min Ar

5 l/min Ar

shield gas

15 l/min Ar

15 l/min Ar

5 l/min Ar

O2 vol. %

Figure 4.16: Influence of the shield gas flow and carrier gas type on oxygen content in an isometric view
of the model and on the workpiece surface

The oxygen volume percentage cO2 in the working plane was measured at the central axis
of the powder nozzle with an ISM-3 oxygen analyzer from Dansensor with an accuracy
of +/ − 1%. There was no laser beam or powder involved in the measurement, because
these would have damaged the measurement device. Only the gas flows were turned on.
The measuring tip of the oxygen analyzer was inserted from below into a bore in the base
plate with a diameter of 1 mm. The measurement results in Table 4.5 show significantly
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higher oxygen percentage values than the simulation results, when a shield gas flow of
V̇s = 15 l/min is considered. This discrepancy can be explained by the idealizations of the
model. Generally, a perfectly flat working plane is assumed in the simulation model. If a
cube with an edge length of 1 mm is inserted into the measurement position, the simulated
oxygen percentage increases from 0.078% to 2% due to the turbulences which are caused
by the cube. Moreover, the simulation model does not take potential oscillations in the
5 m long carrier gas hose or in the 10 m long shield gas hose into account. At the very low
shield gas flow of V̇s = 5 l/min the simulation results agree well with the measurement
data as an effect occurs which is not present at a higher shield gas flow. Figure 4.16
shows that the shield gas flow does not even reach the workpiece surface, if it is as low as
V̇s = 5 l/min, because the carrier gas keeps the shield gas off from the workpiece surface.
The 3−JET −SO16 powder nozzle was finally modified in a simulation, where the powder
channel diameter was increased from 1.5 mm to 2.0 mm. This leads to a decrease of the
oxygen percentage from 0.078% to 0.0059%, because the carrier gas velocity is slowed down
so that the carrier gas flow affects the shield gas atmosphere less. This effect could also be
measured when a M etco powder nozzle with a powder channel diameter of 2.0 mm was
used, which is an in-house product of OerlikonM etco, which is commercially not available.
The M etco powder nozzle is a three-jet powder nozzle with a working distance of 12 mm.
The simulation results are confirmed by the measured absorptivity of experiments with
varying process gasses while the other process parameters were kept constant. The measurements were carried out as described in subsection 5.5.1 with the process parameter
set 2.3 according to Table 5.4. Figure 4.17a demonstrates, that the shield gas flow does
not have a significant influence on the absorptivity. This means that the amount of oxides on the melt pool surface is constant, because the oxides have a significantly higher
absorptivity compared to the liquid metal, so that the total absorptivity decreases, if the
oxides are reduced. It can be seen in Figure 4.17b, that the absorptivity or the oxidation
is only significantly reduced, if the argon carrier gas flow is reduced from V̇c = 5 l/min to
V̇c = 3.5 l/min. The oxidation is even more reduced, when argon is replaced by helium as
powder nozzle

carrier gas

shield gas

3 − JET − SO16
3 − JET − SO16
3 − JET − SO16
modified 3 − JET − SO16
M etco

5
5
5
5
5

15 l/min Ar
15 l/min Ar
5 l/min Ar
15 l/min Ar
15 l/min Ar

l/min
l/min
l/min
l/min
l/min

He
Ar
Ar
Ar
Ar

cO2
(measurement)
0.17%
4.2%
7.1%
−
0.35%

cO 2
(simulation)
0.0045%
0.078%
9.6%
0.0059%
0.0079%

Table 4.5: Oxygen volume percentage at the workpiece surface below the powder nozzle center according
to measurements and simulation results for different configurations
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carrier gas, which is 90% lower in density. These results confirm, that the oxygen content
inside the shield gas cap is mainly caused by the turbulences, which are introduced by the
carrier gas flow. The observations of Koruba et al. [63] indicate that an increased carrier
gas flow rate likewise causes more oxidation when using a continuous coaxial powder nozzle. Some publications can be found, where helium is used as carrier gas, but the reasons
are not specified. Bartkowski et al. [5] and Angelastro et al. [2] used helium as carrier gas
and argon as shield gas for the deposition of a Stellite R 6 coating reinforced with WC
particles or a Ni-based WC/Co/Cr composite coating respectively.

a

b
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0.65
absorptivity
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shield gas flow rate Ar [l/min]
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3.5 l/min Ar 5 l/min He
carrier gas

Figure 4.17: Effect of the shield gas flow rate and of the carrier gas on the absorptivity related to process
parameter set no. 2.3 according to table 5.4; a) carrier gas: 5 l/min Ar; b) shield gas: 15 l/min Ar

To sum up, the simulation model is able to explain the most important mechanisms which
lead to an increased oxygen content in the working plane so that it can be used to optimize the gas flow settings and the nozzle geometry. Although the simulation model cannot
make precise quantitative predictions, qualitative comparisons between different flow settings and nozzle geometries are possible.
Figure 4.18 (left) shows the powder particle density distribution according to measurement
and simulation results. For this, two measurements were carried out with a helium carrier
gas flow V̇c = 5 l/min and an argon shield gas flow V̇s = 15 l/min. A simulation was
run with the same parameters. It is visible, that the simulation results show the same fit
curve characteristics as the measurement data, that the corresponding Equation (4.9) is
equally capable of describing the powder particle density distribution and that the scatter
around the fit curves is similar in the measurement data as in the simulation data. It is not
necessary to investigate other process gas settings, because it has already been shown in
Figure 4.13 that the powder particle density distribution is not sensitive to the process gas
settings. This implicates that potential inaccuracies in the modeled process gas flow do
not have a significant influence on the powder particle density distribution. The snapshot
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during the simulation in Figure 4.18 (right) shows, how the powder particles leave the
powder nozzle and accumulate on the workpiece surface. Actually, they would be blown
away by the process gases, but in the simulation their position was fixed as soon as they
touch the workpiece so that the powder particle density distribution can be evaluated
based on a significant number of powder particles.

Figure 4.18: Experimental and simulation results of the powder particle density distribution (left) and
graphical representation of the powder jet in the simulation model (right)

4.2.2.3

Calculation of laser attenuation

As the powder particle size is a multiple of the laser wavelength, geometrical optics can be
applied to calculate the laser attenuation by the powder jet. For this purpose the powder
jet particle data from the simulation results presented in the previous subsection 4.2.2.2
are used. The cross-sectional area of each particle is projected onto the working plane,
where the degree of coverage is computed. It is assumed that the projections do not
overlap because of the low density of the powder cloud. The average over several time
steps results in the 2D attenuation map shown in Figure 4.19 (left). The attenuation
is the highest at the edge, where the powder leaves the nozzle. So it is not rotationally
symmetric. Nevertheless the average 1D rotationally symmetric representation of the laser
attenuation is derived in Figure 4.19 (right), so that it can also be used for the symmetric
half model of the melt pool, which is presented in chapter 5, if the powder nozzle is not
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symmetrically aligned relative to the feed direction. This simplification can be justified by
the low attenuation of maximum 15% in the cases considered in this dissertation.

Figure 4.19: Local 2D distribution of the attenuation in the working plane (left) and its 1D representation
(right) (V̇c = 5 l/min helium, V̇s = 15 l/min, ṁ = 60 g/min M etcoClad R 625)

4.2.3

Caloric measurement of laser attenuation and powder absorptivity

If an integrating sphere is not available, the measurement setup presented in subsection 4.1.5 is not possible at all or it becomes difficult, when a CO2 laser is used. In the
latter case the sample carrier glass has to be replaced by one of the few materials which are
transparent for 10.6 µm laser radiation such as zinc selenide (ZnSe), which is expensive
and poisonous after thermal decomposition, or the measurement setup in Figure 4.9d has
to be considered. In any case the measurement method described in [147] can be used
alternatively to obtain approximate powder absorptivity values. Moreover, this method
reveals the average laser attenuation for the chosen laser spot size, albeit as an overestimation. The overestimation is caused by the assumption, that the powder particles leave the
laser beam after impingement on the necessarily consistent solid substrate surface to the
side within a short period of time compared to the flight duration inside the laser beam
before impingement. Basically, this measurement method needs three calorimeter measurements, where the absorptivity of an arbitrary substrate material, the energy absorbed
by the powder particles and the energy absorbed by the substrate material in the presence of the powder jet are determined in order to calculate the laser attenuation and the
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powder absorptivity. Due to this multitude of measurements, calculations and simplifying
assumptions only rough estimate values for the powder absorptivity can be obtained.
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Chapter 5

Laser cladding process simulation initial model
In the following sections the single track model is first developed. Secondly the model
modifications for the multi-track model are explained and both models are validated.

5.1

Modeling approach

The model was built using the commercial software COM SOL M ultiphysics under the
assumptions summarized in the following. The mixing of the substrate and the coating
material is neglected as a low dilution is usually favorable, because this means a low
influence of the substrate material mixed in the coating on the material properties of
the coating such as corrosion or wear resistance. This means that in the simulation the
material properties above the substrate surface level are always those of the deposited
powder material, while the substrate material properties are present below. Evaporation
is similarly neglected as a low heat input is desired as standard. Radiative heat loss is not
taken into account due to its insignificant effect on the laser cladding process. Furthermore,
an incompressible laminar flow is initially assumed, which is the most common practice
according to literature as it is mentioned in subsection 2.4.2. Though the actual melt pool
flow is at least partially turbulent, the margins of error when assuming a laminar flow have
to be first evaluated. All powder particles which hit the melt pool are supposed to enter
the melt pool. So the bouncing off is neglected, when they show too low a momentum to
become wet by the melt or to penetrate the melt pool surface while the surface tension is
counteracting.
An Eulerian perspective is chosen to describe the process zone from a perspective, which
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is fixed to the tools of the process, which are the laser beam and the powder jet, while
the workpiece material passes through the considered volume. The corresponding model
geometry is depicted in Figure 5.1. Thanks to the symmetry of the single track only one
half has to be modeled. The axis of the laser beam and of the powder jet is stationary,
while material enters the model domains at the inlet and leaves it at the outlet. The whole
model is composed of six domains, where the fluid flow is only calculated in domain no. 1
in order to reduce the computational effort, because only there the material potentially
melts. Conversely, the heat transfer equations are solved in all domains. An arbitrary
Lagrangian Eulerian (ALE) approach, which is denoted as def ormed geometry, is applied
to domains (1, 2), so that the deformation of the model surface due to material deposition
and due to the free movement of the melt pool surface can be taken into account. It
has to be noted, that the field variables on the surface do not change, when material
crosses the surface boundary because of the movement of the mesh nodes or because of
material flowing into the model. This means any newly added material in the model
volume receives the properties, which are stored for the corresponding mesh nodes, where
the material entered the volume. Because of this reason in the following two corrective
equations are introduced in the appropriate sections concerning the momentum and the
heat, which is erroneously assigned to the newly added material. A stationary solver
hardly converges due to the complexity of the modeled process with several steep changes
such as the decrease of viscosity during melting in the narrow temperature range between
the solidus and liquidus temperature, whereas it is comparably constant at temperatures
above or below. Because of this reason a time-dependent solver was chosen, which still
does not require excessive computation time thanks to the adaptive time stepping, which
increases the time step size as a stationary state is neared and then achieved.

