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B. �$�E�V�W�U�D�F�W 
In recent years, metal additive manufacturing has evolved from a laboratory-based concept 

to a competitive production method in the industry. This work focuses on the direct metal 

deposition (DMD) process, a technique where metal powder is introduced into a melt pool 

created by a laser beam via a carrier gas. The study investigates complex oxidation control 

using a titanium alloy as an example during the DMD process, crucial for manufacturing 

high-quality titanium components. Due to titanium's high strength-to-weight ratio, 

corrosion resistance, and biocompatibility, titanium parts are suitable for aerospace and 

medical applications. However, the material's affinity for oxygen presents a challenge 

during the DMD process, potentially affecting the mechanical properties of components 

significantly. This work addresses this challenge by examining the interaction between 

process parameters and oxidation behavior. 

The study identifies key research gaps in the direct metal deposition process critical for 

producing suitable titanium components, which are addressed within this work. To close 

these gaps, this work employs an integrated approach combining experimental, numerical, 

and analytical methods. The methodology includes single-track analysis to determine an 

appropriate process window for Ti6Al4V from an energetic perspective, focusing on how 

process parameters such as laser power, travel speed, and powder mass flow rate influence 

layer geometry. Empirical and numerical methods specify the spatial oxygen concentration 

distribution depending on machine parameters such as carrier gas and shielding gas volume 

flow rates for various powder nozzles. A combined parameter is developed which can be 

used to determine whether an inert atmosphere is achieved or not. oxygen uptake in the 

build material is characterized. It is shown that a carrier gas to shielding gas volume flow 

rate ratio of less than 0.3 is required to meet the chemical composition requirement. 

Furthermore, an oxidation model for the direct metal deposition process is developed, 

analytically describing the oxygen uptake into the titanium structure based on Fick's laws. 

Within the oxidation model, the temperature field of a moving heat source is numerically 

calculated. In the final chapter of the work, a dimensional analysis of the DMD process is 

conducted using the Buckingham-�����W�K�H�R�U�H�P���W�R���L�G�H�Q�W�L�I�\�� �U�H�O�H�Y�D�Q�W���G�L�P�H�Q�V�L�R�Q�O�H�V�V���Q�X�P�E�H�U�V��

describing the influence of various process variables on the achieved Archimedean density 

of the material build-up. 
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The thesis underscores the importance of oxidation control in the direct metal deposition 

process to ensure the production of high-quality titanium components. This work advocates 

for a multidimensional research approach that combines experimental analysis, numerical 

simulation, and theoretical modeling to establish a comprehensive framework for 

understanding and reducing oxidation in the DMD process. This research explains the 

occurrence of oxidation during the DMD process by examining the interaction between the 

spatial oxygen concentration and the base material. By developing an oxygen measurement 

methodology and applying numerical methods for temperature field calculation, an 

oxidation model can be developed, which enables an assessment of whether the process is 

critical in terms of oxidation. This model can serve as a foundation for future studies on 

oxidation control and process optimization. 
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C. �.�X�U�]�I�D�V�V�X�Q�J  
In den letzten Jahren hat sich die additive Fertigung mit Metallen von einem laborbasierten 

Konzept zu einem wettbewerbsfähigen Produktionsverfahren in der Industrie entwickelt. 

Diese Arbeit konzentriert sich auf das Laser-Pulver-Auftragschweissen, eine Technik, bei 

der Metallpulver über ein Trägergas in ein durch einen Laserstrahl erzeugtes Schmelzbad 

eingebracht wird. Diese Arbeit untersucht die komplexe Oxidationskontrolle am Beispiel 

einer Titanlegierung während des DMD-Prozesses. Dies ist entscheidend für die 

Herstellung hochwertiger Titanbauteile. Aufgrund des hohen Verhältnisses von Festigkeit 

zu Gewicht, Korrosionsbeständigkeit und Biokompatibilität sind Titanbauteile für 

Anwendungen in der Luft- und Raumfahrt sowie für medizinische Anwendungen geeignet. 

Allerdings stellt die materialspezfische Affinität zu Sauerstoff aufgrund möglicher 

Oxidation während des DMD-Prozesses eine Herausforderung dar, die die mechanischen 

Eigenschaften der Komponenten erheblich beeinflussen kann. Die Arbeit befasst sich mit 

dieser Problematik, indem sie die Wechselwirkung zwischen Prozessparametern und 

Oxidationsverhalten untersucht. 

Die Arbeit identifiziert wichtige Forschungslücken des Laserauftragschweissprozesses, die 

für die Herstellung geeigneter Titanbauteile von Bedeutung sind. Diese Forschungslücken 

werden im Rahmen dieser Arbeit geschlossen. 

Um diese Lücken zu schließen, verwendet der Autor einen integrierten Ansatz, der 

experimentelle, numerische und analytische Methoden kombiniert. Die Methodik der 

Studie umfasst eine Einzelspuranalyse zur Bestimmung eines geeigneten Prozessfensters 

für Ti6Al4V aus energetischer Sicht und konzentriert sich darauf, wie Prozessparameter 

wie Laserleistung, Vorschubgeschwindigkeit und Pulvermassenflussrate die 

Schichtgeometrie beeinflussen. Mit empirischen und numerischen Methoden wird die 

räumlich vorliegende Sauerstoffkonzentrationsverteilung in Abhängigkeit der 

Maschinenparameter Trägergas- und Schutzgasvolumenstrom für verschiedene 

Pulverdüsen spezifiziert. Es wird ein kombinierter Parameter erarbeitet, mit dem eine 

Aussage getroffen werden kann, ob eine inerte Atmosphäre erreicht wird oder nicht. 

Aufbauend auf der Beschreibung der räumlichen Sauerstoffkonzentrationsverteilung wird 

die resultierende Sauerstoffaufnahme im Aufbaumaterial charakterisiert. Dabei zeigt sich, 

dass ein Trägergas- zu Schutzgasvolumenstromverhältnis kleiner als 0,3 benötigt wird, um 
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die Anforderung bzgl. der chemischen Zusammensetzung zu erfüllen. Weiterhin wird ein 

Oxidationsmodell für den Laserauftragschweissprozess erarbeitet, das basierend auf den 

�)�L�F�N�¶�V�F�K�H�Q���*�H�V�H�W�]�H�Q die Sauerstoffaufnahme in das Titan-Gefüge analytisch beschreibt. Im 

Rahmen des Oxidationsmodells wurde weiterhin das Temperaturfeld einer bewegten 

Wärmequelle numerisch berechnet. Im letzten Kapitel der Arbeit wird eine 

Dimensionsanalyse des DMD-Prozesses durchgeführt, unter Anwendung des Buckingham-

�� -Theorems, um relevante dimensionslose Zahlen zu identifizieren, die den Einfluss 

verschiedener Prozessvariablen auf die erreichte archimedische Dichte des Materialaufbaus 

erfassen.   

Die Thesis betont die Bedeutung der Oxidationskontrolle im Laserauftragschweissprozess, 

um die Produktion hochwertiger Titanbauteile zu gewährleisten. Die Arbeit verfolgt einen 

mehrdimensionalen Forschungsansatz aus, der experimentelle Analyse, numerische 

Simulation und theoretische Modellierung kombiniert, um einen umfassenden Rahmen für 

das Verständnis und die Reduzierung der Oxidation im Laserauftragschweissprozess zu 

schaffen. Diese Forschung erläutert das Auftreten von Oxidation während des DMD-

Prozesses anhand der Interaktion der räumlichen Sauerstoffkonzentration mit dem 

Grundmaterial. Durch die Entwicklung einer Sauerstoffmessmethodik sowie der 

Anwendung von numerischen Methoden zur Temperaturfeldberechnung kann ein 

Oxidationsmodell erarbeitet werden, mit dem eine Aussage getroffen werden kann, ob der 

Prozesses oxidationskritisch ist oder nicht. Dieses Modell kann als Grundstein für 

zukünftige Untersuchungen zur Oxidationskontrolle und Prozessoptimierung dienen. 
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D. �/�L�V�W���R�I���D�E�E�U�H�Y�L�D�W�L�R�Q�V 
AM:  Additive Manufacturing 
ASTM:  American Society for Testing and Materials 
BCC:  Body Centred Cubic 
CFD:  Computational Fluid Dynamics 
CG:   Carrier gas 
DIN:   Deutsches Institut für Normung  
DMD:  Direct Metal Deposition 
EDM:  Electrical discharge machining 
HCP:  Hexagonal close-packed 
HDH: Hydride - dehydride  
HSLC: High-Speed Laser Cladding 
ILT:   Institute for laser technology, RWTH Aachen 
OAZ:  Oxygen-affected zone 
OL:   Oxide layer 
ppm:   Parts Per Million 
SEM:  Scanning Electron Microscopy 
SG:   Shield gas 
TGA:  Thermal gravimetric analysis 
UTS:  Ultimate Tensile Strength 
WD:   Working distance 
XRD:  X-ray diffraction 
YAG: Yttrium-Aluminium-Granat  
YS:   Yield Strength 
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E. �/�L�V�W���R�I���V�\�P�E�R�O�V 

Latin symbols 

Symbol Unit Description 

�# mm2 Area of the single-track build-up 

�#�6�â�ë mol·s�í1 Adsorption rate 

�#�Ì cm�í�� 
Surface of the metal over which the 

diffusion species can diffuse in 

�#�Û�Ù mm2 
Area over which the heat flow can take 

place 

�=�:�Ý�?�à�;�á�Ý - 
�,�Q�W�H�J�H�U���H�[�S�R�Q�H�Q�W�V���I�R�U���H�D�F�K����-term of the 

�%�X�F�N�L�Q�J�K�D�P����-system 

�$ g·cm�í�� Density of titanium sample measured in air 

�> mol�„m�í�� 
Regression constant for oxide-metal 

diffusion model 

�% g·cm�í�� 
Density of titanium sample measured in 

medium 

�?�Û�Ü�Ú�Û mol�„m�í�� Highest measured oxygen concentration 

�?�ß�â�ê mol�„m�í�� Lowest measured oxygen concentration 

�?�Æ�5 mol�„m�í�� Concentration at the oxide-metal interface 

�?�È�ë mol�„m�í�� Oxygen concentration 

�?�È�ë�4 mol�„m�í�� Concentration at the outside of oxide layer 

�?�È�ë�5 mol�„m�í�� Concentration at the inside of oxide layer 

�?�ã J·kg�í��·K �í�� Specific heat capacity at constant pressure 

�?�ã�á�ã J·kg�í��·K �í�� 
Specific heat capacity at constant pressure 

of the powder 

�?�ã�á�æ J·kg�í��·K �í�� 
Specific heat capacity at constant pressure 

of the substrate 

�?�Ë�4 ppm Boundary concentration of oxygen 

�?�Ë�4�:�T�; ppm 
Boundary concentration of oxygen as a 

function of the spatial coordinate x 

�?�æ mol�„m�í�� Constant surface concentration 
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�?�:�T�á�P�; mol�„m�í�� 
Concentration of diffusion species as a 

function of position x and time t 

�?�í mol�„m�í�� concentration �?�� at the point z 

�?�4 mol�„m�í�� 
Native oxygen concentration in the 

substrate material 

�?�5 mol�„m�í�� Concentration at interface 

�ò
�ò�T

 - 
Partial derivative with respect to spatial 

dimension x 

�ò
�ò�U

 - 
Partial derivative with respect to spatial 

dimension y 

�ò�?
�ò�P

 mol�„m�í���„s�í�� Temporal change of concenctration 

�ò�?
�ò�T

 mol·m�í�� Spatial concentration gradient in x direction 

�ò�?
�ò�U

 mol·m�í�� Spatial concentration gradient in y direction 

�ò�6�?
�ò�U�6

 mol·m�í�� 
Second partial derivative of concentration 

with respect to spatial coordinate y 

�ò�6
�ò�P

 K·s�í�� Time derivative of temperature 

�ò�6�6
�ò�T�6

 K·mm�í�� Second partial derivative of temperature 

�ò�ê
�ò�6

 N·m�í��·K �í�� Surface tension gradient 

�& m2·s�í�� Diffusion coefficient 

�&�Õ�à m2·s�í�� Diffusion coefficient of the base material 

�@ nm  Oxide layer thickness 

�@�Ö mm Powder channel diameter 

�&�Ü
�à  m2·s�í�� 

Mixture averaged diffusion coefficient of 

species i 

�&�Æ m2·s�í�� Diffusion coefficient in the metal 

�&�È�ë m2·s�í�� Diffusion coefficient in the oxide layer 

�&�ç m2·s�í�� Turbulent diffusion coefficient 

�&�4 cm2·s�í�� Frequency factor 

�' �Ô J�„mm-1 Activation energy for adsorption 
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�' �ß J�„mm Line energy 

�' �æ J�„mm-2 Specific energy 

�' �é J�„mm-3 Volumetric energy density 

�( mm2 Cross-sectional area to be melted 

F N�„m-3 Volume force vector 

�(�K - Fourier number 

�D mm Height of single track 

�D�à �á�ã J·kg�í1 Melting enthalpy of the powder 

�D�à �á�æ J·kg�í1 Melting enthalpy of the substrate 

�D�æ mm Hatch spacing 

�+�:�N�; W·mm�í�� 
Intensity distribution in cylinder 

coordinates 

�+�:�T�; W·mm�í�� Intensity distribution in x direction 

�+�:�T�á�U�; W·mm�í�� Intensity distribution in x and y direction 

�+�4 W·mm�í�� 
Intensity on the laser beam axis (centrum of 

laser beam) 

�� - Unit tensor 

�, mol·m�í��·s�í�� Particle flux 

�F - 
Independent variables of the Buckingham 

�� -system 

�F�Ü kg·m�í��·s�í�� 
Mass flux relative to the mass averaged 

velocity 

�-  g�„cm�í��·s�í�� Rate constant for oxidation 

�G�Ô�×�æ m3·s�í�� Adsorption rate constant 

�G�¼�è W�„mm�í��·K �í�� Thermal conductivity of copper 

�G�æ�Ö W�„mm�í��·K �í�� 
Thermal conductivity of series connection 

of different materials 

�G�Í�Ü�:�º�ß�8�Ï  W�„mm�í��·K �í�� Thermal conductivity of Ti6Al4V 

�. mm 
Characteristic length for calculating the 

Péclet number 

�H�¼�è mm Thickness of the copper block 

�.�Ì�è�Õ mm Substrate thickness 

�H�Í�Ü�:�º�ß�8�Ï  mm Thickness of the titanium substrate 
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�/  g�„mol�í�� Molar mass 

�/�= - Marangoni number 

�/ �È g�„mol�í�� Molar mass of oxygen 

�/ �Ì�è�Õ g�„mol�í�� Molar mass of substrate material 

�I  - 
Fundamental dimensions of the 

�%�X�F�N�L�Q�J�K�D�P����-system 

�I �ë g/m Powder mass flow per unit length 

�I �6 g/min Powder mass flow rate 

�J - 
Reaction index, describes oxidation 

kinetics 

�J�×�Ü�å - 

Normalized direction vector for 

reconstruction of the oxygen measurement 

points 

�2 W Laser power 

�L Pa Pressure 

�2�A - Péclet number 

�L�à�Ø�Ô�æ�á�4 

�L�à�Ø�Ô�æ�á�5 
mm Reconstructed oxygen measurement points 

�2�É W 
Required laser power to melt both the 

substrate and powder 

�2�É�â W Required laser power to melt the powder 

�2�Ë W 
Reference laser power for calculating non-

dimensional heat input 

�2�Ë �R�Ë
W  J/mm 

Reference line energy for calculating non-

dimensional heat input, defined as the 

lowest used line energy of a experimental 

series 

�2�æ  Required laser power to melt the substrate 

�2�:�T�; W 
Absorbed laser power relevant for the 

temperature field simulation in x-direction 

�L�4�á�L�5�á�L�6�á�å �á�L�á - Corner points specified in the machine code 

�3 J·mol�í�� Activation energy for diffusion 

�M�à  W Net heat input per unit time (power) 
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�3�:�T�; W·mm�í�� Heat input per volume 

