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Abstract

Currently the additive manufacturing technologies increasingly attract attention from in-
dustry 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 �elds
of computer-aided manufacturing (CAM) tools, distortion management, �nding 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 
ow velocity �eld
is captured. The melt pool 
ow 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 in
uence of the process parameters, process gasses, powder nozzle orientation, surface
geometry and powder material composition on the melt pool 
ow is quanti�ed.

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 re�ned independently as needed. The simulation model is physically based in order to
make predictions possible without calibration experiments and to re
ect the process real-
istically, 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 di�erent sur-
faces 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 de�ned 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 
ows 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 
ow, whereas a laminar 
ow 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 
ow model is presented, which is
not successful and demonstrates, that a new model for the laser cladding melt pool 
ow
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 
ow has
only a minor in
uence 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.
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Zusammenfassung

Die additiven Fertigungsverfahren gewinnen derzeit zunehmende Aufmerksamkeit in In-
dustrie und Gesellschaft aufgrund der dadurch gewonnenen M�oglichkeiten im Verbleich
mit den konventionellen Fertigungsverfahren im Hinblick auf die herstellbare Bauteilkom-
plexit�at, die Unabh�angigkeit der Herstellkosten von der Losgr�osse und die Individualisie-
rungsm�oglichkeiten. Da diese Fertigungsverfahren bei Weitem noch nicht so etabliert sind
wie die spanenden Fertigungsverfahren, bestehen derzeit noch zahlreiche Herausforderun-
gen im Bereich der Computer-aided manufacturing (CAM) Tools, der Beherrschung des
Bauteilverzugs, der Bestimmung geeigneter Prozessparameter, der Prozesssimulation und
auch das Prozessverst�andnis ist noch l�uckenhaft.

Im Rahmen der vorliegenden Arbeit wird das Laser-Pulver-Auftragschweissen untersucht,
wobei der Fokus auf der Verbesserung des Prozessverst�andnisses insbesondere bez�uglich
der Schmelzbaddynamik und auf der Entwicklung eines modular aufgebauten Prozesssi-
mulationsmodells liegt.

Auf der Grundlage von Hochgeschwindigkeitskameraaufnahmen wird eine automatisier-
te Auswertung der Videos entwickelt, die anhand der Nachverfolgung von Partikeln auf
der Schmelzbadober
�ache das dortige Str�omungsgeschwindigkeitsfeld erfasst. Es zeigt sich,
dass die Schmelzbadstr�omung teilweise turbulent ist aufgrund des Partikelbeschusses durch
die Pulverd�use. Weiterhin werden die Ein
�usse auf die Schmelzbadstr�omung von Prozess-
parametern, Prozessgas, Pulverd�usenorientierung, Ober
�achengeometrie und Pulvermate-
rialzusammensetzung quanti�ziert.

Das entwickelte Simulationsmodell ist modular aufgebaut aus einem Pulverstrahlmodell,
einem W�armequellenmodell und einem Schmelzbadmodell, sodass jedes einzelne dieser Mo-
dule je nach Bedarf verfeinert werden kann. Das Simulationsmodell ist physikalisch basiert,
damit Vorhersagen ohne Kalibrierversuche m�oglich sind und der Prozess realit�atsgetreu ab-
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gebildet wird, wodurch auch das Prozessverst�andnis verbessert werden kann. Es werden
Verfahren zur Ermittlung der durch das Simulationsmodell ben�otigten Eingangsdaten vor-
gestellt, bei Bedarf neu entwickelt und angewandt. Die wesentlichen Daten sind hierbei
die Absorptivit�atswerte der unterschiedlichen Ober
�achen und die Pulverpartikeldichte-
verteilung, die als Analogon des Pulverstrahls zur Intensit�atsverteilung des Laserstrahls
betrachtet werden kann. Die Absorptivit�at der Schmelze und der Festk�orperober
�achen
wird mittels kalorischer Messungen bestimmt. Zur Messung der Absorptivit�at der Pul-
verpartikel und der Pulverpartikeldichteverteilung werden neue Verfahren entwickelt. Die
Abschattung, welche die prozentuale Reduktion der Intensit�at der Laserstrahlung auf der
Werkst�uckober
�ache durch den Pulverstrahl angibt, wird aus den Simulationsergebnissen
der Pulverstrahlsimulation errechnet. Anhand der Simulation der Prozessgasstr�ome im
Bereich des Pulverstrahls kann auch die Oxidation an der Schmelzbadober
�ache erkl�art
werden, die von den Prozessgaseinstellungen sowie von der Pulverd�usengeometrie abh�angt
und die Absorptivit�at erh�oht.

Das Simulationsmodell wird erweitert, um neben einzelnen Schweissraupen auch das Schmelz-
bad bei Beschichtungen mit sich �uberlappenden Schweissraupen simulieren zu k�onnen.
Ausserdem wird die Konzentrationsverteilung des Substratwerksto�es im Schmelzbad si-
muliert. Es zeigt sich, dass die Modellabweichungen darauf zur�uckzuf�uhren sind, dass im
Schmelzbad tats�achlich eine teilweise turbulente Str�omung vorliegt anstatt der in der Si-
mulation angenommenen laminaren Str�omung und dass das Simulationsmodell das Benet-
zungsverhalten der Schmelze auf nicht geschmolzenen Substratober
�achen nicht ber�uck-
sichtigt. Es wird ein einfacher Versuch zur Anpassung des Schmelzbadstr�omungsmodells
vorgestellt, der nicht erfolgreich ist und zeigt, dass ein neues Modell f�ur die Schmelzbad-
str�omung beim Laser-Pulver-Auftragschweissen zu entwickeln ist.

Zus�atzlich wird eine Partikelsimulation durchgef�uhrt, um das Verhalten von Poren und
Karbidpartikeln im Schmelzbad zu untersuchen. Die Simulationsergebnisse zeigen, dass
die Schmelzbadstr�omung nur einen geringen Ein
uss auf die Bewegung der Poren und
Karbidpartikel hat. Der Hauptein
ussfaktor ist hier die Interaktionszeit, die bestimmt,
wie lange sich die Schmelze im 
�ussigen Zustand be�ndet, und wie lange damit die Poren
Zeit haben zum Entweichen und die Karbidpartikel zur Akkumulation an der Schmelzbad-
ober
�ache 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 bene�t from additive manufactur-
ing, 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 in-
dustrially 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 manufactur-
ing 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 signi�cant
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 simu-
lation 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 modi�ed 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-
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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 �lled to achieve the de�ned 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 
ows 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 �rmly 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 o�, 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 solidi�ed 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 
oat on the surface until
it is molten. According to Gasser [37] the powder particles can only overcome the surface
tension � and directly become immersed within the melt pool, if the kinetic energy Ekin of
the powder particles with particle radius rp, powder material density �pm, particle velocity
vp and angle of impact �i is su�cient to ful�ll the condition

Ekin
4�r2

p
=

1
6
�pmrp(vp � sin�i)2 � � (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 MetcoClad R
 625
powder particle with rp = 34 �m, �pm = 8440 kg=m3, � = 1:8 N=m and �i = 90�, Equa-
tion (2.1) is ful�lled 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 su�ciently high to ful�ll Equa-
tion (2.1) depending on the carrier gas 
ow rate, but mostly the powder particles still do
not bounce o� according to the herein presented experimental results even at the lowest
carrier gas 
ow rate. If a powder particle hits a solid region it bounces o� 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 
ow _m and overlap � are varied. The overlap

� =
s� dt
s

(2.2)



6 2. State of research

is usually de�ned 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 con-
tent such as refractory metals, which are for example processed by Dobbelstein et al: [25].
The shield gas 
ow _Vs has to be su�ciently high to protect the process zone from oxida-
tion, if oxidation is detrimental. Additionally, the shield gas 
ow through the beam path
in the center of the powder nozzle can be used for trying to hold o� 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 disser-
tation 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 
ow _Vc 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 
ow 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 
ow 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 e�ect of the di�erent process gas 
ows has not yet
been investigated comprehensively.

laser power PL
scan speed vf
spot size s
powder mass 
ow _m
overlap �
shield gas type �
shield gas 
ow _Vs
carrier gas type �
carrier gas 
ow _Vc

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
in
uence the process result. The speci�c 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 speci�c energy as a suitable
characteristic value for process scaling, where the process parameters are changed in a
way that the speci�c energy stays constant. However, the speci�c energy is just a guide
value because the melting e�ciency increases, if the scan speed and the laser power are
proportionally increased, while the speci�c energy stays constant. The average intensity

Iavg =
PL

(s=2)2 � �
(2.4)

is proportional to the heat 
ux per area into the workpiece in the process zone. The
interaction time

tint =
s
vf

(2.5)

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 self-
stabilizing 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 e�ciency 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 deposi-
tion 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 o�-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 work-
ing plane and so a high powder deposition e�ciency. 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 di�erent density
compared to the metal matrix material. According to Nurminen et al: [97] this poten-
tially inhomogeneous distribution of the carbide particles is one of the main problems
in addition to the dissolution of the carbide particles, which occurs to di�erent extents
depending on the carbide and matrix type of material. Nowotny et al: [96] emphasize
the di�erentiation between pure physical dissolution and metallurgical reactions as some
carbides such as WC, W2C or Cr3C2 metallurgically signi�cantly 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 Schop-
phoven 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 
ow,
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 �m 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 
ange 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] speci�cally identi�es a high saving potential, if the repair of
turbine blades by laser cladding is further established.

d 

30 mm 

a b 

c 

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

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 di-
lution are usually unwanted. Cracks are commonly divided into hot and cold cracks. While
hot cracks form during solidi�cation in most cases because of low-melting alloy compo-
nents, which segregate on grain boundaries and so allow cracks to open as the surrounding
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already solidi�ed material contracts, cold cracks result from residual stresses exceeding the
tensile strength inside the completely solidi�ed 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 su�ciently high to melt the surface of the underly-
ing 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 speci�c 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 sub-
strate 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 
ow 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 signi�cantly decreases
during solidi�cation. Moreover, Rabin et al: [109] observed, that sometimes the powder
particles already show pores, which contain atomizing gas, which has been entrapped dur-
ing the powder production process. The dilution is de�ned 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 a�ects 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.
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2.2 Physical e�ects

2.2.1 Absorption

Absorption is the most important physical e�ect for laser material processing. When light
interacts with material it can be absorbed, re
ected 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 pri-
marily pertain to a laser wavelength of 1030 nm if not stated di�erently.
In general, the propagation of a plane electromagnetic wave in z-direction can be described
by the time-dependent electric �eld strength

E(z; t) = E0 � exp [i(kvz � !t)] (2.6)

[61] with the amplitude of the electric �eld strength vector E0 and the angular frequency
!. The wave number

kv =
2�
�v

=
2�f
c

=
2�fn
c0

=
!n
c0

(2.7)

is linked to the refractive index n, the wavelength �v, 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

~n = n(!) + i�(!) (2.8)

with the extinction coe�cient �. If the condition

n2 + �2 � 1 (2.9)

is ful�lled, which is usually the case for metals, according to Prokhorov et al: [107] the
absorptivity for parallel polarized radiation

Ak =
4n � cos�i

(n2 + �2)cos2�i + 2n � cos�i + 1
(2.10)
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and the absorptivity for perpendicular polarized radiation

A? =
4n � cos�i

(n2 + �2) + 2n � cos�i + cos2�i
(2.11)

can be calculated depending on the incidence angle �i.
The real and the imaginary part of the complex refractive index can be measured by ellip-
sometry, but Siah et al: [121] con�rm, that this is very di�cult 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 absorp-
tivity due to multiple re
ection and absorption. According to Sugioka et al: [126] this
phenomenon comes mainly into e�ect as soon as the dimensions of the surface roughness
features are greater than several wavelengths of light, but also periodic arrays of sub-
wavelength 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 in
uence the absorptivity apart from laser wavelength and tempera-
ture, so that there is a signi�cant variance of experimentally measured absorptivity values
in literature.
Besides ellipsometry two other main methods for absorptivity measurements can be iden-
ti�ed in the form of calorimetry and measurements with an integrating sphere. There are
di�erent types of calorimeters, but in the following only adiabatic calorimeters are con-
sidered. Calorimetry is based on the change in the inner energy of a body, which can be
calculated from the measured temporal temperature pro�le as the body is usually ther-
mally 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 �ve
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 di�erential equation

_T =
APL
C
� 
(T � T0) (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 coe�cient 
 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. Bergstr�om [6] states the solution of this equation as

T (t)� T0 =

8
>><

>>:

0 t � t1
APL

C (1� e�
(t�t1)) t1 < t < t2
APL

C (e�
(t�t2) � e�
(t�t1)) t � t2

(2.13)

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 
ux 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

A(T ) =
h

_T
�
th (T )

�
� _T

�
tc(T )

�i
�
C
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 �tting, where the curves of Equation (2.13)
are �tted to the measurement. The integral method can be deduced from Equation (2.12)
by integration to obtain the absorptivity

A =
C

P � (t2 � t1)
�
�
T (t2)� T (t1) + 


Z t2

t1
T (t)� T (t1) dt

�
(2.16)

Though, the temperature-loss coe�cient 
 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 
uctuations 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 absorptiv-
ity.

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
re
ected or transmitted. According to H�ope [52] an integrating sphere is made of a hollow
sphere with a di�use white re
ective 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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inner surface of the sphere caused by re
ection and/or transmission at the sample can
be measured. A ba�e can prevent primary re
ected 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, di�use transmittance or re
ectivity can be
measured.
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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
di�erence in the absorptivity of single powder particles and a powder bed, where multiple
re
ection and absorption occurs. This means in a powder bed light can be re
ected
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 in
uences
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 e�ects 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 �lled with
powder at the center of an integrating sphere to obtain its absorptivity. They noticed an
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in
uence of residual oxygen on the optical properties of the powder, which could not be
avoided by 
ooding 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 re
ected radiation. Through this the lower average
re
ectance of sub-micron powder compared to micron-sized powder could be explained by
the di�erent re
ection behavior, which manifests in a lower re
ectance at higher re
ection
angles and can be described by di�use re
ection. The measurement values of powder bed
re
ectance Rpb were compared with the predicted values, which were calculated from the
re
ectance of dense material Rd according to the two-
ux model

Rpb =
1�
p

1�Rd

1 + 2
p

1�Rd
(2.17)

which had been derived by Gusarov & Kruth [43] earlier under the assumption of specular
re
ection. Most micron-sized powders showed a reasonable agreement with this model,
whereas the re
ectance of the sub-micron powders could be described by another equa-
tion, which was derived under the assumption of di�use re
ection. 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 ab-
sorptivity 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 a�ected 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 
at-surface absorptivity. The modeling results re-
veal, that highly re
ective materials approximately show a 4� 7 times higher powder bed
absorptivity compared to the 
at-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 di�erence was most signi�cant
for highly re
ective materials. Kizaki et al: [60] applied both a caloric measurement setup
and a re
ectivity measurement setup based on an ellipsoidal re
ector, which gathered the
re
ected light and focused it on a detector. So they could observe with a high tempo-
ral 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 veri�ed, if these prerequisites were ful�lled. Usually
the laser cladding process is di�erent. Picasso et al: [102] estimated the absorptivity of
single powder particles, which were supplied by an o�-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 e�ect of the process gas

ow 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, oxida-
tion could be precluded. The re
ectivity 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 re
ec-
tivity 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 FeO. 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



18 2. State of research

oxide. As the temperature increases the in
uence 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 �rst increases until 1900�C, before a contin-
uous 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 di�erentiate, 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

8�0!=�e (2.18)

which relates the absorptivity A to the angular frequency of radiation !, the electrical con-
ductivity �e and the vacuum permittivity �0. Sainte-Catherine et al [113] investigated the
absorptivity of the steel 1:0503 in air environment. The temperature-dependent absorp-
tivity 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 absorp-
tivity 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 re
ected 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 signi�cant temperature gradients compli-
cate temperature measurements and caloric measurements. Furthermore, an integrating
sphere cannot easily be employed because the thermal radiation a�ects the detector sig-
nal. 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 melt-
ing 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 melt-
ing 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 � and so the wetting behavior. The liquid
surface tension �, the solid surface tension 
s and the solid-liquid interfacial tension 
sl
are in balance, if the contact angle � obeys the Young’s equation [70]


s = � � cos� + 
sl (2.19)

A comprehensive summary of surface tension e�ects during conduction mode welding is
given by Daub [20]. Surface tension mainly depends on temperature and chemical compo-
sition. So a gradient in surface tension can be caused by an inhomogeneous temperature
�eld, which leads to a pronounced melt pool 
ow during the laser cladding process as the
liquid metal on the surface is dragged by the surface tension from areas with lower surface
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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 e�ect is
depicted in Figure 2.7. There the surface tension � of liquid iron is plotted against tem-
perature for di�erent oxygen activities a on the melt pool surface. There exist also other
chemical elements which have an in
uence on the surface activity. In an inert atmosphere
with an oxygen activity a = 0 usually the surface tension decreases with higher tempera-
ture, so the liquid metal on the melt pool surface 
ows due to the Marangoni e�ect from
the melt pool center, where the temperature is the highest, radially outwards towards the
colder melt pool boundary, where it submerges and 
ows 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 
ow 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 e�ectively conveyed downwards in the
center of the melt pool because the convective heat transfer due to the melt pool 
ow
exceeds the conductive heat transfer. Nevertheless, it has not yet been quanti�ed, how
the impact of powder particles in
uences the described melt pool 
ow.

Surface tension can be very sensitive to external in
uences. 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 e�ect 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 @�=@T . This is con�rmed
by Mills & Su [85]. So even a low contamination especially with oxygen or sulfur can have
a signi�cant e�ect 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 in
uenced 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] �nd 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 di�cult to �nd a suitable substrate, which does not a�ect 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 identi�ed as the most suitable technique for
liquid metals, where the surface tension is calculated from the oscillation frequencies of
the levitated drop.

2.3 Process analysis

2.3.1 Attenuation and powder particle distribution

In the laser cladding process, attenuation is de�ned as the percentage of laser power which
is not transmitted through the powder cloud created by the powder nozzle. This percentage
is absorbed or re
ected by the powder particles. The attenuation can be determined by
measurement or by simulation. The measurement is always di�cult 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 o�-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 o�-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 
uid 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 veri�ed 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 speci�c 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 re
ected from a barrier
in the working plane would distort the measurement result. This barrier is nonetheless
still necessary to create the same gas 
ow as in the real laser cladding process although
the e�ect of the barrier has not yet been quanti�ed. 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 �rst 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

ow velocity �eld as having a maximum velocity of 1 m=s on the melt pool surface. The
alignment of the o�-axis powder nozzle turned out to be the main in
uence factor on the
melt pool 
ow. In the trailing con�guration, where the powder nozzle points from ahead
towards the melt pool tail (see also Figure 3.12), it was observed that the melt pool 
ow
is directed only in the according direction. Conversely, in the leading con�guration, where
the tip of the powder nozzle at the back is tilted towards the head of the melt pool, the melt
pool 
ow is not limited to one direction. It can be concluded, that both the Marangoni
e�ect and the powder-gas-
ow from the powder nozzle in
uence the melt pool 
ow as this
�nding agrees with those of Ott [100]. This is potentially di�erent 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 in
uence 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 �lter 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 di�erent traveling speed and magnitude, which depend
on the impingement location. Similarly, Ott [100] identi�ed a disturbance of the melt pool
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ow by the powder particle impingement, which potentially reverses the 
ow direction on
the surface temporarily. It was inferred, that the surface 
ow becomes more chaotic as the
powder mass 
ow is increased. This e�ect is additionally in
uenced by the location of the
powder particle impingement. Nevertheless, the e�ect of the powder particle impact on the
laser cladding melt pool and the in
uence 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. He� [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 e�ciency of di�erent
shield gas types in terms of their in
uence on the oxide layer on aluminum welds during
deep penetration welding. This process was also researched by M�uller-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 �lter, 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 
ow 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 
ow
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 su�cient numbers to
derive the 
ow �eld inside the melt pool. Interestingly, the melt pool 
ow 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 e�ect of oxygen on the surface tension. Tenner
et al: [131] developed an automated method to obtain the melt pool 
ow �eld in deep
penetration welding. Two di�erently 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 
ow,
did not follow the melt pool 
ow but the particles were driven by the metal vapor.