5.2
5.2.1

Basic equations
Physical representation

Initially the deposit growth rate
vd =

ṁ
· ρp (r)
ρpm

(5.1)

is defined with the powder mass flow ṁ, the powder material density ρpm and the powder
particle density ρp (r) according to Equation (4.9). It describes the velocity of the surface
of the deposit in vertical direction if all powder material is deposited and does not flow to
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Figure 5.1: Single-track model geometry

the sides.
As previously mentioned only in the fluid domain 1 the continuity equation (4.10) and the
transient Navier-Stokes equation for incompressible fluids


n
h
io
∂u
ρ
+ u · (∇ ⊗ u) = ∇ −pI + µ ∇ ⊗ u + (∇ ⊗ u)T
+F
(5.2)
∂t
are computed. The gravity and buoyancy force are contained in the volume force vector
 
0
 
F = ρ · g · [β · (T − 293.15K) − 1] · 0
(5.3)
1
with the gravity g and the volume expansion coefficient β.
The surface tension σ(T ) is taken into account through the weak contribution
δW = −σ(T ) · (δuT x + δvT y + δwT z )

(5.4)

to the generic weak equation for the fluid dynamics part of the model following the example
of Carin [15]. δuT x , δvT y and δwT z are the test function of the tangential gradient of the
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fluid flow velocity components u, v and w in the x-, y- and z-direction respectively. The
tangential gradient of a scalar field a is defined as
(∇a)T = (I − nnT ) · ∇a

(5.5)

The fluid flow boundary conditions for the single track consist of the symmetry boundary
conditions
u·n=0
(5.6)




 

(µ ∇ ⊗ u + (∇ ⊗ u)T n · n n = 0
(5.7)
µ ∇ ⊗ u + (∇ ⊗ u)T n −
on the symmetry plane, whereas on the upper surface the boundary stress
σ n = −p0 · n − ρ · vd · u

(5.8)

applies with the ambient pressure p0 = 105 P a and a corrective term to compensate the
momentum, which is erroneously brought into the melt pool by the material flowing in.
This boundary stress is enforced by the equation




−p · I + µ ∇ ⊗ u + (∇ ⊗ u)T n = σ n

At all remaining boundaries of the fluid domain the fluid velocity
 
vf
 
u=0
0
is prescribed. The initial fluid velocity is likewise
 
vf
 
u=0
0

(5.9)

(5.10)

(5.11)

and the initial pressure is
p = p0 = 105 P a

(5.12)

The surface contour is tracked by a modified height function method. The corresponding
equation as it is stated by Nichols & Hirt [95] is extended by the deposit growth rate term
vd · k to
∂h
+ uxy · ∇h = w + vd · k
(5.13)
∂t
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uxy

 
u
 
= v 
0

(5.14)

The height h states the vertical displacement of a surface point relative to its initial position
depending on the time t. The cladding condition parameter k specifies, if there is a melt
pool in the respective surface point, which can incorporate the impinging powder particles.
The cladding condition parameter k is equal to 1, if powder can get into the melt pool and
0 otherwise. The symmetry boundary condition of the height h on boundary c according
to Figure 5.1 is given by the tangential gradient of the height h in the y-direction
hT Y = 0

(5.15)

h=0

(5.16)

h=0

(5.17)

On the boundaries a and b

is prescribed. The initial value is also

The heat transfer equation

ρcp

∂T
+ u · ∇T
∂t


= ∇ · (λ∇T )

(5.18)

[7] is taken into account in all domains with the isobaric specific heat capacity cp and
the thermal conductivity λ. The boundary heat sources are defined by Equation (4.3) for
the laser radiation absorbed on the melt pool surface and by Equation (4.4) for the heat
brought into the melt pool by the powder particles, which are heated during their flight
through the laser beam. The heat which is erroneously assigned to the material flowing in
on the upper surface is compensated by the corrective heat source
Qc = −vd · k · ρ · Ui

(5.19)

with the internal energy
Z

T

Ui =

cp (T )dT

(5.20)

T0

depending on the ambient temperature T0 . The conductive heat loss at the imaginary
sectional surfaces, where the model is delimited but the actual workpiece extends further,
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is approximately taken into account by the convective heat transfer equation
n · (λ∇T ) = αs · (T0 − T )

(5.21)

with the sectional surface heat transfer coefficient αs = 1250 mW2 K , which is derived from
the investigations of Khandkar et al. [59]. This estimate value does not have a significant
influence as it is shown in subsection 5.5.1. According to Ott [100] the convective heat loss
to the ambient atmosphere is negligible as well, even if there is forced convection caused
by the process gas flow. Though, an adiabatic boundary condition is still worse than an
estimate. At the upper surface the free surface heat transfer coefficient αf = 20 mW2 K
is applied, which is a mean value between the 15 mW2 K stated by Traidia [134] and the
25 mW2 K indicated by Nazemi & Urbancic [91]. These are the most commonly used values
in literature. However, Gouge et al. [41] report a value up to 100 mW2 K , if there is forced
convection due to the process gasses.
The heat transfer symmetry boundary condition is
n · (λ∇T ) = 0

(5.22)

T = T0 = 293.15 K

(5.23)

while at the inlet the temperature

is prescribed, which is equal to the initial temperature.
In general, the moving mesh is only allowed to deform in the z-direction. At boundaries I
and II no mesh displacements are permitted at all. At the upper surface the local mesh
displacement is equal to the corresponding value of the height h. In domain no. 2 the
mesh displacement


0


d=
(5.24)
0

Z−z0 +hz
· h(x, y)
hz
is defined by the z-position in the material coordinate system Z, the z-position of the
model surface z0 and the model height in z-direction hz . In domain no. 1 the Winslow
mesh smoothing type provides a smooth mesh deformation to fulfill the given boundary
conditions. The initial value of all mesh deformations is
 
0
 
d = 0
(5.25)
0
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Numerical implementation

In this subsection the measures are summarized which are necessary in order to implement
the equations of the previous subsection in a computationally executable simulation model.
Two step functions are defined, which help to model smooth transitions or to smooth sharp
transitions. The first step function

s1 (x) =




0

x ≤ −0.5





x ≥ 0.5

0.5 + 0.5 · sin(πx) −0.5 < x < 0.5
1

(5.26)

and the second step function

s1 (x) =




0

x ≤ −0.5





x ≥ 0.5

30 · (x5 /5 − x3 /6 + x/16 + 1/60) −0.5 < x < 0.5
1

(5.27)

guarantee a smooth C 1 -continuous transition from 0 to 1 depending on the argument x in
the range from x = −0.5 to x = 0.5 as shown in Figure 5.2. This range can be enlarged
through division of the argument x by the requested transition width. Depending on the
equation where one of both step functions is inserted, one of both is most suitable with
regard to computing times.
Thus the cladding condition parameter








T − Tm1
z0 + ∆z/2 − z
T − Tm2
z − z0 − ∆z/2
k = s2
· s2
+ s2
· s2
(5.28)
Tl1 − Ts1
∆z
Tl2 − Ts2
∆z
can be expressed depending on the melting temperature of the substrate Tm1 , the melting temperature of the cladding material Tm2 , the solidus temperature of the substrate
Ts1 , the liquidus temperature of the substrate Tl1 , the solidus temperature of the cladding
material Ts2 , the liquidus temperature of the cladding material Tl2 , the substrate surface
level z0 and the size of the transition zone in z-direction ∆z. Through this definition of
the cladding condition parameter, powder is deposited into the melt pool if the melting
temperature of the substrate Tm1 is exceeded at the substrate surface or below. Above
z0 + ∆z the melting temperature of the cladding material Tm2 needs to be exceeded.
There is a smooth transition between the two mentioned z-positions and also around the
melting temperatures between the corresponding solidus and liquidus temperatures. The
transition in z-direction takes place in the interval [z0 ; z0 + ∆z] and not in the interval
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Figure 5.2: Step functions

[z0 − ∆z/2; z0 + ∆z/2], so that powder cannot be deposited erroneously on the substrate
surface due to the smoothing effect of the step function before the substrate material is
molten, which has a higher melting temperature than the cladding material. The size of
the transition zone in z-direction is set to ∆z = 0.088 mm. This is approximately only
10% of the expected height of the deposited weld tracks. So the transition zone is comparably small, but the size of the transition zone has still a sufficient size to improve the
convergence behavior, which is facilitated by the smoothing effect of the step functions. If
there was too sharp a transition at the surface level, the properties associated to the mesh
nodes would change completely every time they cross the substrate surface level between
consecutive iterations.
The workpiece absorptivity
  





Tm1 − T
T − Tm1
z0 + ∆z/2 − z
· s1
· αs1 + s1
· αl2
αw (T, z) = s1
∆z
Tl1 − Ts1
Tl1 − Ts1

  




z − z0 − ∆z/2
Tm2 − T
T − Tm2
+s1
· s1
· αs2 + s1
· αl2
∆z
Tl2 − Ts2
Tl2 − Ts2

(5.29)

is modeled similarly to achieve a smooth transition between the absorptivity values listed
in Table 4.2. αs1 stands for the absorptivity of the solid substrate material, αs2 denotes
the absorptivity of the solid cladding material and αl2 is the absorptivity of the liquid
cladding material. Thus the term in the first square brackets represents the absorptivity
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of the substrate material, while the term in the second square brackets states the cladding
material absorptivity. It is assumed, that the absorptivity of the liquid cladding material
also applies below the substrate material surface, because the powder material is fed into
the melt pool as soon as any point on the surface becomes liquid so that any liquid material
element predominantly consists of the cladding material. The transition is again shifted
by ∆z/2 to guarantee the actual substrate surface absorptivity without any interference
due to the smoothing. The absorptivity does not only differ between the materials but the
absorptivity also changes from the solid material absorptivity to the liquid material absorptivity in the range from the respective solidus temperature to the liquidus temperature.
The transition between the thermophysical substrate material properties and the cladding
material properties is implemented as follows exemplarily for the thermal conductivity




z − z0
z0 − z
· λ1 + s1
· λ2
(5.30)
λ = s1
∆z
∆z
with the substrate material thermal conductivity λ1 and the cladding material thermal
conductivity λ2 . The global isobaric specific heat capacity and density are expressed in
the same way. The phase change from solid to liquid is modeled through a decrease of the
dynamic viscosity




Tm − T
T − Tm
µ(T ) = s1
· 90 P a · s + s1
· µl (T )
(5.31)
Tl − Ts
Tl − Ts
from a high dynamic viscosity µ = 90 P a·s at temperatures below the solidus temperature
Ts to the liquid metal viscosity µl (T ) at temperatures above the liquidus temperature Tl .
As a dynamic viscosity of µ = 90 P a · s is still not high enough to prevent the solid
material completely from deformation, but a higher value causes longer computing times,
the constraint
 

vf
z ≤ z and T < T
0
s1
 
(5.32)
u =  0  f or
z > z0 and T < Ts2
0
is applied, so that the velocity of any material outside of the melt pool is equal to the scan
speed vf .
The melting enthalpy hm is taken into account by distributing it over the melting range and
adding it to the isobaric specific heat capacity cp (T ) to obtain the effective heat capacity
hm
cp,ef f (T ) = cp (T ) +
· s1
Tl − Ts