�3�:�T�á�U�; W·mm�í�� Surface heat source 

�3�Û - Non-dimensional heat input 

�4 J·mol�í��·K �í�� Universal gas constant 

�4�à  MPa Ultimate tensile strength 

�4�æ�Ö K·W �í�� 
Thermal resistance of a series connection of 

two different materials 

�4�Ü kg·m�í��·s�í�� 
Rate expression describing production or 

consumption of species i 

�4�ç�Û�á�5�á �4�ç�Û�á�6 K·W �í�� 
Individual thermal resistance of one 

material 

�N mm Spatial point in cylinder coordinates 

�N�Ü�Ú�Õ mm Radius of inert gas bell 

�N�Å mm Radius of laser beam on substrate 

�N�â�ë�á�Ö�å mm 
Distance between laser beam axis and 

critical oxidation temperature 

�N�:�T�á�U�; mm 
Spatial point in cylinder coordinates as a 

function of the x and y position 

�N�×�Ü�å mm 
Direction vector for reconstruction of 

oxygen measurement points 

�O mm Laser spot diameter 

�6 K Temperature 

�6�Ô K Ambient temperature 

�6�à �á�ã K Melting temperature of the powder 

�6�à �á�æ K Melting temperature of the substrate 

�6�4 K Ambient temperature 

�P s Time 

�P�ñ s 
Integration variable for calculating the 

temperature field analytically 

�7 mm·s�í�� Local flow velocity 

�7 mol�„m�í�� Upper bound of oxygen range 

�Q m·s�í�� Velocity vector 

�8�¼�6 l/min Carrier gas volume flow 
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�8�æ�6 l/min Shield gas volume flow 

�R mm·s�í�� Travel speed 

�R�Ö mm·s�í�� Velocity vector of carrier gas 

�R�Ø�Ù�Ù mm·s�í�� Resulting velocity vector of gas flow 

�R�Û mm·s�í�� Velocity vector of head movement 

�R�à�Ô mm·s�í�� 

Constant travel speed of the machine for 

calculating the oxygen measurement points 

within the Python script 

�R�Ë mm·s�í�� 
Reference travel speed for calculating non-

dimensional heat input 

�S mm Width of the single track 

�T m Spatial dimension in x-direction 

�T�Í�Ú�ã�á�Î�Ý�ä
 mm 

Position of the oxidation critical 

temperature with respect to spatial 

coordinate x 

�T�5�á�T�6�á�T�7�á�å �á�T�á 
Dependent on the 

respective variable 
Variables describing a physical phenomen 

�U m Spatial dimension in y-direction 

�< m3·s�í�� Frequency factor for adsorption 

�V m Spatial dimension in z-direction 

 

 

 

Greek symbols 

Symbol Unit Description 

�Ù mm2�„s�í�� Thermal diffusivity of the material 

�Ù-Ti - HCP lattice structure of titanium 

�Ù�Ð�É - 
Absorption coefficient of the 

workpiece 

�Ú-Ti - BCC lattice structure of titanium 

�Û ° Wetting angle 

�¿�H�à�Ø�Ô�æ mm 
Distance between oxygen 

measurement points 
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�¿�6 K Temperature difference 

�Â�P�à�Ø�Ô�æ s 
Time interval between oxygen 

measurements 

�¿�9  g Weight gain because of oxidation 

�¿�9
�#

 mg�„cm�í�� Normalized weight gain 

�ß N·s·m�í�� 
Dynamic viscosity of the melt pool 

material 

�ß�Ö - Catching efficiency 

�à - Surface coverage 

�ä m2�„s�í�� Dynamic viscosity 

�ä�ç m2�„s�í�� Eddy viscosity 

�+�5�á�+�6 - 
Dimensionless variables resulting from 

the �%�X�F�N�L�Q�J�K�D�P����-system 

�ê�U MPa Yield strength 

�é g·cm�í�� Material density 

�é�º�É g·cm�í�� Archimedean density 

�é�Æ g·cm�í�� 
Medium density, used for 

Archimedean density measurement 

�ê�æ�ç N·m�í�� Surface tension 

�ì s 
Characteristic time for calculating the 

Fourier number 

��  ° 
Enclosed angle between head 

movement and carrier gas 

�2 ppm Oxygen transfer coeffcient 

�ñ�Ü - Mass fraction of species i 
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1. Introduction 

Additive manufacturing (AM) revolutionizes conventional technical norms and extends 

from the production of novel products to the restructuring of entire industrial models. The 

expanded manufacturing capabilities not only have effects on the production sector but also 

inspire new problem-solving methods and open up new paths for scientific and societal 

applications. The basic concept of AM, constructing objects layer by layer, dates back to 

early human settlements, where structures were predominantly built by gradually adding 

bricks. However, modern AM is characterized by computer-controlled management of the 

assembly process, enabling the production of practically any desired shape through a 

unique algorithmic approach. In this method, a three-dimensional object is digitally divided 

into several layers, with each layer being subdivided into numerous paths, simplifying the 

problem from three to one dimension. Subsequently, during the AM process, an energy 

beam and material deposition is precisely directed along these calculated paths to 

systematically construct the physical object from its base to its top. Moreover, AM 

techniques offers significant advantages, including design freedom, customization, and the 

ability to produce complex structures that would be challenging or impossible with 

conventional methods. Among the diverse range of additive manufacturing (AM) 

processes, Direct Metal Deposition (DMD) stands out for its capability to directly deposit 

metals onto substrates or damaged components. This capability opens avenues for coating 

applications, repairing broken parts, enabling remanufacturing, and thereby contributing to 
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sustainability by avoiding the complete replacement of defective parts in terms of resource 

efficiency. 

The material Ti6Al4V, a titanium alloy, is employed in DMD owing to its exceptional 

mechanical characteristics, such as its high strength-to-weight ratio, corrosion resistance, 

and biocompatibility [1,2]. These properties make it an ideal material for applications in 

the medical technology and aerospace industries [3,4]. However, its high affinity for 

oxygen presents challenges, notably oxidation during the DMD process, which can 

significantly affect the mechanical properties of the fabricated components. Thus, this 

thesis examines the DMD process's intricacies, with a focus on understanding the 

interaction of Titanium with the atmosphere and the general oxidation behaviour of 

Ti6Al4V. It delves into the classification of AM processes, titanium alloys material 

properties, and the specific details of DMD, highlighting the need for a precise control of 

oxygen concentration during fabrication to mitigate oxidation effects. 

In chapter 3, the thesis identifies significant research gaps, such as the lack of a detailed 

understanding of the spatial oxygen concentration distribution, the quantification of oxygen 

uptake into the build-up material, and the absence of a comprehensive oxidation model for 

the DMD process. To address these gaps, it proposes an integrated approach combining 

experimental, numerical, and analytical methods to develop a holistic understanding of the 

oxidation behaviour in DMD of Ti6Al4V. 

A systematic approach to researching the oxidation phenomenon in DMD of Ti6Al4V is 

employed, starting with single-track analysis, as described in chapter 4 to identify a suitable 

process window from an energetic perspective. This step is crucial for understanding how 

laser power, travel speed, and powder mass flow rate affect the clad geometry and, 

consequently, the material properties. 

Further investigation into the spatial oxygen distribution during DMD is conducted in 

chapter 5, with a focus on different powder nozzles and the optimization of shield gas and 

carrier gas volume flow. This includes experimental setups and methods like stationary 

measurements, oximeter scans, and numerical modelling approaches to understand the 

influence of gas flow settings on the resulting spatial oxygen concentration. 

On the basis of the spatial oxygen distribution, chapter 6 delves into the investigation of 

oxygen uptake in Ti6Al4V during the DMD process and its impact on mechanical 

properties. This study is pivotal as it provides an empirical analysis of how the presence of 

oxygen, facilitated by different shielding environments, alters the material characteristics 

of Ti6Al4V. The findings from experiments reveal the dynamics of oxygen incorporation 
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under varied DMD conditions, offering critical insights into mechanical performance, 

including aspects like microhardness and tensile strength. This chapter not only bridges the 

gap between theoretical predictions and real-world application but also sets the stage for 

developing more controlled and optimized DMD processes, especially for oxygen-sensitive 

materials. 

To describe the different oxidation behaviour from chapter 6, chapter 7 presents the 

development of an oxidation model for the DMD process, addressing a critical gap in the 

knowledge regarding the prediction and management of oxidation phenomena during 

DMD. Through numerical simulation of the temperature field and its interaction with 

oxygen concentration, the chapter advances a robust model that can predict oxidation 

behaviour under various process conditions. This development marks a significant step in 

the process control of DMD, allowing for better quality assurance and material integrity in 

fabricated parts. By aligning the model with experimental data, the chapter not only 

validates the theoretical approach but also provides a practical tool for engineers to reduce 

oxidation during the DMD process. 

In conclusion, the thesis emphasizes the critical nature of controlling oxidation in DMD to 

ensure the production of high-quality titanium components. It advocates for a 

multidimensional research approach, combining experimental analysis, numerical 

simulation, and theoretical modelling, to establish a robust framework for understanding 

and reducing oxidation in the DMD process. This research contributes to the broader field 

of additive manufacturing by providing insights into the complexities of material 

interactions in DMD and laying the groundwork for future investigations into oxidation 

control and process optimization.  
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2. State of the Art  

In this chapter, the state of the art will be described. First, additive manufacturing processes 

will be systematically classified. Thereafter, a more detailed examination of the material 

titanium will be conducted, as fundamentals regarding the material and its processing using 

DMD are essential for this work. Moreover, attention will be directed towards the binary 

system of titanium-oxygen, which will serve as a basis for describing the oxidation of 

titanium and its alloys. Finally, a more detailed discussion ensues regarding the current 

state of the DMD process, from which the research gaps outlined in chapter 3 are deduced. 

 

2.1 Classification of additive manufacturing processes 

Additive manufacturing is an emerging and innovative manufacturing process that differs 

fundamentally from conventional manufacturing processes and opens up new possibilities 

for research and industry. The advantages of additive manufacturing processes lie in the 

areas of customizability, quantity flexibility and geometric design freedom [5,6] - the latter 

also known as "complexity for free", as geometrically complex components can be realized 

without additional process time, costs and assembly compared to conventional 

manufacturing processes (e.g. milling, turning, drilling, casting, etc.). AM processes can be 
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grouped in seven basic categories according to ASTM 52900 [7]. An overview of these 

categories is shown in Figure 2-1. 

 
Figure 2-1: Categorization of AM processes. 

 

These categories allow for discussing a group of machines without the necessity of detailing 

numerous commercial variations of a process methodology. The individual categories are 

defined as follows [7]: 

 

�ƒ Binder jetting : An additive manufacturing process where a liquid bonding agent is 

strategically deposited to unite powder materials. 

�ƒ Direct energy deposition (DED): A process that uses concentrated thermal energy 

to fuse materials by melting them during deposition. Since material, rather than 

energy, is being deposited, the terminology Direct Metal Deposition (DMD) is used 

in this work. 

�ƒ Material extrusion: An additive manufacturing process involving the selective 

dispensing of material through a nozzle or orifice. 

�ƒ Material jetting : An additive manufacturing process characterized by the selective 

deposition of droplets of build material. 

�ƒ Powder bed fusion: An additive manufacturing process where thermal energy is 

used to selectively fuse regions of a powder bed. 

�ƒ Sheet lamination: An additive manufacturing process where sheets of material are 

bonded together to create an object. 

�ƒ Vat photopolymerization: An additive manufacturing process where a previously 

deposited photopolymer in a vat is selectively cured through light-activated cross-

linking of adjacent polymer molecules. 
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DMD processes can be differentiated on the basis of the feedstock and the energy source 

that is available as a heat source for processing. An overview of the different existing DMD 

processes is shown in Figure 2-2. 

 
Figure 2-2: Classification of DMD processes according to the type of feedstock used and the type of heat 

source. Modified illustration according to [8]. 

 

This thesis focuses on the type of DMD process in which powder is used as the type of 

feedstock and a laser is used as the energy source, which introduces thermal energy into the 

process by absorbing the laser radiation. The process diagram of this DMD process is 

depicted in Figure 2-3. 

 

          
Figure 2-3: Principle of the DMD process [9]. 

 

The DMD process can be summarized as follows: 
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The incident laser radiation is absorbed by the substrate, undergoing conversion into 

thermal energy. Simultaneously, powder is introduced into the melt pool via a powder 

nozzle. Heat transfer from the high-temperature melt pool to the powder causes its fusion, 

establishing a metallurgical bond between the substrate and the deposited material. 

Sequential laser scanning generates individual lines, gradually building up a continuous 

line, while overlapping multiple lines results in a coating. The accumulation of multiple 

layers through repeated deposition forms a three-dimensional component. A detailed 

description of the state of the art of the DMD process can be found in section 2.6. 

 

2.2 Titanium  

Pure titanium is polymorphic and undergoes an allotropic transformation from the 

hexagonal close packed (hcp) �.-phase to the body-�F�H�Q�W�H�U�H�G�� �F�X�E�L�F�� ���E�F�F���� ��-phase upon 

exceeding 882°C ����-transus temperature). This transition involves a volume contraction of 

0.15% to 0.3% [10]. The hexagonal modification of titanium has a c/a ratio of 1.59, which 

is below the ideal ratio of 1.63 for hexagonally close-packed lattices. Alloying elements 

such as carbon, nitrogen, and oxygen primarily enlarge the c-axis, thereby increasing the 

c/a ratio. Carbon has the most significant effect on expanding the lattice constant [11]. The 

�W�Z�R���F�U�\�V�W�D�O���V�W�U�X�F�W�X�U�H�V���R�I���.- �D�Q�G����-titanium are depicted in Figure 2-4. 

 

                    
Figure 2-4: (a) Different lattice structures of titanium, left: (hcp) structure, right: (bcc) structure. (b) Titanium 

phase diagrams categorized based on various alloying additions [12]. 
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�7�K�H���K�H�[�D�J�R�Q�D�O���O�D�W�W�L�F�H���R�I�� �W�K�H���.-phase is responsible for the pronounced anisotropy of the 

mechanical properties of titanium. The elastic modulus of single crystals varies between 

145 GPa and 100 GPa, depending on whether the load is applied perpendicular or parallel 

�W�R���W�K�H���E�D�V�D�O���S�O�D�Q�H���R�I���W�K�H���.-titanium [13,14]. The linear coefficient of thermal expansion is 

also higher in the direction of the c-axis of the lattice than parallel to it. The difference is 

between 10 % and 20 % [11]. Due to the smaller number of slip systems per unit cell (3 

slip systems) compared to the bcc ��-phase (12 slip systems), hcp structure has a lower 

ductility. �0�R�U�H�R�Y�H�U���� �W�K�H�� �G�L�I�I�X�V�L�R�Q�� �U�D�W�H�� �L�V�� �W�\�S�L�F�D�O�O�\�� �V�O�R�Z�H�U�� �L�Q�� �W�K�H�� �.-phase because of its 

denser crystal structure. �7�K�H�� �V�W�D�E�L�O�L�W�\�� �U�D�Q�J�H�� �R�I�� �W�K�H�� �F�X�E�L�F�� ��-�S�K�D�V�H�� �L�V�� �G�H�O�L�P�L�W�H�G�� �E�\�� �W�K�H�� ��-

transus temperature and the liquidus line. Insertion or substitution elements significantly 

�L�Q�I�O�X�H�Q�F�H���W�K�H����-transus temperature. As can be seen from Figure 2-4, �.-stabilizers shifts the 

��-�W�U�D�Q�V�X�V���O�L�Q�H���W�R���K�L�J�K�H�U���W�H�P�S�H�U�D�W�X�U�H�V�����W�K�H�U�H�E�\�� �H�Q�O�D�U�J�L�Q�J���W�K�H���V�W�D�E�L�O�L�W�\���U�D�Q�J�H���R�I���.-titanium. 