2.4 Process simulation

2.4.1 General simulation of welding processes

Essentially, after most additive manufacturing processes the entire �nal part except for the
base part consists completely of weld seams. Radaj [110] divides the welding simulation
into the three �elds of process simulation, material simulation and structure simulation as
it is shown by �gure 2.8. Process simulation focuses on the melt pool and its immediate
surroundings to obtain the melt pool 
ow velocity �eld, the temperature �eld 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 in
uenced by the welding process. All three �elds of welding simulation are cross-
linked among each other because each simulation can provide data which is needed by
another one. These crosslinks are summarized in �gure 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 
uids method or the similarly implemented level
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Figure 2.8: Sub�elds 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 
uids or level set method the whole model volume has to be meshed
which can potentially be �lled 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 �lling of each �nite element or �nite volume in the case of the
volume of 
uids method so that the surface can be reconstructed. The volume of 
uids
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],



2.4 Process simulation 27

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 
uids method to combine the advantages of both methods, which are
the precise mass conservation of the volume of 
uids 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 tem-
poral integration of the 
ow velocity �eld on the surface. This necessitates a remeshing
after each time step. So the 
uid 
ow is observed from a stationary Eulerian point of
view in a �xed 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 
uids 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 �nite elements with
an ALE method. The advantages of ALE methods lie in the more precise representation
of the surface contour and the lower computational e�ort 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 ap-
proaches especially in structure simulation models. El Cheikh & Courant [34], Bourne
et al: [9] and V�asquez et al: [135] approximated the single track surface contour as a cir-
cular arc. Nenadl et al: [92] considered di�erent 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 justi�ed 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 pro�le disregarding the melt pool 
ow
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 
uid 
ow simulation requires high computational e�ort, the melt pool 
ow is
partially neglected by some authors, although the convection inside the melt pool is an
important heat transfer mechanism, which redistributes the heat e�ciently. Br�uckner
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 �ve to minimize the dif-
ference between the simulation results and the experimental melt pool dimensions, but
then the melt pool shape is still di�erent. This was con�rmed 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 �ve in
the transverse direction of the weld. This mimics the Marangoni e�ect, 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 
ow 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 �ndings 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 exper-
imental results, if a turbulence model is applied instead of a laminar 
ow model. This
is con�rmed 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 modi�ed by the alloying �ller material. Usu-
ally the Reynolds number is calculated to asses the type of 
uid 
ow. 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 
ow. But as there is no other possible theoretical
approach to clarify, if the melt pool 
ow is laminar or turbulent, the Reynolds number can
give a rough idea and if it is under conservative assumptions still signi�cantly higher than
the critical Reynolds number, at least the turbulent 
ow regime can be con�rmed. There
are two di�erent points of view on the melt pool as it can be considered completely in its
whole extent or locally, where the liquid metal 
ows around a powder particle. If the melt
pool 
ow is approximately compared with the 
ow over a plate, the Reynolds number

Re =
� � U � L

�
(2.20)

with the density �, the 
uid velocity U and the dynamic viscosity � 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 � = 8440 kg=m3, a melt pool radius L = 2 mm, a
low viscosity � = 2 mPa � 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 
ow. The 
ow around a sphere with diameter D is addressed by
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the corresponding Reynolds number

ReD =
� � U �D

�
(2.21)

A powder particle diameter of D = 67 �m results in ReD = 285 indicating a turbulent

ow as Tavener [130] reports a critical Reynolds number ReD;crit = 200 for this 
ow con-
dition, while Kawaguti [56] states a lower critical Reynolds number ReD;crit = 100 for the

ow 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 
ow 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 
ow around the powder particles as
long as there is a relative velocity between the particles and the liquid metal.

The in
uence 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 
ow is in
uenced more by the powder injection than by the Maragoni e�ect.
However, the models neglect the in
uence 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 
ow is important for an accurate simulation of the
heat transfer and the resulting temperature �eld. The P�eclet number

Pe =
U � L � � � cp

�
(2.22)

with the isobaric speci�c heat capacity cp and the thermal conductivity � indicates the
relevance of the convective heat transfer compared to the conductive heat transfer. With
the isobaric speci�c heat capacity cp = 720 J

kg�K and the thermal conductivity � = 30 W
m�K

of liquid Inconel R
 625 a P�eclet number in the range of Pe = 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 Pe� 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 e�ects and the coupling of di�erent physical equations such as the
equations of heat transfer or 
uid mechanics still present a challenge, if a computationally
e�cient 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 simu-
lation 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 ad-
vance 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 di�erent process parameter set. One
of the �rst physically based simulation models which takes the addition of a �ller material
into the melt pool into account was presented by Traidia [134]. Moreover, this model
considers the free surface motion caused by 
uid 
ow due to surface tension, �ller wire ad-
dition, 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 
uids method, where the simulation of the powder particle 
ow
through the powder nozzle until the melt pool surface is directly coupled with the simu-
lation 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.

Di�erent software companies o�er simulation software dedicated to the SLM process
such as 3DSIM , which was recently acquired by Ansys, with exaSIM and FLEX,
Additive Works with Amphyon, MSC Software Company with Simufact Additive,
Autodesk with Netfabb, ESI Additive Manufacturing or GeonX with V irfac, which
is now part of General Electric (GE). All mentioned software packages o�er structure
simulation to predict the distortion and residual stresses of SLM parts, but only FLEX,
ESI Additive Manufacturing and V irfac contain a process simulation that considers
the melt pool. On the contrary, for laser cladding there is signi�cantly less software on
the market. MSC Software Company o�ers Simufact Weld 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 speci�c sub-models for example for the heat source or
for the powder jet.

2.5 Research gap

2.5.1 Research needs

Three main �elds related to laser cladding process simulation can be identi�ed, 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 pro-
cess better and to replicate the process in the simulation realistically so that the simulation
results re
ect the reality making predictions possible.
The previous literature research shows, that there is currently no physically-based inte-
grated simulation model which is able to predict the laser cladding melt pool characteris-
tics. This is con�rmed 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 phenom-
ena 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 �nally shows, that the process has been understood and all relevant
mechanisms have been considered. This is helpful as the melt pool 
ow still has not been
completely understood. Although there are indications for a turbulent melt pool 
ow,
which con
icts with the common laminar 
ow assumption of state-of-the-art process sim-
ulation models, it still has to be investigated, under which conditions the melt pool 
ow
becomes turbulent and to what extent and how this is a�ected by the process parameters.
This in turn raises the question of margins of error, when a laminar 
ow is assumed in
simulation instead of a turbulent 
ow 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 e�ort, which exceeds
the available �nancial and time resources. Up to now especially the powder absorptivity
cannot be measured as the present common methods reveal the absorptivity of a pow-
der 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 dis-
tribution measurement, but these methods are mostly expensive and additionally show
some shortcomings.

2.5.2 Approach

In order to meet the aforementioned research needs, �rst in chapter 3 the laser cladding
process is investigated experimentally by high-speed camera imaging. There the focus is
on the melt pool 
ow and on the development of an automated video analysis method to
obtain the melt pool 
ow velocity �eld, 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 re�ned 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 obvi-
ous from the �nal 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 de�ciency
is shown. Therefore, the average absorptivity and the temperature-dependent absorptiv-
ity 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 distribu-
tion 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 mea-
surements. Furthermore, the sensitivity of the simulation results to the material data is
analyzed and the margins of error are investigated, when the melt pool 
ow 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 
ow 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 multi-
phase 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 
ow and the previous simulation results, so that model adjustments can be deduced
to account for the characteristic type of 
uid 
ow inside a laser cladding melt pool.
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Chapter 3

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

3.1 Experimental setup

The experiments were carried out on a Trumpf TruLaser Cell 7020 CNC machine using
a Trumpf TruDisk 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 Fraunhofer � ILT at a working distance of 15 mm. The videos
were recorded with a V ision Research Phantom v12:1 high-speed camera at a frame rate
of 200000 � 670000 frames per second (fps). The image size was adjusted to the di�erent
melt pool sizes to obtain the maximum possible image quality and number of images on the
limited memory of the camera. Di�erent powder materials were deposited on the substrate
of structural steel S235JRC + C. The main powder material consisted of a mixture of
MetcoClad R
 625 showing a particle size in the range from 45 �m up to 90 �m (�90 +
45 �m) with 1% by weight of titanium carbide (TiC). MetcoClad 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 
oat 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 MetcoClad R
 625 during
the laser cladding process which can be tracked.

Ni Cr Mo Nb Fe other
weight percent 58.0-63.0 20.0-23.0 8.0-10.0 3.0-5.0 � 5:0 <2.0

Table 3.1: Chemical composition of MetcoClad R
 625 [99]
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Additionally, some MMC powder mixtures were investigated. MetcoClad 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 MetcoClad 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 MetcoClad 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 
ow, 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 di�erent 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 �xed 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 re
ects 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 su�cient for basic research. Three tracks were
found to be su�cient 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 speci�c wavelength to
pass through, whereas it re
ects the light towards the camera, which is emitted by the
melt pool at di�ering wavelengths. Due to the high magni�cation especially in the top
view setup the depth of �eld 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 �lter 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.
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Figure 3.1: Experimental setup for top view (left) and side view (right) high-speed camera imaging

The signi�cant di�erences in brightness within one image as well as between the images ob-
tained from di�erent process parameter sets posed an issue for the high-speed camera imag-
ing. 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
in
uenced 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 MetcoClad R
 52052
requires a 70% longer exposure than a MetcoClad R
 625 melt pool. It was attempted
without success to achieve a homogeneous illumination independent of the process param-
eters 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 �lter 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 di�usely but directly re
ecting 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 Automated high-speed camera video analysis

3.2.1 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 
ow. The bright
particles can be identi�ed 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 
oat on the melt pool sur-
face 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
a�ect the analysis results. Then after the conversion and splitting, in the �rst step the
single particles are detected in each frame using the Matlab function "im�ndcircles" [81],
which is based on a two-stage circular Hough transformation. In the second step the "sim-
pletracker" 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 �rst experimental series some pa-
rameters were changed in order to improve the measurement results. Especially a higher
magni�cation meaning a smaller pixel size lp was chosen and the frame rate f was reduced,
because the �rst 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 �rst experimental
series was carried out with a magni�cation of 52 pixel=mm corresponding to the pixel
size lp = 19:2 �m while the magni�cation was increased to 81 pixel=mm corresponding to
lp = 12:4 �m 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 fac-
tor at the price of more erroneous detections. The maximum linking distance de�nes
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 
y through the image �eld 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 di�erent tracks which have been identi�ed in the
�rst substep in order to close these gaps. The maximum gap closing speci�es the num-
ber 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 �ve 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 �eld 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 de�ned by the vector gap
ng. The vector gap determines the minimum detectable velocity

vmin =
lmin � lp
ng

� f (3.1)

depending on the frame rate f and the pixel size lp, which is de�ned as the physical length
in �m 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,

video parameters
pixel size lp

1st series: 19:2 �m
2nd series: 12:4 �m

frame rate f 1st series: 67065 1=s
2nd series: 20000 1=s

particle detection parameters

range of radii [pixel] 1st series: [1 3]
2nd series: [2 4] or [1 8]

object polarity ‘dark’ or ‘bright’
computation method ‘TwoStage’
sensitivity factor 0.9
edge gradient threshold 0.1

particle tracking parameters

maximum linking distance
[pixel]

0:7 � vjet=(f � lp)

maximum gap closing
[number of frames]

2

post-processing parameters vector gap ng
1st series: 10
2nd series: 5

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

p=1
vp;ij (3.3)

The absolute displacements are added up in
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Wij =
Xnp;ij

p=1

q
(up;ij)2 + (vp;ij)2 (3.4)

Additionally, for each sector the number of tracks zij is stored in which a particle move-
ment 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 di�erent tracks does not exceed the critical number nm, which is needed for a
su�cient 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 speci�c velocities are calculated.
The norm of the average velocity vector

�uij =
p

(Uij)2 + (Vij)2

np;ij
� f=ng (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 �uij = 0. The average absolute velocity

�wij =
Wij

np;ij
� f=ng (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 �wij = 1 m=s. Thus the velocity ratio

qij =
�uij
�wij

(3.7)

indicates, to what extent the melt pool 
ow in a sector (i,j) is laminar with a preferred

ow direction. If the 
ow direction and velocity in one sector is always the same, �wij is
equal to �uij so that qij = 1. In the contrary case, where the melt pool 
ow is random, the
norm of the average velocity vector �uij 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.



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

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 
ow _m 15 g=min
overlap � 47%
number of tracks nt 3
shield gas 
ow _Vs 15 l=min
carrier gas type Ar
carrier gas 
ow _Vc 5 l=min
frame rate f 20 kHz
exposure e 20 �s

Table 3.3: Process and video parameters of reference experiment no. 2.17

In Figure 3.3 the resulting particle velocity �elds are presented both for the metal powder
particle tracking and for the bright particle tracking. The arrows represent the average
velocity vector �eld with a length of the arrows which is proportional to the norm of
the average velocity vector �uij. 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 �eld
relative to the workpiece is not signi�cantly di�erent. 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 �uavg and maximum value �umax of the norm of the average velocity
vector �uij 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 
ow 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 
ow originates near the melt pool front. Due to
the Marangoni e�ect the 
ow 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 
ows back to the origin of the melt pool 
ow to close the 
ow cycle. The melt pool

ow is additionally in
uenced 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 e�ects can be seen in the pronounced 
ow
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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 e�ect is insigni�cant and the remaining
heat of the previous tracks is already homogeneously distributed so that the remaining
heat cannot have an in
uence either. Though, there is an in
uence of the asymmetrical
powder nozzle orientation as shown in subsection 3.4.2. When the 
ow �eld of the metal
powder particles is compared with the 
ow �eld of the bright particles, the e�ect of the
powder injection can also be seen in the 
ow �eld 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 
ow only signi�cantly, if the melt pool

ow velocity is low. The in
uence of the substrate movement can be neglected because
it is typically as low as 1 m=min = 0:017 m=s, which is signi�cantly smaller than the
melt pool 
ow 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 a�ect 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 �eld and spans the whole melt pool.

Figure 3.5 displays the corresponding values of zij, which indicate the number of particle
movements from di�erent tracks inside the respective sector (i,j). The border of the de-
tected velocity �eld is again represented by the red-colored line identically to Figure 3.4.
Inside this border there is a statistically su�cient 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 
uctuations and by the inner wall of the powder nozzle,
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Figure 3.3: Resulting metal powder particle (left) and bright particle (right) velocity �eld 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 �ltered 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 di�ering brightness.

In Figure 3.6 the whole number of detected particle movements in relation to their respec-
tive velocity is shown in a histogram. There are obviously no extra-peaks, which would
point to erroneous detections such as airborne particles 
ying through the image above
the melt pool. There are no data for velocities below 0:05 m=s as this is the minimum de-
tectable velocity according to Equation (3.1). There is no signi�cant di�erence 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 
oat on the
melt pool surface for longer time so that the acceleration period is less in
uential. There
is a signi�cantly higher absolute amount of bright particle movements because the bright



3.3 Particle acceleration 45

metal powder particles 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 �eld 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 su�ciently 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 
oats 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 �s prior to the powder particle impact on the melt pool surface the particle is still
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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 �s and 75 �s the
�rst contact takes place, whereupon the particle 
oats 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 �s and has �nally completely
disappeared after 600 �s. In summary, the powder particles generally impinge on the
melt pool surface with an initial velocity which is di�erent 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 di�erence relative
to the tenth succeeding frame, which leads to a smoothing of the velocity curves. In the
presented case stemming from the �rst 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.
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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 in
uenced by
the acceleration phase with its lower average velocity, provided that the particles accelerate
and then move constantly inside a laminar 
ow. Nevertheless, there is still no signi�cant
di�erence in the average velocities of dark and bright particles according to Figure 3.6.
The low values of the velocity di�erences can therefore be explained by fast accelerations.
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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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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 �rst experimental
series with argon as carrier gas and f = 67065 1=s

3.4 In
uences on 
ow velocity �eld

3.4.1 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 
ow 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 
ow carries the oxides quickly out of the laser spot towards the melt
pool tail.

Figure 3.11 shows that the melt pool 
ow velocity �eld 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 @�=@T can already be reversed by a few parts per million
of soluble oxygen in liquid metals.
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d c 

Figure 3.10: High-speed camera images of the melt pool showing the in
uence 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. 2.1a 2.1 2.12a 2.12
experimental series 2 2 2 2
laser power PL 2200 W 2200 W 3000 W 3000 W
scan speed vf 1:0 m=min 1:0 m=min 3:5 m=min 3:5 m=min
spot size s 4:0 mm 4:0 mm 3:0 mm 3:0 mm
powder mass 
ow _m 24 g=min 24 g=min 65 g=min 65 g=min
number of tracks nt 1 1 1 1
shield gas 
ow _Vs 15 l=min 15 l=min 15 l=min 15 l=min
carrier gas type Ar He Ar He
carrier gas 
ow _Vc 5 l=min 5 l=min 5 l=min 5 l=min

Table 3.4: Process parameters related to Figure 3.10
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Figure 3.11: Comparison between the melt pool 
ow velocity �eld 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 
ow velocity �elds depicted in Figure 3.11 is obviously
a�ected by the asymmetrical powder nozzle orientation in the default orientation. Fi-
gure 3.12 de�nes the di�erent investigated powder nozzle orientations. The laser spot is
represented by a circle, while the arrows indicate the powder 
ow 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 o�-axis powder nozzle orientation
and the trailing o�-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 
ow
was kept constant. Based on three experiments with the process parameters of experi-
ment 2:1 according to table 3.4, Figure 3.13 shows that there is a symmetric melt pool

ow velocity �eld in the symmetrical powder nozzle con�guration or in the trailing o�-axis
con�guration. Generally, the powder jet can strongly in
uence the melt pool 
ow as it is
clearly visible in the lateral o�-axis powder nozzle orientation. The e�ect of the leading
or trailing o�-axis powder nozzle orientation has already been shown to some extent by
Gasser [37].
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fe
ed

 d
ire

ct
io

n 

Figure 3.12: De�nition of powder nozzle orientations
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Figure 3.13: In
uence of the powder nozzle orientation according to Figure 3.12 on the melt pool 
ow
with process parameters of experiment 2:1 according to table 3.4
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3.4.3 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 in
uence of laser power, scan
speed, powder mass 
ow 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

ow velocities increase due to the higher surface temperature gradients and thus due an
increased Marangoni e�ect. The higher scan speed in (d) compared to (c) leads to higher
melt pool 
ow velocities as well. So the e�ect 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 e�ect is stronger.