T − Ts
Tl − Ts




· s1

Tl − T
Tl − Ts


(5.33)
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Material data

Table 5.1 and Figure 5.3 summarize the material data of the cladding material M etcoClad R 625
and structural steel S235 JRC + C, which was used as substrate material. The data come
from diverse references as indicated. The data are extrapolated as constants above the
melting temperature. The indicated melt viscosities in the form of Arrhenius functions approximate the cited literature data. Due to the lack of literature data for the viscosity and
surface tension of M etcoClad R 625, the viscosity and surface tension of Inconel R 718
is stated as a substitute as these two materials show a similar chemical composition.
Table 5.2 lists the chemical composition of structural steel S235, M etcoClad R 625 and
Inconel R 718. Mills [85] states the surface tension
σ(T ) = 1.842 N/m − 0.00011

5.3

N
· (T − 1998.15 K)
K ·m

(5.34)

Solver settings, discretization and computing time

The following statements regarding computing times refer to the process simulation of a
single track melt pool with the simulation model developed in the previous sections. Due to
the strong coupling of the involved physics the F ully Coupled Solver of COM SOL M ultiphysics
leads to a 51% shorter computing time compared to the Segregated Solver during a single
track process simulation. There is for example a strong coupling between the fluid flow
melting enthalpy M etcoClad R 625
melting enthalpy S235
density M etcoClad R 625
density S235
volume expansion coefficient
M etcoClad R 625
melt viscosity M etcoClad R 625

210000 J/kg
270000 J/kg
8440 kg/m3
7850 kg/m3
69.4 · 10−6 1/K

[85]
[29]
[124]
[125]
[14]
[85]

melt viscosity S235


5848 K
0.000196 P a · s · exp
T


25000 J/mol
0.00087 P a · s · exp
RT

viscosity solid material
solidus temperature M etcoClad R 625
liquidus temperature M etcoClad R 625
solidus temperature S235
liquidus temperature S235

90 P a · s
1563 K
1623 K
1728 K
1793 K

arbitrary
[124]
[124]
[11]
[11]

[84]

Table 5.1: Material data of S235 substrate and M etcoClad R 625 coating material
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Figure 5.3: Heat capacity and thermal conductivity of the materials S235 [125][64] and M etcoClad R 625
[124][14]

S235 [24]
M etcoClad R 625 [99]
Inconel R 718 [123]

Ni

Cr

Mo

Nb

58 − 63
50 − 55

20 − 23
17 − 21

8 − 10
2.8 − 3.3

3.0 − 5.0
4.75−5.5

Fe
bal
≤ 5.0
bal

C
≤ 0.17

Mn
≤ 1.4

Cu
≤ 0.55

other
≤ 0.63
< 2.0
3.0 − 4.1

Table 5.2: Chemical composition (weight percent) of S235, Inconel R 718 and M etcoClad R 625

and the heat transfer, because the fluid flow effects an efficient convective heat transfer
inside the melt pool.
The Jacobian matrix serves to convert the local element coordinates in the range of [−1; 1]
to the actual Lengths in mm. So the Jacobian matrix changes when the mesh deforms
and it has to be updated. In the present case, there are severe mesh deformations. So by
changing the update frequency from the default setting of a minimum update frequency
to one update per iteration, the computing time is reduced by 42%. If there is an update
only once per time step, the computing time is increased by 100% compared to the default
setting.
As there are different physical quantities involved in a simulation, each quantity has to be
scaled so that an overall error estimate can be calculated as a convergence criterion. This
means each quantity has to be divided by an individual reference value. As a first rough
recommendation the reference values should be the maximum values which are expected
for each quantity. But the different physics show different numerical behavior so that for
example the temperature field converges faster than the fluid flow velocity field. So if the
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corresponding numerical inaccuracy is acceptable, the reference value can be increased, so
that the associated physical quantity influences the error estimate less and a faster convergence can be achieved. At the same time the other reference values can be decreased. But
if the corresponding numerical inaccuracy affects the final results or even induces oscillations in the solution, the reference value rather has to be decreased. By optimization of
the reference values the computation time could be reduced by up to 88% compared to the
default settings. The simulations of this dissertation were carried out using the reference
values listed in Table 5.3.
COM SOL M ultiphysics allows the selection of different finite element shape functions
for the different physical quantities. For physical quantities then, which require a finer
discretization, higher order shape functions can be used and the mesh does not have to
be further refined, which is already sufficiently fine for some other physical quantities involved in the simulation. For the simulations of this dissertation the shape functions were
selected as listed in Table 5.3.
Figure 5.4 shows the default finite element mesh, where the number of elements in zdirection is nez = 10 in the fluid domain 1 according to Figure 5.1. As the gradients of
the fluid flow velocity field are most pronounced in the z-direction, in the fluid domain the
element size in the z-direction is smaller than in the xy-plane.
In a convergence study the influence of the finite element size on the simulation results was
investigated. Based on the simulation of parameter set no. 2.1 according to table 5.4 as it is
stated in subsection 5.5.1 the number of elements along the z-dimension of the fluid domain
nez was varied, while the size of all element dimensions was modified accordingly so that
the aspect ratio of the element dimensions stayed constant. The results are summarized
in Figure 5.5, where the maximum melt pool temperature Tmax , the track height h, the
maximum melt pool flow velocity Umax and the average melt pool flow velocity Uavg are
shown depending on the number of elements in z-direction nez . With an increase in the
physical quantity
temperature T
fluid flow velocity u
pressure p
height h
coordinates x, y, z

reference value
550 K
1.0 m/s
105 P a
1 mm
10 mm

shape function type
linear
quadratic
linear
quadratic
quadratic

Table 5.3: Reference values for the scaling of the individual physical quantities and the corresponding
shape functions types
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𝑛𝑒𝑧 = 10

Figure 5.4: Default finite element mesh with nez = 10 element layers in z-direction in the fluid domain

number of elements in z-direction nez the simulation results converge, so that there is no
significant change, if there are more than nez = 10 elements. This number was consequently
chosen for all other simulations. It has to be noted, that the maximum temperature and
the track height can already be predicted with only nez = 2 elements with an error of
approximately only 10%. This means the resulting heat input and the layer thickness can
be predicted within short computing times.

5.4

Multi-track model

The multi-track model consists of two sub-step models. The first global sub-step model
provides the whole transient temperature field of the considered workpiece, but it does not
take the melt pool flow into account. So the temperature field in the vicinity of the melt
pool does not yield high accuracy. Though, the temperature in the surrounding area of the
melt pool caused by the residual heat from the previous tracks can be estimated and can be
used as the initial and ambient temperature of the second sub-step simulation based on a
process simulation model, which is derived from the single-track model. The described substep approach can also be called a global/local approach, which works vice versa compared
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Figure 5.5: Influence of the number of finite elements per length scale on characteristic simulation results

to the local/global approach, which is commonly applied in joining technology. There the
results of the local process zone simulation are used to simulate the global behavior such
as the distortion of large structures, which are for example investigated by Duan et al. [27]
accordingly.

5.4.1

Global estimate simulation

The global model incorporates the whole workpiece in one domain, where the same equations are solved as for the single-track model except the fluid dynamics. Moreover, there
is a change from the Eulerian perspective of the single-track model to a Lagrangian perspective. So the laser beam and the powder jet move across the stationary workpiece as
shown in Figure 5.6, where a 6-track coating is deposited. The mesh deformation below
the upper surface is prescribed according to Equation (5.24).
The temperature is evaluated in the center point of each track, which leads to the exemplary temperature curves in Figure 5.7. The global temperature maximum of each curve
corresponds to the point in time, when the melt pool passes straight through the center
point of the corresponding track i. The prior local temperature minimum T∞i is set as the
ambient temperature of the melt pool in the subsequent local detailed simulation.
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temperature [103K]

maximum temperature [K]

10 mm

minimum temperature [K]

Figure 5.6: Simulation of the global temperature field - snapshot of the temperature field during the
deposition of the 6th track with maximum and minimum temperature

track no.

𝑇∞1

𝑇∞2

𝑇∞3

𝑇∞4

𝑇∞5

𝑇∞6

Figure 5.7: Temperature curves of the track center points in the global model
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Local detailed simulation

The detailed local model with the model geometry according to Figure 5.8 is generally
based on the single-track model. The domains 3, 4 and 5 are deleted as they have only
a low influence on the simulation results and the multi-track model would require an
application of the def ormed geometry additionally in these domains, which increases the
computational effort exponentially. Furthermore there is no symmetry plane any more,
because the axis of the laser beam and of the powder jet is moved into the y-direction to
(x0 , y0 ) as the melt pools of overlapping weld tracks are not symmetric. The main idea of
the multi-track model is the further use of the surface contour hi (x = lx , y) at boundary
d according to Figure 5.8 which results from the simulation of track no. i. lx is the length
of the model in x-direction. This surface contour is applied as boundary condition on the
boundaries a and c and as initial values for the simulation of the subsequent track no.
i + 1. The powder jet and laser beam axis are in all multi-track simulations in the same
position, so the surface contour has to be shifted by the track distance dt between two
consecutive simulations. Consequently the boundary condition on boundaries a and c and
the initial values of hi (x, y) can be stated as

h (|y − y + d |) i = 2
1
0
t
hi (y) =
hi−1 (y + dt )
i≥3

5.5
5.5.1

(5.35)

Results and validation
Single-track model

The single-track model is in the following validated by the comparison between experimental and simulated cross sections. Moreover, the overall absorptivity resulting from the
heat source model is compared against caloric measurement values, which were obtained
with the calorimeter described in subsection 4.1.3. Table 5.4 shows the corresponding
experimental plan, which additionally lists the maximum melt pool flow velocity and the
maximum melt pool temperature according to the simulation results. Based on the reference parameter set no. 2.1 the process parameters are varied single-factorially in the
experiments 2.2-2.9, whereas the parameter sets 2.13-2.15 are based on external process
parameter recommendations and the remaining parameter sets represent additional experiments for the purpose of process limit tests. The experiments 2.1-2.9 can also be found
in the high-speed camera videos which are analyzed in section 3.4. A comparison between
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Figure 5.8: Multi-track model geometry

the measured melt pool flow velocity field and the simulation results is carried out in section 6.3. For each parameter set two 90 mm long single weld tracks of M etcoClad R 625
were deposited on one 25 · 8 · 100 mm3 structural steel S235JRC + C substrate sample
using the machine equipment described in section 3.1. In a first trial a shield gas flow
V̇s = 5 l/min of argon and a carrier gas flow V̇c = 5 l/min of argon was applied. Under
these process gas conditions severe oxidation occurred due to the reasons explained in
subsection 4.2.2.2, which impaired the validation of the simulation model. Therefore the
experiments were finally carried out with a shield gas flow V̇s = 15 l/min of argon and
a carrier gas flow V̇c = 5 l/min of helium in order to compare the experimental results
against the simulation results.
In Figure 5.9 the temperature field resulting from two different simulations of parameter
set no. 2.1 is depicted. In the first simulation the default temperature-dependent surface tension was applied, whereas in the second simulation the surface tension was kept
constant. The cyan-colored lines represent the solidus temperature of the substrate material Ts1 and the liquidus temperature of the substrate material Tl1 in phase equilibrium,
while the magenta-colored lines indicate the respective solidus temperature Ts2 and liquidus temperature Tl2 of the cladding material. In the case of constant surface tension
the evaporation temperature of the cladding material is reached, whereas the Marangoni
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parameter set PL [W ]
2.1
2200
2.2
2860
2.3
1540
2.4
2200
2.5
2200
2.6
2200
2.7
2200
2.8
2200
2.9
2200
2.10
3000
2.11
3000
2.12
3000
2.13
2200
2.14
2200
2.15
1540
2.16
2750
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vf [m/min]
1.000
1.000
1.000
1.300
0.700
1.000
1.000
1.000
1.000
1.364
2.600
3.500
1.000
1.330
1.000
1.000

s [mm] ṁ [g/min] Umax [m/s] Tmax [K]
4.0
24
0.68
2538
4.0
24
0.79
2927
4.0
24
0.38
2146
4.0
24
0.65
2522
4.0
24
0.66
2494
4.0
32
0.59
2395
4.0
18
0.70
2640
5.0
24
0.38
2176
3.0
24
0.82
2972
4.0
35
0.74
2785
3.0
65
0.95
3227
3.0
65
0.88
3193
4.0
15
0.70
2639
4.0
21
0.66
2526
4.0
15
0.46
2281
5.0
24
0.53
2444