The key representatives of this group include oxygen, nitrogen, carbon, and the alloying 

�H�O�H�P�H�Q�W�� �D�O�X�P�L�Q�X�P���� ��-stabilizing elements such as tantalum, vanadium, niob, or 

�P�R�O�\�E�G�H�Q�X�P�� �O�R�Z�H�U�� �W�K�H�� ��-�W�U�D�Q�V�X�V�� �W�H�P�S�H�U�D�W�X�U�H���� �W�K�X�V�� �H�[�S�D�Q�G�L�Q�J�� �W�K�H�� �V�W�D�E�L�O�L�W�\�� �U�D�Q�J�H�� �R�I�� ��-

titanium. Titanium alloys are classified based on their predominant phases at room 

�W�H�P�S�H�U�D�W�X�U�H���L�Q�W�R���.�����Q�H�D�U-�.�����.���������P�H�W�D�V�W�D�E�O�H-�������D�Q�G�������D�O�O�R�\�V�� 

 

2.3 Diffusion in Titanium  

To comprehend the interactions of titanium with the mentioned alloying elements in section 

2.2, understanding atomic diffusion within the metal is crucial. The Fick's laws provide a 

quantitative description of diffusion, explaining the compensation of local concentration 

variances through particle transport. Equations (2-1) and (2-2) simplify these laws for the 

one-dimensional scenario. The first Fick's law states that the particle flux �, is proportional 

to the spatial concentration gradient 
�!�Ö

�!�ë
, with the proportionality factor corresponding to the 

diffusion coefficient �&. In mathematical terms, this can be expressed by the equation 

 

�, 
L��
F�&
�!�Ö

�!�ë
.  (2-1) 

 

The spatial and temporal change of the concentration c(x,t) is described by the solution of Fick's 2nd law 

[15,16] 

�ò�?
�ò�P


L
�ò
�ò�T

�®
l�&
�ò�?
�ò�T


p�ä  (2-2) 
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Assuming a constant diffusion coefficient as well as for infinite half-spaces, following 

equation  

�?�:�T�á�P�; 
L���?�5 �®
d�s
F �A�N�B
l
�T

�t�¾�&�P

p
h  (2-3) 

 

is a solution of the second order differential equation [17]. The boundary conditions are an 

initial concentration of the element of �?�4 = 0 and an infinite reservoir of diffusing species, 

leading to a constant concentration �?�5 at the interface.  

In addition to the diffusion of foreign atoms, the growth of a surface layer can also be 

described through solid body diffusion. The concentration gradient necessary for diffusion 

arises from the non-stoichiometry of the surface layer. The growth of the layer then 

progresses proportionally to the square root of time t [18]. 

Since diffusion takes place through thermally activated exchange of atoms, the diffusion 

coefficient �& follows a temperature dependence according to Arrhenius. 

 

�&
L���&�4 �®�A�?
�Â

�Ã�Å.  (2-4) 

 

where �&�4 is the frequency factor in cm2/s, �3 the activation energy for diffusion in J/mol, �4 

the universal gas constant in J/(mol·K) and �6 the temperature in K. 

The magnitude of the activation energy is significantly influenced by the diffusion 

mechanism, primarily categorized into two types: vacancy diffusion and interstitial 

diffusion. Vacancy diffusion occurs in self-diffusion and substitutional elements, where an 

atom within the lattice relocates to an adjacent lattice site of equal value if it is unoccupied. 

This process is inherently more challenging than interstitial diffusion, as it necessitates 

consideration of the enthalpy of formation of the vacancy alongside the enthalpy of 

migration. Conversely, small foreign atoms dissolved within the lattice, such as hydrogen, 

oxygen, or nitrogen, can diffuse interstitially through interstitial sites, requiring a 

considerably lower activation energy [15�±17,19]. 

The frequency factors and activation energies of selected alloying elements in titanium and 

the self-diffusion of titanium are summarized in the Table 2-1. A distinction is made 

�E�H�W�Z�H�H�Q�� �G�L�I�I�X�V�L�R�Q�� �L�Q�� �.- �D�Q�G�� ��-titanium, as it varies greatly due to the different lattice 

structure. 
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Table 2-1: Frequency factors and activation energies for the self-diffusion of titanium, as well as for the 

diffusion of oxygen, and hydrogen in titanium according to a) Askill  [20], b) Zwicker [11]  c) Heumann 

[16]. The specified diffusion coefficients were calculated for a simplified comparison at a temperature of 

800 °C. 

Diffusion 

element 

Material  Temperature range 

in °C 

 

D0 in 

cm2/s 

Q in 

kJ/mol 

D (800°C) in 
cm2/s 

Source 

Titan 
�.-Ti 690 �± 850 6,4 ·10-8 122,7 6,83 ·10-14 a) 

��-Ti 900 �± 1580 1,9 ·10-3 152,8 6,91 ·10-11 a) 

Oxygen 
�.-Ti 755 �± 870 16 217,7 4,03 ·10-10 b) 

��-Ti 907 �± 1030 0,45 150,8 2,05 ·10-8 c) 

Hydrogen 
�.-Ti 600 �± 800 8,6 ·10-3 51,9 2,55 ·10-5 b) 

��-Ti 900 �± 1020 1,95 ·10-3 27,8 8,64 ·10-5 b) 

 

Table 2-1 �K�L�J�K�O�L�J�K�W�V���W�K�H���I�D�V�W�H�U���G�L�I�I�X�V�L�R�Q���R�I���E�R�W�K���W�L�W�D�Q�L�X�P���D�Q�G���L�Q�W�H�U�V�W�L�W�L�D�O���D�W�R�P�V���L�Q����-titanium 

�F�R�P�S�D�U�H�G�� �W�R�� �.-titanium. This reaffirms Heumann's general assertion that foreign atoms 

diffuse more rapidly in cubic body-centered structures due to their lower packing density 

compared to densely packed structures [16].  Hydrogen, being the smallest atom, exhibits 

diffusion rates three to four orders of magnitude higher than the other listed elements. 

Hydrogen diffusion, starting from 230 °C, follows the classical jump theory, where 

dissolved hydrogen atoms move from one interstitial site to another [21].  

 

2.4 System Titanium - Oxygen 

�2�[�\�J�H�Q�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �H�O�H�Y�D�W�H�V�� �W�K�H�� ��-transus temperature, leading to a considerably 

�H�[�S�D�Q�G�H�G�� �V�W�D�E�L�O�L�W�\�� �U�D�Q�J�H�� �R�I�� �.-titanium as can be seen in Figure 2-5. The maximum 

�V�R�O�X�E�L�O�L�W�\���R�I���R�[�\�J�H�Q���L�Q���.-titanium reaches 31.9 at.% starting from a temperature of 600°C, 

�Z�K�H�U�H�D�V���L�W���R�Q�O�\���U�H�D�F�K�H�V�������D�W�������L�Q����-titanium from around 1600°C. 
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Figure 2-5: Modified representation of the Titanium �± oxygen phase diagram according to T.B. Massalski et 

al. [22].  

 

Oxygen preferentially occupies the octahedral interstitial sites within the lattice. An 

interstitially dissolved oxygen atom impedes the occupation of two neighboring lattice 

sites, resulting in only one-third of the octahedral sites being occupied by oxygen [23]. The 

oxygen-enriched zone is called �.-case. Initially, at temperatures above the ��-transus 

temperature, titanium exists in its ��-phase. In this phase, oxygen dissolves into the titanium 

lattice without the immediate formation of an oxide layer. Oxygen has a high solubility in 

the ��-phase, allowing it to penetrate and diffuse into the metal. As oxygen diffuses into the 

��-phase, it alters the stability of the phases: the stability range of the �.-phase increases, 

while that of the ��-phase decreases. If the ��-phase is saturated with oxygen, it is converted 

to the �.-phase. This leads to the formation of the aforementioned �.-case, a hardened layer 

rich in oxygen but still metallic in nature. This oxygen-enriched �.-phase is a HCP structure, 

which forms as the oxygen stabilizes this phase and shifts the phase boundaries. As the 

exposure to oxygen and high temperatures continues, oxidation begins, typically starting at 

the surface where oxygen concentrations are highest. The predominant oxide formed at the 

surface is titanium dioxide (TiO2), which is a thermodynamically stable oxide. Along with 

TiO2, other oxides with different stoichiometries such as Ti2O3 and TiO can form, 
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depending on the local oxygen concentration and environmental conditions [24]. The 

formation of these oxides occurs after the initial development of the �.-case, as the metal 

�F�R�Q�W�L�Q�X�H�V���W�R���U�H�D�F�W���Z�L�W�K���R�[�\�J�H�Q�����7�K�H���R�[�L�G�H���O�D�\�H�U���J�U�R�Z�V���R�Y�H�U���W�L�P�H�����D�Q�G���W�K�H���7�L�2�w���O�D�\�H�U���D�F�W�V���D�V��

a protective barrier that significantly slows down further oxygen diffusion into the metal. 

This process explains why oxygen first dissolves in the titanium matrix, increasing the 

stability of the �.-phase and forming the �.-case, before transitioning to the formation of a 

surface oxide layer as the oxygen content and exposure time increase [25]. 

The randomly distributed oxygen atoms arrange themselves near maximum solubility on 

the (0002) interplanar planes of the hexagonal lattice, forming a structure with the 

composition Ti2O [26]. Due to titanium's high reactivity with oxygen, a firmly adhering 

oxide layer of a few nanometers forms on the surface even at room temperature [11]. This 

leads to excellent chemical resistance in various environments, along with titanium's 

biocompatible properties, facilitating its use in medical applications [27]. Typically, the 

surface oxide has the composition TiO2 [28,29] , although other Ti-O compounds are also 

known. With oxygen contents exceeding 33 at.% in titanium, the monoxide TiO initially 

forms, exhibiting a relatively large variation in titanium or oxygen vacancies, before Ti2O3, 

Ti3O4, and other TinO2n-1 compounds are discovered [26,30]. 

However, the oxidation of titanium also has undesirable side effects. Oxygen leads to 

embrittlement and decreased mechanical properties in titanium alloys because of its 

interaction with the material's atomic structure at elevated temperatures. The effects of 

oxygen in titanium and its alloys are listed below: 

�ƒ Oxygen as an Interstitial Element: Oxygen is an interstitial element, meaning that 

its small atoms can fit into the gaps (interstices) between the larger titanium atoms 

in the metal's crystal lattice. When oxygen atoms diffuse into titanium, they change 

the atomic arrangement, leading to localized distortions. These distortions make the 

material less ductile and more brittle by hindering the movement of dislocations, 

which are defects in the crystal structure that allow the material to deform plastically 

[31]. 

�ƒ  Increased hardness and brittleness: When oxygen diffuses into the titanium 

lattice, it hardens the material through solid solution strengthening, but at the cost 

of ductility. The more oxygen present, the harder and more brittle the alloy 

becomes. This embrittlement reduces the ability of the material to absorb energy 

before fracturing, making it more susceptible to cracking under mechanical or 

thermal stress [32]. 
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�ƒ Formation of the oxygen-stabilized �.�� �Shase: Titanium alloys typically have a 

two-phase structure (alpha and beta phases) that gives them a balance between 

strength and ductility. Oxygen stabilizes the �. phase, which is harder and more 

brittle than the �� phase. As oxygen concentration increases, it shifts the phase 

balance towards more �.-phase formation, leading to an overall reduction in ductility 

[33]. 

�ƒ Impact on grain boundaries: Oxygen tends to accumulate at grain boundaries. 

This weakens these boundaries, making them more prone to cracking. When a 

material is subjected to stress, cracks can initiate and propagate along these 

weakened grain boundaries, further reducing its mechanical strength [34]. 

�ƒ Effect on fatigue and fracture toughness: Due to the embrittlement caused by 

enriched oxygen content in the titanium lattice, titanium alloys experience a 

reduction in fatigue strength and fracture toughness. Fatigue strength refers to the 

ability to withstand cyclic loading, and fracture toughness is a measure of the 

�P�D�W�H�U�L�D�O�¶�V���U�H�V�L�V�W�D�Q�F�H���W�R���F�U�D�F�N���S�U�R�S�D�J�D�W�L�R�Q�����:�L�W�K���R�[�\�J�H�Q���F�R�Q�Wamination, the material 

becomes less resistant to crack initiation and growth, leading to premature failure, 

especially under dynamic or impact loads [35]. 

 

In summary, while the oxide layer is brittle, its presence generally does not affect the 

ductility of the underlying titanium significantly. The oxide layer primarily serves as a 

protective barrier, and the embrittlement of the underlying titanium is largely due to oxygen 

that has dissolved into the metal below the oxide. Thus, oxides primarily affect surface 

properties but do not contribute as much to the bulk brittleness as dissolved oxygen does. 

 

2.5 Oxidation kinetics of Titanium 

The temporal progression of the oxidation process occurs in stages. Firstly, oxygen adsorbs 

onto the metal surface, where it reacts with the metal, forming oxide nuclei on the surface. 

These nuclei grow laterally until they cover the entire metal surface and thus prevent direct 

contact between the metal and the atmosphere. The final step, the growth of the compact 

oxide layer, must then occur through solid body diffusion of ions through the layer [36]. 

Titanium oxide is an n-type semiconductor, where free electrons are the main charge 

carriers. The lattice contains oxygen vacancies and Ti3+ atoms [37]. Between 600 °C and 

800 °C, the diffusion of oxygen ions through anion vacancies determines the formation of 

the rutile layer [38,39], resulting in inward growth of the oxide layer at the metal-oxide 
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interface [40]. The oxidation of titanium in this temperature range follows parabolic 

kinetics. At higher temperatures or lower oxygen partial pressures, interstitial titanium ions 

dominate diffusion [30]. The diffusing oxygen is not entirely available for the formation of 

the oxide layer; instead, it also dissolves to a significant extent in the titanium substrate. 

According to literature, between 45% and 80% of the absorbed oxygen is located in this 

diffusion zone [39,40]. Oxygen sorption by bare titanium proceeds linearly with time for 

temperatures between 700°C and 1000°C. Surface adsorption via physisorption, 

dissociation, and chemisorption of oxygen occurs slower compared to oxygen diffusion in 

titanium, thus controlling the kinetics. However, once a thin oxide layer forms on the 

surface, the parabolic time law applies [24,41]. When titanium base material, existing in 

�W�K�H����-phase at these temperatures, becomes saturated with oxygen, oxidation additionally 

�V�W�D�E�L�O�L�]�H�V���.-titanium, expanding its region inward over time [24,40]. The oxygen-enriched 

�.-�W�L�W�D�Q�L�X�P�� �V�R�O�L�G�� �V�R�O�X�W�L�R�Q�� �L�V�� �W�H�U�P�H�G�� �.-case [42,43]. According to Stringer, the parabolic 

oxidation rate, particularly in the middle temperature range, results from the formation of 

the rutile layer with an activation energy of anion diffusion of 106 kJ/mol and the formation 

of the Ti-�2���V�R�O�L�G���V�R�O�X�W�L�R�Q�����.-case) through interstitial diffusion with an activation energy 

of 256 kJ/mol [39]. However, other literature sources suggest that the activation of oxygen 

diffusion through rutile with 230 kJ/mol to 276 kJ/mol is similar to the diffusion of oxygen 

in titanium [30,44�±46]. As the diffusion coefficients in the oxide are approximately 50 

times higher [46], the solution of oxygen in the titanium lattice and the resulting formation 

�R�I���.-case essentially determine the parabolic rate of the reaction. Wallwork et al. illustrate 

the oxygen profile in a metal following parabolic oxidation using an oxide-metal diffusion 

model [47], as depicted in Figure 2-6. The oxide formed during oxidation has a thickness 

d, proportional to the square root of time t and the diffusion coefficient in the oxide DOx. A 

gradient of oxygen exists in the oxide layer, decreasing towards the metal within the 

stoichiometry limits cOx0 to cOx1. The concentration of oxygen dissolved in the metal is 

described by the error function, with the maximum oxygen concentration at the oxide-metal 

interface cM1 corresponding to the maximum solubility of oxygen in the metal. However, 

this measured maximum solubility varies with oxidation time and temperature. On average, 

the oxygen content for titanium oxidation at 600°C to 700°C is approximately 20 at.% and 

increases to 25 at.% to 34 at.% at higher temperatures [40,45]. 