The in
uence of powder mass 
ow and laser spot size on the melt pool 
ow velocity �eld
can be seen in Figure 3.15. When the powder mass 
ow is increased in (b) compared to
(a), the melt pool temperature is decreased due to the cooling e�ect of the powder material
added to the melt pool, so that the surface temperature gradient is reduced and with it the
melt pool 
ow velocities. Furthermore the velocity ratio is decreased, because the higher
amount of impinging powder particles disturbs the melt pool 
ow increasingly. Due to the
low powder mass 
ow 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 e�ects. 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 intensi�ed. On the contrary, the large laser spot size in (d) leads to low
melt pool 
ow velocities.

3.4.4 Surface geometry

There is already a signi�cant di�erence between the melt pool 
ow during a single track
and the melt pool 
ow during one of the consecutive overlapping tracks. Figure 3.16
shows the melt pool 
ow velocity �eld during the �rst 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 
ow velocities.
Concurrently, the capillary forces de
ect the melt pool 
ow 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 di�erent overlap � and di�erent number
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Figure 3.14: In
uence of laser power and scan speed on the melt pool 
ow; process parameters equal to
experiment 2:1 according to table 5.4 unless stated di�erently
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Figure 3.15: In
uence of powder mass 
ow and laser spot size on the melt pool 
ow; process parameters
equal to experiment 2:1 according to table 5.4 unless stated di�erently
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Figure 3.16: Melt pool 
ow velocity �eld during the �rst (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 in
uence
of the surface geometry on the melt pool 
ow. 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 � = 62:6% leads to higher melt pool 
ow velocities and
higher velocity ratios compared to experiment 1:1 according to table 3.5 with � = 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 
ow
of the ten-track experiment 1:3 in Figure 3.17 (right) is completely di�erent from all
melt pool 
ow velocity �elds which have been shown so far. Inside the main melt pool
of region D the melt pool 
ow 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 
ow is restricted to the
downward and to the longitudinal direction of the wall. Consequently the heat dissipation
is less e�cient than in the case of a planar coating, where the heat can 
ow 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 e�ect is less pronounced. Though, the melt pool 
ow velocities and the
velocity ratio are signi�cantly higher in experiment 1:3 according to table 3.5 compared to
the other two experiments. Thus the observed melt pool 
ow must have been signi�cantly
intensi�ed by capillary forces.

3.4.5 Material composition

When carbide particles are added to the metal powder this has di�erent e�ects 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 di�erent
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 MetcoClad 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 
ow with velocities in the range
of those when pure MetcoClad 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. 1.1 1.2 1.3
experimental series 1
laser power PL 1750 W
scan speed vf 1:0 m=min
spot size s 3:74 mm
powder mass 
ow _m 15 g=min
overlap � 46:5% 62:6% 100%
number of tracks nt 3 3 10
shield gas 
ow _Vs 5 l=min
carrier gas type Ar
carrier gas 
ow _Vc 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 
oat on the melt pool surface, if they are
not injected by the powder nozzle with high enough velocity to pass through the melt pool
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Figure 3.17: In
uence of the overlap � on the melt pool 
ow with further process parameters according
to Table 3.5
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density particle shape
MetcoClad R
 625 8440 kg=m3 spherical
NiCrSiBC � 8300 kg=m3 spherical
WC=W2C 16400 kg=m3 spherical
TiC 4930 kg=m3 spherical
WTiC 9810 kg=m3 angular

Table 3.6: Density and particle shape of the involved powder materials
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Figure 3.18: Results of bright particle tracking of an experiment with MetcoClad R
 52052
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laser power PL 1778 W
scan speed vf 0:9 m=min
spot size s 3:7 mm
powder mass 
ow _m 20 g=min
overlap � 47%
number of tracks nt 3
carrier gas Ar
shield gas 
ow _Vs 5 l=min
carrier gas 
ow _Vc 5 l=min
frame rate f 40 kHz
pixel size lp 19:2 �m
exposure e 14 �s

Table 3.7: Process and video parameters of MetcoClad R
 52052 experiment

surface and/or if they are not dispersed in the melt pool by a strongly mixing melt pool

ow. 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 su�cient 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 
ow 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 su�ciently high 
ow 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 identi�ed in the high-
speed 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 
ow observable in the corresponding high-
speed camera video because of the high volume fraction of carbide particles and because
of their shape. Some few small billows can be identi�ed at the most. Thus the automated
video analysis would reveal a homogeneous velocity ratio qij = 0 and the average velocity
�eld 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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Figure 3.19: In
uence of process parameters on TiC particle mixing in MetcoClad R
 625 according to high-
speed camera images (top) and metallographic cross sections (bottom)(carrier gas argon, _Vc = 5l=min,
_Vs = 15l=min, nt = 3)

particles. The powder mixture MetcoClad R
 52052 contains the same mass fraction of
carbide particles, but those are spherical and there is still a considerable melt pool 
ow
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 MetcoClad R
 52052, the melt pool 
ow is still not
in
uenced 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 e�ciency 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 o� the solid WTiC particles on the melt pool surface as the mass of the
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metal powder particles is predominantly smaller.
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Figure 3.20: WTiC particles in MetcoClad 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 
ow
velocity within a short period of time upon impact with the melt pool surface thanks to
surface tension e�ects. Thus the developed automated high-speed camera video analysis
reveals the melt pool 
ow velocity �eld of the liquid metal and not the velocity �eld of
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some inertial particles. Subsequently several in
uential factors on the melt pool 
ow could
be identi�ed and quanti�ed in order to close the research gap and obtain a better under-
standing of the melt pool dynamics. Oxidation on the melt pool surface can even reverse
the melt pool 
ow due to the changed surface tension. The powder nozzle orientation
supports a melt pool 
ow in the area of the particle impact, which is oriented in the same
direction as the powder jet. The melt pool 
ow 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 in
uence the melt pool 
ow to minimize the surface energy. However, there
is always a high degree of randomness to the melt pool 
ow as the impact of the powder
particles leads to a partially turbulent melt pool 
ow. The addition of carbide particles
to the melt pool leads to di�erent e�ects depending on the carbide particle properties. A
su�cient amount of angular carbide particles inside the melt pool can inhibit the melt
pool 
ow, whereas a noticeable melt pool 
ow 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 
ow 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 Absorptivity

4.1.1 Heat source modeling

Figure 4.1 dissects the energy 
uxes 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 � P 0L
PL

(4.1)

is de�ned as the percentage of laser power which is not transmitted through the powder
jet, whereas the transmitted laser power P 0L 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 re
ectivity of the powder jet, which includes the transparent gas
between the powder particles. It has to be noted that the absorptivity and the re
ectivity
of the powder jet are characteristics of the powder cloud, which are di�erent from the
absorptivity and re
ectivity 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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Figure 4.1: Split-up of the energy 
uxes 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 �w. The
actual workpiece absorptivity �w(�v; T; c) is also not constant, but it depends on the laser
wavelength �v, 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) � �w(�v; 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 re
ected 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 re
ected 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 re
ected from the workpiece surface interacts with
the powder particles, it is absorbed with the powder absorptivity �p or it is re
ected 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) � f�p � xp(x; y) + �p � xp(x; y) � [1� �w(�; T; c)] � [1� xp(x; y)]g � 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 �w(�; T; c), the
powder absorptivity �p 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 
ow 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 
ow. 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 re
ected from the melt pool. Because of this reason Heigel et al: [49] found
a higher process e�ciency when using powder instead of wire �ller 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 su�cient agreement between
simulation and experimental results. Although this method yields several drawbacks and
so was �nally not chosen in this dissertation, it is concisely explained in the following
because it requires low e�ort and can still provide estimate values of the absorptivity.
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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 de-
picted cross sections were kept constant. The base material consists of several layers of
the cobalt-base alloy MetcoClad 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.

material Fest (unbearbeitet) Flüssig 
Flüssig (ohne 

Verunreinigungen) 

Stellite® 6 �Ù
L �s �Ù
L �r�ä�s�t�z �Ù
L �r�ä�s 

S 235 �Ù
L �r�ä�t �Ù
L �r�ä�s�u 

untreated surface 

ground surface 

polished surface 

0.5 mm 

Figure 4.2: In
uence of the surface condition on the melt pool size in metallographic cross sections
(material MetcoClad R
 6, CO2 laser, PL = 2930 W , vf = 3:6 m=min, s = 2:1 mm, _m = 0)

In order to determine the absorptivity of solid and liquid MetcoClad 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 MetcoClad R
 6. The
results are summarized in Table 4.1. It is obvious, that the 100% absorptivity of solid
MetcoClad R
 6 is too high, whereas the polished surface absorptivity agrees with the data
provided by Frenk et al: [35]. The values obtained for structural steel S235 are also close to

material solid (untreatet) liquid (untreated) polished surface
MetcoClad R
 6 1.0 0.128 0.1
S235 0.20 0.13

Table 4.1: Absorptivity values of MetcoClad R
 6 and S235 for CO2 laser radiation obtained from simu-
lation calibration
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the caloric measurement results presented in a previous publication [147]. The inaccuracy
of absorptivity values related to the untreated MetcoClad 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 �eld.
Under conditions like this the temperature dependence has a higher in
uence 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 in
uential. 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 av-
erage absorptivity during the irradiation of samples placed inside the calorimeter. The
calorimeter consists of a copper sample holder surrounded by a styrofoam insulation. The
speci�c size of the calorimeter was chosen so that it can accommodate a standard sub-
strate 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 di�erent distances
from the sample, so that it can be identi�ed, when a homogeneous temperature inside the
calorimeter is reached. Though measurements showed, that there is already a homoge-
neous 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 �xture 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 �xture can increase the measured absorptivity value by back re
ection
of the laser radiation, which is re
ected from the sample surface or from the powder jet.
The measurement values can also be increased by back re
ection 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 MetcoClad R
 625 in comparison with
a blackened powder nozzle.
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At the beginning of a measurement the sample is irradiated with a certain laser power for a
de�ned 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 �nished.
The pulse method described in subsection 2.2.1 was used to calculate the absorptivity
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 su�cient
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
pro�le (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
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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 re-
sults 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 di�erent 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
signi�cant in
uence 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 Fe3O4 with an
absorptivity of 0:84 and Fe2O3 with 0:79. The presence of an oxide layer on the S235
substrate samples is con�rmed 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 signi�cant di�erence in the measured absorptivity values. Figure 4.4
(right) shows also the absorptivity of di�erent surfaces on MetcoClad 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 in
uence of
di�erent 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 su�ciently high laser power
or su�ciently 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 signi�cant 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 
ow. Otherwise a too high absorptivity is
measured as shown in Figure 4.5, where the absorptivity of liquid MetcoClad R
 625 was
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Figure 4.4: In
uence of the average temperature on the absorptivity of S235 (left) and absorptivity values
of di�erent surfaces (right)

measured with two di�erent 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 su�cient shield gas 
ow, which was _Vs = 15 l=min during
the presented measurements. The carrier gas 
ow was turned o�, 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 MetcoClad R
 625 is reasonable as Kundakc�o�glu
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 re
ection 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 pro-
vided 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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MetcoClad 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 absorp-
tivity

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 di�erent �ndings. Although this was
also veri�ed by the measurements in the previous subsection with di�erent intensities and
therefore di�erent 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 in
uence 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 signi�cantly
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) us-
ing 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 tem-
perature 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 measure-
ment times, which lead to a less homogeneous temperature inside the sample meaning the
measurement accuracy decreases. During the whole measurement there is no perfectly ho-
mogeneous 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 e�ect 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 o� respectively, the
temperature distribution and especially the heat 
ow inside the sample di�ers, 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 ther-
mocouple measurements are cut o� 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 di�erence between the calorimeter, the thermocouple and the py-
rometer measurement results can be explained by the fact, that the measurement samples
were taken from di�erent 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 con�rm 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 in-
tegrating sphere

Boley et al: [8] consider the measurement of powder bed absorptivity with an integrating
sphere as more di�cult 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 �ve evaluated powder
absorptivity measurement methods, where the method depicted in Figure 4.9a was �nally
successfully implemented. For this purpose an integrating sphere type UPB�150�ARTA
from Gigahertz � Optik with a diameter of 150 mm and a linear photodetector type
PDA100A � EC from Thorlabs 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
20ms. Three di�erent 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-re
ective 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 re
ectivity 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 re
ected
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 re
ected by the powder particles leading to the voltage
U2. Consequently the re
ectivity of the whole sample

R = U2=U0 (4.5)

the sample absorptivity
A = 1� U1=U0 (4.6)

the sample transmissivity
� = 1� A�R (4.7)

and the powder absorptivity
�p = A=(1� �) (4.8)

can be calculated.

The measurement method shown in Figure 4.9b uses a sample, where powder is embedded
in the transparent polymer Polydimethylsiloxane (PDMS). This sample is irradiated for
a certain period of time with a speci�c 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 re
ected by the powder particles.
Here an additional problem occurs. PDMS is transparent but there is still a re
ectivity
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 re
ectivity is signi�cantly
higher, when the laser radiation is re
ected by the powder particles inside the samples and
hits the sample boundary under an angle other than 90�. This a�ects the measurements
signi�cantly. 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 re
ected laser power, so that the absorp-
tivity 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 
ow as well as the density of the powder cloud are con-
stant. 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 
ight from
the laser beam to the container because of the heat loss to the ambient atmosphere.

The �nally 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 re
ection and
absorption between the densely packed powder particles of samples with low transmissiv-
ity. 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 re
ection signal
in form of the voltage U2 is low so that small absolute but high relative deviations lead to
a signi�cant scatter of the measured powder absorptivity.

Figure 4.11 summarizes the measurement results of di�erent powder materials. In ad-
dition 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 MetcoClad R
 625
or MetcoClad R
 6. Because of the multiple re
ection and absorption inside the powder
bed the corresponding measurement values are higher than those of loose powder par-
ticles. 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 di�erent powder particle sizes leading to the indicated range of powder absorp-
tivity values. The results of the newly developed measurement method indicate that the
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Figure 4.10: In
uence of sample transmissivity on the measured powder absorptivity of MetcoClad R
 625

three metal powders MetcoClad R
 625, Micro �Melt R
 316L and MetcoClad R
 6 show
a similar absorptivity, while the carbide particles of WTiC and especially WC exhibit a
signi�cantly higher absorptivity. It has to be mentioned that the measurement results
of MetcoClad R
 52052 and MetcoClad R
 625 + TiC might be a�ected by the problem,
that the therein contained spherical carbide particles tend to roll o� 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 a�ects
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 signi�cantly 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
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Figure 4.11: Absorptivity of di�erent powder materials according to present measurements and literature
data

as described in subsection 4.1.3. If the solid material absorptivity varies signi�cantly
depending on temperature and if this has a high e�ect on the process as a signi�cant 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.

MetcoClad R
 625
solid 0.59
liquid 0.37
powder 0.50

S235JRC + C 0.82

Table 4.2: Obtained absorptivity values to be used for laser cladding process simulation
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4.2 Laser powder interaction

4.2.1 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 �p(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

�p(r) = a � exp
�
�

(r � b)2

c2

�
(4.9)

is �t 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 exper-
imental work of this dissertation, and of the similar Metco three-jet nozzle are shown in
Figure 4.13. The working distance of the Metco 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 
ow, so
that it is di�erent 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 �rst 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 �rst
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 
ow _Vc = 5 l=min of argon and a shield gas 
ow _Vs = 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 
ow. An in
uence of the shield gas

ow 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 di�erent carrier + shield gas

ow settings and from di�erent measurement methods

4.2.2 Simulation of process gas 
ows and powder jet

4.2.2.1 Modeling

A simulation model of the three-jet powder nozzle type 3�JET�SO16 by Fraunhofer�
ILT , which was used for the experimental work of this dissertation, was developed in the
software environment of COMSOLMultiphysics 5:2 using its modules Turbulent F low; k�
�, Transport of Concentrated Species and Particle Tracing for F luid F low. This means
the turbulence of the gas 
ows, the interaction of di�erent 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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shield gas inlet 

powder / carrier gas inlet 

open boundary 

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

The gas 
ow is primarily described by the continuity equation

�r � u = 0 (4.10)

and by the stationary Navier-Stokes equation

�u � (r
 u) = r
�
�pI + (�+ �t)

�
r
 u+ (r
 u)T

�	
+ F (4.11)

with the density �, the 
uid 
ow velocity vector u, the pressure p, the unity tensor I, the
dynamic viscosity � and the volume force F . Wilcox [144] de�nes the eddy viscosity

�t = �C�
k2
t

�
(4.12)

by the turbulent dissipation rate � and the turbulent kinetic energy kt, which are deter-
mined by the following equations:

�(u � r)kt = r �
��
�+

�t
�k

�
rkt

�
+ Pk � �� (4.13)

�(u � r)� = r �
��
�+

�t
��

�
r�
�

+ C�1
�
kt
Pk � C�2�

�2

kt
(4.14)

Table 4.3 lists the values of the turbulence model parameters C�, C�1, C�2, �k and ��. The
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Reynolds stress is de�ned as

Pk = �t
�
ru :

�
r
 u+ (r
 u)T

�	
(4.15)

The wall functions according to Kuzmin et al: [66] and Grotjans & Menter [42] are applied
in order to approximate the 
ow close to solid walls. The normal 
uid 
ow velocity at the
powder and carrier gas inlet

uc =
_Vc
Ac

(4.16)

is determined by the carrier gas 
ow _Vc and by the cross-sectional Ac area of the carrier
gas inlet, whereas the shield gas 
ow _Vs and the cross-sectional area As of the shield gas
inlet de�ne the normal 
uid 
ow velocity at the shield gas inlet

us =
_Vs
As

(4.17)

At the open boundary according to Figure 4.14 the normal stress is given by the ambient
pressure p0 = 105 Pa.

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 !i of each species i is described by the corresponding mass transport equation

�
@!i
@t

+ �(u � r)!i = �r � j
i

(4.18)

The mass 
ux of species i

j
i

= ��(Dm
i +Dt)(r!i + !irM=M) (4.19)

can be calculated according to Kee et al: [57] from the mixture-averaged di�usion model
with the mixture-averaged di�usion coe�cient Dm

i of species i and the mean molar mass
M , which is determined by

1=M =
Xns

i=1

!i
Mi

(4.20)

C� C�1 C�2 �k ��
0:09 1:44 1:92 1 1:3

Table 4.3: Turbulence model parameters
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with the number of species ns. The turbulent di�usion coe�cient

Dt =
�t

� � Sct
(4.21)

can be calculated using the turbulent Schmidt number Sct = 0:71. The mixture-averaged
di�usion coe�cient

Dm
i =

1� !iPns
k=1;k 6=i

xk
Dik

(4.22)

with the mole fraction xk of species k is derived from the Maxwell-Stefan equations ac-
cording to Kee et al: [57]. The multicomponent Maxwell-Stefan di�usivities

Dik =
10�3T 1:75(1=Mi + 1=Mk)1=2

p
�
v1=3
i + v1=3

k

�2 (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 molec-
ular di�usion volumes vi; vk.