Table 5.4: Experimental plan and simulation results corresponding to the validation experiments

effect distributes the heat in the upper depicted temperature field, so that the maximum
temperature and the penetration depth are decreased. The thermal penetration depth
in the model domain is apparently as small as the the melt pool size. Consequently the
chosen model domain size is sufficiently large, so that the uncertain boundary conditions
with regard to the conductive heat loss do not have an influence on the simulation results.
For verification, a simulation of process parameter set no. 2.9 according to table 5.4 was
repeated with a high sectional heat transfer coefficient αs = 10000 W/(m2 · K) instead of
αs = 1250 W/(m2 · K). The resulting difference in the maximum temperature was as low
as 22 K and the penetration depth varied only by 4 µm.
Figure 5.10 shows the melt pool flow velocity field relative to the substrate work piece
corresponding to the temperature fields in Figure 5.9. So the cyan and magenta-colored
lines are the same as in Figure 5.9. The arrows indicate the melt pool flow velocity. The
arrow length is proportional to the norm of the velocity vector. In the case of constant
surface tension the arrow length is additionally multiplied by factor 10. The Marangoni
effect due to the temperature-dependent surface tension causes a surface melt pool flow
from the point with the maximum temperature outwards to the melt pool boundaries,
where the melt pool flow is deflected downwards and runs back to the melt pool center at
the bottom of the melt pool to close the convection current circle. The Marangoni effect
affects only a thin layer on the melt pool surface, which still efficiently redistributes the
heat according to Figure 5.9. There is only a thin flow layer, because the viscous shear
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𝑇𝑙1

𝑇𝑠1
𝑇𝑙2

temperature [K]

𝑇𝑠2

2 mm

Figure 5.9: Resulting temperature field in simulation for parameter set no. 2.1 according to table 5.4 with
temperature-dependent or constant surface tension γ(T )

stresses do not reach far into the depth of the melt pool due to the low viscosity of the
liquid metal in the range of 2 − 7 mP a · s, which approximately resembles the viscosity of
water. The melt pool flow in the case of constant surface tension is caused by capillary
forces, which redistribute the incoming powder material among the melt pool. Though, in
the presented cases the effect of capillary forces is irrelevant compared to the Marangoni
effect. The thermal convection due to buoyancy is insignificant as it cannot be recognized
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in the shown melt pool flow velocity field.
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𝑇𝑚𝑎𝑥
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3185 K
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Figure 5.10: Resulting melt pool flow velocity field relative to the substrate work piece in simulation for
parameter set no. 2.1 according to table 5.4 with temperature-dependent or constant surface tension γ(T )

In Figure 5.11 the temporal evolvement of the heat sources is presented, where the laser
heat source is obtained by the integration of Equation (4.3) over the model surface, the
powder heat source corresponds to Equation (4.4) and the heat sink is related to Equation (5.19) for the corrective heat source. In the beginning of the simulation the laser
beam irradiates the blank substrate surface with its high absorptivity. So the laser heat
source power is correspondingly high. The powder heat source and the heat sink start
at zero, whereupon they converge to a stationary value within 0.3 s as the melt pool is
established. Concurrently, the laser heat source decreases because the liquid metal shows a
lower absorptivity compared to the solid substrate surface. In the present case the powder
heat source is low compared to the laser heat source because of the low attenuation related
to the employed powder nozzle. Especially in the case of high-speed laser cladding the
powder heat source would have more weight.
Figure 5.12 compares the experimental cross sections related to the process parameter sets
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Figure 5.11: Power of heat sources during the simulation of parameter set no. 2.1 according to table 5.4

listed in Table 5.4 with the corresponding simulation results. The red continuous lines
represent the simulated surface contour and the melting isotherm, while the red dashed
line marks the A3 temperature at 1147 K. The cross sections were etched to visualize
the grain refinement in the heat affected zone. Easterling [30] states, that a normalizing
of the substrate material accompanied by a grain refinement takes place, where the A3
temperature is exceeded. In the present case the grain refinement apparently occurs only
at higher temperatures due to the kinetic material behavior and the short thermal cycles.
Easterling [30] refers to conventional arc welding processes, whereas the herein considered
laser cladding process typically shows a scan speed which is one magnitude higher in the
range of 1 m/s.
The majority of simulation results are in agreement with the experimental cross sections.
But there is a deviation for the process parameter sets 2.3, 2.6, 2.8, 2.11 and 2.12 due
to insufficient bonding and wetting of the unmelted substrate surface, which is not taken
into account by the simulation model and which is unfavorable for industrial applications.
Therefore, these parameter sets are excluded from further considerations. In the experiments 2.3 and 2.8 the melt pool has split into one drop-shaped main melt pool and at least
two small drops. The bonding defects of experiments 2.6, 2.11 and 2.12 can be clearly
seen in Figure 5.13, where these are marked by red dashed lines. The instability of the
corresponding melt pools becomes additionally apparent from the eccentricity of the melt
pool compared to the heat affected zone below. The eccentricity occurs as the melt pool
does not exactly follow the laser beam but its position fluctuates laterally.
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Figure 5.12: Cross sections from experiments with helium as carrier gas overlaid by the corresponding
surface contour, melting isotherm (red continuous lines) and A3 temperature isotherm (red dashed line)
from simulation results with process parameter set numbering according to table 5.4
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2.11

2.12

Figure 5.13: Lack of fusion in experiments 2.6, 2.11 and 2.12 according to table 5.4

The simulation results generally underestimate the powder efficiency by 9.1%, but the
total amount of molten material is on average only 0.1% smaller in the simulation results.
So the overestimated penetration depth in the simulation results is caused by the too
low net powder feed. The underestimation of the powder efficiency can be attributed to
three potential causes. Firstly, the accuracy of the powder particle density distribution
measurement method according to subsection 4.2.1 and so the accuracy of the constants
a, b and c in Equation (4.9) might be questioned. Secondly, the powder particle density
distribution was measured in the working plane, but the surface of the melt pool lies at
varying heights above the substrate surface level, where the powder particle density might
be higher. However, this effect is assumed to be negligible. Thirdly, the powder efficiency
is most probably increased due to the wetting behavior of the liquid metal. The simulation
model assumes, that the substrate surface has to be molten before powder material can
be deposited. In actuality, the melt pool can wet some substrate material which is not
yet molten. This theory is supported by Figure 5.14, which shows, that the absolute value
of the powder efficiency prediction error increases with higher height-to-width ratio h/w
of the single track cross sections. When the height-to-width ratio increases, there is a
higher pressure at the melt pool boundary due to gravity, which facilitates the wetting of
the adjoining not yet molten substrate material surface. Neither the interfacial tension
between the solid substrate and the liquid metal nor the surface tension of the substrate
surface are taken into account by the simulation model, which determine, together with
the surface tension of the liquid metal the exact wetting angle and the wetting behavior
respectively.
While Figure 5.12 shows only one cross section per experiment, Figure 5.15 compares the
simulation results with the data of both prepared cross sections per experiment with regard
to the track width and track height. The simulation results for the industrially applicable
process parameter sets underestimate the track width on average by 1.3% and overestimate
it by maximum 14%. The simulated track height is on average 2.2% and maximum 10%
below the experimental value. There is a higher scatter of the experimental track width and
a higher deviation of the experimental track width from the simulation results compared
to the track height. It can be concluded, that the track width is very sensitive and it is
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Figure 5.14: Influence of the track height-to-width ratio on the deviation of simulated powder efficiency
from measurement results

influenced by additional factors, which are not considered by the simulation model such
as the wetting behavior.
Although the process parameters are varied within a wide range, there is no large variation
of the penetration depth as shown in Figure 5.12. There are two stabilizing effects as the
total absorptivity diminishes, when the heat input is increased. Firstly, an increased heat
input leads to a larger melt pool size, so that there is a lower proportion of solid substrate
material with its high absorptivity inside the laser spot and the lower absorptivity of
the liquid metal increasingly prevails. Secondly, a higher melt pool temperature and
the associated higher melt pool flow velocities lead to a smaller amount of oxides with
high absorptivity inside the laser spot as shown in subsection 3.4.1. These stabilizing
effects are verified by the absorptivity measurement results shown in Figure 5.16. The
absorptivity is defined as the total amount of heat absorbed by the work piece divided by
the laser power. The measurements were carried out both with argon and with helium as
carrier gas. Accordingly, the absorptivity predominantly decreases with higher simulated
maximum melt pool temperature so that the process is stabilized. This is especially true
in the case of argon as carrier gas, because due to the impaired shield gas atmosphere as
shown in subsection 4.2.2.2, there is more oxidation on the melt pool surface compared to
the experiments with helium as carrier gas. There is a high level of agreement between the
absorptivity according to the simulation results and the measurement values with helium
as carrier gas. The deviation is only 1.7% on average and maximum 6.9%. So the heat
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Figure 5.15: Track height and width in experiment and simulation

input can be predicted by the simulation model with high accuracy. It can be concluded,
that there is no significant evaporation, because evaporation consumes the evaporation
enthalpy so that the measured absorptivity would be lower than the absorptivity predicted
by the simulation model. Only a small amount of material might evaporate because
some simulated maximum melt pool temperature values according to Table 5.4 exceed the
evaporation temperature of Inconel R 625 at 3133 K [128] and the evaporation of some
alloy elements already starts at lower temperatures.
In Figure 5.12 there are only the two experiments 2.2 and 2.9, which show a notable
dilution. In these two cases there is a significant deviation of the simulated substrate
melting isotherm from the experimental melt pool border inside the substrate material.
This deviation might be due to the assumption of a laminar flow and maybe it only
becomes visible in experiments with high dilution. However, the effect of the laminar flow
assumption is further investigated in section 6.3 by comparing the simulation results with
the experimentally measured melt pool flow velocity fields.
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Figure 5.16: Absorptivity of the laser cladding process in simulation and experiment depending on the
simulated maximum temperature of the melt pool