 



16 

 

                 
Figure 2-6: Modified representation of the oxide-metal diffusion model according to [47]. In the oxide layer 

of thickness d, an oxygen gradient is present. The oxygen content of the diffusion zone in the metal can be 

described by means of the error function. 

 

The model of Wallwork et al. [47] is thus a compilation of the previously listed diffusion 

and oxidation principles and describes the state of a titanium substrate after oxidation. 

 

It is evident that the individual stages in the oxidation process of titanium are thoroughly 

comprehended, as previously elucidated in section 2.5. The latest studies on the oxidation 

of titanium quantify this using thermal gravimetric analysis (TGA). Titanium samples are 

placed in an oven and oxidized under isothermal conditions in an ambient air atmosphere 

for different times.  

Guleryuz and Cimenoglu [48] measured the normalized weight gain 
�¿�Ð

�º�Þ
 of Ti6Al4V for 

isothermal conditions with a temperature range of 600 - 800 °C for oxidation times �P of 0.5 

- 72 h. Normalised weight gain was calculated in the unit mg/cm2 by dividing the weight 

gain values of the oxidized sample by its total surface areas. Mathematically formulated, 

the normalized weight gain can be calculated using the equation 

 

�¿�9
�#�æ


L �- �®�P
�5
�á���á  (2-5) 

 

where �-  is a rate constant, �P is the oxidation time and �J is the reaction index. It is shown 

that in the range of 600�±700 degrees Celsius, the oxidation kinetics can be described by a 
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parabolic function (�J equals 2). As a result, the oxidation rate decreases over time. Above 

700 degrees Celsius, the oxidation kinetics can be described by a linear law (�J equals 1), 

so that the oxidation rate remains constant over time. The change in the normalized weight 

gain with regard to oxidation time and temperature is shown in Figure 2-7. 

                     

Figure 2-7: The change in normalized weight gain 
�¿�Ð

�º
 in relation to oxidation time �P and temperature [48]. 

 

Various studies explain this behavior of oxidation kinetics. According to Du et al., thermal 

expansion coefficient mismatch between the oxide layer (OL) and the substrate generates 

high stresses, limiting OL adherence [38]. Yu et al. observed increased oxidation rates at 

700 °C after 20 h due to OL failure [49]. In a study of commercially pure titanium oxidation 

from 500�±700 °C, Coddet et al. noted that OL adhesion strength remained high below 650 

°C but decreased to nearly zero at 700 °C [50].  

Vaché et al. have reviewed the oxidation kinetics of Ti6Al4V and Ti-6Al-2Sn-4Zr-2Mo-Si  

in the temperature range of 450 - 650 °C [51]. The aim of the study is to predict mass gain, 

oxygen diffusion coefficient, embrittlement depth and oxide layer thickness by developing 

a method based on the compilation of experimental data. The method includes the 

evaluation and modelling of the oxygen-affected zone (OAZ) by micrographic 

examinations or hardness tests. The paper highlights the parabolic kinetics of oxygen 

diffusion in these alloys and uses an empirical modelling method to account for oxygen 

diffusion, oxide deposit formation and overall mass gain during oxidation. For empirical 

modeling, it is necessary to further describe the oxygen concentration profile due to 

diffusion. Vaché et al. used a modified equation of equation (�t�æ�u) for this purpose, taking 



18 

 

into account a given native oxygen concentration �?�4 in the substrate material. Thus, 

according to Crank [52], the oxygen concentration is given by 

 

�Ö�å�?�Ö�,
�Ö�Þ�?�Ö�,


L ���s
F �A�N�B�B
�í

�6�¾�½�ç
�C,  (2-6) 

 

where �?�í is the concentration �?�� at the point �V, �?�æ is the constant surface concentration,  

�& is the diffusion coefficient, which is regarded as constant and �P is the oxidation time. 

  

2.6 Direct metal deposition  

2.6.1 Process principle 

The DMD process, as discussed in this thesis, uses a laser as the energy source and powder 

serves as the feedstock material. DMD involves feeding powder into the melt pool 

generated by a laser beam to gradually deposit material layer by layer onto a substrate part 

or build plate. A shielding gas, such as argon, is employed to shield the melt pool from 

oxidation and to transport the powder stream into the melt pool, as can be seen in Figure 

2-3. 

 

2.6.2 Primary processing parameters 

The primary process parameters of the DMD process are shown in Table 2-2. 

Table 2-2: Primary process parameters of the DMD process according to [53]. 

 

Process parameter, Unit 

Laser power (�| ), W 

Spot size (�™), mm 

Hatch spacing (�Ž�™), mm 

Travel speed (�œ), mm/s 

Powder flow rate (�“�6), g/min 

Powder, Particle size distribution, morphology 

Deposit layer, Z step, mm 

Shield gas flow (�‚ �™�6), l/min 

 

The careful adjustment of these process parameters is essential for the deposit of a defect-

free component and requires advanced experience of the machine operator. As the process 

parameters influence each other, it makes sense to summarise them into combined 

parameters. The introduction of line energy �' �ß 
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�' �ß
L��
�2
�R

  (2-7) 

  

where P is the laser power and �R is the travel speed. The quotient of the line energy can be 

extended by the laser spot diameter �O, so that the specific energy �' �æ (the energy input per 

area with the unit J/mm2)  

 

�' �æ
L��
�2

�O�®�R
  (2-8) 

 

can be calculated. By division of equation (2-8) with the hatch spacing �D�æ (assuming that 

the melt pool width is equal to its depth) the volumetric energy density results in 

 

�' �é 
L��
�É

�æ�®�é�®�Û�Þ
.  (2-9) 

 

Based on the combined parameters presented, a process mapping from an energetic point 

of view takes place in the literature and the most frequently occurring defects of the DMD 

process can be avoided.  

 

2.6.3 Most common defects  

The most common defects that occur during the DMD process are presented below. 

Eliminating these is a necessary condition for producing components with sufficient 

ductility and tensile strength. The purely energetic consideration described subsequently is 

the basis for avoiding porosity in the experiments described in chapter 4. 

 

Porosity and lack of fusion defects 

Porosity and lack of fusion are prevalent defects in additive manufacturing [54�±56], which 

must be minimized or eliminated due to their adverse effects on mechanical properties [57]. 

Researchers have proposed three primary mechanisms by which these defects arise. Firstly, 

in some additive manufacturing processes operated at very high power densities, deposition 

or melting can occur in keyhole mode [58]. Without careful control of melting in keyhole 

mode, instability can cause keyholes to repeatedly form and collapse, leading to voids 

inside the deposit composed of trapped vapor [58]. Consequently, these porosities are 
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typically almost spherical in shape [59]. Figure 2-8 (a) illustrates a keyhole porosity formed 

during laser-assisted additive manufacturing of 316L stainless steel.  

 
Figure 2-8: Porosity and lack of fusion defects. (a) Keyhole porosity of 316L observed at high specific 

energies [58], (b) lack of fusion pores and gas induced porosity [60]. 

 

The size of the keyhole porosity can vary depending on the shape and size of the keyhole. 

Secondly, during the powder atomization process, gas can be entrapped in the powder 

particles [61]. These entrapped gases result in microscopic, spherical gas pores, as depicted 

in Figure 2-8 (b).  

Additionally, gas pores can form due to the entrapment of shield gas or alloy vapors in the 

melt pool. Thirdly, fusion defects may occur due to inadequate penetration of the melt pool 

of a top layer into the substrate or the previously deposited layer [62,63] as can be seen in 

Figure 2-8 (b). Quick scanning diminishes the size of the pool and increases the likelihood 

of developing lack of fusion porosity [64], as depicted in Figure 2-9 (a). Conversely, raising 

the laser power can decrease porosity by enlarging the pool size [65] , consequently 

increasing penetration depth, as illustrated in Figure 2-9 (b). 
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Figure 2-9: (a) Effect of travel speed on porosity (I) 250, (II) 500, (III) 750 and (IV) 1000 mm/s [64] (b) effect 

of laser power on porosity (I) 90, (II) 120 and (III) 180 W [65]. 

 

Delamination and cracking 

Only the various types of cracking encountered in additive manufacturing processes are 

mentioned. These include the following three categories  [66] 

�ƒ Solidification cracking 

�ƒ Liquation cracking 

�ƒ Delamination. 

However, since these primarily occur in powder bed fusion processes (see classification of 

AM processes in Figure 2-1) due to higher scan rates and higher cooling rates in comparison 

to the DMD process addressed in this work, they will not be further discussed here and are 

referred to the literature [67�±70]. 

 

Residual stresses and distortion 

For the sake of completeness, the development of residual stresses and the resulting 

distortion, which lead to geometric inaccuracy of the final part in AM processes, is also 

briefly discussed here. Principal physical factors contributing to the genesis of residual 

stresses in AM encompass (1) spatial temperature gradients resulting from localized heating 

and subsequent cooling by the travelling heat source, (2) thermal expansion and contraction 

of materials due to these thermal fluctuations, and (3) strain compatibility (irregular 

distribution of inelastic strains), force equilibrium, and stress-strain constitutive behavior, 

particularly concerning cyclic plastic flow. AM and fusion welding share numerous 
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analogous physical phenomena, particularly those key physical factors governing residual 

stress and distortion formation [71,72]. Consequently, the classic bar-frame problem, 

traditionally employed to elucidate residual stress origins in fusion welding [73], is adapted 

to explicate those occurring in AM.  

The primary focus of both computational and experimental studies continues to revolve 

around identifying suitable strategies for mitigating residual stresses and/or stress-induced 

distortion. Strategies such as adjusting the substrate preheat temperature, reducing 

deposition length or scanning in smaller segments, adopting effective deposition techniques 

such as spiraling-in rather than spiraling-out, increasing scanning speed, and decreasing 

layer height have been identified as significant measures to reduce both distortion and 

residual stresses [74]. 

 

2.6.4 Influence of oxygen concentration during the DMD process 

Yamaguchi and Hagino [75] investigated the impact of the ambient oxygen concentration 

in the resulting material deposition quality regarding WC-12Co coatings. In this 

investigation, a shielding gas chamber was used as can be seen in Figure 2-10, in which a 

precise ambient oxygen concentration could be set and held during a normal cladding run.  

                    
Figure 2-10: Schematic illustration of the experimental setup using a shield gas chamber to control 

atmospheric oxygen. 

 

Furthermore, the laser power was changed during the experiments to see the impact of the 

laser power combined with the oxygen concentration. Single tracks were deposited at 

different laser powers and oxygen concentrations. The cross sections were analyzed using 
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optical microscopy as well as X-ray diffraction (XRD) to obtain an impression of pores and 

their size as well as the material composition. As main result of this study, the increase in 

the pore size and overall porosity in the build-up with increasing oxygen concentration is 

revealed, as depicted in Figure 2-11.  

Furthermore, oxidation was found to be dependent on the laser power even at low oxygen 

concentrations of 0.01% inside the shielding gas chamber, as can be seen in Figure 2-12. 

                

 
Figure 2-11: Influence of oxygen concentration on the porosity of a WC-12Co coating [75]. 
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Figure 2-12: SEM images of the WC-12Co coating fabricated by laser cladding in the shielding gas chamber. 

Laser power: (a, c) 1400 W, (b, d) 1600 W [69]. 

 

The main issue of this study is that no quantification of oxidation in the build-up was 

performed, so the oxidation could not be quantified. Furthermore, it is also not possible to 

explain the contrary behavior that the porosity increase is due to exceeding a certain limit 

power. One possibility is that the increasing melt pool dynamics at higher temperatures and 

the decomposition of the hard-phase particles create additional pores. Whether the porosity 

is ultimately determined by the oxygen concentration cannot be clearly concluded from this 

study.  

Koruba et al. [76] have investigated the impact of process gases on Stellite 6 coatings onto 

a cylindrical steel substrate. The influence of carrier gas (CG) and shielding gas (SG) 

variation on the following coating properties were investigated: coating height, depth of the 

heat affected zone, roughness, and microhardness. The study demonstrates that by 

increasing the carrier gas volume flow, the roughness of the surface decreases, thus 

reducing the formation of surface discontinuities, as can be seen in Figure 2-13.  
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Figure 2-13: Cross-sections of deposited Stellite 6 coatings showing cladding irregularity. (a) CG: 4 l/min, 

SG: 10 l/min, (b) CG: 4 l/min, SG: 15 l/min, (c) CG: 10 l/min, SG: 15 l/min 

 

Furthermore, with increasing carrier gas volume flow, the depth of the heat affected zone, 

the height of the layer and the dilution increases. With increasing shielding gas volume 

flow, coating irregularities increase. On the other hand, the depth of the heat-affected zone 

decreases with increasing shielding gas volume flow due to the higher cooling rate caused 

by the higher shielding gas volume flow. Due to the higher cooling rate, the microhardness 

increases. The study clearly illustrates the influence of the process gases on the coating 

properties. However, only geometrical and mechanical properties are investigated based on 

the permutation of two gas settings (carrier gas: 4 l/min and 10 l/min and shield gas: 10 

l/min and 15 l/min). A reliable statement cannot be made due to the low number of samples 

investigated. Furthermore, the influence of the gas settings on the gas velocity was 

investigated by means of a CFD simulation. This does not allow final conclusions to be 

drawn about the spatial oxygen concentration. An increase in microhardness could also be 

due to an increase in oxidation. Since no element analysis was carried out, the statement of 

this paper is not unambiguous. Finally, the influence of the nozzle geometry on the oxygen 

concentration was not investigated. 

Wirth and Wegener [77] performed a simulation and parameter study looking at different 

gas types (He and Ar) with different three-jet nozzles while characterizing their 

performance regarding powder particle speed, oxygen concentration and shielding 

capabilities of both process gases. It was shown that changing the carrier gas species has 

an effect on the oxygen concentration. Due to its lower molar mass compared to Ar, He has 

a smaller influence on the shielding gas volume flow at the same carrier gas volume flow 

and thus leads to a lower oxygen concentration. Furthermore, it can be seen that the 
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shielding gas bell is increasingly disturbed with an increase in the carrier gas volume flow, 

as can be seen in Figure 2-14.  

 

                    
Figure 2-14: Influence of the shield gas volume flow rate and carrier gas type on oxygen content in an 

isometric view of the model and on the workpiece surface. 

However, the oxygen concentration was only measured exactly below the nozzle, so no 

spatial oxygen concentration can be drawn experimentally. Furthermore, only two different 

three-jet nozzles were investigated and no comparison with other nozzle geometries (e.g., 

a coaxial nozzle) was provided. 