The dynamic viscosity of the gas mixture

� =
Xns

i=1

xi � �iPns
j=1 Fij � xj

(4.24)

with

Fij =
�
1 + (�i=�j)1=2(Mj=Mi)1=4

�2
p

8(1 +Mi=Mj)
(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(mpv)
dt

= F drag + F g (4.26)

Mi [g=mol] vi �i [�Pa � s]
Argon 39:9 16:1 2:24
Helium 4:00 2:88 1:97
Air 29:0 20:1 1:82

Table 4.4: Physical properties of process gases at room temperature
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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

F drag =
3� � 24

�
1 + 0:15

�
�ku�vkdp

�

�0:687
�

4�pm � d2
p

�mp

 

u+ �
r

2kt
3
� v

!

(4.27)

according to the Schiller-Naumann drag model with the particle diameter dp, the particle
material density �pm and � a random number with zero mean and unit standard deviation.
This means the in
uence of the turbulent 
ow on the particles is re
ected by the term
�
p

2kt=3. Because of the bounce condition at the solid boundaries of the powder nozzle,
a particle with the initial velocity vc before the collision shows afterwards the velocity

v = vc � 2(n � vc)n (4.28)

with the normal vector n of the boundary. At the powder and carrier gas inlet the initial
particle velocity

v0 = �v0 � n+ vd (4.29)

is de�ned by the divergence velocity vd and the mean initial particle velocity v0. 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 
ow or a higher frame rate, which necessitates more light.

The divergence velocity is de�ned as

vd = vd �

0

B@
�1

�2

0

1

CA (4.30)

with the random numbers �1 and �2 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 
ow _Vc = 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.
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Figure 4.15: In
uence of the carrier gas 
ow 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 di�erent carrier gas types and shield
gas 
ows 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 de
ected from the argon shield gas
cap as it is signi�cantly 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 di�usivities 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 in
uence of the powder particles on the gas

ow is not taken into account, which potentially introduce additional turbulence into the
gas 
ow due to their di�erent 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: In
uence of the shield gas 
ow 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 
ows 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 signi�cantly
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higher oxygen percentage values than the simulation results, when a shield gas 
ow of
_Vs = 15 l=min is considered. This discrepancy can be explained by the idealizations of the
model. Generally, a perfectly 
at 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 
ow of _Vs = 5 l=min the simulation results agree well with the measurement
data as an e�ect occurs which is not present at a higher shield gas 
ow. Figure 4.16
shows that the shield gas 
ow does not even reach the workpiece surface, if it is as low as
_Vs = 5 l=min, because the carrier gas keeps the shield gas o� from the workpiece surface.
The 3�JET�SO16 powder nozzle was �nally modi�ed 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 
ow a�ects the shield gas atmosphere less. This e�ect could also be
measured when a Metco powder nozzle with a powder channel diameter of 2:0 mm was
used, which is an in-house product of OerlikonMetco, which is commercially not available.
The Metco powder nozzle is a three-jet powder nozzle with a working distance of 12 mm.

The simulation results are con�rmed by the measured absorptivity of experiments with
varying process gasses while the other process parameters were kept constant. The mea-
surements 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 
ow does
not have a signi�cant in
uence on the absorptivity. This means that the amount of ox-
ides on the melt pool surface is constant, because the oxides have a signi�cantly 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 signi�cantly reduced, if the argon carrier gas 
ow is reduced from _Vc = 5 l=min to
_Vc = 3:5 l=min. The oxidation is even more reduced, when argon is replaced by helium as

powder nozzle carrier gas shield gas cO2 cO2

(measurement) (simulation)
3� JET � SO16 5 l=min He 15 l=min Ar 0:17% 0:0045%
3� JET � SO16 5 l=min Ar 15 l=min Ar 4:2% 0:078%
3� JET � SO16 5 l=min Ar 5 l=min Ar 7:1% 9:6%
modi�ed 3� JET � SO16 5 l=min Ar 15 l=min Ar � 0:0059%
Metco 5 l=min Ar 15 l=min Ar 0:35% 0:0079%

Table 4.5: Oxygen volume percentage at the workpiece surface below the powder nozzle center according
to measurements and simulation results for di�erent con�gurations
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carrier gas, which is 90% lower in density. These results con�rm, that the oxygen content
inside the shield gas cap is mainly caused by the turbulences, which are introduced by the
carrier gas 
ow. The observations of Koruba et al. [63] indicate that an increased carrier
gas 
ow rate likewise causes more oxidation when using a continuous coaxial powder noz-
zle. Some publications can be found, where helium is used as carrier gas, but the reasons
are not speci�ed. 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.
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Figure 4.17: E�ect of the shield gas 
ow 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 opti-
mize the gas 
ow settings and the nozzle geometry. Although the simulation model cannot
make precise quantitative predictions, qualitative comparisons between di�erent 
ow set-
tings 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 
ow _Vc = 5 l=min and an argon shield gas 
ow _Vs = 15 l=min. A simulation was
run with the same parameters. It is visible, that the simulation results show the same �t
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 �t 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 
ow do
not have a signi�cant in
uence 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 �xed as soon as they
touch the workpiece so that the powder particle density distribution can be evaluated
based on a signi�cant 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 simpli�cation can be justi�ed 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) ( _Vc = 5 l=min helium, _Vs = 15 l=min, _m = 60 g=min MetcoClad R
 625)

4.2.3 Caloric measurement of laser attenuation and powder ab-
sorptivity

If an integrating sphere is not available, the measurement setup presented in subsec-
tion 4.1.5 is not possible at all or it becomes di�cult, 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 �m 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 overestima-
tion. 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 
ight duration inside the laser beam
before impingement. Basically, this measurement method needs three calorimeter mea-
surements, 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 pres-
ence 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 �rst developed. Secondly the model
modi�cations for the multi-track model are explained and both models are validated.

5.1 Modeling approach

The model was built using the commercial software COMSOL Multiphysics 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
in
uence 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 insigni�cant e�ect on the laser cladding process. Furthermore,
an incompressible laminar 
ow 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

ow is at least partially turbulent, the margins of error when assuming a laminar 
ow have
to be �rst evaluated. All powder particles which hit the melt pool are supposed to enter
the melt pool. So the bouncing o� 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



5.2 Basic equations 97

is �xed 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 
uid 
ow is only calculated in domain no. 1
in order to reduce the computational e�ort, 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 deformed 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 �eld 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 
owing 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 Basic equations

5.2.1 Physical representation

Initially the deposit growth rate

vd =
_m
�pm
� �p(r) (5.1)

is de�ned with the powder mass 
ow _m, the powder material density �pm and the powder
particle density �p(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 
ow to
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Figure 5.1: Single-track model geometry

the sides.

As previously mentioned only in the 
uid domain 1 the continuity equation (4.10) and the
transient Navier-Stokes equation for incompressible 
uids

�
�
@u
@t

+ u � (r
 u)
�

= r
n
�pI + �

h
r
 u+ (r
 u)T

io
+ F (5.2)

are computed. The gravity and buoyancy force are contained in the volume force vector

F = � � g � [� � (T � 293:15K)� 1] �

0

B@
0
0
1

1

CA (5.3)

with the gravity g and the volume expansion coe�cient �.
The surface tension �(T ) is taken into account through the weak contribution

�W = ��(T ) � (�uTx + �vTy + �wTz) (5.4)

to the generic weak equation for the 
uid dynamics part of the model following the example
of Carin [15]. �uTx, �vTy and �wTz are the test function of the tangential gradient of the
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uid 
ow velocity components u, v and w in the x-, y- and z-direction respectively. The
tangential gradient of a scalar �eld a is de�ned as

(ra)T = (I � nnT ) � ra (5.5)

The 
uid 
ow boundary conditions for the single track consist of the symmetry boundary
conditions

u � n = 0 (5.6)

�
�
r
 u+ (r
 u)T

�
n�

��
(�
�
r
 u+ (r
 u)T

�
n
	
� n
�
n = 0 (5.7)

on the symmetry plane, whereas on the upper surface the boundary stress

�n = �p0 � n� � � vd � u (5.8)

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

�
�p � I + �

�
r
 u+ (r
 u)T

�	
n = �n (5.9)

At all remaining boundaries of the 
uid domain the 
uid velocity

u =

0

B@
vf
0
0

1

CA (5.10)

is prescribed. The initial 
uid velocity is likewise

u =

0

B@
vf
0
0

1

CA (5.11)

and the initial pressure is
p = p0 = 105 Pa (5.12)

The surface contour is tracked by a modi�ed 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
@t

+ uxy � rh = w + vd � k (5.13)
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uxy =

0

B@
u
v
0

1

CA (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 speci�es, 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

hTY = 0 (5.15)

On the boundaries a and b
h = 0 (5.16)

is prescribed. The initial value is also

h = 0 (5.17)

The heat transfer equation

�cp
�
@T
@t

+ u � rT
�

= r � (�rT ) (5.18)

[7] is taken into account in all domains with the isobaric speci�c heat capacity cp and
the thermal conductivity �. The boundary heat sources are de�ned 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 
ight
through the laser beam. The heat which is erroneously assigned to the material 
owing in
on the upper surface is compensated by the corrective heat source

Qc = �vd � k � � � Ui (5.19)

with the internal energy

Ui =
Z T

T0

cp(T )dT (5.20)

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 � (�rT ) = �s � (T0 � T ) (5.21)

with the sectional surface heat transfer coe�cient �s = 1250 W
m2K , which is derived from

the investigations of Khandkar et al: [59]. This estimate value does not have a signi�cant
in
uence 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 
ow. Though, an adiabatic boundary condition is still worse than an
estimate. At the upper surface the free surface heat transfer coe�cient �f = 20 W

m2K
is applied, which is a mean value between the 15 W

m2K stated by Traidia [134] and the
25 W

m2K 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 W

m2K , if there is forced
convection due to the process gasses.

The heat transfer symmetry boundary condition is

n � (�rT ) = 0 (5.22)

while at the inlet the temperature

T = T0 = 293:15 K (5.23)

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

d =

0

B@
0
0

Z�z0+hz
hz

� h(x; y)

1

CA (5.24)

is de�ned 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 ful�ll the given boundary
conditions. The initial value of all mesh deformations is

d =

0

B@
0
0
0

1

CA (5.25)
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5.2.2 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 de�ned, which help to model smooth transitions or to smooth sharp
transitions. The �rst step function

s1(x) =

8
>><

>>:

0 x � �0:5

0:5 + 0:5 � sin(�x) �0:5 < x < 0:5

1 x � 0:5

(5.26)

and the second step function

s1(x) =

8
>><

>>:

0 x � �0:5

30 � (x5=5� x3=6 + x=16 + 1=60) �0:5 < x < 0:5

1 x � 0:5

(5.27)

guarantee a smooth C1-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

k = s2

�
T � Tm1

Tl1 � Ts1

�
� s2

�
z0 + �z=2� z

�z

�
+ s2

�
T � Tm2

Tl2 � Ts2

�
� s2

�
z � z0 ��z=2

�z

�
(5.28)

can be expressed depending on the melting temperature of the substrate Tm1, the melt-
ing 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 de�nition 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 e�ect 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 com-
parably small, but the size of the transition zone has still a su�cient size to improve the
convergence behavior, which is facilitated by the smoothing e�ect 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

�w(T; z) = s1

�
z0 + �z=2� z

�z

�
�
�
s1

�
Tm1 � T
Tl1 � Ts1

�
� �s1 + s1

�
T � Tm1

Tl1 � Ts1

�
� �l2

�

+s1

�
z � z0 ��z=2

�z

�
�
�
s1

�
Tm2 � T
Tl2 � Ts2

�
� �s2 + s1

�
T � Tm2

Tl2 � Ts2

�
� �l2

� (5.29)

is modeled similarly to achieve a smooth transition between the absorptivity values listed
in Table 4.2. �s1 stands for the absorptivity of the solid substrate material, �s2 denotes
the absorptivity of the solid cladding material and �l2 is the absorptivity of the liquid
cladding material. Thus the term in the �rst 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 di�er between the materials but the
absorptivity also changes from the solid material absorptivity to the liquid material ab-
sorptivity 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

� = s1

�
z0 � z

�z

�
� �1 + s1

�
z � z0

�z

�
� �2 (5.30)

with the substrate material thermal conductivity �1 and the cladding material thermal
conductivity �2. The global isobaric speci�c 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

�(T ) = s1

�
Tm � T
Tl � Ts

�
� 90 Pa � s + s1

�
T � Tm
Tl � Ts

�
� �l(T ) (5.31)

from a high dynamic viscosity � = 90 Pa �s at temperatures below the solidus temperature
Ts to the liquid metal viscosity �l(T ) at temperatures above the liquidus temperature Tl.
As a dynamic viscosity of � = 90 Pa � s is still not high enough to prevent the solid
material completely from deformation, but a higher value causes longer computing times,
the constraint

u =

0

B@
vf
0
0

1

CA for

8
<

:
z � z0 and T < Ts1
z > z0 and T < Ts2

(5.32)

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 speci�c heat capacity cp(T ) to obtain the e�ective heat capacity

cp;eff (T ) = cp(T ) +
hm

Tl � Ts
� s1

�
T � Ts
Tl � Ts

�
� s1

�
Tl � T
Tl � Ts

�
(5.33)
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5.2.3 Material data

Table 5.1 and Figure 5.3 summarize the material data of the cladding materialMetcoClad 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 ap-
proximate the cited literature data. Due to the lack of literature data for the viscosity and
surface tension of MetcoClad 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, MetcoClad R
 625 and
Inconel R
 718. Mills [85] states the surface tension

�(T ) = 1:842 N=m � 0:00011
N

K �m
� (T � 1998:15 K) (5.34)

5.3 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 Fully Coupled Solver of COMSOLMultiphysics
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 
uid 
ow

melting enthalpy MetcoClad R
 625 210000 J=kg [85]
melting enthalpy S235 270000 J=kg [29]
density MetcoClad R
 625 8440 kg=m3 [124]
density S235 7850 kg=m3 [125]
volume expansion coe�cient
MetcoClad R
 625

69:4 � 10�6 1=K [14]

melt viscosity MetcoClad R
 625 0:000196 Pa � s � exp
�5848 K

T

�
[85]

melt viscosity S235 0:00087 Pa � s � exp
�

25000 J=mol
RT

�
[84]

viscosity solid material 90 Pa � s arbitrary
solidus temperature MetcoClad R
 625 1563 K [124]
liquidus temperature MetcoClad R
 625 1623 K [124]
solidus temperature S235 1728 K [11]
liquidus temperature S235 1793 K [11]

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

Ni Cr Mo Nb Fe C Mn Cu other
S235 [24] bal � 0:17 � 1:4 � 0:55 � 0:63
MetcoCladR
 625 [99] 58� 63 20� 23 8� 10 3:0� 5:0 � 5:0 < 2:0
InconelR
 718 [123] 50� 55 17� 21 2:8�3:3 4:75�5:5 bal 3:0�4:1

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

and the heat transfer, because the 
uid 
ow e�ects an e�cient 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 di�erent 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 �rst rough
recommendation the reference values should be the maximum values which are expected
for each quantity. But the di�erent physics show di�erent numerical behavior so that for
example the temperature �eld converges faster than the 
uid 
ow velocity �eld. So if the
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corresponding numerical inaccuracy is acceptable, the reference value can be increased, so
that the associated physical quantity in
uences the error estimate less and a faster conver-
gence can be achieved. At the same time the other reference values can be decreased. But
if the corresponding numerical inaccuracy a�ects the �nal results or even induces oscilla-
tions 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.

COMSOL Multiphysics allows the selection of di�erent �nite element shape functions
for the di�erent physical quantities. For physical quantities then, which require a �ner
discretization, higher order shape functions can be used and the mesh does not have to
be further re�ned, which is already su�ciently �ne for some other physical quantities in-
volved 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 �nite element mesh, where the number of elements in z-
direction is nez = 10 in the 
uid domain 1 according to Figure 5.1. As the gradients of
the 
uid 
ow velocity �eld are most pronounced in the z-direction, in the 
uid domain the
element size in the z-direction is smaller than in the xy-plane.

In a convergence study the in
uence of the �nite 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 
uid domain
nez was varied, while the size of all element dimensions was modi�ed 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 
ow velocity Umax and the average melt pool 
ow velocity Uavg are
shown depending on the number of elements in z-direction nez. With an increase in the

physical quantity reference value shape function type
temperature T 550 K linear

uid 
ow velocity u 1:0 m=s quadratic
pressure p 105 Pa linear
height h 1 mm quadratic
coordinates x; y; z 10 mm quadratic

Table 5.3: Reference values for the scaling of the individual physical quantities and the corresponding
shape functions types
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Figure 5.4: Default �nite element mesh with nez = 10 element layers in z-direction in the 
uid domain

number of elements in z-direction nez the simulation results converge, so that there is no
signi�cant 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 �rst global sub-step model
provides the whole transient temperature �eld of the considered workpiece, but it does not
take the melt pool 
ow into account. So the temperature �eld 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 sub-
step approach can also be called a global/local approach, which works vice versa compared
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Figure 5.5: In
uence of the number of �nite 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 equa-
tions are solved as for the single-track model except the 
uid dynamics. Moreover, there
is a change from the Eulerian perspective of the single-track model to a Lagrangian per-
spective. 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 exem-
plary 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 T1i is set as the
ambient temperature of the melt pool in the subsequent local detailed simulation.
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Figure 5.6: Simulation of the global temperature �eld - snapshot of the temperature �eld during the
deposition of the 6th track with maximum and minimum temperature
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Figure 5.7: Temperature curves of the track center points in the global model
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5.4.2 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 in
uence on the simulation results and the multi-track model would require an
application of the deformed geometry additionally in these domains, which increases the
computational e�ort 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

hi(y) =

8
<

:
h1(jy � y0 + dtj) i = 2

hi�1(y + dt) i � 3
(5.35)

5.5 Results and validation

5.5.1 Single-track model

The single-track model is in the following validated by the comparison between experi-
mental 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 
ow velocity and the
maximum melt pool temperature according to the simulation results. Based on the ref-
erence 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 exper-
iments 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 
ow velocity �eld and the simulation results is carried out in sec-
tion 6.3. For each parameter set two 90 mm long single weld tracks of MetcoClad 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 �rst trial a shield gas 
ow
_Vs = 5 l=min of argon and a carrier gas 
ow _Vc = 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 �nally carried out with a shield gas 
ow _Vs = 15 l=min of argon and
a carrier gas 
ow _Vc = 5 l=min of helium in order to compare the experimental results
against the simulation results.