5.5.2

Multi-track model

The multi-track model was validated similarly to the single-track model based on the parameter sets no. 2.13 − 2.15 according to Table 5.4. In each experiment nt = 6 tracks with
a length of 45 mm and a track distance dt = 2 mm were deposited and the absorptivity
was measured using the calorimeter. The individual tracks were always deposited in the
positive x-direction, so that the laser had to be turned off between the individual tracks
and the laser processing head moved back to the start line at rapid traverse. The cross
sections were etched to visualize the melt pool boundaries.
Initially the residual heat of the previous tracks was ignored, meaning the initial temperature was set to room temperature T0 = 293.15 K. The corresponding results are shown in
Figure 5.17, where the consecutive tracks have been deposited from the left to the right.
The substrate material is not clearly visible, because it was removed by the etching so
that the substrate lies behind the focus level of the images. The layer thickness and so the
powder efficiency are underestimated by 21% on average. This can be caused by too low a
powder particle density in the melt pool region due to inaccurate values of the constants
a, b and c in Equation (4.9) and an underestimated melt pool size. The melt pool size
is potentially actually larger than predicted by the simulation results due to the underestimated absorptivity or due to the capillary forces, which promote the wetting of the
previous tracks. Only the 6th track can give information about the cross-sectional area of

122

5. Laser cladding process simulation - initial model

the melt pools, because the previous tracks have partially been remelted. The simulated
cross sectional area of the 6th track is on average 30% smaller than the experimentally
measured value. The deviation can be explained by the ignored residual heat, but also by
the underestimated absorptivity, which is on average 6.8% below the experimental measurement value. The underestimation of the absorptivity is potentially caused by oxides,
which lie on the previous tracks and get onto the melt pool surface, when the surface of a
previous track is remelted.
2.13

experimental melt pool boundaries between consecutive tracks

experimental melt pool
(6th track)
2.14

2.15

2 mm
Figure 5.17: Comparison between experimental cross sections and simulation results (red lines), which
ignore the residual heat from previous tracks with process parameter set numbering according to table 5.4

According to the global estimate simulation results, the ambient temperature of the individual local detailed simulations has to be set to the values listed in Figure 5.18. The
influence of the residual heat can then be deduced by comparing the simulation results
in Figure 5.17 with simulations which take the residual heat into account as shown in
Figure 5.19. There the powder efficiency has increased, but it is still underestimated by
13% on average and the absorptivity according to the simulation results is on average 7.1%
below the experimental measurement value. Though, the simulated cross sectional area of
the 6th track now deviates only by 3.0% from the experimentally measured value. This
means the differences between the experimental results and the simulation results now
most probably stem from too low absorptivity values and too low a powder efficiency.

Sim-Bild auf 176%

Thus in a final adjustment step the absorptivity and the powder mass flow were adjusted so
that the deviations of the previous simulation results from the experimental measurement
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Figure 5.18: Ambient temperature of the individual melt pools depending on their track number and
parameter set

values should be compensated. For this purpose the absorptivity according to Equation (5.29) and the powder feed rate were multiplied by the adjustment factors listed in
Table 5.5 starting from the second track as the single track simulation results had been
validated successfully. Admittedly, this approach is only an approximation because the
powder efficiency and the absorptivity mutually influence each other as a higher absorptivity leads to a larger melt pool and thus to an increased powder efficiency, whereas an
increase of powder fed into the melt pool decreases the melt pool temperature so that the
melt pool size decreases and the laser beam irradiates more solid material of high absorptivity. However, the mutual influence of the absorptivity and the powder efficiency is not
significant as it is shown in the following that the simulation results can be improved by
the aforementioned approach.
The results of the final adjustment step are depicted in Figure 5.20. The powder efficiency
is overestimated by maximum 6% and the heat input is underestimated by maximum 3%,
meaning the correct amount of powder was fed into the melt pool in the simulation and the
heat input is also the same as the heat input measured during the experiments. Though,
parameter set
2.13
2.14
2.15

absorptivity factor
1.13
1.02
1.13

powder mass flow factor
1.12
1.24
1.20

Table 5.5: Absorptivity and powder mass flow adjustment factors
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2.13

2.14

2.15

2 mm
Figure 5.19: Comparison between experimental cross sections and simulation results, which take the
residual heat of the previous tracks into account with process parameters according to table 5.4

Figure 5.20 shows, that the simulated melt pool width is smaller than the experimental
cross section, when the 6th track is compared. The cross sectional
area of the 6th track is
10 mm
overestimated by 20% on average and the penetration depth is also generally overestimated.
The remaining deviation of the simulation results from the experimental cross sections after
the adjustment step can potentially be explained by the melt pool dynamics. Capillary
forces are not taken into account by the simulation model, but the liquid metal obviously
actually wets an area with a larger width compared to the simulation results. The transport
of material to the sides might also be associated with a heat transfer to the sides, which
reduces the penetration depth. But the reduced penetration depth might also be due
to the wrong model assumption of a laminar melt pool flow, which is actually at least
partially turbulent. The heat transfer between the melt pool and the surrounding solid
material is caused by heat conduction and by convective heat transfer inside the melt pool
due to the melt pool flow velocity field, so that it does not have to be approximated by
a convective heat transfer coefficient, which is needed when the fluid flow velocity field in
the boundary layer is not computed. Consequently an incorrect heat transfer coefficient
can be ruled out as a potential reason of the overestimated penetration depth.

Sim-Bild auf 132% (emf)
176% (tif)

Figure 5.21 shows a cross section of the simulated temperature field at the position with the
highest penetration depth according to the simulation results of the 6th track of experiment
2.13 according to table 5.4 after the adjustment of absorptivity and powder mass flow. This

2 mm
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2.13

2.14

2.15

2 mm
Figure 5.20: Comparison between experimental cross sections and simulation results after the adjustment
of absorptivity and powder feed rate with process parameters according to table 5.4

means the cross section corresponds to the 6th track of experiment 2.13 in Figure 5.20.
There is no significant heat accumulation visible in the melt pool,
which could be caused
10 mm
by an impeded heat transfer at the melt pool boundary and which would explain the
overestimation of the penetration depth.

5.6

Sensitivity analysis

Sim-Bild auf 132% (emf)
In subsection 5.5.1 a deviation of the simulated176%
melt pool
shape from the experimental
(tif)
melt pool shape inside the substrate material could be observed in the case of high dilution
in particular for parameter set 2.9 according to table 5.4. In the following it is investigated,
if this deviation can be explained by inaccurate material data. For this purpose the thermal conductivity λ, the isobaric specific heat capacity cp , the absorptivity α, the melting
enthalpy hm , the surface tension gradient ∂σ/∂T and the dynamic viscosity µ are varied
based on parameter set 2.9 according to table 5.4. For this purpose each of the mentioned
material properties at a time is multiplied with a scale factor. Through this the sensitivity of the simulation results to the material data is additionally evaluated. According
to the results summarized in Figure 5.22, the absorptivity shows the only major effect on
the simulation results in the investigated material data
range. But the absorptivity mea2 mm
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temperature [103K]

maximum temperature [K]

1 mm

minimum temperature [K]

Figure 5.21: Cross section of the temperature field at the position with the highest penetration depth
according to the simulation results of the 6th track of experiment 2.13 according to table 5.4 after the
adjustment of absorptivity and powder mass flow

surement results in subsection 5.5.1 show, that the absorptivity is well predicted by the
simulation model. Nevertheless, the detected sensitivity of the simulation results to the
absorptivity demonstrates the high importance of a precise heat source model with correct absorptivity data. Even though there is seemingly a high variance of the penetration
depth, it is less significant, when the absolute value is compared with the track height of
0.8 mm. To sum up, there is no uncontrolled influence of the uncertainties in the material
data on the simulation results and inaccurate material data cannot be the reason for the
deviation of the simulated melt pool shape from the experimental cross sections in the
case of high dilution. Consequently the model of the melt pool flow has to be improved to
take the partially turbulent melt pool flow into account, which is caused by the impact of
the powder particles. In the following section 5.7 the comparison between the simulation
results, which take a laminar melt pool flow into account, and the results from simulations
without fluid flow show, that the melt pool flow has a high influence on the penetration
depth.
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Figure 5.22: Sensitivity analysis: Influence of λ, cp , α, hm , ∂σ/∂T and µ on melt pool width, penetration
depth, molten cross-sectional area and powder efficiency

5.7

Quick estimate results by disregard of the melt
pool flow

The computational effort can be significantly reduced by 98.4% on average, if the melt
pool flow is not taken into account. Then not only the number of degrees of freedom
in the matrices is reduced by 50%, but also a stationary solver can be employed. The

viscosity
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single-track simulations of subsection 5.5.1 were repeated accordingly. Figure 5.23 shows
the corresponding results in green, which can be compared against the experimental cross
sections and the simulations results in red, which take the melt pool flow into account. The
most significant difference between the two simulation series is the increased penetration
depth, when the fluid flow is not taken into account. Concurrently, the melting efficiency is
increased as the molten cross section is larger. But generally the powder efficiency is only
3.4% on average lower and the absorptivity is only 2.0% on average higher. These changes
can be explained by the absence of the Marangoni effect, which widens the melt pool in the
present case because it promotes a melt pool flow towards the melt pool boundaries. On
the contrary, when the melt pool is smaller, a larger proportion of the laser beam hits the
solid material, which shows a high absorptivity, and the melt pool can catch less powder.
To sum up, the deposition rate and the heat input can equally be predicted through a
simulation, which does not take the melt pool flow into account. This approach leads only
to a small loss in accuracy, but then the melting efficiency and the penetration depth are
massively overestimated.
When the fluid flow is neglected, not only the penetration depth, but also the size of the
heat affected zone increases. This means, the melt pool flow decreases the size of the heat
affected zone and it can be assumed, that this positive effect is intensified by higher melt
pool flow velocities. In view of the penetration depth, an increase of the melt pool flow
velocities could decrease the overestimation of the penetration depth in the simulations.
But the comparison between the simulated melt pool flow velocities and the high-speed
camera measurements in section 6.3 shows, that the simulation results already overestimate
the melt pool flow velocities. Thus the overestimation of the penetration depth can only
be improved by a more precise model of the melt pool flow, which takes the partially
turbulent melt pool flow due to the impact of the powder particles into account.
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Figure 5.23: Cross sections from experiments with helium as carrier gas and the corresponding contours
from simulation results with (red) or without (green) melt pool flow; process parameters according to
table 5.4
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Chapter 6

Advanced laser cladding process
simulation incorporating pores,
carbide particles, material mixing
and turbulent melt pool flow
6.1

Movement of pores and carbide particles inside
the melt pool

The movement of pores and carbide particles inside the melt pool can be calculated similarly to the movement of the powder particles inside the powder jet. The fluid velocity
field is obtained from the single-track model, meaning the influence of the pores or particles on the fluid velocity field is neglected. The particle-particle of pore-pore interaction is
neglected as well, because the influence of the fluid velocity field on the particles or pores
is investigated primarily in order to see, how the melt pool flow influences the porosity
and the distribution of the carbide particles in general. The base equations are Newton’s
second law according to Equation (4.26) and the drag force equations. While the SchillerNaumann drag model in Equation (4.27) with ζ = 0 due to the laminar flow is valid for
the carbide particles, the Hadamard-Rybcynski model stated by Hayashi & Tomiyama [47]
defines the pore drag force
3µ · 8
F d,pore =

h

2+3µp /µ
1+µp /µ

4ρp · d2p

i
· mp (u − v)

(6.1)