 

2.6.5 Non-dimensional numbers 

Numerous non-dimensional numbers have been employed to analyze how various variables 

related to additive manufacturing (AM) processes and material characteristics impact the 

microstructure, properties, and flaws of components produced through AM [78,79]. These 

non-dimensional numbers are advantageous as they simplify the analysis by reducing the 

number of variables that need to be examined and offer crucial insights that cannot be 

obtained through the examination of individual process variables alone [78]. Their utility 

in shedding light on the AM process stems from the observation that the performance and 

outcomes of complex processes like AM are often influenced by a combination of variables, 

rather than by single factors. As a result, this section delves into the non-dimensional 

numbers commonly utilized in the context of AM. 
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The significance of heat transfer through convection and conduction within the melt pool 

in additive manufacturing can be assessed using the Peclet number (�2�A): 

 

�2�A
L��
�7�.
�Ù

�á  (2-10) 

 

where �7 is the characteristic velocity, �. is the characteristic length and �Ù is the thermal 

diffusivity of the material [80]. Usually, �. is the melt pool length. The maximum velocity 

in the melt pool is defined as the characteristic velocity and the length of the melt pool is 

assumed as the characteristic length. With the help of the Péclet number it can be predicted 

whether heat transfer is primarily by heat convection or heat conduction. A high Péclet 

number indicates that the main mechanism of heat transfer is convection. The convective 

heat flow within the melt pool in turn influences the local cooling rate, the G/R ratio (where 

G is the temperature gradient and R is the growth rate) and the solidification process. A 

higher linear heat input (calculation using the equation (�t�æ�y)) results in a higher Peclet 

number, as higher linear heat input increases both the melt pool length and the maximum 

velocity of the liquid metal in the melt pool and therefore convection as heat transfer 

process predominates at higher linear heat input. 

The shape, size and the aspect ratio of the melt pool depend on the flow of the liquid metal 

inside the melt pool, which is mainly driven by the spatial variation of the surface tension, 

also known as Marangoni stress. The effect of the Marangoni stress on the velocity of the 

liquid metal could be quantified by the Marangoni number. The Marangoni number is 

calculated by the ratio [78] 

 

�/�= 
L 
F
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�á  (2-11) 

 

where  �ß is the dynamic viscosity of the alloy, �Ù is the thermal diffusivity of the alloy, �. is  

the characteristic length of the melt pool (in this case the width of the melt pool), �¿�6 the 

temperature difference between maximum temperature of the melt pool and the solidus 

temperature of the alloy and 
�!��

�!�Í
 is the sensitivity of the surface tension as a function of the 

temperature. This sensitivity is negative for most alloys, therefore there is an induced liquid 

flow from the warm to the cold region of the melt pool. Since with higher linear heat input 

the melt pool size increases, the Marangoni number increases with increasing linear heat 
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input. Higher Marangoni numbers result in higher velocities of the liquid metal due to 

higher Marangoni stress. Hence, a higher Marangoni number requires higher Peclet 

number. It can be concluded that with a higher Marangoni number the convective heat 

transport predominates and due to the higher velocities the melt pool size and the aspect 

ratio is increased. This improves the interlayer bonding, so a high Marangoni number 

reduces porosity due to lack of fusion. However, very high Marangoni numbers can 

promote instability of the melt pool, which increases the risk of defects. 

Because of multiple cycles of heating, melting and solidification during the laser cladding 

process, heat is accumulated in the workpiece. Heat accumulation results in a large melt 

pool size, high thermal strain, distortion and residual stresses. The Fourier number is a 

measurement tool that relates the heat dissipation rate to the heat storage rate and is given 

by [81] 
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where �Ù is the thermal diffusivity of the alloy, �ì is the characteristic time and �. is the 

characteristic length. The characteristic time is defined as the ratio �./�R, where �. is the melt 

pool length and �R is the travel speed. Therefore, equation (2-12) could be rewritten as 

�(�K
L 
F
��

�Å�é
.  (2-13) 

 

Equation (2-13) shows that a higher linear heat input leads to a low Fourier number, because 

the melt pool length is increased by higher thermal energy input due to higher laser power 

P respectively lower travel speed v. Because higher heat accumulation results in higher 

residual stresses, distortion is promoted according to [81]. Thus, high Fourier number is 

desirable, which could be achieved by a low linear heat input.  

Moreover, the non-dimensional heat input (�3�Û) serves as an indicator of the energy 

deposited per unit length of the deposit, and is defined as [78] 
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where �2�Ë �R�Ë
W  represent the reference linear heat input, which provide the lowest linear heat 

input of an experimental series. Dalaee [82] also applied this method to scale up the DMD 

process in terms of the deposition rate. Yet, it's trivial that both the deposition rate can be 

increased, and porosity decreases as �3�Û increases, due to the greater thermal energy 

available for melting the substrate and powder. Furthermore, normalizing to the smallest 

linear heat input within a series of experiments does not accurately provide a dimensionless 

representation of the DMD process. A more precise dimensional analysis would necessitate 

the use of the Buckingham �� -theorem . 
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3. Research gap and approach 

Based on the state of the art, as outlined in Chapter 2, the following research gaps were 

identified: 

 

�ƒ Lack of knowledge regarding the specifications of the spatial oxygen 

concentration as a function of the nozzle geometry and the two process 

parameters carrier gas and shielding gas volume flow: 

Finding a process window in the DMD process is primarily done from an energetic 

point of view in order to provide the process with sufficient energy so that the 

substrate and powder are molten and a metallurgical bond could be formed between 

the substrate and the deposit, as described in subsection 2.6.2. However, this does 

not allow any conclusions to be drawn about the oxidation behavior of the DMD 

process. A description and prediction of the spatial oxygen distribution is still 

pending; such a description would close this research gap. 

Approach: In order to specify the spatial oxygen concentration distribution with 

more accuracy, a simulative and experimental approach is chosen. Based on the 

simulation approach of Wirth and Wegener [67], the coaxial nozzle geometry is 

simulated in order to investigate the influence of the nozzle type in more detail. 

Furthermore, a measurement method is developed and described in chapter 5 with 

which the spatial oxygen concentration can be specified independently of the nozzle 
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type. In order to investigate the influence of the neglected process parameters carrier 

gas and shielding gas volume flow, these two nozzle parameters are varied for a 

three-jet and coaxial nozzle both in the simulation and in experiments. 

 

�ƒ Lack of quantification of oxygen uptake into the build-up material as a 

function of various process parameters: 

DMD experiments, which deal with the build-up of Ti alloys, look at how process 

parameters (primarily laser power and travel speed) affect porosity, tensile strength 

and other mechanical parameters. For example, it is mentioned in [83] that if the 

specific energy is too high, the material becomes brittle due to increased oxidation, 

but without going into more detail about the causes of oxidation and without 

quantifying the degree of oxidation. However, it is trivial that oxidation increases 

with a higher specific energy since heat is increasingly accumulated. It is of greater 

significance whether the oxidation behavior can be described as constant for the 

same specific energy or whether it depends on other factors. The influence of the 

process parameters carrier gas and shielding gas volume flow also remains 

insufficiently investigated. 

Approach: In order to quantify the oxygen uptake with regard to various process 

parameters, experiments with a variation of the particularly neglected process 

parameters carrier gas and shielding gas volume flow are investigated. Furthermore, 

experiments with constant specific energy will be carried out to investigate the 

influence of the specific energy at different travel speeds. 

 

�ƒ Missing oxidation model of the DMD process: 

Research focuses on the oxidation of titanium and titanium alloys under isothermal 

conditions, in the absence of an inert gas atmosphere and in a temperature range of 

400 - 900 °C. However, none of these conditions are present in the DMD process. 

Transient temperature fields are evident in the DMD process, there is an inert gas 

atmosphere, which is characterized in chapter 5, and the temperatures must be 

higher than the melting point of titanium (approx. 1670 °C). Under these conditions, 

there is no stringent oxidation model of the DMD process that can be universally 

applied to the process. However, this is of particular importance for holistic process 

development, especially for oxidation-critical materials (such as titanium and 

titanium alloys, aluminum and aluminum alloys, but also martensitic steels such as 
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1.4313) - because oxidation leads to embrittlement of the material in titanium and 

titanium alloys, for example, and thus to inadequate mechanical properties. 

Approach: In order to close this research gap, the spatially measured oxygen 

concentration distribution of the first research gap must be superimposed with the 

temperature field that occurs during the DMD process. For this purpose, in chapter 

7 the temperature field is calculated numerically and the influence of the primary 

process parameters laser power, travel speed and mass flow on the resulting 

temperature field is analyzed. Based on the temperature field and the solution of 

Fick's second law with regard to the oxygen concentration, an oxidation model is 

developed which can be used to determine whether the DMD process is critical or 

non-critical for oxidation. 

 

�ƒ Missing characterization of the DMD process in dimensionless key figures: 

According to Mukherjee et al. [78] and Dalaee [82] , normalizing to the experiment 

of a series of tests with the highest/lowest specific energy is not sufficient to 

describe a process dimensionless. The fact that porosity decreases with increasing 

specific energy, as described by Dalaee [82], is trivial. For the DMD process, such 

a dimensionless description is not provided. 

Approach: The dimensionless description of processes can be done with the help of 

the �%�X�F�N�L�Q�J�K�D�P�� ��-theorem. Based on the description of the �%�X�F�N�L�Q�J�K�D�P�� ��-

theorem, a matching mathematical system is described in chapter 8 with which the 

DMD process can be described using dimensionless parameters. 
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4. Single-track analysis to identify a process window for 

Ti6Al4V  from an energetic point of view 
 

This chapter outlines the execution of single-track experiments aimed at identifying a 

process window for defect-free deposition concerning porosity and lack of fusion in 

Ti6Al4V. The primary machine parameters laser power, travel speed, and powder mass 

flow rate are varied and examined for their effects on clad geometry. This enables the 

determination of the process window solely from an energetic perspective, as is customary 

in the literature. Due to the high oxygen affinity of Ti alloys, an extended process analysis 

regarding oxidation must be conducted. Parts of this chapter has been published in [84]. 

 

4.1 Materials and methods 

A Yb:Yttrium-Aluminium-Granat (YAG) laser (TruDisk 3001) with a wavelength of 1030 

nm and a maximum laser output power of 3 kW was used for the DMD experiments. The 

powder was delivered to the powder nozzle by the powder feeder via antistatic hoses. The 

powder was coaxially injected into the laser-generated melt pool on a Ti6Al4V substrate 

via an argon carrier gas stream.  The ILT (Institute for laser technology, RWTH Aachen) 

Coax 40-S with a standoff of 7 mm was used as the powder nozzle. Ti6Al4V powder 

particles were manufactured by electrode induction melting inert gas atomization from the 

company Oerlikon Metco, 5610 Wohlen, Switzerland. The powder particle fraction is 
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between 45�±105 µm (D50 = 68 µm) and the particles were spherical as shown in Figure 

4-1. 

 

                      
Figure 4-1: Scanning electron microscopy (SEM) image (image taken at 400x magnification) of the used 

Ti6Al4V powder for the DMD experiments. 

 

The chemical composition of the powder and substrate used can be seen in Table 4-1. 

 

Table 4-1: Chemical composition of the substrate and powder material in weight percentage. 

 Ti  Fe C H O N Al  V 
Substrate Bal. 0.17 0.013 0.002 0.115 0.0045 6.25 4.09 
Powder Bal. 0.24 0.002 0.002 0.05 0.004 6.34 4.25 

 

For the experiments, various process parameter variations were generated to explore the 

widest possible range of a favorable process window. In an initial set of experiments, the 

three parameters of travel speed, powder mass flow rate, and laser power were varied. The 

laser spot diameter on the substrate surface was kept constant at 3 mm. Subsequently, these 

variations are depicted graphically in process maps as can be seen in Figure 4-2 (a).  
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Figure 4-2: (a) Process maps with the varied parameters. (b) The three cutting sections for analyzing the 

single-track geometry [85]. 

The 27 generated parameter combinations were evaluated and analyzed. Based on these 

process maps, the single-track experiments were initially conducted. For the evaluation, the 

samples were sectioned at three different locations and examined with a Keyence VHX-

700 (Figure 4). The analysis was then carried out across varied parameters per single track 

using linear regression and out across all three cuts of a single track an average was 

calculated with regard to the effects of the varied process parameters on the clad geometry. 

This ensured that a qualitative and statistically relevant conclusion could be drawn. To 

analyse the clad geometry, ImageJ software was used to measure the clad specific 

parameters clad height (h), clad width (w), contact angle (�Û) between substrate and clad as 

well as the cross-sectional area (A) of the build up, as illustrated in                           Figure 

4-3. 

                               
                          Figure 4-3: Definition of the investigated clad geometry parameters. 
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4.2 Graphical evaluation of single-track experiments 

Machine parameters influencing clad height  

The height of the single track is a characteristic parameter in describing the DMD process. 

It defines how many layers are necessary to complete a component, directly impacting 

production time. Figure 4-4 is a graphical representation of the singe-track height as a 

function of the aforementioned input parameters. The graphs are each labeled with the 

abbreviations of the input parameters in different colors. For example, the dark blue data 

points in the left diagram were generated at a travel speed of 500 m/s and a laser power of 

1300 W. 

                  
Figure 4-4: Clad height as a function of the input parameters (a): powder mass flow in g/min, (b): travel speed 

in mm/min and (c): laser power in W. 
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In Figure 4-4 (a), the dependence of the layer height on the powder mass flow rate can be 

observed. Due to increased powder delivery, more powder per unit length is introduced into 

the process at a constant travel speed. This can be mathematically expressed through the 

powder mass per unit length, which could be derived from the equation 

 

�I �ë 
L
�I�6
�R

�á  (4-1) 

 

where �I�6 is the powder mass flow and �R the travel speed. This results in a higher build-up 

of the single track with constant powder mass flow rate at reduced travel speeds. However, 

increased powder flow can lead to an attenuation effect, because of laser-powder 

interaction, thereby reducing the energy input into the substrate [86,87]. If this effect 

becomes significant, the energy may not be sufficient to melt the substrate, deteriorate the 

formation of a sufficient metallurgical bond. 

In Figure 4-4 (b), the dependence of the single-track height on the travel speed is evident. 

As the travel speed increases, the layer height decreases. With a constant powder mass flow 

rate, the amount of powder deposited per unit length decreases with increased travel speed, 

leading to a reduced layer height. 

In Figure 4-4 (c), the layer height as a function of laser power is depicted. Increasing laser 

power results in higher temperatures in the melt, leading to decreased viscosity of the liquid 

titanium alloy. This causes the single track to spread from height to width due to the 

increased fluidity of the metal inside the melt pool. 

 

Machine parameters influencing clad width  

Subsequently, the effects of the input parameters on the width of the single track are 

examined. Similar to height, width is also a relevant geometric characteristic. The correct 

distance between two adjacent single tracks is one of the fundamentals for a homogeneous 

and defect-free build-up. Figure 4-5 shows the dependence of the clad width from the power 

mass flow, travel speed and laser power. 
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Figure 4-5: Clad width as a function of the input parameters (a): powder mass flow in g/min, (b): travel speed 

in mm/min and (c): laser power in W.  

 

The dependence of width on the powder mass flow rate is evident in Figure 4-5 (a). As 

discussed above, an increased powder mass flow rate delivers more material per unit length 

at constant travel speed into the process. However, the material seems to primarily affect 

the height. At high laser powers, a slight reduction in width can be observed. This can again 

be attributed to viscosity, which is directly related to temperature. With higher material 
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input, the energy is distributed across more material, leading to a somewhat cooler and less 

fluid melt. 

In Figure 4-5 (b), the influence of width from travel speed is evident. It is apparent that the 

width decreases with increased travel speed. The increased speed results in less material 

per unit length according to equation (4-1) entering the process, leading to a reduction in 

width. Moreover, higher travel speeds at constant laser power leading to less specific 

energy input which decreases the melt pool size (width). 

Figure 4-5 (c) depicts width with corresponding laser power. As previously explained, with 

increasing power, more energy is introduced into the melt, which heats it more strongly. 

This results in a decrease in viscosity, and the single track widens accordingly. 