In Figure 5.9 the temperature �eld resulting from two di�erent simulations of parameter
set no. 2:1 is depicted. In the �rst simulation the default temperature-dependent sur-
face 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 ma-
terial 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 liq-
uidus 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 ] vf [m=min] s [mm] _m [g=min] Umax [m=s] Tmax [K]
2.1 2200 1:000 4:0 24 0:68 2538
2.2 2860 1:000 4:0 24 0:79 2927
2.3 1540 1:000 4:0 24 0:38 2146
2.4 2200 1:300 4:0 24 0:65 2522
2.5 2200 0:700 4:0 24 0:66 2494
2.6 2200 1:000 4:0 32 0:59 2395
2.7 2200 1:000 4:0 18 0:70 2640
2.8 2200 1:000 5:0 24 0:38 2176
2.9 2200 1:000 3:0 24 0:82 2972
2.10 3000 1:364 4:0 35 0:74 2785
2.11 3000 2:600 3:0 65 0:95 3227
2.12 3000 3:500 3:0 65 0:88 3193
2.13 2200 1:000 4:0 15 0:70 2639
2.14 2200 1:330 4:0 21 0:66 2526
2.15 1540 1:000 4:0 15 0:46 2281
2.16 2750 1:000 5:0 24 0:53 2444

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

e�ect distributes the heat in the upper depicted temperature �eld, 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 su�ciently large, so that the uncertain boundary conditions
with regard to the conductive heat loss do not have an in
uence on the simulation results.
For veri�cation, a simulation of process parameter set no. 2:9 according to table 5.4 was
repeated with a high sectional heat transfer coe�cient �s = 10000 W=(m2 �K) instead of
�s = 1250 W=(m2 �K). The resulting di�erence in the maximum temperature was as low
as 22 K and the penetration depth varied only by 4 �m.

Figure 5.10 shows the melt pool 
ow velocity �eld relative to the substrate work piece
corresponding to the temperature �elds 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 
ow 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
e�ect due to the temperature-dependent surface tension causes a surface melt pool 
ow
from the point with the maximum temperature outwards to the melt pool boundaries,
where the melt pool 
ow is de
ected downwards and runs back to the melt pool center at
the bottom of the melt pool to close the convection current circle. The Marangoni e�ect
a�ects only a thin layer on the melt pool surface, which still e�ciently redistributes the
heat according to Figure 5.9. There is only a thin 
ow layer, because the viscous shear
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Figure 5.9: Resulting temperature �eld in simulation for parameter set no. 2:1 according to table 5.4 with
temperature-dependent or constant surface tension 
(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 mPa � s, which approximately resembles the viscosity of
water. The melt pool 
ow 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 e�ect of capillary forces is irrelevant compared to the Marangoni
e�ect. The thermal convection due to buoyancy is insigni�cant as it cannot be recognized
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in the shown melt pool 
ow velocity �eld.
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Figure 5.10: Resulting melt pool 
ow velocity �eld 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 
(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 Equa-
tion (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 re�nement in the heat a�ected zone. Easterling [30] states, that a normalizing
of the substrate material accompanied by a grain re�nement takes place, where the A3

temperature is exceeded. In the present case the grain re�nement 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 insu�cient 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 experi-
ments 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 a�ected zone below. The eccentricity occurs as the melt pool
does not exactly follow the laser beam but its position 
uctuates 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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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 e�ciency 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 e�ciency 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 e�ect is assumed to be negligible. Thirdly, the powder e�ciency
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 e�ciency 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: In
uence of the track height-to-width ratio on the deviation of simulated powder e�ciency
from measurement results

in
uenced 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 e�ects 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 
ow velocities lead to a smaller amount of oxides with
high absorptivity inside the laser spot as shown in subsection 3.4.1. These stabilizing
e�ects are veri�ed by the absorptivity measurement results shown in Figure 5.16. The
absorptivity is de�ned 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 signi�cant 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 signi�cant 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 
ow and maybe it only
becomes visible in experiments with high dilution. However, the e�ect of the laminar 
ow
assumption is further investigated in section 6.3 by comparing the simulation results with
the experimentally measured melt pool 
ow velocity �elds.
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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 pa-
rameter 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 o� 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 tempera-
ture 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 e�ciency 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 under-
estimated 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
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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 mea-
surement 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 mm 

Sim-Bild auf 176% 

2.15 

2 mm 

2.13 

2.14 

experimental melt pool boundaries between consecutive tracks 

experimental melt pool 
(6th track) 

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 in-
dividual local detailed simulations has to be set to the values listed in Figure 5.18. The
in
uence 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 e�ciency 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 di�erences between the experimental results and the simulation results now
most probably stem from too low absorptivity values and too low a powder e�ciency.

Thus in a �nal adjustment step the absorptivity and the powder mass 
ow 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 Equa-
tion (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 e�ciency and the absorptivity mutually in
uence each other as a higher absorp-
tivity leads to a larger melt pool and thus to an increased powder e�ciency, 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 absorp-
tivity. However, the mutual in
uence of the absorptivity and the powder e�ciency is not
signi�cant as it is shown in the following that the simulation results can be improved by
the aforementioned approach.

The results of the �nal adjustment step are depicted in Figure 5.20. The powder e�ciency
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 absorptivity factor powder mass 
ow factor
2.13 1:13 1:12
2.14 1:02 1:24
2.15 1:13 1:20

Table 5.5: Absorptivity and powder mass 
ow adjustment factors
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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
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 
ow, 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 
ow velocity �eld, so that it does not have to be approximated by
a convective heat transfer coe�cient, which is needed when the 
uid 
ow velocity �eld in
the boundary layer is not computed. Consequently an incorrect heat transfer coe�cient
can be ruled out as a potential reason of the overestimated penetration depth.

Figure 5.21 shows a cross section of the simulated temperature �eld 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 
ow. This
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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 signi�cant heat accumulation visible in the melt pool, which could be caused
by an impeded heat transfer at the melt pool boundary and which would explain the
overestimation of the penetration depth.

5.6 Sensitivity analysis

In subsection 5.5.1 a deviation of the simulated melt pool shape from the experimental
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 ther-
mal conductivity �, the isobaric speci�c heat capacity cp, the absorptivity �, the melting
enthalpy hm, the surface tension gradient @�=@T and the dynamic viscosity � 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 sensi-
tivity 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 e�ect on
the simulation results in the investigated material data range. But the absorptivity mea-
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Figure 5.21: Cross section of the temperature �eld 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 
ow

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 cor-
rect absorptivity data. Even though there is seemingly a high variance of the penetration
depth, it is less signi�cant, when the absolute value is compared with the track height of
0:8 mm. To sum up, there is no uncontrolled in
uence 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 
ow has to be improved to
take the partially turbulent melt pool 
ow 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 
ow into account, and the results from simulations
without 
uid 
ow show, that the melt pool 
ow has a high in
uence on the penetration
depth.



5.7 Quick estimate results by disregard of the melt pool 
ow 127

Figure 5.22: Sensitivity analysis: In
uence of �, cp, �, hm, @�=@T and � on melt pool width, penetration
depth, molten cross-sectional area and powder e�ciency

5.7 Quick estimate results by disregard of the melt
pool 
ow

The computational e�ort can be signi�cantly reduced by 98:4% on average, if the melt
pool 
ow 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
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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 
ow into account. The
most signi�cant di�erence between the two simulation series is the increased penetration
depth, when the 
uid 
ow is not taken into account. Concurrently, the melting e�ciency is
increased as the molten cross section is larger. But generally the powder e�ciency 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 e�ect, which widens the melt pool in the
present case because it promotes a melt pool 
ow 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 
ow into account. This approach leads only
to a small loss in accuracy, but then the melting e�ciency and the penetration depth are
massively overestimated.

When the 
uid 
ow is neglected, not only the penetration depth, but also the size of the
heat a�ected zone increases. This means, the melt pool 
ow decreases the size of the heat
a�ected zone and it can be assumed, that this positive e�ect is intensi�ed by higher melt
pool 
ow velocities. In view of the penetration depth, an increase of the melt pool 
ow
velocities could decrease the overestimation of the penetration depth in the simulations.
But the comparison between the simulated melt pool 
ow velocities and the high-speed
camera measurements in section 6.3 shows, that the simulation results already overestimate
the melt pool 
ow velocities. Thus the overestimation of the penetration depth can only
be improved by a more precise model of the melt pool 
ow, which takes the partially
turbulent melt pool 
ow due to the impact of the powder particles into account.



5.7 Quick estimate results by disregard of the melt pool 
ow 129

2.1 

2 mm 

2.5 

2.3 

2.9 

2.11 

2.13 

2.15 

2.7 

2.2 

2.8 

2.10 

2.6 

2.12 

2.14 

2.4 

2.16 

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 
ow; 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 
ow

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 sim-
ilarly to the movement of the powder particles inside the powder jet. The 
uid velocity
�eld is obtained from the single-track model, meaning the in
uence of the pores or parti-
cles on the 
uid velocity �eld is neglected. The particle-particle of pore-pore interaction is
neglected as well, because the in
uence of the 
uid velocity �eld on the particles or pores
is investigated primarily in order to see, how the melt pool 
ow in
uences 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 Schiller-
Naumann drag model in Equation (4.27) with � = 0 due to the laminar 
ow is valid for
the carbide particles, the Hadamard-Rybcynski model stated by Hayashi & Tomiyama [47]
de�nes the pore drag force

F d;pore =
3� � 8

h
2+3�p=�
1+�p=�

i

4�p � d2
p

�mp(u� v) (6.1)
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with the dynamic viscosity of the pore gas �p.

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 �m, a density of 1:784 kg=m3 and a dynamic viscosity of 90 �Pa � 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 �m and a
standard deviation of 14 �m. 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 par-
ticle reaches the outlet, its position is frozen so that the resulting porosity and carbide
particle distribution can be analyzed at the outlet after a su�cient period of time, when
all pore or carbide particles have reached their �nal position. In any other case the car-
bide particle or the pore is re
ected 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

fp =
Ap
Ap;0

(6.2)

is de�ned by the cross sectional area of the �nally 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 
ow velocity �eld, but the 
uid velocity was also set to

u =

0

B@
vf
0
0

1

CA (6.3)

in additional simulations to determine the porosity in the case of a melt pool without 
uid

ow. The results are shown in Figure 6.1, where the interaction time is de�ned 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 
ow. This �nding
con�rms the theory of Mazumder [82] and Ng et al: [94], according to which the melt
pool 
ow can prevent the pores from escaping the melt pool, when the pores are dragged
downwards by the melt pool 
ow.

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 
ow. 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: In
uence of interaction time and melt pool 
ow on porosity

melt pool. The resulting velocity cannot be calculated with little e�ort. 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 su�ciently 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 � = 90 Pa � 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 su�ciently high, so that the particles
penetrate the transition zone, but the buoyancy force is not su�ciently 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 MetcoClad 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 MetcoClad 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 pureMetcoClad R
 625 with only an increase in the pow-
der mass 
ow by 14%. This means the powder mass 
ow stated in Table 6.1 was increased
in the simulation to obtain an equivalent powder mass 
ow of pure MetcoClad R
 625,
which has the same volume as the actual powder mixture. As a �rst approximation, any
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parameter set 3.1 3.2 3.3
laser power PL 1625 W 1400 W 3000 W
scan speed vf 1:0 m=min 1:0 m=min 3:133 m=min
spot size s 5:0 mm 4:0 mm 2:6 mm
powder mass 
ow _m 17:3 g=min 17:3 g=min 37:6 g=min
shield gas type Ar
shield gas 
ow _Vs 5 l=min
carrier gas type Ar
carrier gas 
ow _Vc 5 l=min

Table 6.1: Process parameters of validation experiments with TiC particles

other e�ects 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

ow was taken into account leading to the results in red, whereas in further simulations
the melt pool 
ow was set to

u =

0

B@
vf
0
0

1

CA (6.4)

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 distri-
bution. Though, the powder e�ciency 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 o�, when they hit a TiC particle as it has already been observed
in subsection 3.4.5.2. When the melt pool 
ow is not taken into account, the carbide
particle distribution does not change signi�cantly although the simulation results for pa-
rameter set 3:1 and 3:2 indicate notably, that the melt pool 
ow 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 
ow might have more
in
uence on the carbide particle distribution due to its higher mixing capability compared
to a laminar 
ow. A turbulent melt pool 
ow during the experiments can be presumed,
but there is no signi�cant 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 
ow should not have a major e�ect on the carbide particle distribution.
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Figure 6.2: Comparison between experimental results with low, medium and high TiC particle distribution
homogeneity inside the MetcoClad R
 625 matrix and the corresponding simulation results which take the
melt pool 
ow into account (red) or neglect it (olive green); process parameters according to table 6.1

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 �ner 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 
ow due to their higher surface-
to-volume ratio.

There is also an e�ect of the TiC particle immersion velocity on the resulting particle dis-
tribution. 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 ve-
locity is unknown, which results after the penetration of the surface with the associated
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surface tension e�ects. The results in Figure 6.3 demonstrate, that the TiC particle distri-
bution 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.
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Figure 6.3: In
uence 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 �eld of one component in the melt pool. Because of the high melt
pool 
ow velocities and the short heating cycles, di�usion is neglected, so that the mass
transport Equation (4.18) can be simpli�ed to

�
@!s
@t

+ �(u � r)!s = 0 (6.5)

to calculate the mass fraction of substrate material !s. At the inlet the boundary condition

!s = 1 (6.6)
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is prescribed, whereas on the upper surface an open boundary is de�ned, which assigns

!s = 0 (6.7)

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

!s = 1 (6.8)

There is only a one-way coupling as the concentration �eld is calculated based on the melt
pool 
ow velocity �eld, but the concentration �eld does not have an in
uence on the melt
pool 
ow 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 di�erent 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) con-
centration, 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 be-
come 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 dis-
tributed 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 concentra-
tion 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 
ow, which is also the reason for the globally homogeneous distribution of Fe as
a turbulent melt pool 
ow shows a higher mixing capability compared to a laminar 
ow.
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 bound-
ary 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 
ow.

Nickel (Ni) and chromium (Cr) are the main alloying elements of the depositedMetcoClad 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 �eld clearly indicates, that there is a turbulent melt pool 
ow
and a laminar 
ow 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 
ow at the melt pool surface, as
it has already been seen in chapter 3, but the melt pool 
ow is also turbulent below its
surface.

6.3 Melt pool 
ow model adjustments

Figure 6.6 shows a comparison between the experimentally measured melt pool 
ow ve-
locity �eld 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 
ow 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 subsec-
tion 5.5.1. Additionally, it can be seen in Figure 6.6, that the melt pool 
ow velocity is
overestimated by approximately 100% in the simulation results. Nevertheless, this overes-
timation 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 
ow
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 
ow in the lower part
of the high-speed camera image, because there the beginning of a closed oxide layer can
be identi�ed, which prevents a melt pool 
ow on the surface. So there is most probably
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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 
ow in the lower area of the melt pool surface, which is out
of the �eld 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 simu-
lation results of both depicted parameter sets shows, that there is potentially a signi�cant
disturbance of the melt pool 
ow 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 
ow. In the following a method is deduced and investigated, which helps
to take the turbulent characteristic of the melt pool 
ow into account in the simulation
model. Additionally the in
uence of the closed oxide layer at the melt pool tail on the
melt pool 
ow is analyzed by simulations.
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table 5.4
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In general, there are di�erent established turbulence models. But all of them require a
large number of turbulence model parameters such as the k� � model presented in subsec-
tion 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 �elds. The degree of turbulence depends on the
powder particle impact velocity and on the powder mass 
ow, which is not distributed ho-
mogeneously 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 
ow. 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 �eld. The implementation
of a turbulence model would also increase the computational e�ort signi�cantly. Thus,
an inverse approach is taken, where only the dynamic viscosity and the thermal conduc-
tivity are adjusted in order to �nd out if the simulation results can be improved at all
through this method and that no other as yet undiscovered e�ects are responsible for the
deviations of the simulation results. Essentially, a turbulent 
ow regime is associated with
lower average 
uid 
ow velocities but more e�cient heat transfer compared to a laminar

ow regime. The reduced average 
uid 
ow velocity is for example modeled through the
eddy viscosity �t, which is added to the dynamic viscosity � in the Navier-Stokes equa-
tion (4.11). The enhanced heat transfer can be modeled similarly. Larsson [69] introduced
a turbulent thermal conductivity �t, which is added to the physical thermal conductivity
� in the turbulent heat transfer equation.

Preliminary simulations showed, that an increased dynamic viscosity does not only reduce
the melt pool 
ow 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 conductiv-
ity. At the same time an increased thermal conductivity leads to lower melt pool 
ow
velocities. This means the thermal conductivity and the viscosity have a coupled e�ect
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 
ow veloc-
ity 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 
ow has an in
uence on the
molten area in the cross sections. Figure 5.9 shows, that the melt pool 
ow 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 arti�cial increase of thermal conductivity and viscosity. When parame-
ter 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 signi�cant penetration depth is still di�erent from
the experimental cross section.

The in
uence of the closed oxide layer at the melt pool tail on the melt pool 
ow can be
implemented in the simulation model by a boundary condition, which prescribes zero 
uid
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Figure 6.8: Comparison between experimental cross section and simulation results without (red) and with
arti�cial increase of thermal conductivity and viscosity (green) for experiments 2:9 and 2:1 according to
table 5.4


ow 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 
uid 
ow 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 
ow is slowed down by the constraint at the melt pool tail, but it continues
below the melt pool surface. Though, the average melt pool 
ow 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.
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ow velocity �eld with and without obstruction of the
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ow 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, �nal 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 
ow 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 re�ned 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 anal-
ysis:
An automated high-speed camera video evaluation method has been developed based
on the tracking of bright shining TiC tracer particles 
oating on the melt pool sur-
face. Thus the melt pool 
ow velocity �eld can be obtained on the surface. The
results indicate, that there is no completely laminar melt pool 
ow, but the veloc-
ity �eld may be signi�cantly disturbed by the impingement of the powder particles.
The average melt pool 
ow velocities are approximately 50% lower than the veloc-
ities, which are predicted by the simulation model, which assumes a laminar 
ow.
If the melt pool 
ow velocities are reduced by an arti�cial 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 
ow 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 
ow, higher powder particle injection velocities, or lower
average melt pool 
ow velocities. The in
uence of the powder jet on the melt pool

ow additionally depends on the orientation of the powder nozzle. If the powder
is fed exclusively from one speci�c direction into the melt pool such as in the case
of an o�-axis powder nozzle, the melt pool 
ow velocity �eld 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 e�ect of the powder nozzle
orientation, but it is less pronounced. Such detailed investigations of the melt pool

ow have not been possible and have not been carried out before.

� The Marangoni e�ect is the main driving force of the melt pool 
ow with
turbulences due to the powder particle impact
The melt pool 
ow is subject to several driving forces. The melt pool 
ow direction
is mainly governed by the Marangoni e�ect. But capillary forces additionally play
a role in the case of non-
at 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 
ow caused by Marangoni and
capillary forces is a�ected by the powder jet, which leads to turbulence and which
potentially in
uences the melt pool 
ow direction depending on the powder nozzle
orientation. According to the simulation results the e�ect of buoyancy on the melt
pool 
ow 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 
ow on the surface of the melt
pool tail. The mentioned in
uences on the melt pool 
ow have not been quanti�ed
by earlier research.