6.1 Movement of pores and carbide particles inside the melt pool

131

with the dynamic viscosity of the pore gas µp .
At t = 0 s 100 randomly distributed carbide particles or pores are released inside the
melt pool with an initial velocity equal to the scan speed. The pores have a random size
between 0 and 100 µm, a density of 1.784 kg/m3 and a dynamic viscosity of 90 µP a · s
corresponding to the density of the argon shield gas atmosphere, whereas the titanium
carbide particles have a size distribution with an average particle size of 114 µm and a
standard deviation of 14 µm. The density of the titanium carbide particles is 4930 kg/m3 .
If a pore reaches the surface, it can escape and is deleted. If a pore or a carbide particle reaches the outlet, its position is frozen so that the resulting porosity and carbide
particle distribution can be analyzed at the outlet after a sufficient period of time, when
all pore or carbide particles have reached their final position. In any other case the carbide particle or the pore is reflected according to Equation (4.28), when it hits a boundary.
The resulting porosity was analyzed for the parameter sets 2.1−2.16 according to Table 5.4.
The porosity
Ap
(6.2)
fp =
Ap,0
is defined by the cross sectional area of the finally remaining pores Ap and the cross
sectional area of all initially released pores Ap,0 . The porosity was not only calculated
based on the melt pool flow velocity field, but the fluid velocity was also set to
 
vf
 
u=0
(6.3)
0
in additional simulations to determine the porosity in the case of a melt pool without fluid
flow. The results are shown in Figure 6.1, where the interaction time is defined as the
melt pool length divided by the scan speed. The porosity obviously decreases with higher
interaction times, because the pores have more time to leave the melt pool. Furthermore,
there is predominantly a higher porosity, when there is a melt pool flow. This finding
confirms the theory of Mazumder [82] and Ng et al. [94], according to which the melt
pool flow can prevent the pores from escaping the melt pool, when the pores are dragged
downwards by the melt pool flow.
In actuality the carbide particles hit the melt pool with a certain velocity, which depends
on the carrier gas type and on the carrier gas flow. The surface tension forces of the melt
pool surface reduce this velocity during the immersion of the carbide particles into the
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Figure 6.1: Influence of interaction time and melt pool flow on porosity

melt pool. The resulting velocity cannot be calculated with little effort. Moreover, the
carbide particles tend to stick to the bottom of the melt pool in the simulation model,
if they are injected into the melt pool with sufficiently high velocity. This is no physical
behavior, but the particles penetrate the viscosity transition zone, where the viscosity
increases from a physically reasonable value to µ = 90 P a · s. The viscosity of the melt
pool is only evaluated at the center point of the carbide particle to calculate the drag force.
So the initial momentum of the particles is often sufficiently high, so that the particles
penetrate the transition zone, but the buoyancy force is not sufficiently high to extract
the particles from the transition zone. Because of this reason the carbide particles were
released with an initially homogeneous distribution inside the melt pool in the same way as
the pores without taking the injection velocity into account. The validation experiments
were carried out with the powder mixture of 80% by weight M etcoClad R 625 and 20%
by weight of TiC, which is also investigated in subsection 3.4.5.2. The process parameters
are listed in Table 6.1
The process parameter sets were selected exemplarily to represent cases with low, medium
and high TiC particle distribution homogeneity inside the M etcoClad R 625 matrix as
shown by the metallographic cross sections in Figure 6.2. The simulations were carried out
based on the single-track model for pure M etcoClad R 625 with only an increase in the powder mass flow by 14%. This means the powder mass flow stated in Table 6.1 was increased
in the simulation to obtain an equivalent powder mass flow of pure M etcoClad R 625,
which has the same volume as the actual powder mixture. As a first approximation, any
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parameter set
laser power PL
scan speed vf
spot size s
powder mass flow ṁ
shield gas type
shield gas flow V̇s
carrier gas type
carrier gas flow V̇c

3.1
1625 W
1.0 m/min
5.0 mm
17.3 g/min

3.2
1400 W
1.0 m/min
4.0 mm
17.3 g/min
Ar
5 l/min
Ar
5 l/min
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3.3
3000 W
3.133 m/min
2.6 mm
37.6 g/min

Table 6.1: Process parameters of validation experiments with TiC particles

other effects of the TiC particle content on the material properties of the deposited single
track such as absorptivity or heat capacity were neglected due to the low percentage of
carbide particles. The simulation results are depicted on the right of Figure 6.2, where
the surface contour, the melting isotherm and the spherical particles are shown. Two
simulations were carried out per parameter set. In the default simulations the melt pool
flow was taken into account leading to the results in red, whereas in further simulations
the melt pool flow was set to
 
vf
 
(6.4)
u=0
0
leading to the results in green. There is a reasonable agreement between the experimental
cross sections and the default simulation results with regard to the TiC particle distribution. Though, the powder efficiency is overestimated by the simulation results in the
case of parameter sets 3.2 and especially 3.1. The overestimation can be explained by
the accumulation of TiC particles on the melt pool surface, so that some of the incoming
powder particles bounce off, when they hit a TiC particle as it has already been observed
in subsection 3.4.5.2. When the melt pool flow is not taken into account, the carbide
particle distribution does not change significantly although the simulation results for parameter set 3.1 and 3.2 indicate notably, that the melt pool flow contributes to a more
homogenous carbide particle distribution. Thus the homogeneity of the carbide particle
distribution mainly depends on the interaction time tint according to Equation (2.5). With
shorter interaction times the carbide particles have less time to rise inside the melt pool
and to accumulate at the surface. Though, a turbulent melt pool flow might have more
influence on the carbide particle distribution due to its higher mixing capability compared
to a laminar flow. A turbulent melt pool flow during the experiments can be presumed,
but there is no significant deviation of the simulation results from the experimental cross
sections with regard to the TiC particle distribution. Consequently even a turbulent melt
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pool flow should not have a major effect on the carbide particle distribution.
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1 mm
Figure 6.2: Comparison between experimental results with low, medium and high TiC particle distribution
homogeneity inside the M etcoClad R 625 matrix and the corresponding simulation results which take the
melt pool flow into account (red) or neglect it (olive green); process parameters according to table 6.1

2 mm
The particle rise velocity in steady state can be calculated by equating the drag force of
Equation (4.27) with the buoyancy force. Accordingly, the particle rise velocity increases
with larger particle diameters. It is therefore worth considering the use of a finer TiC
powder as these particles might accumulate less on the melt pool surface and can be
distributed more easily by the drag force of the melt pool flow due to their higher surfaceto-volume ratio.
There is also an effect of the TiC particle immersion velocity on the resulting particle distribution. In an additional series of simulations with parameter set 3.3 the TiC particles
were not released with a homogeneous distribution inside the melt pool in the beginning of
the simulation, but they were injected into the melt pool with an initial velocity v0 on the
melt pool surface, which is a certain fraction of the particle impact velocity vp = 5.7 m/s
on the melt pool surface. The impact velocity could be measured through high-speed
camera videos of the powder jet as shown in Figure 4.15, but the actual immersion velocity is unknown, which results after the penetration of the surface with the associated
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surface tension effects. The results in Figure 6.3 demonstrate, that the TiC particle distribution homogeneity increases with higher immersion velocities. If the immersion velocity
is comparably low, the TiC particles accumulate on the melt pool surface. This means
the particle impact velocity does not only have to be high enough to overcome the surface
tension and immerse into the melt pool, but the particles should also be injected deep
enough into the melt pool, which requires additional impact velocity.

𝑣0 = 0.01 ⋅ 𝑣𝑝

𝑣0 = 0.2 ⋅ 𝑣𝑝

𝑣0 = 0.05 ⋅ 𝑣𝑝

𝑣0 = 0.3 ⋅ 𝑣𝑝

𝑣0 = 0.1 ⋅ 𝑣𝑝

𝑣0 = 0.4 ⋅ 𝑣𝑝

1 mm
Figure 6.3: Influence of the TiC particle immersion speed on the particle distribution

6.2

Multi-phase model

In the following the single-track model presented in chapter 5 is extended by the calculation
of the concentration field of one component in the melt pool. Because of the high melt
pool flow velocities and the short heating cycles, diffusion is neglected, so that the mass
transport Equation (4.18) can be simplified to
ρ

∂ωs
+ ρ(u · ∇)ωs = 0
∂t

(6.5)

to calculate the mass fraction of substrate material ωs . At the inlet the boundary condition
ωs = 1

(6.6)
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is prescribed, whereas on the upper surface an open boundary is defined, which assigns
ωs = 0

(6.7)

to any material which crosses the boundary from outside. The initial value is
ωs = 1

(6.8)

There is only a one-way coupling as the concentration field is calculated based on the melt
pool flow velocity field, but the concentration field does not have an influence on the melt
pool flow in the simulation model.
The parameter sets 2.1 and 2.9 according to table 5.4 were investigated exemplarily on
the basis of single tracks as they represent two different process conditions, which lead to
low dilution and high dilution, respectively. Firstly the mass fraction of substrate material
was calculated by simulation. Secondly, an energy-dispersive X-ray (EDX) spectroscopy
was carried out on the experimental cross sections to obtain a map of the iron (Fe) concentration, which is approximately equal to the substrate material concentration as the
substrate material mainly consists of Fe, whereas the deposited powder material contains
maximum 5% of Fe (compare Table 5.2). The results are shown in Figure 6.4, where the
substrate material surface level is indicated by a red dashed line. In the case of parameter
set 2.1 according to table 5.4 with low dilution, there is a low amount of homogeneously
distributed Fe inside the single track and there is a sharp border between the substrate
material and the melt pool cross section according to the EDX measurement. On the
contrary, the simulation results indicate a smooth transition from the substrate material
to the cladding material and the substrate material is not homogeneously distributed, but
there is a gradient from the substrate surface level towards the surface of the single track,
where the substrate material concentration is almost zero. All of these observations become even more clear in the case of parameter set 2.9 according to table 5.4 with high
dilution. There the EDX map additionally shows, that the substrate material is not distributed homogeneously from a local point of view. There are streaks of substrate material
throughout the molten cross section, but at a coarser resolution level the Fe concentration would be approximately homogenous, when for example the average concentration of
sectors with a size of 0.2 mm is considered. The non-uniform streaks indicate a turbulent
melt pool flow, which is also the reason for the globally homogeneous distribution of Fe as
a turbulent melt pool flow shows a higher mixing capability compared to a laminar flow.
The smooth concentration gradient according to the simulation results can partially be
explained by numerical issues. Due to the limited spatial numerical resolution, there is an
inherent smooth gradient, which is visible at the very left or right edge of the single tracks
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according to the simulation results. This gradient is additionally smoothed at the boundary between the melt pool and the substrate material because of the smooth transition of
the dynamic viscosity. Nevertheless, the simulation results of parameter set 2.9 according
to table 5.4 show, that there is still a smooth gradient at a distance from the numerical
transition zone between the substrate material and the melt pool. This smooth gradient
can only be explained by the assumption of a laminar flow.
Nickel (Ni) and chromium (Cr) are the main alloying elements of the deposited M etcoClad R
625 powder material. Further EDX maps of nickel and chromium in Figure 6.5 show, that
there is no demixing of the powder material inside the melt pool.
To sum up, the comparison between the EDX measurements and the simulation results
regarding the concentration field clearly indicates, that there is a turbulent melt pool flow
and a laminar flow model is not able to predict the distribution of the alloy elements inside
the melt pool realistically. Moreover, the mixing homogeneity throughout the melt pool
indicates, that there is not only a turbulent melt pool flow at the melt pool surface, as
it has already been seen in chapter 3, but the melt pool flow is also turbulent below its
surface.