 

Machine parameters influencing clad contact angle  

Just like height and width, the incline angle alpha has implications for the geometry and 

build properties of the part to be manufactured. The contact angle is directly dependent on 

the height and width. Figure 4-6 shows the dependence of the clad contact angle from the 

power mass flow, travel speed and laser power. 

Figure 4-6 (a) illustrates the contact angle's correlation with the powder mass flow rate. A 

discernible increase is observed, wherein the contact angle exhibits direct proportionality 

to the ratio of height and width. A heightened powder mass flow rate is leading to an 

increase in height while width remains constant, as discussed in subsections 0 and 0, The 

contact angle similarly increases as a consequence. 

Figure 4-6 (b) depicts the dependency of the contact angle from the travel. Due to elucidated 

effects, both plots exhibit a decline. Given that the angle alpha pertains to the ratio of these 

parameters, it remains relatively stable. 

 

In Figure 4-6 (c), the contact angle is depicted with respect to laser power. As viscosity 

diminishes, material behavior transitions from height to width, inducing a notable reduction 

in the incline angle. 
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Figure 4-6: Clad contact angle as a function of the input parameters (a): powder mass flow in g/min, (b): 

travel speed in mm/min and (c): laser power in W. 
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Machine parameters influencing clad area  

The deposit area of the individual tracks is also representative of the processing of the 

material. On the one hand, it is possible to validate the previously discussed plots or simply 

carry out further optical density measurements. Figure 4-7 demonstrates the dependence of 

the clad area on powder mass flow, travel speed and laser power. 

                           

 

Figure 4-7: Clad area as a function of the input parameters (a): powder mass flow in g/min, (b): travel speed 

in mm/min and (c): laser power in W. 
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Figure 4-7 (a) depicts the dependence of clad area from powder mass flow rate. Due to the 

increased powder flow, more material is introduced into the process per unit length. This 

results in an enlargement of the cross-sectional area, as confirmed by the plots of height 

and width. 

In Figure 4-7 (b) the clad area is shown with respect to the travel speed. As explained above, 

the deposited material per unit length decreases with increasing travel speed, leading to a 

reduction in area. 

The change in clad area due to variation in laser power is depicted in Figure 4-7 (c). Since 

the height decreases significantly while the width increases substantially, and both 

parameters contribute equivalently to the area, it remains largely unchanged. However, a 

slight increase is consistently observed across all parameter pairs. With increased laser 

power, a higher percentage of powder can be melted, leading to enhanced material 

utilization. 

 

4.3 Micrographs based on varied process parameters 

Below, the process maps, explained in section 4.1, along with their corresponding 

micrographs are illustrated. The micrographs provide insights into the quality of the 

deposited single tracks in terms of porosity and lack of fusion. The process maps are each 

labeled with the powder mass flow rate (top left), travel speeds (left), and laser power (top), 

resulting in various parameter combinations that can be investigated simultaneously. 

    
Figure 4-8: Process map of the single-track experiments at a powder mass flow rate of 3 g/min [85]. 
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Figure 4-8 shows the first process map with nine experiments at a powder mass flow rate 

of 3 g/min. At a laser power of 900 W, bonding defects (lack of fusion defects) between 

the deposited layer and the substrate can be recognized. As these defects do not occur at 

1100 W, it can be assumed that the limit of a suitable process window lies between these 

two values. The quality of the bond to the substrate decreases as the travel speed increases, 

cause the energy input into the material is smaller as the travel speed increases. 

Figure 4-9 depicts the process map with a powder mass flow rate of 4 g/min.  

   

 
Figure 4-9: Process map of the single-track experiments at a powder mass flow rate of 4 g/min [85]. 

 

Increased powder mass flow rate necessitates more energy to melt both the entire powder 

and the substrate. However, it also exacerbates the shadowing effect, wherein less laser 

light reaches the substrate due to interception by powder particles. These phenomena cause 

the process window boundary to shift towards higher powers. Similarly to the first process 

map, higher travel speeds reduce the absolute energy input into the material, adversely 

affecting the quality of bonding. 

Figure 4-10 visualizes the third process map of the single-track experiments with a powder 

mass flow rate of 5 g/min.  
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Figure 4-10: Process map of the single-track experiments at a powder mass flow rate of 5 g/min [85]. 

 

Inadequate bonding to the substrate and defects in the material can be seen at 900 W and 

1100 W. In this case, the power required for the process is at least 1100 W due to the 

previously mentioned effects of attenuation and increased energy requirements due to the 

increased powder mass flow. The quality decreases with increased travel speeds. 

 

A systematic variation of the main influencing parameters, namely laser power, travel 

speed, and powder mass flow rate, enabled the derivation of a suitable process window 

from an energetic perspective. A sufficiently high energy input is a necessary condition to 

meet the requirements regarding strength and ductility. However, the energy input must not 

be too high, as this can lead to porosity caused by keyholing. From the analysis of the cross-

sections, the following process windows can be derived for the different powder mass flow 

rates:  

�ƒ Powder mass flow 3 g/min: �2 = [1100, 1300] W, �R = [500, 900] mm/min 

�ƒ Powder mass flow 4 g/min: �2 = [1100, 1300] W, �R = [500, 900] mm/min 

�ƒ Powder mass flow 5 g/min: �2 = 1300 W, �R = [500, 900] mm/min 
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As can be seen, higher powder mass flows require higher laser powers. One reason for this 

is that the laser power applied must be high enough to melt both the substrate (�2�æ) and the 

powder (�2�É�â). The laser power requirement (�2�É) can be calculated using the equation 

 

�2�É 
L �2�æ
E�2�É�â
L �#�®�R�®�é
c�?�ã�á�æ�®
k�6�à �á�æ
F �6�Ô
o
E�D�à �á�æ
g 


E���I�6�®
c�?�ã�á�ã �®
k�6�à �á�ã 
F �6�Ô
o
E�D�à �á�ã
g�®�ß�Ö, 
 (4-2) 

 

where �# is the actual cross-sectional area of the substrate volume to be melted, �R the travel 

speed, �é the density of the substrate, �?�ã�á�æ the specific heat capacity at constant pressure of 

the substrate, �6�à �á�æ the melting temperature of the substrate, �6�Ô the ambient temperature, 

�D�à �á�æthe melting enthalpy of the substrate, �I �6 the powder mass flow, �?�ã�á�ã the specific heat 

capacity at constant pressure of the powder, �6�à �á�ã the melting temperature of the powder, 

�D�à �á�æ the melting enthalpy of the powder and �ß�Ö the catching efficiency.  

The parameter set (laser power: 1100 W, travel speed:  700 mm/min, and powder mass flow 

= 4 g/min) is selected for all upcoming DMD experiments. Furthermore, this alone is not 

sufficient for Ti-alloys, as solution of oxygen in the bulk material leads to embrittlement 

[88,89] with inadequate ductility [90]. Therefore, chapter 5 provides a more detailed 

examination of the spatially forming shielding gas bell, as well as the machine parameters 

that influence it. 
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�� 
5. Stationary spatial oxygen distribution of the DMD 

process for different powder nozzles 
To understand the oxidation behaviour during the DMD process, the oxygen concentration 

of the atmosphere around the molten and heated material must be specified. Therefore, this 

chapter examines the spatial distribution of oxygen concentration in the DMD process. This 

aspect has not been sufficiently explored thus far, yet it is crucial for the additive fabrication 

of oxidation-prone materials. In order to characterize the spatial distribution of oxygen 

concentration, the development of an experimental setup for its measurement is presented 

herein. Due to the long response time of the available oxygen sensors, a stationary 

measurement of the oxygen concentration is carried out in order to obtain the most accurate 

resolution of the oxygen concentration.  Additionally, an existing numerical model of a 

three-jet nozzle by Wirth and Wegener [77] is expanded to include a coaxial nozzle to 

investigate the influence of nozzle geometry on the resulting oxygen concentration 
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distribution. Furthermore, the optimization of a shielding gas chamber and its benefits are 

discussed. All information and data are taken from the author`s publication [91]. 

 

5.1 Experimental setup and methods 

Two nozzles with different geometries were measured regarding oxygen concentration 

distribution. These are a three-jet nozzle, which is an in-house product of Oerlikon Metco 

and not commercially available, and the Coax 40S coaxial nozzle from Fraunhofer ILT. 

The Metco powder nozzle has a powder channel diameter of dc = 2 mm and a standoff of 

12 mm. Standoff is defined as the distance between the nozzle tip and the powder focus. 

The ILT coaxial nozzle has an angular gap of 200 µm between the outer and inner cone and 

a standoff of 7 mm. Figure 5-1 illustrates the experimental setup for the spatial oxygen 

measurement. 

         

          

Figure 5-1: Measuring principle for determining the spatial oxygen concentration. A scanning strategy or a 

stationary measurement can be utilized.  

 

A hole plate was fabricated so that the diameter of the hole matches the outside diameter 

���G�L�D�P�H�W�H�U�������������Ž�� of the sampling tube of the oxygen sensor. The Dansensor ISM-3 was 

used to measure the oxygen concentration with an accuracy better than ±1% of the 

displayed measured value.  
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5.1.1 Stationary measurements 

For each nozzle, an initial probing was conducted along the x and y axes from +30 mm to 

-30 mm relative to the position of the oxygen sensor. Based on the observed concentration 

gradient, refinement of measurement points was performed. Oxygen concentrations around 

1% exhibit a rapid transition to lower ppm values, within the range of several hundred parts 

per million. This threshold was subsequently used to adjust the spacing between 

measurement points, thereby achieving a more finely resolved spatial profile of the oxygen 

concentration. The measurement positions are illustrated in Figure 5-2 and Figure 5-3. 

 
Figure 5-2: Relative coordinates with respect to the position of the oxygen sensor used for the oxygen point 

grid measurements of the three-jet nozzle. The center of the coordinate system (x = 0, y = 0, z = 0) is in the 

hole of the hole plate. 

 
Figure 5-3: Relative coordinates with respect to the position of the oxygen sensor used for the oxygen point 

grid measurements of the coaxial nozzle. The center of the coordinate system (x = 0, y = 0, z = 0) is located 

in the hole of the hole plate. 
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Due to the rotational symmetry of the coaxial nozzle, measuring only the first quadrant is 

sufficient to fully describe the nozzle's resulting spatial oxygen concentration. 

The nozzles were positioned in the z-direction according to their standoff above the oxygen 

sensor. Argon was used as both the carrier and shielding gas. The carrier gas volume flow 

was 4 l/min, and the shielding gas volume flow rate was 15 l/min.  

These experiments were used to create an oxygen concentration distribution at the 

respective working distance of each nozzle with turned off laser and powder flow. The laser 

must be turned off because it would destroy the gas sampling hose and the powder flow 

must be turned off because it would destroy the ceramics which are inside the oxygen 

sensor. This has no impact on the measured oxygen concentration because of the low 

volume percentage of the powder particles inside the carrier gas volume flow and was also 

shown in [77]. However, the gas flow has an influence on the particle flow and the energy 

input into the substrate. If the carrier gas volume flow and shield gas volume flow are 

increased, the energy input into the substrate increases and the energy input into the powder 

particles decreases, as the laser-powder interaction time decreases. This leads to a reduced 

temperature rise of the powder particles at higher carrier gas volume flows. If the shield 

gas volume flow is too high, it prevents the powder particles from penetrating into the 

process zone [92]. To investigate the influence of head movement on the resulting oxygen 

concentration, the effective velocity of the gas flow must be calculated. This results from 

the vector addition of the velocity vector of the head movement �R�Û (travel speed), the carrier 

gas velocity vector �R�Ö and the enclosed angle �� ��between �R�Û and �R�Ö as shown in Figure 5-4.  

          
Figure 5-4: a) Schematic sketch of the superposition of the velocities involved to calculate the effective 

velocity of the gas flow. b) Resulting vector addition of the two existing velocities. 
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The resulting velocity �R�Ø�Ù�Ù can be calculated using the following formula 

 

�+�R�Ø�Ù�Ù�+
L��
§�+�R�Ö�+
�6


E���+�R�Û�+
�6


E�t �®�+�R�Ö�+�®�+�R�Û�+�®�…�‘�•�ö�ä  (5-1) 

 

For the coaxial nozzle, equation (5-1) shows that the velocity vectors from all spatial 

directions eliminate each other. Only the gas flow perpendicular to the feed direction is 

influenced by the head movement. However, as the head movement is slow (approx. 0.012 

m/s) compared to the carrier gas flow velocity (approx. 41.6 m/s), the influence of head 

movement as well as the induced turbulences caused by it can be considered negligible.  To 

a first approximation, this also applies to multi-jet nozzles. This means that a stationary 

measurement of the oxygen concentration is sufficient. Furthermore, if the dimensions of 

the substrate are large compared to the gas flow focus, the geometry of the components can 

also be neglected. This requirement is met for all experiments in this work. 

The measurement of the stationary oxygen concentration is of importance, as it allows the 

investigation of the effects of various carrier gas and shielding gas volume flow rates on 

the spatial oxygen concentration.  Furthermore, a carrier gas to shielding gas volume flow 

rate ratio is to be developed, which should provide insights into the ratio at which a 

shielding atmosphere can be formed at all. The volume flows have been set to �8�¼�6 = 4 l/min 

and �8�Ì�6 = 15 l/min. The axial measurements served to delimit the area of interesting low 

oxygen concentration and to spatially specify where the high oxygen gradient is present. In 

the region of low oxygen concentration, radial measurements were performed. Since there 

exist symmetries, the 1st and 4th quadrants were measured for the three-jet nozzle, since it 

is symmetric along the y-axis, as can be seen in Figure 5-5. 

 

                                             

Figure 5-5: Illustration of the symmetry of the three-jet nozzle along the y-axis. For the three-jet nozzle, the 

1st and 4th quadrants were measured. For the coaxial nozzle, the measurement of the 1st quadrant is sufficient. 
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5.1.2 Measurements at Centrum (x = 0, y = 0) 

To determine the influence of the volume flow ratios of carrier gas to shielding gas, 

measurements were carried out centrally above the bore of the hole plate at the working 

distance (x = 0, y = 0, z = working distance (WD) of the respective nozzle for the three-jet 

and the coaxial nozzle. The following volume flow variations were carried out: 

�ƒ �8�6�¼: 4 l/min to 12 l/min in steps of 4 l/min; 

�ƒ �8�6�Ì : 7.5 l/min to 30 l/min in steps of 7.5 l/min. 

5.1.3  Oximeter scan 

To carry out an oximeter scan, the current output from the oxygen sensor is read out using 

a data logger in comparison to the manual, stationary measurements. which can be switched 

from 0-20 mA to 4-20 mA current mode. The current output can also be configured for 

different ranges to achieve a higher resolution output based on the coarse current output 

resolution. This was done for each experiment respectively to improve the resulting data 

quality. 

 

Current measurement 

This current output is hooked to an INA219, a zero-drift, bidirectional current/power 

monitor. This chip measures the voltage difference across a 0.1 �
�� �U�H�V�L�V�W�R�U�� �Z�L�W�K�� �D�� ������

precision. Based on the INA219 specification sheet, the maximum voltage difference 

measurable is 320 mV. The INA219 has a 12-bit analog-digital converter and a 

programmable-gain amplifier. Setting all of this up in the highest resolution manner results 

in a current input range of ±400 mA and a 0.1 mA measurement precision. The output of 

the INA219 is hooked up to an Arduino MKR zero microcontroller. 

The data is stored on a microSD card, which is integrated in the microcontroller. The format 

of the logged data is in the shape of a CSV-file with three columns. Table 5-1 shows an 

example of how the logged data is stored. 

 

Table 5-1: An example of how the logged data of the oximeter scans are saved. 