� The oxidation on the melt pool surface increases absorptivity depending
on process gas 
ow settings, powder nozzle geometry and process param-
eters:
Oxidation on the melt pool surface has to be considered from di�erent perspectives.
Even if a shield gas 
ow is applied, the shield gas cap above the melt pool is po-
tentially disturbed by the carrier gas 
ow, 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 
ows. No other previously published simulation models are
able to replicate this mechanism. The oxidation can be reduced by a lower carrier
gas 
ow 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 speci�cally for each application, if oxidation has a detrimental e�ect 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 
oat on the melt pool surface without any e�ect 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 
ow velocities are
achieved, the oxides are e�ciently 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 be-
comes 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 par-
ticles 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 re
ection 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 re
ectivity 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 in-
ert 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 
ow simulation reveal the attenuation:
A simulation model of the powder particle and the process gas 
ow 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 
ow, 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 e�ects 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 aforemen-
tioned 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 inte-
grated 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 solidi�ed deposited material
and the heat input, if the model assumptions hold true. This means, there has to be
su�cient bonding without lack of fusion and the dilution has to be su�ciently 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 signi�cantly, so that the assumption of a clearly de�ned 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
�eld calculation and the material properties have to be de�ned depending on the mix-
ture composition. The presented simulation model is capable of concentration �eld
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 coe�cient
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 simula-
tion:
After some minor modi�cations the single-track model is also capable of local multi-
track 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 e�ciency are underestimated. The absorptivity is potentially underesti-
mated 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 e�ciency 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



150 7. Conclusion, �nal discussion and future work

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 
ow has insigni�cant in
uence 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 
ow prevents
some pores from escaping the melt pool by dragging them away from the surface.
Thus the simulation could con�rm this theory, which had not been veri�ed before.
But the most important factor is still the interaction time, which de�nes 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 in
uence the melt pool 
ow:
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 con-
tent of carbide particles with angular shape inside the melt pool stops the melt pool

ow, whereas carbide particles with a spherical shape have less in
uence on the melt
pool 
ow. 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 param-
eters 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 su�cient 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 e�ect 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 pow-
der 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 
ow:
In this dissertation the need for a new model of the laser cladding melt pool 
ow has
been de�nitely proven. The comparison between experimentally measured melt pool

ow velocity �elds, 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 
ow
velocity �elds and concentration �elds by simulation. Furthermore, the accuracy of
the simulated melt pool shape is improved compared to the current model. A non-
physical approach is proposed, which takes the turbulent melt pool 
ow 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 signi�cant 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 in
uence of the melt pool 
ow on the movement
of pores and carbide particles should be reassessed, which has been simulated under
the assumption of a laminar 
ow. Maybe a turbulent melt pool 
ow shows more
in
uence on the pore and carbide particle distribution than a laminar melt pool

ow.

� 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 
uid dynamics.
If a simulation software code is developed additionally which is dedicated to laser
cladding, it could be useful in industry in the �eld of application development to
evaluate the potential process parameter sets and select the most promising process
parameter sets, which only need �ne-tuning through experimentation. Moreover,
this new software would be bene�cial 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 val-
ues of di�erent materials in solid and in liquid state, the powder particle density
distribution of di�erent powder nozzles and the corresponding attenuation.



Bibliography 153

Bibliography

[1] Abe N, Tanigawa D, Tsukamoto M, Hayashi Y, Yamazaki H, Tatsumi Y, Yoneyama
M (2013) Dynamic observation of formation process in laser cladding using high
speed video camera. In: ICALEO 2013 - 32nd International Congress on Applications
of Lasers and Electro-Optics, pp 448{452

[2] Angelastro A, Campanelli SL, Casalino G, Ludovico AD (2013) Optimization of
Ni-based WC/Co/Cr composite coatings produced by multilayer laser cladding. Ad-
vances in Materials Science and Engineering 2013

[3] Arata Y, Miyamoto I (1972) Some fundamental properties of high power laser beam
as a heat source (report 2) : CO2 laser absorption characteristics of metal. Trans-
actions of the Japan Welding Society 3(1):152{162, URL https://ci.nii.ac.jp/
naid/110003380353/en/

[4] Auer F (2005) Methode zur Simulation des Laserstrahlschweissens unter Ber�uck-
sichtigung der Ergebnisse vorangegangener Umformsimulationen. PhD thesis, TU
M�unchen

[5] Bartkowski D, M lynarczak A, Piasecki A, Dudziak B, Go�scia�nski M, Bartkowska
A (2015) Microstructure, microhardness and corrosion resistance of Stellite-6 coat-
ings reinforced with WC particles using laser cladding. Optics & Laser Technology
68:191{201

[6] Bergstr�om D, Kaplan A, Powell J (2005) Laser absorption measurements in opaque
solids. 10th NOLAMP Conference : the 10th Nordic Laser Materials Processing
Conference, 17-19 August 2005, Lule�a Sweden pp 444{

[7] Bird R, Stewart W, Lightfoot E (2007) Transport Phenomena. Wiley International
edition, Wiley, URL https://books.google.ch/books?id=L5FnNlIaGfcC

https://ci.nii.ac.jp/naid/110003380353/en/
https://ci.nii.ac.jp/naid/110003380353/en/
https://books.google.ch/books?id=L5FnNlIaGfcC


154 Bibliography

[8] Boley CD, Mitchell SC, Rubenchik AM, Wu SSQ (2016) Metal powder absorptivity:
modeling and experiment. Appl Opt 55(23):6496{6500, DOI 10.1364/AO.55.006496,
URL http://ao.osa.org/abstract.cfm?URI=ao-55-23-6496

[9] Bourne KA, Farahmand P, Roberson D (2016) Simulation of cross-sectional geome-
try during laser powder deposition of tall thin-walled and thick-walled features. In:
ASME 2016 11th International Manufacturing Science and Engineering Conference,
American Society of Mechanical Engineers, pp V003T08A003{V003T08A003

[10] Br�uckner F, Lepski D, Beyer E (2007) Modeling the in
uence of process parameters
and additional heat sources on residual stresses in laser cladding. Journal of thermal
spray technology 16(3):355{373

[11] Burbelko A, Falkus J, Kapturkiewicz W, Solek K, Drozdz P, Wr�obel M (2012) Mod-
eling of the grain structure formation in the steel continuous ingot by CAFE method.
Archives of metallurgy and materials 57(1):379{384

[12] Burdon R (2014) Surface Tension and the Spreading of Liquids. Cambridge mono-
graphs on physics, Cambridge University Press, URL https://books.google.ch/
books?id=MTmzAwAAQBAJ

[13] Buscaglia GC, Ausas RF (2011) Finite element / level set modeling of surface tension
with marangoni e�ects and dynamic contact lines. Mec�anica Computacional Fluid
Mechanics (A) 30(4):243{264

[14] Capriccioli A, Frosi P (2009) Multipurpose ANSYS FE procedure for welding pro-
cesses simulation. Fusion Engineering and Design 84(2-6):546{553

[15] Carin M (2006) Numerical simulation of moving boundary problems with an ALE
method. validation in the case of a free surface or a moving solidi�cation front. In:
Comsol Multiphysics Conference, pp 219{224

[16] Chakraborty N, Chatterjee D, Chakraborty S (2004) Modeling of turbulent transport
in laser surface alloying. Numerical Heat Transfer, Part A 46(10):1009{1032

[17] Choi J, Han L, Hua Y (2005) Modeling and experiments of laser cladding with
droplet injection. Journal of heat transfer 127(9):978{986

[18] Costa C, Delsante S, Borzone G, Zivkovic D, Novakovic R (2014) Thermody-
namic and surface properties of liquid Co-Cr-Ni alloys. The Journal of Chemical
Thermodynamics 69:73 { 84, DOI https://doi.org/10.1016/j.jct.2013.09.034, URL
http://www.sciencedirect.com/science/article/pii/S0021961413003534

http://ao.osa.org/abstract.cfm?URI=ao-55-23-6496
https://books.google.ch/books?id=MTmzAwAAQBAJ
https://books.google.ch/books?id=MTmzAwAAQBAJ
http://www.sciencedirect.com/science/article/pii/S0021961413003534


Bibliography 155

[19] Czerner S (2005) Schmelzbaddynamik beim Laserstrahl-W�armeleitungsschwei�en
von Eisenwerksto�en. PhD thesis, Universit�at Hannover

[20] Daub R (2012) Erh�ohung der Nahttiefe beim Laserstrahl-W�armeleitungsschwei�en
von St�ahlen. Forschungsberichte IWB, Herbert Utz Verlag, URL https://books.
google.ch/books?id=hUrKfdvLh7QC

[21] De Baere D, Devesse W, DePauw B, Hinderdael M, Guillaume P (2016) Evaluation
of the di�use re
ectivity behaviour of the melt pool during the laser metal deposition
process. In: 35th International Congress on Applications of Lasers & Electro-Optics,
San Diego, United States

[22] Desmaison O, Bellet M, Guillemot G (2014) A level set approach for the simulation of
the multipass hybrid laser/GMA welding process. Computational Materials Science
91:240 { 250, DOI https://doi.org/10.1016/j.commatsci.2014.04.036, URL http://
www.sciencedirect.com/science/article/pii/S092702561400278X

[23] Devesse W, Baere DD, Guillaume P (2015) Modeling of laser beam and pow-
der 
ow interaction in laser cladding using ray-tracing. Journal of Laser Applica-
tions 27(S2):S29208, DOI 10.2351/1.4906394, URL https://doi.org/10.2351/1.
4906394, https://doi.org/10.2351/1.4906394

[24] DIN EN 10025-2 (2004) Warmgewalzte Erzeugnisse aus Baust�ahlen{Teil 2: Technis-
che Lieferbedingungen f�ur unlegierte Baust�ahle

[25] Dobbelstein H, Thiele M, Gurevich EL, George EP, Ostendorf A (2016) Di-
rect metal deposition of refractory high entropy alloy MoNbTaW. Physics Pro-
cedia 83:624 { 633, DOI https://doi.org/10.1016/j.phpro.2016.08.065, URL http:
//www.sciencedirect.com/science/article/pii/S1875389216301729 , laser As-
sisted Net Shape Engineering 9 International Conference on Photonic Technologies
Proceedings of the LANE 2016 September 19-22, 2016 F�urth, Germany

[26] Dong W, Lu S, Li D, Li Y (2011) GTAW liquid pool convections and
the weld shape variations under helium gas shielding. International Journal
of Heat and Mass Transfer 54(7):1420 { 1431, DOI https://doi.org/10.1016/j.
ijheatmasstransfer.2010.07.069, URL http://www.sciencedirect.com/science/
article/pii/S0017931010006770

[27] Duan Y, Vincent Y, Boitout F, Leblond J, Bergheau J (2007) Prediction of welding
residual distortions of large structures using a local/global approach. Journal of
mechanical science and technology 21(10):1700

https://books.google.ch/books?id=hUrKfdvLh7QC
https://books.google.ch/books?id=hUrKfdvLh7QC
http://www.sciencedirect.com/science/article/pii/S092702561400278X
http://www.sciencedirect.com/science/article/pii/S092702561400278X
https://doi.org/10.2351/1.4906394
https://doi.org/10.2351/1.4906394
https://doi.org/10.2351/1.4906394
http://www.sciencedirect.com/science/article/pii/S1875389216301729
http://www.sciencedirect.com/science/article/pii/S1875389216301729
http://www.sciencedirect.com/science/article/pii/S0017931010006770
http://www.sciencedirect.com/science/article/pii/S0017931010006770


156 Bibliography

[28] Dubrov A, Mirzade FK, Dubrov V, Panchenko VY (2018) Heat transfer and ther-
mocapillary convection during the laser deposition of metal powders implemented
in additive technologies. Journal of Surface Investigation: X-ray, Synchrotron and
Neutron Techniques 12(1):54{63

[29] Du
ou JR, Kellens K, Guo Y, Dewulf W, et al. (2012) Critical comparison of methods
to determine the energy input for discrete manufacturing processes. CIRP Annals-
Manufacturing Technology 61(1):63{66

[30] Easterling K (1992) The heat-a�ected zone. In: Easterling K (ed) Intro-
duction to the Physical Metallurgy of Welding (Second Edition), 2nd edn,
Butterworth-Heinemann, chap 3, pp 126 { 190, DOI https://doi.org/10.1016/
B978-0-7506-0394-2.50008-3, URL https://www.sciencedirect.com/science/
article/pii/B9780750603942500083

[31] Egry I, Brillo J (2009) Surface tension and density of liquid metallic alloys
measured by electromagnetic levitation. Journal of Chemical & Engineering
Data 54(9):2347{2352, DOI 10.1021/je900119n, URL https://doi.org/10.1021/
je900119n, https://doi.org/10.1021/je900119n

[32] Egry I, Ricci E, Novakovic R, Ozawa S (2010) Surface tension of liquid met-
als and alloys - recent developments. Advances in Colloid and Interface Science
159(2):198 { 212, DOI https://doi.org/10.1016/j.cis.2010.06.009, URL http://www.
sciencedirect.com/science/article/pii/S0001868610001223

[33] Eisenbarth D, Wirth F, Spieldiener K, Wegener K (2017) Enhanced toolpath gen-
eration for direct metal deposition by using distinctive CAD data. In: International
Conference on Additive Manufacturing in Products and Applications, Springer, pp
152{161

[34] El Cheikh H, Courant B (2012) 3D �nite element simulation to predict the induced
thermal �eld in case of laser cladding process and half cylinder laser clad. Photonics
& Optoelectronics 1(3):55{59

[35] Frenk A, Vandyousse� M, Wagniere JD, Kurz W, Zryd A (1997) Analysis of the
laser-cladding process for stellite on steel. Metallurgical and Materials transactions
B 28(3):501{508

[36] Gan Z, Liu H, Li S, He X, Yu G (2017) Modeling of thermal behavior and mass
transport in multi-layer laser additive manufacturing of Ni-based alloy on cast iron.
International Journal of Heat and Mass Transfer 111:709{722

https://www.sciencedirect.com/science/article/pii/B9780750603942500083
https://www.sciencedirect.com/science/article/pii/B9780750603942500083
https://doi.org/10.1021/je900119n
https://doi.org/10.1021/je900119n
https://doi.org/10.1021/je900119n
http://www.sciencedirect.com/science/article/pii/S0001868610001223
http://www.sciencedirect.com/science/article/pii/S0001868610001223


Bibliography 157

[37] Gasser A (1993) Ober
�achenbehandlung metallischer Werksto�e mit CO2-
Laserstrahlung in der 
�ussigen Phase. PhD thesis, RWTH Aachen

[38] Gedda H, Powell J, Wahlstr�om G, Li WB, Engstr�om H, Magnusson C (2002) Energy
redistribution during CO2 laser cladding. Journal of laser applications 14(2):78{82

[39] Gharbi M, Peyre P, Gorny C, Carin M, Morville S, Masson PL, Carron D,
Fabbro R (2013) In
uence of various process conditions on surface �nishes in-
duced by the direct metal deposition laser technique on a Ti-6Al-4V alloy. Jour-
nal of Materials Processing Technology 213(5):791 { 800, DOI https://doi.org/10.
1016/j.jmatprotec.2012.11.015, URL http://www.sciencedirect.com/science/
article/pii/S0924013612003408

[40] Goedecke R, Hofen W, Sass R, Wendeler H, Schembecker G, Wozny G, Hahn
H, Albert W (2008) Fluidverfahrenstechnik: Grundlagen, Methodik, Technik,
Praxis, Wiley-VCH Verlag GmbH & Co. KGaA, chap Verfahrensentwicklung,
pp 5{185. DOI 10.1002/9783527623631.ch2, URL http://dx.doi.org/10.1002/
9783527623631.ch2

[41] Gouge MF, Heigel JC, Michaleris P, Palmer TA (2015) Modeling forced convection
in the thermal simulation of laser cladding processes. The International Journal of
Advanced Manufacturing Technology 79(1-4):307{320

[42] Grotjans H, Menter F (1998) Wall functions for general application CFD codes. In:
Papailou (ed) ECCOMAS 98, pp 1112{1117

[43] Gusarov A, Kruth JP (2005) Modelling of radiation transfer in metallic powders
at laser treatment. International Journal of Heat and Mass Transfer 48(16):3423
{ 3434, DOI https://doi.org/10.1016/j.ijheatmasstransfer.2005.01.044, URL http:
//www.sciencedirect.com/science/article/pii/S0017931005002012

[44] Gusarov AV, Bentefour EH, Rombouts M, Froyen L, Glorieux C, Kruth JP (2006)
Normal-directional and normal-hemispherical re
ectances of micron- and submicron-
sized powder beds at 633 and 790nm. Journal of Applied Physics 99(11):113528,
DOI 10.1063/1.2205358, URL https://doi.org/10.1063/1.2205358 , https://
doi.org/10.1063/1.2205358

[45] Haag M, H�ugel H, Albright CE, Ramasamy S (1996) CO2 laser light absorption
characteristics of metal powders. Journal of Applied Physics 79(8):3835{3841, DOI
10.1063/1.361811, URL http://aip.scitation.org/doi/abs/10.1063/1.361811 ,
http://aip.scitation.org/doi/pdf/10.1063/1.361811

http://www.sciencedirect.com/science/article/pii/S0924013612003408
http://www.sciencedirect.com/science/article/pii/S0924013612003408
http://dx.doi.org/10.1002/9783527623631.ch2
http://dx.doi.org/10.1002/9783527623631.ch2
http://www.sciencedirect.com/science/article/pii/S0017931005002012
http://www.sciencedirect.com/science/article/pii/S0017931005002012
https://doi.org/10.1063/1.2205358
https://doi.org/10.1063/1.2205358
https://doi.org/10.1063/1.2205358
http://aip.scitation.org/doi/abs/10.1063/1.361811
http://aip.scitation.org/doi/pdf/10.1063/1.361811


158 Bibliography

[46] Han L, Phatak KM, Liou FW (2004) Modeling of laser cladding with pow-
der injection. Metallurgical and Materials Transactions B 35(6):1139{1150, DOI
10.1007/s11663-004-0070-0, URL https://doi.org/10.1007/s11663-004-0070-0

[47] Hayashi K, Tomiyama A (2009) A drag correlation of 
uid particles rising through
stagnant liquids in vertical pipes at intermediate reynolds numbers. Chemical Engi-
neering Science 64(12):3019{3028

[48] Heeling T, Gerstgrasser M, Wegener K (2017) Investigation of selective laser melt-
ing spatter characteristics for single- and multi-beam strategies using high speed
imaging. In: Lasers in Manufacturing Conference 2017

[49] Heigel J, Gouge M, Michaleris P, Palmer T (2016) Selection of powder or wire feed-
stock material for the laser cladding of Inconel R
 625. Journal of Materials Processing
Technology 231:357{365

[50] He� A (2012) Vorteile und Herausforderungen beim Laserstrahlschwei�en mit
Strahlquellen h�ochster Fokussierbarkeit. Laser in der Materialbearbeitung, Utz, Her-
bert, URL https://books.google.ch/books?id=ughv5dGuOksC