6.3

Melt pool flow model adjustments

Figure 6.6 shows a comparison between the experimentally measured melt pool flow velocity field on the left and the simulation results of parameter sets 2.9 and 2.16 according
to table 5.4 and according to the single-track model presented in chapter 5 on the right
with a high-speed camera image in the background. The melt pool border according to
the simulation results is represented by the black line, whereas the red line delimits the
area, where the melt pool flow could be measured experimentally. Parameter set 2.9 leads
to high dilution, which is related to a deviation of the simulated melt pool shape inside
the substrate material from the experimental cross sections as already shown in subsection 5.5.1. Additionally, it can be seen in Figure 6.6, that the melt pool flow velocity is
overestimated by approximately 100% in the simulation results. Nevertheless, this overestimation can also be observed for other parameter sets such as 2.16, where the simulation
results agree well with the experimental cross sections. The area where the melt pool flow
could be experimentally measured is shorter than the melt pool length according to the
simulation results. In the case of parameter set 2.9 it cannot clearly be seen, but in the
case of parameter set 2.16 it is obvious, that there is no melt pool flow in the lower part
of the high-speed camera image, because there the beginning of a closed oxide layer can
be identified, which prevents a melt pool flow on the surface. So there is most probably
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2.1

mass fraction of substrate material

2.9

1 mm
Figure 6.4: Comparison between the experimentally measured EDX map of iron and the simulated mass
fraction of substrate material in experiments 2.1 and 2.9 according to table 5.4
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Figure 6.5: EDX maps of nickel and chromium in the cross section of experiment 2.9 according to table 5.4

also no noticeable melt pool flow in the lower area of the melt pool surface, which is out
of the field of view of the high-speed camera, which is limited by the inner diameter of
the powder nozzle, through which the melt pool is observed and where the shield gas and
the laser beam pass through. Moreover, the comparison between experimental and simulation results of both depicted parameter sets shows, that there is potentially a significant
disturbance of the melt pool flow at the center, which is caused by the impinging powder
particles and which leads to a particularly high deviation of the simulation results from the
actual melt pool flow. In the following a method is deduced and investigated, which helps
to take the turbulent characteristic of the melt pool flow into account in the simulation
model. Additionally the influence of the closed oxide layer at the melt pool tail on the
melt pool flow is analyzed by simulations.
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velocity ratio

2.9

2.16

1 mm
Figure 6.6: Comparison between experimentally measured melt pool flow velocity field (left) and simulation results (right) with high-speed camera images in the background; process parameters according to
table 5.4

6.3 Melt pool flow model adjustments

141

In general, there are different established turbulence models. But all of them require a
large number of turbulence model parameters such as the k −  model presented in subsection 4.2.2.1 for the powder nozzle modeling. But there is no published literature data with
regard to turbulence model parameters for a laser cladding melt pool. Moreover, there is
not even an established turbulence model for a laser cladding melt pool and there is no
model which can be adapted from other fields. The degree of turbulence depends on the
powder particle impact velocity and on the powder mass flow, which is not distributed homogeneously over the melt pool. These factors are not taken into account by Chakraborty
et al. [16], who apply the same turbulence model for the laser cladding melt pool which
is herein applied for the powder nozzle gas flow. This means, there is no straightforward
approach to take the turbulence behavior of the melt pool into account. It is doubtful,
if a turbulence model can be adapted from another research field. The implementation
of a turbulence model would also increase the computational effort significantly. Thus,
an inverse approach is taken, where only the dynamic viscosity and the thermal conductivity are adjusted in order to find out if the simulation results can be improved at all
through this method and that no other as yet undiscovered effects are responsible for the
deviations of the simulation results. Essentially, a turbulent flow regime is associated with
lower average fluid flow velocities but more efficient heat transfer compared to a laminar
flow regime. The reduced average fluid flow velocity is for example modeled through the
eddy viscosity µt , which is added to the dynamic viscosity µ in the Navier-Stokes equation (4.11). The enhanced heat transfer can be modeled similarly. Larsson [69] introduced
a turbulent thermal conductivity λt , which is added to the physical thermal conductivity
λ in the turbulent heat transfer equation.
Preliminary simulations showed, that an increased dynamic viscosity does not only reduce
the melt pool flow velocities, but it also leads to a smaller penetration depth and a smaller
molten cross-sectional area, which can be compensated by a higher thermal conductivity. At the same time an increased thermal conductivity leads to lower melt pool flow
velocities. This means the thermal conductivity and the viscosity have a coupled effect
on the simulation results and a calibration cannot be carried out in a decoupled manner.
Therefore, the dynamic viscosity and the thermal conductivity inside the melt pool were
increased simultaneously to the same extent in order to bring the simulation results closer
to the experimental measurement data. The calibration of the thermal conductivity and
the dynamic viscosity was carried out with regard to the maximum melt pool flow velocity and the molten cross-sectional area based on parameter set 2.9 according to table 5.4
as shown in Figure 6.7, which indicates, that the thermal conductivity and the viscosity
inside the melt pool should be increased by factor 3 to obtain the best match between the
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experimental and the simulation results.
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Figure 6.7: Calibration of the simulation model by an increase of thermal conductivity and viscosity

It could already be seen in Figure 5.23, that the melt pool flow has an influence on the
molten area in the cross sections. Figure 5.9 shows, that the melt pool flow redistributes
the heat inside the melt pool towards the melt pool tail, so that the penetration depth
decreases, but the melt pool length increases.
In Figure 6.8 the corresponding cross sections can be seen. The simulation results from
subsection 5.5.1 are depicted once again in red, while the green lines indicate the simulation
results after the artificial increase of thermal conductivity and viscosity. When parameter set 2.9 according to table 5.4 is considered, the molten cross-sectional area and the
penetration depth is closer to the experimental results after the model adjustment, but
the simulated melt pool shape inside the substrate still deviates from the experimental
cross section. The model adjustment was also transferred unchangedly to parameter set
2.1 according to table 5.4. In this case the simulation results even deteriorated according
to Figure 6.8 (right), if only the cross section is considered, where the penetration depth is
increasingly overestimated. Thus, the calibration would have to be carried out once again
for each process parameter set and after the calibration the typical melt pool shape inside
the substrate material in the case of a significant penetration depth is still different from
the experimental cross section.
The influence of the closed oxide layer at the melt pool tail on the melt pool flow can be
implemented in the simulation model by a boundary condition, which prescribes zero fluid
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1 mm
Figure 6.8: Comparison between experimental cross section and simulation results without (red) and with
artificial increase of thermal conductivity and viscosity (green) for experiments 2.9 and 2.1 according to
table 5.4

flow velocity on the melt pool surface outside of the laser spot. This approach was applied
to parameter set 2.9 according to table 5.4 by the constraint of the fluid flow velocity in
the area with a distance r > 1.7 mm from the laser beam center. Figure 6.9 compares the
corresponding simulation results with the results of a simulation without the constraint.
The melt pool flow is slowed down by the constraint at the melt pool tail, but it continues
below the melt pool surface. Though, the average melt pool flow velocity inside the whole
melt pool is 40% lower, the melt pool length is decreased by 16% and the penetration
depth of the melt pool into the substrate material is reduced from 0.20 mm to 0.14 mm.
This means the penetration depth is even more underestimated and the oxide layer can
be ruled out as a cause for the increased penetration depth or for the particular melt pool
shape in the experimental cross section.

fluid velocity [m/s]
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1 mm

Figure 6.9: Comparison between the melt pool flow velocity field with and without obstruction of the
fluid flow by the oxide layer on the melt pool tail for parameter set 2.9 according to table 5.4
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Chapter 7