Number Time Current value [mA] 

0 21:43:30 17.6 

1 21:43:31 17.5 

2 21:43:32 17.3 

3 21:43:33 14.5 
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Postprocessing experimental oximeter-scan data 

Consequently, asynchronous data acquisition must be realized, given that machine 

operation and data logging for the oxygen sensor are not synchronized. Therefore, 

synchronization must occur during post-experimental data analysis. 

To interpret the non-synchronized data, a Python script was developed. This script converts 

the machine's NC/GCODE into points that correspond to an oxygen measurement point 

from the CSV file.  

 

Several fundamental assumptions were made in order to postprocess the experimental data: 

�ƒ The machine maintains a consistent travel speed. 

�ƒ The machine follows a single central path across the measurement hole (odd number 

of scanning lines). 

�ƒ The lowest oxygen concentration correlates with the center of the measurement 

path, as the oxygen-displacing argon powder nozzle is closest to the oxygen sensor 

at this point. 

�ƒ The data logger maintains a fixed time interval between measurements, which 

remains constant for all recorded data points. 

 

The Phyton script initially parses the machine code file, extracting the coordinates for each 

point the machine traverses. These coordinates serve as the basis for the algorithm to 

reconstruct the x-y positions of the various measurement points. The points provided by the 

file, which generates the machine path in a zig-zag manner, are illustrated in Figure 5-6.  

 

Figure 5-6: Machine path points for creating the G-Code for the tool path according to [93]. 
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The primary objective is to transform these points into a point cloud by utilizing the 

machine's movement corner points and subdividing them into the locations where oxygen 

measurements occur. This process relies on the following parameters: 

 

�ƒ The constant speed of the machine (�R�à�Ô). 

�ƒ The time interval between measurements (�Â�P�à�Ø�Ô�æ). 

�ƒ The corner points specified in the machine code ���@�L�4�á�L�5�á�L�6�á�å �á�L�á�A 

 

The point cloud was reconstructed from the center of the coordinate system, initiating at x 

= 0 mm and y = 0 mm. Subsequently, the script proceeds to the next turning point specified 

by the G-Code. A directional vector is then established between these two points, which 

could be expressed as which is scaled according to the length determined by the product of 

machine speed and measurement interval. This scaled vector is subsequently employed to 

determine the location of the next measurement point based on the previous one, achieved 

by simply adding the components in x and y. In mathematical terms, the process can be 

represented as follows: 

 

�J�×�Ü�å
L
�L�4 
F �L�5

�Z�L�4 
F �L�5�Z
  (5-2) 

�¿�H�à�Ø�Ô�æ
L �R�à�Ô �®�Â�P�à�Ø�Ô�æ  (5-3) 

�N�×�Ü�å
L���¿�H�à�Ø�Ô�æ�®�J�×�Ü�å  (5-4) 

�L�à�Ø�Ô�æ�á�5 
L �L�à�Ø�Ô�æ�á�4 
E�J�×�Ü�å  (5-5) 

 

Additionally, the code also considers the residual path left for the next measurement point 

in the form of �N�å�Ø�æ. This is used to determine the first point in case there is a residual. These 

iterations then lead to the reconstruction seen in Figure 5-7. 
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Figure 5-7: Reconstructed measurement points (blue) and corner points (black cross) from machine path file. 

 

Joining oxygen measurements with reconstructed points from above 

To be able to synchronize the asynchronously acquired data a few assumptions need to be 

made: 

 

�ƒ The lowest oxygen concentration is directly above the oxygen sensor 

�ƒ The oxygen collecting hose is passed exactly once by the machine 

 

The oxygen measurements are converted into oxygen values by converting the current 

values into oxygen values. This is done by using the current output configuration of the 

Dansensor ISM-3. To find the lowest value and hence the center some weighing is needed. 

This is due to the lack of precision using the current output. The weighing is simply a cutoff 

filter, where a certain range of values must be specified. The upper bound �7 of the oxygen 

range is given by 

 

�7 
L �?�ß�â�ê
E
�Ö�Ó�Ô�Ò�Ó�?�Ö�×�Ú�â

�<
.  (5-6) 

 

Empirical analysis determined that a factor of 8 yielded optimal weighing results. The lower 

boundary was established at the minimum oxygen value. These boundaries are 

subsequently employed to analyze all measurements and identify the longest sequence of 

oxygen values falling within the specified bounds. This sequence is then utilized to 

ascertain the center of all oxygen measurements and synchronize them with the 

reconstructed points. Subsequently, the resulting data points are interpolated employing a 
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linear interpolation method to generate a comprehensive heat map suitable for presentation 

purposes. 

 

5.1.4 Optimization and usage of a shield gas chamber 

In addition to the nozzle characterization in ambient environment, as described in 

subsection 5.1.1, the oxygen distribution measurements were performed inside a shield gas 

chamber to measure the impact of the chamber on the resulting oxygen concentration.  

Therefore, the oxygen point grid experiments were repeated, as well as the carrier and 

shield gas variations. The influence of the shield gas chamber on the spatial oxygen 

concentration can thus be demonstrated.  

Before the measurements could be carried out in the shielding gas chamber, the 

shortcomings of the shielding gas chamber regarding ventilation still had to be eliminated. 

Due to the lack of pressure equalization holes as well as the one-sided ventilation, a 

homogeneous inflow in the shielding gas chamber is not possible. This results in too high 

oxygen concentrations (2231 ppm) inside the chamber, as can be seen on the oxygen sensor 

display in Figure 5-8. 

 

                   
Figure 5-8: The unfavorable, original ventilation possibility of the shielding gas chamber leads to an 

inhomogeneous flow profile as well as turbulence within the chamber. This can be seen from the inflated 

gloves and the high oxygen concentration within the chamber [94].  
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To achieve a more homogeneous inflow, pressure equalization holes were fabricated on the 

top of the chamber and a diffusor ring was 3D printed, which was flow optimized using 

computational fluid dynamics simulations as depicted in Figure 5-9. The diffusor ring with 

the slit (bottom picture of Figure 5-9) allows a uniform, homogeneous inflow of argon from 

all directions at simultaneous low inflow velocities. This avoids turbulence within the 

shielding gas chamber, which has a favorable effect on the present oxygen concentration. 

After an influx of Ar for 10 min, the oxygen concentration within the chamber was <150 

ppm. After this time, the experiments were started with each nozzle in the chamber. 

      
Figure 5-9: a) Unfavorable inflow conditions due to fin (marked in red). This results in high inflow velocities 

(marked in red) as could be seen in b). c): Favorable design with slit results in low inflow velocities d). 

 

5.2 Numerical modeling approach 

The geometry of the three-jet nozzle and the coaxial nozzle were modeled in COMSOL 

Multiphysics 6.0 as displayed in Figure 5-10.   
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Figure 5-10: Model domains for the CFD simulation. a): Three-jet nozzle. b): Coaxial nozzle. 

 

The basic model for the flow simulation is the model of Wirth and Wegener [93]. Due to 

the symmetry of the problem, one-sixth of each nozzle is simulated. The fluid flow can be 

described by the continuity equation [95]  

 

�é�Ï �®�Q
L �r�á  (5-7) 

 

where �é is the density and �Q is the velocity vector and the stationary Navier�±Stokes 

equation for incompressible fluids (Ma < 0.3 and therefore pressure changes associated 

with the dynnamic pressure can be neglected) [95] 

 

( ) { ( )[ ( ) ]}T
tu u p I u u F�U �P �P�’ � �’ �� �˜ �� �� �’ �… �� �’ �… �� ,  (5-8) 

 

Where �L is the pressure, I  is the unit tensor, �P is the dynamic viscosity, t�P  is the eddy 

viscosity according to Wilcox [96] and F  is the volume force. The Nabla operator is 

coupled to the velocity vector via the tensor product (symbol: �…). The values for the eddy 

viscosity and the wall functions as well as their calculation are given by Wirth and Wegener 

[77]. 

The oxygen concentration is influenced by the mixing of the various gases involved. The 

mixing of the gases occurs through diffusion and thermal effects. The model domain 

contains Ar and air. Air has an oxygen concentration of about 20.9 vol.%.  
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The mixing due to diffusion can be described by the general mass transport equation [97] 

 

( ) ( )i i i iu j R
t

�U�Z �U�Z
�w

�� �’ � ���’ ��
�w

.  (5-9) 

 

Since this is a stationary problem, the first, the time-dependent term is omitted. 

Furthermore, there are no chemical reactions of the species involved. Therefore, the term 

�4�Ü is obsolete. This term is the rate expression describing the production or consumption of 

species �E. This simplifies equation (5-9) to 

 

�Ï �®
k�é�ñ�Ü�Q
o
L 
F�Ï �®�F�Ü.  (5-10) 

 

Equation (5-10) considers with the mass flow of species i diffusive transport, convective 

transport and the turbulent mixing of the mass fraction �&i of species i. The calculation of 

the turbulent mixing coefficient Dt, the mean molar mass M as well as the calculation of 

the mixture-averaged diffusion coefficient m
iD  of species i can be found in Wirth and 

Wegener [77]. The mixed gas is treated as an ideal gas. The flux of species i (�F�Ü) is 

calculated by the equation 

 

. ( )( / )m
i i t i ij D D M M�U �Z �Z� �� �� �’ �� �’ .  (5-11) 

 

The basic model of Wirth and Wegener considers the mixing due to diffusion and turbulent 

mixing, which is considered in equations (5-10) and (�w�æ�s�s). 

 

5.3 Experimental results 

5.3.1 Experimental results without shield gas chamber (stationary measurements) 

The result of the data analysis with Python of the stationary experiments of the three-jet 

nozzle are depicted in Figure 5-11.  
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Figure 5-11: Detailed view of the center with low oxygen concentrations for the three-jet nozzle . 

 

Figure 5-11 shows a pronounced three-jet symmetry of the oxygen concentration 

distribution, which results from the nozzle geometry. The openings of the powder channels 

of the three-jet nozzle are located at the extended points of the contour lines. The symmetry 

results in a directional dependence of the three-jet nozzle in relation to the spatially present 

oxygen concentration distribution. 

The result of the data analysis of the oxygen point grid experiments of the coaxial nozzle 

are shown in Figure 5-12. 

              
Figure 5-12: Spatial oxygen distribution of the coaxial nozzle. 
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Figure 5-12 shows a sharp, defined center of low oxygen concentrations. Over a range of 

approximately a 7 mm radius, an oxygen concentration smaller than 10,000 parts per 

million (ppm) oxygen can be achieved. Furthermore, there is no directional dependence of 

the coaxial nozzle. In general, in contrast to the three-jet nozzle, a more homogeneous 

picture of low oxygen concentration is obtained. Since the carrier gas volume flow is 

spatially introduced equally from all the spatial directions, a radial symmetry of the oxygen 

concentration distribution results. Therefore, the carrier gas volume flow has less influence 

on the shield gas volume flow, resulting in less turbulence disturbing the shield gas cap. 

 

5.3.2 Determining the influence of carrier and shield gas volume flow directly above 

the powder nozzle (x = 0, y = 0) 

The influence of the volume flows is shown subsequently. Figure 5-13 shows the influence 

of the carrier gas volume flow on the existing oxygen concentration at the working distance 

of the respective nozzle centered above the hole plate. 

                
Figure 5-13: Influence of the carrier gas volume flow on the present oxygen concentration. Measurements 

were carried out directly above the hole plate in the working distance of the respective nozzle. 

 

The carrier gas volume flow has an influence on the existing oxygen concentration. The 

standard deviation of the measuring points was determined based on three measurements. 

It is not visible in the diagram because the standard deviation for all measurements is less 
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than 200 ppm and thus smaller than the marking of the points in the diagram. Thus, a 

statistical significance of the carrier gas volume flow on the oxygen concentration is given. 

Furthermore, the coaxial nozzle is less sensitive to carrier gas volume flow variation. In 

general, it can be stated that the oxygen concentration increases with increasing carrier gas 

volume flow, as can be seen in Figure 5-13, and the coaxial nozzle is more robust to an 

increase in carrier gas volume flow in comparison to the three-jet nozzle. 

Figure 5-14 shows the influence of the shield gas volume flow on the existing oxygen 

concentration at the working distance of the respective nozzle centered above the hole plate. 

          
Figure 5-14: Influence of the shield gas volume flow on the present oxygen concentration. Measurements 

were carried out directly above the hole plate in the working distance of the respective nozzle. 

 

As the shield gas volume flow increases, the oxygen concentration decreases. The spread 

of the oxygen concentrations (e.g., at a shield gas volume flow of 7.5 l/min) results from 

the fact that a higher carrier gas volume flow was used at the higher oxygen concentrations 

- in contrast, lower carrier gas volume flows were used at lower oxygen concentrations at 

a shield gas volume flow of 7.5 l/min. It can also be seen that the coaxial nozzle tends to 

have lower oxygen concentrations with the same shield gas volume flow. Looking at the 

gradients of the trend lines, the carrier gas volume flow has a greater influence on the 

oxygen concentration present than the shield gas volume flow. This proves that a suitable 

adjustment of the carrier gas volume flow has a significant influence on the spatial oxygen 

distribution on the melt pool surface. 
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To clarify whether the present oxygen concentration can be described by the ratio of carrier 

gas volume flow to shield gas volume flow, the oxygen concentration was plotted versus 

this ratio in Figure 5-15. 

          
Figure 5-15: Influence of the carrier gas volume flow to shield gas volume flow ratio on the present oxygen 

concentration. 

 

Figure 5-15 illustrates the robustness of the coaxial nozzle to an increasing carrier gas 

volume flow to shield gas volume flow ratio. For a ratio of the carrier gas volume flow to 

shield gas volume flow of less than 0.4, the oxygen values of the two nozzles are in a similar 

range. From this ratio, the three-jet nozzle has a significantly higher oxygen concentration 

compared to the coaxial nozzle. Only for the highest ratio (1.6) does the coaxial nozzle 

perform worse. But in practice, this ratio is of no relevance, because such a high carrier gas 

volume flow is not used due to the high argon consumption and the induced turbulence in 

the shielding gas bell. Furthermore, it can be seen that the three-jet nozzle at a gas ratio of 

0.53 performs worse with higher shielding gas volume flows (15 l/min and 22.5 l/min) with 

regard to a low oxygen concentration. This anomaly can be explained by the Venturi effect. 

Due to the higher volume flow rate of the shielding gas fluid, the static pressure of the fluid 

is lower than the pressure of the ambient air. This negative pressure allows oxygen to be 

sucked into the shielding gas bell from the ambient air. 

Summing up, Figure 5-11 and Figure 5-12 show that the present spatial oxygen 

concentration follows the nozzle geometry and is more sharply limited for the coaxial 

nozzle. Figure 5-13 illustrates the oxygen increase under the nozzle with increasing carrier 
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gas volume flow; this is more noticeable for the three-jet nozzle. This demonstrates the 

greater robustness of the coaxial nozzle to carrier gas volume flow variations. Figure 5-14 

shows the decrease in oxygen concentration with increasing shielding gas volume flow. 

Figure 5-15 illustrates that from a carrier gas volume flow to shielding gas volume ratio of 

equal to/greater than 0.4, the coaxial nozzle performs significantly worse with respect to 

present oxygen concentration. It can thus be concluded that for oxidation-critical materials 

such as titanium and aluminum, the coaxial nozzle has significant advantages over a three-

jet nozzle regarding oxidation. 

 

5.3.3 Experimental results with shield gas chamber  

Figure 5-16 shows the influence of the carrier gas volume flow to shielding gas volume 

flow ratio on the oxygen concentration of the three-jet nozzle and the coaxial nozzle inside 

the shield gas chamber.     
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Figure 5-16: Influence of the shield gas chamber on the oxygen concentration for various carrier to shield gas 

volume flow ratios. a): Coaxial nozzle. b): Three-jet nozzle. 