[51] Hoadley A, Rappaz M (1992) A thermal model of laser cladding by powder injection.
Metallurgical Transactions B 23(5):631{642

[52] H�ope A (2014) Di�use re
ectance and transmittance. In: Germer TA, Zwinkels
JC, Tsai BK (eds) Spectrophotometry, Experimental Methods in the Physical
Sciences, vol 46, Academic Press, chap 6, pp 179 { 219, DOI https://doi.
org/10.1016/B978-0-12-386022-4.00006-6, URL http://www.sciencedirect.com/
science/article/pii/B9780123860224000066

[53] Huang Y, Yang Y, Wei G, Shi W, Li Y (2008) Boundary coupled dual-equation
numerical simulation on mass transfer in the process of laser cladding. Chinese Optics
Letters 6(5):356{360

[54] Ibarra-Medina J, Vogel M, Pinkerton AJ (2011) A CFD model of laser cladding:
from deposition head to melt pool dynamics. Proc ICALEO 2011 pp 23{27

[55] Jones JB (2016) Repurposing mainstream CNC machine tools for laser-based addi-
tive manufacturing. In: Laser 3D Manufacturing III, International Society for Optics
and Photonics, vol 9738, p 973811

[56] Kawaguti M (1955) The critical reynolds number for the 
ow past a sphere. Journal
of the Physical Society of Japan 10(8):694{699

https://doi.org/10.1007/s11663-004-0070-0
https://books.google.ch/books?id=ughv5dGuOksC
http://www.sciencedirect.com/science/article/pii/B9780123860224000066
http://www.sciencedirect.com/science/article/pii/B9780123860224000066


Bibliography 159

[57] Kee RJ, Coltrin ME, Glarborg P (2005) Chemically reacting 
ow: theory and prac-
tice. John Wiley & Sons

[58] Keene BJ (1993) Review of data for the surface tension of pure metals. International
Materials Reviews 38(4):157{192, DOI 10.1179/imr.1993.38.4.157, URL https:
//doi.org/10.1179/imr.1993.38.4.157 , https://doi.org/10.1179/imr.1993.
38.4.157

[59] Khandkar MZH, Khan JA, Reynolds AP (2002) A thermal model of the friction stir
welding process. In: ASME 2002 International Mechanical Engineering Congress and
Exposition, American Society of Mechanical Engineers, pp 115{124

[60] Kizaki Y, Azuma H, Yamazaki S, Sugimoto H, Takagi S (1993) Phenomenological
studies in laser cladding. Part I. Time-resolved measurements of the absorptivity
of metal powder. Japanese Journal of Applied Physics 32(1R):205, URL http://
stacks.iop.org/1347-4065/32/i=1R/a=205

[61] Klingshirn C (2012) Semiconductor Optics. Graduate Texts in Physics, Springer
Berlin Heidelberg, URL https://books.google.ch/books?id=Jwl6v3JGxaYC

[62] Kong F, Kovacevic R (2010) Modeling of heat transfer and 
uid 
ow in the
laser multilayered cladding process. Metallurgical and Materials Transactions
B 41(6):1310{1320, DOI 10.1007/s11663-010-9412-2, URL https://doi.org/10.
1007/s11663-010-9412-2

[63] Koruba P, Wall K, Reiner J (2018) In
uence of processing gases in laser cladding
based on simulation analysis and experimental tests. Procedia CIRP 74:719{723

[64] Krasovskyy A, Bachmann D (2012) Estimating the fatigue behavior of welded joints
in the VHCF regime. International Journal of Structural Integrity 3(4):326{343

[65] Kundakc�o�glu E, Lazoglu I, Poyraz �O, Yasa E, Cizicio�glu N (2018) Thermal and
molten pool model in selective laser melting process of Inconel 625. The International
Journal of Advanced Manufacturing Technology DOI 10.1007/s00170-017-1489-1,
URL https://doi.org/10.1007/s00170-017-1489-1

[66] Kuzmin D, Mierka O, Turek S (2007) On the implementation of the �-" turbu-
lence model in incompressible 
ow solvers based on a �nite element discretisation.
International Journal of Computing Science and Mathematics 1(2-4):193{206

[67] Kwon H, Baek WK, Kim MS, Shin WS, Yoh JJ (2012) Temperature-dependent
absorptance of painted aluminum, stainless steel 304, and titanium for 1.07�m and

https://doi.org/10.1179/imr.1993.38.4.157
https://doi.org/10.1179/imr.1993.38.4.157
https://doi.org/10.1179/imr.1993.38.4.157
https://doi.org/10.1179/imr.1993.38.4.157
http://stacks.iop.org/1347-4065/32/i=1R/a=205
http://stacks.iop.org/1347-4065/32/i=1R/a=205
https://books.google.ch/books?id=Jwl6v3JGxaYC
https://doi.org/10.1007/s11663-010-9412-2
https://doi.org/10.1007/s11663-010-9412-2
https://doi.org/10.1007/s00170-017-1489-1


160 Bibliography

10.6�m laser beams. Optics and Lasers in Engineering 50(2):114 { 121, DOI https:
//doi.org/10.1016/j.optlaseng.2011.10.001, URL http://www.sciencedirect.com/
science/article/pii/S0143816611002727

[68] Laeng J, Stewart J, Liou F (2000) Laser metal forming processes for
rapid prototyping - a review. International Journal of Production Research
38(16):3973{3996, DOI 10.1080/00207540050176111, URL https://doi.org/10.
1080/00207540050176111, https://doi.org/10.1080/00207540050176111

[69] Larsson J (1998) Numerical simulation of turbulent 
ows for turbine blade heat
transfer applications. Chalmers University of Technology

[70] Law KY, Zhao H (2016) Contact angle measurements and surface characterization
techniques. In: Surface Wetting, Springer, pp 7{34

[71] Lee Y, Farson DF (2016) Simulation of transport phenomena and melt pool shape for
multiple layer additive manufacturing. Journal of Laser Applications 28(1):012006,
DOI 10.2351/1.4935711, URL https://doi.org/10.2351/1.4935711 , https://
doi.org/10.2351/1.4935711

[72] Leimser M (2009) Str�omungsinduzierte Ein
�usse auf die Nahteigenschaften beim
Laserstrahlschwei�en von Aluminiumwerksto�en. Laser in der Materialbearbeitung,
Utz, Wiss., URL https://books.google.ch/books?id=DWwyQkaRA-EC

[73] Lemoine F, Grevey DF, Vannes AB (1995) Indirect determination of the absorptance
during Nd:YAG laser-matter interaction. Lasers in Engineering 4:273{279

[74] Li S, Xiao H, Liu K, Xiao W, Li Y, Han X, Mazumder J, Song L (2017) Melt-pool mo-
tion, temperature variation and dendritic morphology of Inconel 718 during pulsed-
and continuous-wave laser additive manufacturing: A comparative study. Materials
& Design 119:351 { 360, DOI https://doi.org/10.1016/j.matdes.2017.01.065, URL
http://www.sciencedirect.com/science/article/pii/S0264127517300849

[75] Lin J (1999) A simple model of powder catchment in coaxial laser cladding. Optics
& Laser Technology 31(3):233{238

[76] Lin J (2000) Laser attenuation of the focused powder streams in coaxial laser
cladding. Journal of Laser Applications 12(1):28{33, DOI 10.2351/1.521910, URL
https://doi.org/10.2351/1.521910 , https://doi.org/10.2351/1.521910

[77] Liu J, Li L, Zhang Y, Xie X (2005) Attenuation of laser power of a focused gaus-
sian beam during interaction between a laser and powder in coaxial laser cladding.

http://www.sciencedirect.com/science/article/pii/S0143816611002727
http://www.sciencedirect.com/science/article/pii/S0143816611002727
https://doi.org/10.1080/00207540050176111
https://doi.org/10.1080/00207540050176111
https://doi.org/10.1080/00207540050176111
https://doi.org/10.2351/1.4935711
https://doi.org/10.2351/1.4935711
https://doi.org/10.2351/1.4935711
https://books.google.ch/books?id=DWwyQkaRA-EC
http://www.sciencedirect.com/science/article/pii/S0264127517300849
https://doi.org/10.2351/1.521910
https://doi.org/10.2351/1.521910


Bibliography 161

Journal of Physics D: Applied Physics 38(10):1546, URL http://stacks.iop.org/
0022-3727/38/i=10/a=008

[78] Liu M, Sun J, Chen Q (2009) In
uences of heating temperature on mechanical prop-
erties of polydimethylsiloxane. Sensors and Actuators A: Physical 151(1):42 { 45,
DOI https://doi.org/10.1016/j.sna.2009.02.016, URL http://www.sciencedirect.
com/science/article/pii/S0924424709000508

[79] Manvatkar V, De A, DebRoy T (2015) Spatial variation of melt pool geometry, peak
temperature and solidi�cation parameters during laser assisted additive manufactur-
ing process. Materials Science and Technology 31(8):924{930

[80] Marsden CF, Frenk A, Wagni�ere JD (1992) Power absorption during the laser
cladding process. In: Mordike BL, Bergmann HW (eds) Proc. of the European Con-
ference on Laser Treatment of Materials 1992, G�ottingen (ECLAT ’92), pp 375{380

[81] Mathworks (2018) im�ndcircles - �nd circles using circular hough transform.
URL https://ch.mathworks.com/help/images/ref/imfindcircles.html , ac-
cessed 2018-03-17

[82] Mazumder J (1991) Overview of melt dynamics in laser processing. Optical engi-
neering 30(8):1208{1220

[83] Melo Ld (2015) Powder jet particle density distribution analysis and quali�cation
for the laser metal deposition process. PhD thesis, Universidade Federal de Santa
Catarina

[84] Milkowska-Piszczek K, Korolczuk-Hejnak M (2013) An analysis of the in
uence of
viscosity on the numerical simulation of temperature distribution, as demonstrated
by the CC process. Archives of Metallurgy and Materials 58(4):1267{1274

[85] Mills KC, Su YC (2006) Review of surface tension data for metallic elements and
alloys: Part 1 - pure metals. International Materials Reviews 51(6):329{351, DOI
10.1179/174328006X102510, URL https://doi.org/10.1179/174328006X102510 ,
https://doi.org/10.1179/174328006X102510

[86] Mnich C, Al-Bayat F, Debrunner C, Steele J, Vincent T (2004) In situ weld pool
measurement using stereovision. In: Japan-USA Symposium on Flexible Automa-
tion, Denver, CO

http://stacks.iop.org/0022-3727/38/i=10/a=008
http://stacks.iop.org/0022-3727/38/i=10/a=008
http://www.sciencedirect.com/science/article/pii/S0924424709000508
http://www.sciencedirect.com/science/article/pii/S0924424709000508
https://ch.mathworks.com/help/images/ref/imfindcircles.html
https://doi.org/10.1179/174328006X102510
https://doi.org/10.1179/174328006X102510


162 Bibliography

[87] Morohoshi K, Uchikoshi M, Isshiki M, Fukuyama H (2011) Surface tension of liquid
iron as functions of oxygen activity and temperature. ISIJ international 51(10):1580{
1586

[88] Morville S, Carin M, Carron D, Le Masson P, Gharbi M, Peyre P, Fabbro R (2012)
Numerical modeling of powder 
ow during coaxial laser direct metal deposition{
comparison between Ti-6Al-4V alloy and stainless steel 316L. In: Proceedings of the
2012 COMSOL Conference, Milan

[89] Morville S, Carin M, Peyre P, Gharbi M, Carron D, Masson PL, Fabbro R (2012)
2D longitudinal modeling of heat transfer and 
uid 
ow during multilayered direct
laser metal deposition process. Journal of Laser Applications 24(3):032008, DOI 10.
2351/1.4726445, URL https://doi.org/10.2351/1.4726445 , https://doi.org/
10.2351/1.4726445

[90] M�uller-Borhanian J (2009) Kamerabasierte In-Prozess�uberwachung beim Laser-
strahlschwei�en. Laser in der Materialbearbeitung, Utz, Wiss., URL https://
books.google.ch/books?id=3NLVnn9g0ZUC

[91] Nazemi N, Urbanic J (2016) A �nite element analysis for thermal analysis of laser
cladding of mild steel with P420 steel powder. In: ASME 2016 International Me-
chanical Engineering Congress and Exposition, American Society of Mechanical En-
gineers, pp V002T02A073{V002T02A073

[92] Nenadl O, Ocel��k V, Palavra A, De Hosson JTM (2014) The prediction of coat-
ing geometry from main processing parameters in laser cladding. Physics Procedia
56:220{227

[93] Nenadl O, Kuipers W, Koelewijn N, Ocel��k V, De Hosson JTM (2016) A versatile
model for the prediction of complex geometry in 3D direct laser deposition. Surface
and Coatings Technology 307:292{300

[94] Ng G, Jarfors A, Bi G, Zheng H (2009) Porosity formation and gas bubble retention
in laser metal deposition. Applied Physics A 97(3):641

[95] Nichols B, Hirt C (1973) Calculating three-dimensional free surface 
ows in the
vicinity of submerged and exposed structures. Journal of Computational Physics
12(2):234{246

[96] Nowotny S, Berger LM, Spatzier J (2014) Coatings by laser cladding. In: Sarin
VK (ed) Comprehensive Hard Materials, Elsevier, Oxford, chap 1.18, pp 507

https://doi.org/10.2351/1.4726445
https://doi.org/10.2351/1.4726445
https://doi.org/10.2351/1.4726445
https://books.google.ch/books?id=3NLVnn9g0ZUC
https://books.google.ch/books?id=3NLVnn9g0ZUC


Bibliography 163

{ 525, DOI https://doi.org/10.1016/B978-0-08-096527-7.00018-0, URL https://
www.sciencedirect.com/science/article/pii/B9780080965277000180

[97] Nurminen J, N�akki J, Vuoristo P (2009) Microstructure and properties of hard
and wear resistant MMC coatings deposited by laser cladding. International
Journal of Refractory Metals and Hard Materials 27(2):472 { 478, DOI https:
//doi.org/10.1016/j.ijrmhm.2008.10.008, URL http://www.sciencedirect.com/
science/article/pii/S0263436808001388 , international Conference on the Sci-
ence of Hard Materials - 9

[98] Ochieng A, Onyango MS (2008) Drag models, solids concentration and velocity dis-
tribution in a stirred tank. Powder Technology 181(1):1{8

[99] Oerlikon Metco (2014) Material product data sheet: Nickel-based super-
alloy powders for laser cladding and laser-additive manufacturing. URL
https://www.oerlikon.com/ecomaXL/files/metco/oerlikon_DSMW-0002.6_
NiSuperalloys_LaserCladding.pdf&download=1 , accessed 2015-12-03

[100] Ott A (2009) Ober
�achenmodi�kation von Aluminiumlegierungen mit Laser-
strahlung: Prozessverst�andnis und Schichtcharakterisierung. Laser in der
Materialbearbeitung, Utz, Wiss., URL https://books.google.ch/books?id=
Piz9w6snGDYC

[101] Passandideh Fard M, EsmaeelPanah Namaghi J, Najmi K (2009) Simulation of laser
cladding process using enthalpy model integrated into VOF method. In: 17th Annual
(International) Conference on Mechanical Engineering

[102] Picasso M, Marsden CF, Wagniere JD, Frenk A, Rappaz M (1994) A simple but real-
istic model for laser cladding. Metallurgical and Materials Transactions B 25(2):281{
291, DOI 10.1007/BF02665211, URL https://doi.org/10.1007/BF02665211

[103] Pinkerton AJ (2015) Advances in the modeling of laser direct metal deposition.
Journal of laser applications 27(S1):S15001

[104] Pirch N, Keutgen S, Gasser A, Wissenbach K, Kelbassa I (2012) Modeling of coaxial
single and overlap-pass cladding with laser radiation. In: Proceedings of the 37th
Int. Matador Conference, pp 377{380

[105] Pitscheneder W, Debroy T, Mundra K, Ebner R (1996) Role of sulfur and processing
variables on the temporal evolution of weld pool geometry during multikilowatt laser
beam welding of steels. Welding Journal 75:71s{80s

https://www.sciencedirect.com/science/article/pii/B9780080965277000180
https://www.sciencedirect.com/science/article/pii/B9780080965277000180
http://www.sciencedirect.com/science/article/pii/S0263436808001388
http://www.sciencedirect.com/science/article/pii/S0263436808001388
https://www.oerlikon.com/ecomaXL/files/metco/oerlikon_DSMW-0002.6_NiSuperalloys_LaserCladding.pdf&download=1
https://www.oerlikon.com/ecomaXL/files/metco/oerlikon_DSMW-0002.6_NiSuperalloys_LaserCladding.pdf&download=1
https://books.google.ch/books?id=Piz9w6snGDYC
https://books.google.ch/books?id=Piz9w6snGDYC
https://doi.org/10.1007/BF02665211


164 Bibliography

[106] Pottlacher G, Hosaeus H, Kaschnitz E, Seifter A (2002) Thermophysical properties of
solid and liquid Inconel 718 alloy. Scandinavian Journal of Metallurgy 31(3):161{168

[107] Prokhorov A, Konov V, Ursu I, Mihailescu N (1990) Laser Heating of Metals. Series
in Optics and Optoelectronics, Taylor & Francis, URL https://books.google.ch/
books?id=x6V9QgAACAAJ

[108] Qi H, Mazumder J, Ki H (2006) Numerical simulation of heat transfer and 
uid

ow in coaxial laser cladding process for direct metal deposition. Journal of Applied
Physics 100(2):024903, DOI 10.1063/1.2209807, URL https://doi.org/10.1063/
1.2209807, https://doi.org/10.1063/1.2209807

[109] Rabin B, Smolik G, Korth G (1990) Characterization of entrapped gases in rapidly
solidi�ed powders. Materials Science and Engineering: A 124(1):1 { 7, DOI https:
//doi.org/10.1016/0921-5093(90)90328-Z, URL http://www.sciencedirect.com/
science/article/pii/092150939090328Z

[110] Radaj D (2002) Eigenspannungen und Verzug beim Schwei�en: Rechen- und Me�ver-
fahren. Fachbuchreihe Schwei�technik, Verlag f�ur Schwei�en und Verwandte Ver-
fahren, DVS-Verlag, URL https://books.google.ch/books?id=80NLPQAACAAJ

[111] Rubenchik A, Wu S, Mitchell S, Golosker I, LeBlanc M, Peterson N (2015) Di-
rect measurements of temperature-dependent laser absorptivity of metal powders.
Appl Opt 54(24):7230{7233, DOI 10.1364/AO.54.007230, URL http://ao.osa.
org/abstract.cfm?URI=ao-54-24-7230

[112] Safdar S, Pinkerton AJ, Li L, Sheikh MA, Withers PJ (2013) An anisotropic en-
hanced thermal conductivity approach for modelling laser melt pools for Ni-base
super alloys. Applied mathematical modelling 37(3):1187{1195