Conclusion, final discussion and
future work
The present dissertation addresses several interconnected aspects of the laser cladding
process, which are brought together in a process simulation model and which improve the
understanding of the process. The actual behavior of the melt pool flow is investigated
experimentally by high-speed camera videos. New measurement methods are proposed to
obtain the characteristic data of the equipment used and the characteristic data of the
involved materials such as the powder jet diameter or absorptivity values. The simulation
model is continuously logically enhanced so that it facilitates predictions of the process
results. The model has a modular structure as it consists of a powder jet model, a heat
source model and a melt pool model. Each model can be independently refined as needed.
The main results, starting points for further work and open questions after this dissertation
can be summarized as follows:
• Novel insights into melt pool dynamics by high-speed camera video analysis:
An automated high-speed camera video evaluation method has been developed based
on the tracking of bright shining TiC tracer particles floating on the melt pool surface. Thus the melt pool flow velocity field can be obtained on the surface. The
results indicate, that there is no completely laminar melt pool flow, but the velocity field may be significantly disturbed by the impingement of the powder particles.
The average melt pool flow velocities are approximately 50% lower than the velocities, which are predicted by the simulation model, which assumes a laminar flow.
If the melt pool flow velocities are reduced by an artificial increase of the dynamic
viscosity, the molten cross sectional area usually increases as it has been shown in
Figure 5.23, where the melt pool flow had been brought to a standstill. In most
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cases this leads to an increased deviation of the simulated cross-sectional area from
the experimental data. The disturbance potential of the powder particles increases
with a higher powder mass flow, higher powder particle injection velocities, or lower
average melt pool flow velocities. The influence of the powder jet on the melt pool
flow additionally depends on the orientation of the powder nozzle. If the powder
is fed exclusively from one specific direction into the melt pool such as in the case
of an off-axis powder nozzle, the melt pool flow velocity field can be directed into
the direction, which is given by the momentum of the impinging powder particles.
In the case of a three-jet powder nozzle there is still an effect of the powder nozzle
orientation, but it is less pronounced. Such detailed investigations of the melt pool
flow have not been possible and have not been carried out before.
• The Marangoni effect is the main driving force of the melt pool flow with
turbulences due to the powder particle impact
The melt pool flow is subject to several driving forces. The melt pool flow direction
is mainly governed by the Marangoni effect. But capillary forces additionally play
a role in the case of non-flat surfaces, which are present, when several weld tracks
are overlaid side by side or especially when they are deposited on top of each other
to build a thin wall. However, the basic melt pool flow caused by Marangoni and
capillary forces is affected by the powder jet, which leads to turbulence and which
potentially influences the melt pool flow direction depending on the powder nozzle
orientation. According to the simulation results the effect of buoyancy on the melt
pool flow is negligible. Depending on the shield gas atmosphere, a certain amount of
oxides forms on the melt pool surface and accumulates at the melt pool tail in the
form of a closed layer, which prevents the melt pool flow on the surface of the melt
pool tail. The mentioned influences on the melt pool flow have not been quantified
by earlier research.
• The oxidation on the melt pool surface increases absorptivity depending
on process gas flow settings, powder nozzle geometry and process parameters:
Oxidation on the melt pool surface has to be considered from different perspectives.
Even if a shield gas flow is applied, the shield gas cap above the melt pool is potentially disturbed by the carrier gas flow, which drags oxygen from the ambient
atmosphere into the shield gas cap as it has been shown by the simulation results for
the powder nozzle gas flows. No other previously published simulation models are
able to replicate this mechanism. The oxidation can be reduced by a lower carrier
gas flow or further still by employing a carrier gas, which is lower in density. Though,
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the conveying capability of the carrier gas is reduced concurrently. Thus it should be
evaluated specifically for each application, if oxidation has a detrimental effect such
as in the case of refractory metals, for example the high entropy alloy MoNbTaW
investigated by Dobbelstein et al. [25], where the oxides lead to cracks, or if the
oxides simply float on the melt pool surface without any effect on the core material
properties. Oxides on the melt pool surface can also increase the productivity of
the process due to their high absorptivity, which leads to a higher heat input as
more laser power is absorbed. The actual increase in absorptivity was never revealed
before the herein presented measurements. The presence of oxides on that part of
the melt pool, which is irradiated by the laser beam, also depends on the process
parameters. If high melt pool temperatures and fast melt pool flow velocities are
achieved, the oxides are efficiently removed out of the laser spot and are transported
to the melt pool tail.
• The heat source model strongly depends on accurate absorptivity data,
which require suitable measurement methods:
A heat source model has been developed, which depends crucially on the quality of
the inserted absorptivity data. The absorptivity of the melt pool surface especially
is a key factor for the whole process. The absorptivity of the solid material only becomes relevant, when a large proportion of the irradiated surface is in solid state such
as in the case of a high scan speed in combination with a low penetration depth of the
melt pool into the substrate material. The absorptivity of the airborne powder particles is usually also negligible as long as the attenuation is low. Though, the powder
particle absorptivity becomes relevant, when the powder jet is more focused and the
interaction time of the laser beam with the powder particles is prolonged such as in
the case of high-speed laser cladding, which is not investigated in this dissertation.
Nevertheless, measurement methods have been applied or newly developed which
reveal all mentioned absorptivity values. Though, it has to be admitted, that the
absorptivity of the melt pool cannot be readily stated, because oxidation increases
the melt pool absorptivity and the amount of oxides depends on the quality of the
shield gas atmosphere and on the process parameters. A new measurement method
has been proposed to obtain the absorptivity of separated powder particles as they
are present inside the powder jet. Other state-of-the-art measurement methods can
only yield the absorptivity of a powder bed, where the absorptivity is increased due
to multiple reflection and absorption inside the powder bed cavities. The accuracy of
the heat source model could be improved by more accurate temperature-dependent
absorptivity values. In-process reflectivity measurements with an integrating sphere
in combination with temperature measurements on the melt pool surface with a py-
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rometer, which have already been carried out by Seibold [119] could be a starting
point. Seibold [119] measured only the absorptivity in a static laser spot in an inert gas atmosphere. The further development of the high-temperature ellipsometer
presented by Schmid et al. [116] seems also promising because up until now it has
only been capable of temperatures up to 2000 K. This means most metals are only
molten, which are relevant for additive manufacturing, but they cannot be heated
further and according to the herein presented simulation results the evaporation
temperature is sometimes reached during the laser cladding process. Consequently
it would be interesting to investigate the absorptivity at higher temperatures, which
require a further development of the high-temperature ellipsometer, so that it is
capable of temperatures far above 2000 K.
• Powder jet and process gas flow simulation reveal the attenuation:
A simulation model of the powder particle and the process gas flow out of the powder
nozzle has been set up to couple its results concerning the powder particle density
distribution and attenuation with the process simulation model, which considers
only the melt pool region of the work piece. In addition to the previously mentioned
results concerning the gas flow, it was found that the powder jet characteristics
depend predominantly on the divergence angle of the single powder jets when they
leave the powder nozzle. This divergence angle has to be calibrated in the simulation
model so that the simulation results agree with the experimental measurement data.
If a more predictive powder nozzle simulation model is required, which does not
need any prior measurements, the effects inside the powder nozzle, such as friction,
particle-particle interaction, elastic impact behavior etc. have to be investigated and
modeled thoroughly. Particle-particle interaction should be implemented anyway, if
a powder nozzle is investigated, which tightly focuses the powder jet.
• Process simulation model is predictive and physically based:
A process simulation model has been developed, which incorporates the aforementioned heat source model and utilizes the powder particle density distribution as well
as the attenuation, which are obtained from the powder nozzle simulation model.
Thus a modular setup is achieved and by the coupling of these three models an integrated model is formed. Moreover, the process simulation model is physically based
and predictive, because it does not need any calibration with prior experiments, but
the process parameters, material data and machine properties are the only variable
input parameters of the simulation model and can be obtained from measurements.
All previously published simulation models usually need calibration experiments or
are less comprehensive. The herein presented simulation model is at least able to
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predict the melt pool geometry, the geometry of the solidified deposited material
and the heat input, if the model assumptions hold true. This means, there has to be
sufficient bonding without lack of fusion and the dilution has to be sufficiently low.
The risk of bonding defects can be assessed from the simulated penetration depth as
the risk increases with lower penetration depth. If the dilution changes the material
properties significantly, so that the assumption of a clearly defined small transition
zone between cladding material and substrate material at the substrate surface level
cannot be sustained, the simulation model has to be enhanced by a concentration
field calculation and the material properties have to be defined depending on the mixture composition. The presented simulation model is capable of concentration field
calculations, but the concentration dependence of the material properties was not
implemented as this would need additional research. The simulation model cannot
replicate the wetting of not yet molten surfaces, because material is only deposited,
if the surface is molten and neither the interfacial tension between liquid and solid
material nor the surface tension of the solid material is taken into account. So the
wetting of solid surfaces cannot occur in the simulation. Consequently the model
also neglects the case, where liquid metal wets a solid surface and melts this surface
so that a metallic bond can be established. In this case the heat transfer coefficient
between the liquid metal and the solid surface would possibly have to be considered.
If there is a material combination with very high or poor wettability, the process
simulation model has to be developed further. But the simulation results would also
be improved in the case of an average wetting behavior.
• Coupling of global and local simulations for multi-track process simulation:
After some minor modifications the single-track model is also capable of local multitrack melt pool simulations. Though, a second global model is required to estimate
the residual heat of the previous tracks. Furthermore, the absorptivity has to be
increased by 13% compared to the absorptivity of a single track and the powder feed
rate has to be increased by 12% − 24% in the simulation compared to the actual
physical value, which is set at the powder hopper. Otherwise the absorptivity and
the powder efficiency are underestimated. The absorptivity is potentially underestimated because of the oxides on the previous tracks, which get on the melt pool surface
of the new weld track when the surface of the previous one is partially molten. The
underestimation of the powder efficiency can be explained by the wetting behavior
of the liquid metal on the rough surface of the previous tracks and capillary forces,
which increase the melt pool size. Additionally, the focus plane of the powder jet
may lie a few tenths of a millimeter above the substrate surface so that the powder
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jet is more focused on the melt pool surface when the melt pool surface is elevated
due to the previous subjacent tracks. This assumption needs further research in
terms of a more precise powder particle density measurement method and in terms
of an improved powder jet model, which possibly has to take the particle-particle
interaction or the volume expansion of the process gases into account. Maybe the
drag force model also has to be reassessed.
• The melt pool flow has insignificant influence on the movement of pores
inside the melt pool:
The process simulation model has been further enhanced by the integration of a
particle tracing simulation to investigate the movement of pores and carbide particles
inside the melt pool. According to the simulation results the melt pool flow prevents
some pores from escaping the melt pool by dragging them away from the surface.
Thus the simulation could confirm this theory, which had not been verified before.
But the most important factor is still the interaction time, which defines the period of
time in liquid state for an average point inside the melt pool. With longer interaction
times, the pores have more time to rise and escape.
• A short melt pool lifespan results in homogeneous distribution of carbide
particles, which potentially influence the melt pool flow:
The addition of carbide particles to the metal powder leads to diverse phenomena
during the laser cladding process depending on the particle properties. A high content of carbide particles with angular shape inside the melt pool stops the melt pool
flow, whereas carbide particles with a spherical shape have less influence on the melt
pool flow. Carbide particles, which are higher in density compared to the metal
matrix material, tend to sediment and accumulate on the bottom of the melt pool,
whereas carbide particles with low density potentially accumulate on the melt pool
surface. The carbide particle accumulation can be reduced through process parameters which lead to a short melt pool lifespan so that the particles have little time
to accumulate. The resulting carbide particle distribution in the cross section can
be predicted by the process simulation model. In the case of low density carbide
particles it is additionally important, that the carbide particles are injected into the
melt pool with a sufficient initial velocity so that they are not held at the surface
by the surface tension forces, but penetrate the surface and immerse into the melt
pool. This effect of surface tension on the powder particles needs further research,
if the critical particle velocity is to be predicted, which allows the particles to be
immersed into the melt pool. The herein presented model does not include the powder particle impact phenomena. The metal powder particles are just deposited on
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the melt pool surface without any initial velocity, whereas the carbide particles are
released at the melt pool surface with an arbitrarily chosen initial velocity or they
are released homogeneously distributed inside the melt pool with zero initial velocity.
However, no simulations of the carbide particle movement inside the melt pool could
have previously led to the aforementioned conclusions.
• A new model is required for partially turbulent melt pool flow:
In this dissertation the need for a new model of the laser cladding melt pool flow has
been definitely proven. The comparison between experimentally measured melt pool
flow velocity fields, EDX measurements and metallographic cross sections against the
simulation results indicates, that the partially turbulent nature of the laser cladding
melt pool has to be taken into account in order to obtain realistic melt pool flow
velocity fields and concentration fields by simulation. Furthermore, the accuracy of
the simulated melt pool shape is improved compared to the current model. A nonphysical approach is proposed, which takes the turbulent melt pool flow into account
by increasing both the thermal conductivity and the dynamic viscosity inside the melt
pool. The increase factor is an empirical value, which is determined by calibration.
In this point the developed simulation model is not predictive. Moreover, the increase
factor is not constant for all process parameter sets and the typical melt pool shape
cannot be replicated, which is observed in the experimental cross sections in the case
of a significant penetration depth. Thus the model could be improved in the future
by the development and implementation of a physically-based turbulence model for
the laser cladding process. Then the influence of the melt pool flow on the movement
of pores and carbide particles should be reassessed, which has been simulated under
the assumption of a laminar flow. Maybe a turbulent melt pool flow shows more
influence on the pore and carbide particle distribution than a laminar melt pool
flow.
• Further future work / Vision:
The computation times of the developed process simulation model are mostly too
long for the application of the model in industry. Though, it has been shown, that
some characteristic values such as the layer thickness or the heat input can be well
estimated with a coarse mesh and without the calculation of the fluid dynamics.
If a simulation software code is developed additionally which is dedicated to laser
cladding, it could be useful in industry in the field of application development to
evaluate the potential process parameter sets and select the most promising process
parameter sets, which only need fine-tuning through experimentation. Moreover,
this new software would be beneficial for CAM tools to determine the layer thick-
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ness in advance or for the simulation of residual stresses and distortion, where the
heat source is a crucial input parameter, which could be obtained from the new
software. Nevertheless, a database is required which contains the absorptivity values of different materials in solid and in liquid state, the powder particle density
distribution of different powder nozzles and the corresponding attenuation.
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[4] Auer F (2005) Methode zur Simulation des Laserstrahlschweissens unter Berücksichtigung der Ergebnisse vorangegangener Umformsimulationen. PhD thesis, TU
München
[5] Bartkowski D, Mlynarczak A, Piasecki A, Dudziak B, Gościański M, Bartkowska
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Zürich, Zürich
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