[113] Sainte-Catherine C, Jeandin M, Kechemair D, Ricaud JP, Sabatier L (1991) Study
of dynamic absorptivity at 10.6 �m (CO2) and 1.06 �m (Nd-YAG) wavelengths as
a function of temperature. Le Journal de Physique IV 1(C7):C7{151

[114] Schaaf P (2010) Laser Processing of Materials: Fundamentals, Applications and
Developments. Springer Series in Materials Science, Springer Berlin Heidelberg, URL
https://books.google.ch/books?id=HgKmYmlMkyoC

[115] Scheitler C, Hugger F, Hofmann K, Hentschel O, Baetzler T, Roth S, Schmidt
M (2016) Experimental investigation of direct diamond laser cladding in combi-
nation with high speed camera based process monitoring. Journal of Laser Appli-

https://books.google.ch/books?id=x6V9QgAACAAJ
https://books.google.ch/books?id=x6V9QgAACAAJ
https://doi.org/10.1063/1.2209807
https://doi.org/10.1063/1.2209807
https://doi.org/10.1063/1.2209807
http://www.sciencedirect.com/science/article/pii/092150939090328Z
http://www.sciencedirect.com/science/article/pii/092150939090328Z
https://books.google.ch/books?id=80NLPQAACAAJ
http://ao.osa.org/abstract.cfm?URI=ao-54-24-7230
http://ao.osa.org/abstract.cfm?URI=ao-54-24-7230
https://books.google.ch/books?id=HgKmYmlMkyoC


Bibliography 165

cations 28(2):022304, DOI 10.2351/1.4944004, URL https://doi.org/10.2351/1.
4944004, https://doi.org/10.2351/1.4944004

[116] Schmid M, Zehnder S, Schwaller P, Neuenschwander B, Held M, Hunziker U, Z�urcher
J (2012) Measuring optical properties on rough and liquid metal surfaces. ALT Pro-
ceedings 1

[117] Schneider MF (1998) Laser cladding with powder. PhD thesis, University of Twente,
Enschede

[118] Schopphoven T, Gasser A, Wissenbach K, Poprawe R (2016) Investigations on
ultra-high-speed laser material deposition as alternative for hard chrome plat-
ing and thermal spraying. Journal of Laser Applications 28(2):022501, DOI 10.
2351/1.4943910, URL https://doi.org/10.2351/1.4943910 , https://doi.org/
10.2351/1.4943910

[119] Seibold G (2006) Absorption technischer Ober
�achen in der Lasermaterialbear-
beitung. Laser in der Materialbearbeitung, Utz, Wiss., URL https://books.
google.ch/books?id=utJoMgAACAAJ

[120] Shao TM, Lin XC, Zhou M (2001) Absorption of some powder materials to YAG
laser. Science in China (Series A) 44:489 { 494

[121] Siah S, Hoex B, Aberle A (2013) Accurate characterization of thin �lms on rough
surfaces by spectroscopic ellipsometry. Thin Solid Films 545:451 { 457, DOI
https://doi.org/10.1016/j.tsf.2013.07.067, URL http://www.sciencedirect.com/
science/article/pii/S0040609013012522

[122] Song M, Lin X, Yang G, Cui X, Yang H, Huang W (2014) In
uence of forming
atmosphere on the deposition characteristics of 2Cr13 stainless steel during laser solid
forming. Journal of Materials Processing Technology 214(3):701 { 709, DOI https://
doi.org/10.1016/j.jmatprotec.2013.09.023, URL http://www.sciencedirect.com/
science/article/pii/S0924013613003002

[123] Special Metals Corporation (2007) Inconel R
 alloy 718. URL http://www.
specialmetals.com/assets/smc/documents/inconel_alloy_718.pdf , accessed
2018-02-19

[124] Special Metals Corporation (2013) Inconel R
 alloy 625. URL http://www.
specialmetals.com/assets/documents/alloys/inconel/inconel-alloy-625.
pdf , accessed 2017-01-30

https://doi.org/10.2351/1.4944004
https://doi.org/10.2351/1.4944004
https://doi.org/10.2351/1.4944004
https://doi.org/10.2351/1.4943910
https://doi.org/10.2351/1.4943910
https://doi.org/10.2351/1.4943910
https://books.google.ch/books?id=utJoMgAACAAJ
https://books.google.ch/books?id=utJoMgAACAAJ
http://www.sciencedirect.com/science/article/pii/S0040609013012522
http://www.sciencedirect.com/science/article/pii/S0040609013012522
http://www.sciencedirect.com/science/article/pii/S0924013613003002
http://www.sciencedirect.com/science/article/pii/S0924013613003002
http://www.specialmetals.com/assets/smc/documents/inconel_alloy_718.pdf
http://www.specialmetals.com/assets/smc/documents/inconel_alloy_718.pdf
http://www.specialmetals.com/assets/documents/alloys/inconel/inconel-alloy-625.pdf
http://www.specialmetals.com/assets/documents/alloys/inconel/inconel-alloy-625.pdf
http://www.specialmetals.com/assets/documents/alloys/inconel/inconel-alloy-625.pdf


166 Bibliography

[125] Spittel M, Spittel T (2009) Steel symbol/number: S235JRG2/1.0038. In: Metal
Forming Data of Ferrous Alloys - deformation behaviour, Springer, pp 126{131

[126] Sugioka K, Meunier M, Piqu�e A (2010) Laser Precision Microfabrication. Springer Se-
ries in Materials Science, Springer Berlin Heidelberg, URL https://books.google.
ch/books?id=bzfpXb2LhtYC

[127] Tabernero I, Lamikiz A, Ukar E, Mart��nez S, Celaya A (2014) Modeling of the
geometry built-up by coaxial laser material deposition process. The International
Journal of Advanced Manufacturing Technology 70(5-8):843{851

[128] Taha-Al Z, Hashmi M, Yilbas B (2007) Laser treatment of HVOF coating:
model study and characterization. Journal of mechanical science and technology
21(10):1439

[129] Tanaka T (1979) Optical constants of polycrystalline 3d transition metal oxides in the
wavelength region 350 to 1200 nm. Japanese Journal of Applied Physics 18(6):1043

[130] Tavener SJ (1994) Stability of the O(2)-symmetric 
ow past a sphere in a pipe.
Physics of Fluids 6(12):3884{3892, DOI 10.1063/1.868380, URL https://doi.org/
10.1063/1.868380 , https://doi.org/10.1063/1.868380

[131] Tenner F, Berg B, Brock C, Kl�amp
 F, Schmidt M (2015) Experimental approach
for quanti�cation of 
uid dynamics in laser metal welding. Journal of Laser Appli-
cations 27(S2):S29003, DOI 10.2351/1.4906302, URL https://doi.org/10.2351/
1.4906302, https://doi.org/10.2351/1.4906302

[132] Tinevez JY (2016) Simple tracker. URL https://www.mathworks.com/
matlabcentral/fileexchange/34040-simple-tracker , accessed 2017-10-24

[133] Tolochko NK, Khlopkov YV, Mozzharov SE, Ignatiev MB, Laoui T, Titov VI (2000)
Absorptance of powder materials suitable for laser sintering. Rapid Prototyping
Journal 6(3):155{161, DOI 10.1108/13552540010337029, URL https://doi.org/
10.1108/13552540010337029, https://doi.org/10.1108/13552540010337029

[134] Traidia A (2011) Multiphysics modelling and numerical simulation of GTA weld
pools. PhD thesis, Ecole Polytechnique X

[135] V�asquez F, Ramos-Grez JA, Walczak M (2012) Multiphysics simulation of laser{
material interaction during laser powder depositon. The International Journal of
Advanced Manufacturing Technology 59(9-12):1037{1045

https://books.google.ch/books?id=bzfpXb2LhtYC
https://books.google.ch/books?id=bzfpXb2LhtYC
https://doi.org/10.1063/1.868380
https://doi.org/10.1063/1.868380
https://doi.org/10.1063/1.868380
https://doi.org/10.2351/1.4906302
https://doi.org/10.2351/1.4906302
https://doi.org/10.2351/1.4906302
https://www.mathworks.com/matlabcentral/fileexchange/34040-simple-tracker
https://www.mathworks.com/matlabcentral/fileexchange/34040-simple-tracker
https://doi.org/10.1108/13552540010337029
https://doi.org/10.1108/13552540010337029
https://doi.org/10.1108/13552540010337029


Bibliography 167

[136] Vilar R (2014) Laser powder deposition. In: Hashmi S, Batalha GF, Tyne CJV,
Yilbas B (eds) Comprehensive Materials Processing, Elsevier, Oxford, chap 10.07, pp
163 { 216, DOI https://doi.org/10.1016/B978-0-08-096532-1.01005-0, URL https:
//www.sciencedirect.com/science/article/pii/B9780080965321010050

[137] Vision Research (2012) EDR extreme dynamic rangeTM. URL https:
//phantom-service.force.com/servlet/servlet.FileDownload?file=
00P0P00000iimrkUAA&oid=00DU0000000KhdOMAS, accessed 2018-03-16

[138] Weberpals J (2010) Nutzen und Grenzen guter Fokussierbarkeit beim Laser-
schwei�en. Laser in der Materialbearbeitung, Utz, URL https://books.google.
ch/books?id=I2VHbwAACAAJ

[139] Weerasinghe V, Steen W (1987) Laser cladding with pneumatic powder delivery. In:
Applied Laser Tooling, Springer, pp 183{211

[140] Wei S, Wang G, Shin YC, Rong Y (2018) Comprehensive modeling of transport
phenomena in laser hot-wire deposition process. International Journal of Heat and
Mass Transfer 125:1356{1368

[141] Weisheit A, Gasser A, Backes G, Jambor T, Pirch N, Wissenbach K (2013) Direct
laser cladding, current status and future scope of application. In: Majumdar JD,
Manna I (eds) Laser-Assisted Fabrication of Materials, Springer Berlin Heidelberg,
Berlin, Heidelberg, chap 5, pp 221{240, DOI 10.1007/978-3-642-28359-8 5, URL
https://doi.org/10.1007/978-3-642-28359-8_5

[142] Welty JR, Wicks CE, Rorrer G, Wilson RE (2009) Fundamentals of momentum,
heat, and mass transfer. John Wiley & Sons

[143] Wen S, Shin YC (2011) Modeling of the o�-axis high power diode laser cladding
process. Journal of heat transfer 133(3):031007

[144] Wilcox D (2006) Turbulence Modeling for CFD, vol 1. DCW Industries, URL https:
//books.google.ch/books?id=q4ypAQAACAAJ

[145] Wilke C (1950) A viscosity equation for gas mixtures. The journal of chemical physics
18(4):517{519

[146] Willamowski U, Gross T, Ristau D, Welling H (1996) Calorimetric measurement
of optical absorption and transmissivity with sub-ppm sensitivity. In: Speci�cation,
Production, and Testing of Optical Components and Systems, International Society
for Optics and Photonics, vol 2775, pp 148{159

https://www.sciencedirect.com/science/article/pii/B9780080965321010050
https://www.sciencedirect.com/science/article/pii/B9780080965321010050
https://phantom-service.force.com/servlet/servlet.FileDownload?file=00P0P00000iimrkUAA&oid=00DU0000000KhdOMAS
https://phantom-service.force.com/servlet/servlet.FileDownload?file=00P0P00000iimrkUAA&oid=00DU0000000KhdOMAS
https://phantom-service.force.com/servlet/servlet.FileDownload?file=00P0P00000iimrkUAA&oid=00DU0000000KhdOMAS
https://books.google.ch/books?id=I2VHbwAACAAJ
https://books.google.ch/books?id=I2VHbwAACAAJ
https://doi.org/10.1007/978-3-642-28359-8_5
https://books.google.ch/books?id=q4ypAQAACAAJ
https://books.google.ch/books?id=q4ypAQAACAAJ


168 Bibliography

[147] Wirth F, Eisenbarth D, Wegener K (2016) Absorptivity measurements and heat
source modeling to simulate laser cladding. Physics Procedia 83:1424{1434

[148] Xie J, Kar A, Rothen
ue JA, Latham WP (1997) Temperature-dependent ab-
sorptivity and cutting capability of CO2, Nd:YAG and chemical oxygen-iodine
lasers. Journal of Laser Applications 9(2):77{85, DOI 10.2351/1.4745447, URL
https://doi.org/10.2351/1.4745447 , https://doi.org/10.2351/1.4745447

[149] Xu G, Hu J, Tsai H (2009) Three-dimensional modeling of arc plasma
and metal transfer in gas metal arc welding. International Journal of
Heat and Mass Transfer 52(7):1709 { 1724, DOI https://doi.org/10.1016/j.
ijheatmasstransfer.2008.09.018, URL http://www.sciencedirect.com/science/
article/pii/S0017931008005693

[150] Ya W, Pathiraj B, Liu S (2016) 2D modelling of clad geometry and resulting
thermal cycles during laser cladding. Journal of Materials Processing Technology
230:217 { 232, DOI https://doi.org/10.1016/j.jmatprotec.2015.11.012, URL http:
//www.sciencedirect.com/science/article/pii/S0924013615301989

[151] Yang YP, Babu SS (2010) An integrated model to simulate laser cladding manufac-
turing process for engine repair applications. Welding in the World 54(9-10):R298{
R307

[152] Zhang P, Ma L, Yuan JP, Yin XN, Cai ZH (2008) The �nite element simulation
research on stress-strain �eld of laser cladding. In: Key Engineering Materials, Trans
Tech Publ, vol 373, pp 322{325

[153] Zhao CX, Richardson IM, Kenjeres S, Kleijn CR, Saldi Z (2009) A stereo vision
method for tracking particle 
ow on the weld pool surface. Journal of Applied
Physics 105(12):123104, DOI 10.1063/1.3143789, URL https://doi.org/10.1063/
1.3143789, https://doi.org/10.1063/1.3143789

[154] Zhou L, Chen X, Zhu B (2014) Numerical simulation to the temperature distribution
of the laser cladding. In: Materials Science Forum, Trans Tech Publ, vol 800, pp 843{
846

https://doi.org/10.2351/1.4745447
https://doi.org/10.2351/1.4745447
http://www.sciencedirect.com/science/article/pii/S0017931008005693
http://www.sciencedirect.com/science/article/pii/S0017931008005693
http://www.sciencedirect.com/science/article/pii/S0924013615301989
http://www.sciencedirect.com/science/article/pii/S0924013615301989
https://doi.org/10.1063/1.3143789
https://doi.org/10.1063/1.3143789
https://doi.org/10.1063/1.3143789


Curriculum vitae 169

Curriculum vitae

Florian Wirth
born on November 21st 1987 in Vilshofen, Germany
Nationality: Germany

1998 - 2007 Secondary school, Gymnasium Vilshofen, Germany

2007 - 2008 Civilian service

2008 - 2011 Bachelor studies in Mechanical Engineering at TU Munich, Germany
(Degree: B.Sc.)

2011 - 2013 Master studies in Mechanical Engineering at TU Munich, Germany
(Degree: M.Sc.)

2014 - 2018 Research assistant and PhD student at inspire AG and the Institute
of Machine Tools and Manufacturing (IWF), ETH Zurich



170 List of publications

List of publications

Research results presented in this thesis have led to the following publications:

� Wirth F, Eisenbarth D, Wegener K (2016) Absorptivity measurements and heat
source modeling to simulate laser cladding. Physics Procedia 83: 1424-1434

� Wirth F, Freihse S, Eisenbarth D, Wegener K (2017) Interaction of powder jet and
laser beam in blown powder laser deposition processes: Measurement and simulation
methods. Lasers in Manufacturing Conference, Munich

� Wirth F, Arpagaus S, Wegener K (2018) Analysis of melt pool dynamics in laser
cladding and direct metal deposition by automated high-speed camera image evalu-
ation. Additive Manufacturing 21: 369-382

� Wirth F, Wegener K (2018) A physical modeling and predictive simulation of the
laser cladding process. Additive Manufacturing 22C: 307-319

� Wirth F, Wegener K (2018) Simulation of the multi-component process gas 
ow for
the explanation of oxidation during laser cladding. Additive Manufacturing 24: 249-
256

Research results presented in this thesis have led to the following talks:

� Wirth F (2016) Simulation und Wirklichkeit - Prozesssimulation und Hochgeschwindigkeit-
skameraaufnahmen beim Laser Cladding. Fertigungstechnisches Kolloquium - IWF/ETH
Z�urich, Z�urich



List of publications 171

� Wirth F (2018) Schmelzbadsimulation beim LMD: Zu ber�ucksichtigende E�ekte in
Simulation und Praxis. VPE-Swiss Workshop: Additive Manufacturing - Simulation
der Herstellprozesse, HSR Rapperswil, Rapperswil

� Wirth F (2018) Additive Manufacturing of Metal Matrix Composites. COMSOL
Conference, Lausanne

Further publication:

� Eisenbarth D, Wirth F, Spieldiener K, Wegener K (2017) Enhanced toolpath gener-
ation for direct metal deposition by using distinctive CAD data. In: International
Conference on Additive Manufacturing in Products and Applications, Springer, pp
152-161



172 List of student theses

List of student theses

The following student theses have been supervised by the author and contributed to this
doctoral thesis:

� Lukas Widmer. Prozessuntersuchung des Laserauftragsschweissens mittels Hochgeschwindigkeit-
skameraaufnahmen I. Bachelor thesis, ETH Zurich, 2015.

� Vital Stocker. Prozessuntersuchung des Laserauftragsschweissens mittels Hochgeschwindigkeit-
skameraaufnahmen II. Semester thesis, ETH Zurich, 2016.

� Larissa Bauer. Prozessuntersuchung des Laserauftragsschweissens mittels Hochgeschwindigkeit-
skameraaufnahmen III. Semester thesis, ETH Zurich, 2017.

� Sebastian Freihse. Study of high temperature heat and mass transfer during laser
cladding by means of optical diagnostics. Master thesis, ETH Zurich, 2017.

Further student theses which have been supervised by the author:

� Tobias Meili. Bauteilverzug beim additiven Fertigungsverfahren Laserauftragss-
chweissen. Semester thesis, ETH Zurich, 2015.

� Samuel Rechsteiner. Produktive additive Fertigung mittels Laserauftragsschweissen.
Bachelor thesis, ETH Zurich, 2015.

� Nebojsa Dimitrijevic. Porosit�at beim additiven Fertigungsverfahren Laser Cladding.
Bachelor thesis, ETH Zurich, 2015.

� Stefan Hutzli. Additive Fertigung feiner Strukturen mittels DMD. Master thesis,
ETH Zurich, 2016.



List of student theses 173

� Arno Can Altinman. Entwicklung eines Verfahrens zur Qualit�atspr�ufung bzgl. Ris-
sen f�ur das additive Fertigungsverfahren Laser Cladding. Semester thesis, ETH
Zurich, 2016.

� Fabian So�el. Gef�ugeanalyse von neuartigen Laser Cladding Beschichtungen gegen
Verschleiss. Semester thesis, ETH Zurich, 2016.

� Philipp Butschle. Herstellung einer Metall-Matrix-Komposit-Beschichtung mittels
Laser Cladding. Bachelor thesis, ETH Zurich, 2017.



174 List of student theses



List of student theses 175



176 List of student theses


	Contents
	Abbreviations and symbols
	Abstract