 

Figure 5-16 shows that the shield gas chamber practically eliminates the influence of the 

carrier gas volume flow to shield gas volume flow ratio for both nozzles. Even for the very 

large ratio of 6, no significant increase in oxygen concentration is found for the three-jet 

nozzle. There is a tendency of improvement in oxygen concentration at the same gas ratio 

with increasing shielding gas volume flow for both nozzles. Furthermore, the coaxial nozzle 

a

b
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exhibits a lower oxygen concentration at the same gas ratio for shielding gas volume flows 

larger than 15 l/min. 

 

5.4 Numerical simulation results 

In order to determine the influence of the nozzle geometry and the carrier gas volume flow 

on the present oxygen concentration, a parameter sweep of the carrier gas volume flow and 

shield gas volume flow were carried out for both nozzles. Results are shown in Figure 5-17 

and Figure 5-18. 

 
Figure 5-17: Parametric sweep of the carrier gas volume flow and shield gas volume flow of the three-jet 

nozzle. Top: Oxygen concentration in an isometric view. Bottom: Oxygen concentration on workpiece 

surface. 
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Figure 5-18: Parametric sweep of the carrier gas volume flow and shield gas volume flow of the coaxial 

nozzle. Top: Oxygen concentration in an isometric view. Bottom: Oxygen concentration on workpiece 

surface. 

 

As can be seen from Figure Figure 5-17 and Figure 5-18, the three-jet nozzle is more 

sensitive to a variation in the carrier and shield gas volume flow in relation to the coaxial 

nozzle. From a carrier gas volume flow to shield gas volume flow ratio of greater than 0.4, 

the three-jet nozzle exhibits significantly higher oxygen concentrations. Furthermore, the 

oxygen concentration on the substrate surface is more homogeneous for the coaxial nozzle. 

Thus, the numerical simulation shows the same tendencies with regard to greater sensitivity 

of the three-jet nozzle to an increased carrier gas volume flow as the developed 

experimental setup for determining the spatial oxygen concentration. A further simulation 

investigated convective effects on the oxygen concentration. This simulation shows that 

convection does not lead to a significant increase in oxygen concentration. This can be 

explained by the low flow velocities caused by convection in relation to the carrier gas and 

shielding gas volume flows. 

 

This chapter demonstrated for the first time both empirically and simulatively the 

dependence of the nozzle geometry on the spatial oxygen distribution. The significance of 

the previously neglected machine parameters shield gas volume flow and carrier gas 
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volume flow with regard to the resulting spatial oxygen concentration was also determined. 

This can be used to improve the quality of AM parts made from oxidation-critical materials.  

The results of this chapter can be summarized as follows: 

 

�ƒ The spatial oxygen concentration of the three-jet nozzle is less pronounced in 

comparison to the coaxial nozzle. The center of low oxygen concentration follows 

the nozzle geometry. 

�ƒ The carrier gas volume flow has a greater impact on the oxygen concentration 

compared to the shield gas volume flow. 

�ƒ The coaxial nozzle is less sensitive to gas ratio variations than the three-jet nozzle. 

From a carrier gas volume flow to shield gas volume flow ratio of 0.4, the three-jet 

nozzle leads to high oxygen concentrations. These findings are validated by the 

results of the numerical simulation. 

�ƒ A shield gas chamber practically eliminates the influence of the gas settings on the 

present oxygen concentration. 
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�' �� 
6. Investigation of oxygen uptake in Ti6Al4V during 

Direct Metal Deposition Process and analysis of 

oxidation on mechanical properties 
 

The aim of this chapter is to transfer the quasi-static simulation and oxygen measurements 

of chapter 5 to the resulting oxidation of the DMD structure of Ti6Al4V. Thus, the influence 

of the dynamics of the process on the oxidation of Ti6Al4V can be investigated. To meet 

industry standards, the maximum permissible oxygen concentration in titanium 

components is defined in DIN 17850 [98] for pure titanium and DIN 17851 [99] for 

titanium alloys such as Ti6Al4V (Titanium Grade 5, Omax = 2000 ppm for aerospace 

industry) and Grade 23 (Ti6Al4V extra low interstitials (ELI), Omax = 1300 ppm for medical 

industry). Finally, limit values for the carrier gas, shielding gas volume flow rates, and 

travel speed should be developed, which can be used to build titanium components that 
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meet the requirements of the aerospace and medical industry regarding oxygen 

concentration in the microstructure as well as the requirements regarding mechanical 

properties. Parts of this chapter has been published in [84] and [100] . 

 

6.1 Experimental design and methodological approach 

The experimental setup with regard to the used laser and material can be found in chapter 

4.1. Two different nozzle geometries were used to evaluate the influence of the nozzle 

geometry on oxidation: the coaxial nozzle and the three-jet nozzle, which were used for the 

oxygen concentration measurements as described in subchapter 5.1. Figure 6-1 shows the 

methodology.  

 

 
Figure 6-1: Methodology to determine the influence of gas volume flow settings, nozzle geometry, shielding 

gas chamber, and travel speed on the oxidation of Ti6Al4V. 

 

To investigate the influence of the gas volume flow settings (carrier gas volume flow and 

shield gas volume flow), they were varied on 6 different levels for two different nozzle 

geometries inside and without a shielding gas chamber. The remaining main machine 

parameters such as laser power, travel speed, and mass flow were kept constant. It should 

be mentioned that oxidation decreases with increasing mass flow (assuming constant travel 

speed and laser power), as part of the laser power is reflected and absorbed by the powder, 
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so that a lower energy density is coupled into the substrate, which ultimately leads to lower 

temperatures and thus oxidation and vice versa. The travel speed was varied on three 

different levels. Detailed information can be found in the following explanations.  

In order to evaluate the influence of the gas dynamics, the machine parameter laser power 

�3�� � �� ���������� �:���� �S�R�Z�G�H�U�� �P�D�V�V�� �I�O�R�Z�� 	À�� � �� ���� �J���P�L�Q���� �D�Q�G�� �W�U�D�Y�H�O�� �V�S�H�H�G�� �Y�� � �� ��00 mm/min (these 

parameters were developed in chapter 4 and ensure sufficient energy input to avoid lack of 

fusion and porosity were kept constant and only the carrier gas and shield gas volume flow 

were varied.  Argon was used as the shielding gas and carrier gas volume flow species. The 

absolute volume fraction of argon is 99.998% and has the following impurities: H2O < 3 

ppm, O2 < 2 ppm, N2 < 10 ppm, CH4 < 1 ppm, and CO2 < 1 ppm. The variation of the gas 

volume flow settings can be seen in Table 6-1. 

 

Table 6-1: Experimental plan for investigating the effects of gas volume flow settings, nozzle type, and 

shielding gas chamber on oxidation during the DMD process. 

 

These experiments were carried out for both nozzle geometries, outside and inside a 

shielding gas chamber, as described in [91]. To obtain a globally low oxygen concentration 

inside the chamber, the chamber was flooded with argon for 10 min before each experiment. 

It should be noted that there is a low residual oxygen concentration (<150 ppm) in the 

shielding gas chamber as upon initiation of powder flow, the activation of the machine 

suction system ensues, thereby facilitating the potential influx of external oxygen into the 

chamber interior. The permutation of the variables (nozzle geometry, buildup in shielding 

gas chamber/no shielding gas chamber) thus results in a total of 24 independent 

experiments (see left part in Figure 6-1). Figure 6-2 depicts the dimensions of the additive 

structure. 

 

 

Experimental no. 
Carrier Gas 
volume flow 

(l/min) 

Shield Gas volume 
flow (l/min) 

Carrier to Shield Gas 
Volume Flow Ratio Nozzle Type Shielding Gas 

Chamber 

1 2 15 0.13   

2 2 30 0.07   

3 4 15 0.27 Three-jet/coaxial 
nozzle 

Yes/No 

4 4 30 0.13   

5 8 15 0.53   

6 8 30 0.27   
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Figure 6-2: Schematic illustration of the additive buildups of the Ti6Al4V structures. 

 

12 singletracks were built next to each other with an overlap of 50%, resulting in one layer. 

Four layers were built up on top of each other in an uniaxial direction to achieve a sufficient 

height for the microhardness measurement as well as to achieve the necessary dimensions 

for the tensile samples. 

To ultimately evaluate the impact of travel speed, it is varied while maintaining constant 

linear heat input and specific energy, as defined by equations (2-7) and (2-8) on page 19, 

by simultaneously adjusting the laser power.This ensures that the energy input is equal and 

thus a nearly equal build quality is achieved in terms of sufficient metallurgical bonding 

between the substrate and the build-up as well as a high-density buildup. In order to 

investigate the benefits of a heat sink with regard to oxidation, an experiment is carried out 

on a copper block. Figure 6-3 shows a schematic illustration of this experimental setup. 

 
Figure 6-3: Schematic drawing of the experimental setup to investigate the usefulness of a copper block with 

regard to oxidation in the DMD process for Ti6Al4V. 
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To quantify the oxygen uptake, the hot carrier gas extraction (also inert gas fusion) method 

is used, which is approved according to standard ASTM E1409:13 [101] for the 

determination of the oxygen content in the titanium microstructure. The measuring 

instrument used was the LECO ONH836.  

In order to ensure an accurate measurement of the hot carrier gas extraction method, cubes 

approximately equal to the weight of the calibration samples are required. For Ti6Al4V 

structures with 100% density, this corresponds to a cube with dimensions of 3 × 3 × 3 mm.. 

To achieve this height, 4 layers had to be built on top of each other. To ensure statistical 

significance, 4 cubes were cut out of each buildup with wire EDM (electrical discharge 

machining). To prevent falsification of the measurement results by the oxide layer on the 

sample cubes from the wire EDM cutting, the cube surfaces were ground until no oxide 

layer was visible on the cube surface under an optical microscope (Nikon C-PS), 

magnification: 50×). For this, a SiC abrasive paper with 600 grit was used to prevent 

contamination from the normally used corundum grits. Afterwards, the cubes were cleaned 

with the device Bandelin Sonorex Digitec in pure ethanol in an ultrasonic bath for one 

minute in order to remove grinding residues. Then the cubes were air dried for at least 10 

min. Figure 6-4 shows the procedure for determining the oxygen content in the Ti6Al4V 

microstructure. 

   

 
Figure 6-4: Flow diagram of the process for the determination of oxygen uptake by means of hot carrier gas 

extraction. 

 

In order to determine the influence of oxidation on the mechanical properties, the 

build-up for the microhardness curves had to be separated, embedded, ground and polished. 

In order to recognize the transition from substrate to build-up, the samples were etched 

using Kroll solution. The Qness Q10 microhardness tester was used to measure the 

microhardness. In order to obtain a statistically significant hardness measurement across 
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the substrate and the deposit, three microhardness curves were measured. The measurement 

scheme can be found in Figure 6-5. 

                       
Figure 6-5: Schematic methodology for conducting a series of microhardness measurements. 

 

The Vickers hardness HV0.3 was measured in accordance with the DIN EN ISO 6507 [102] 

standard. This allows a hardness profile with sufficiently fine resolution. The distance from 

the specimen edge is 3d and 6d (where d is the length of the impression diagonal) between 

the individual test points and corresponds to the defined minimum distance of the DIN EN 

ISO 6507 standard, thus avoiding any influence on the hardness test due to hardening. 

To determine the tensile strength and ductility of the individual Ti6Al4V samples, 

specimens were cut from the deposit using electrical discharge machining. In each case, 3 

samples were cut in the build-up direction and 3 samples at 90° to the build-up direction to 

investigate the directional influence of the DMD process. A schematic representation can 

be found in Figure 5. 
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Figure 6-6: Extraction of micro-tensile specimens through EDM. To determine the directional dependence of 

the DMD process, samples are machined from the deposit in various orientations. a) Schematic representation, 

b) Real specimen. 

 

The width of the individual specimen is 1 mm and the thickness of the specimen is 0.3 mm. 

The principle and performance of micro tensile tests are explained in Beerli et al. [103] and 

the suitability of this measurement method for micro tensile specimens is demonstrated. 

Before measuring the tensile strength, the width of all individual samples was measured 

using the Keyence VHX-7000 digital microscope, as could be seen in Figure 6-7. 

 
Figure 6-7: Width measurement of the tensile specimen. 

  

Moreover, the aforementioned Keyence VHX-7000 was used to analyze the microstructure.  

 

99
7 

µm
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6.2 Analysis of findings and comprehensive discussion of implications 

6.2.1 Oxygen uptake without shield gas chamber 

Figure 6-8 illustrates the oxygen concentration measured in the cubes extracted from the 

buildups produced with the three-jet nozzle for the different carrier gas to shield gas volume 

flow ratios without the shielding gas chamber. 

         
Figure 6-8: Oxygen uptake into the titanium microstructure produced using a three-jet nozzle for various 

carrier gas to shield gas volume flow ratios. 

 

The bars in Figure 6-8 indicate the standard deviation of the measured oxygen 

concentration for all 4 cubes per gas volume flow setting. This also applies to all subsequent 

figures in this section. 

The oxygen concentration is lower than 2000 ppm for all samples built with a carrier to 

shield gas volume flow ratio less or equal to 0.27. However, the samples built with a higher 

ratio of 0.53 show a significantly higher oxygen intake, with more than 8500 ppm. 

Figure 7 shows the oxygen concentration measured in the cubes extracted from the buildups 

produced with the coaxial nozzle for the different carrier gas to shield gas volume flow 

ratios without the shield gas chamber. 
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Figure 6-9: Oxygen uptake into the titanium microstructure produced using a coaxial nozzle for various carrier 

gas to shield gas volume flows. 

 

The oxygen concentration of the samples produced with the coaxial nozzle shows the same 

trend as the samples produced with the three-jet nozzle. The oxygen concentration is lower 

than 2000 ppm for all samples built with a carrier to shield gas volume flow ratio less or 

equal to 0.27. However, the samples built with a higher ratio of 0.53 show a significantly 

higher oxygen intake, with more than 4900 ppm. 

The specifications for the aerospace industry require an oxygen concentration lower than 

2000 ppm, and the medical industry requires below 1300 ppm. The results show that the 

standard for aerospace can be met with both nozzle geometries for a carrier to shield gas 

volume flow ratio inferior to 0.3. For higher ratios, the oxygen concentration increases 

drastically for both geometries. The specifications for the medical industry are not met by 

the samples built without the chamber. 

The homogeneity of the oxygen uptake into the buildup decreases as the oxygen 

distribution of the inert gas bell becomes inhomogeneous or is not given at all, as could be 

seen for the volume flow ratio of >0.4 in Figure 5-15 on page 65. It should be mentioned 

that the oxygen concentration still appears low for the coaxial nozzle in this Figure, but this 

measurement was carried out directly under the powder nozzle and does not allow any 

conclusions to be drawn about the spatial characteristics of the inert gas bell. However, this 

must be considered; at this point, reference is made to chapter 7, in which an oxidation 

model is developed and the spatial oxygen distribution is taken into account. 
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6.2.2 Oxygen uptake with shield gas chamber 

The oxygen concentrations in the DMD buildups produced inside the shielding gas chamber 

are shown for the three-jet nozzle in Figure 6-10 (a) and for the coaxial nozzle in Figure 

6-10 (b). 

Figure 6-10 shows a significant reduction in oxygen uptake into the titanium structure when 

the shielding gas chamber is used compared to the same process conditions without a 

chamber. For all carrier to shield gas volume flow ratios, both aerospace and medical 

standards are met, with all samples displaying an oxygen concentration below 1300 ppm. 

The standard deviations observed are also minimized, showing a better homogeneity of the 

oxygen intake in the buildups with the use of the chamber. However, a subtle oxidation 

persists due to the residual oxygen content within the chamber being less than 150 ppm, as 

elucidated in section 0. 

The optimized shield gas chamber allows for medical-standard parts to be produced by 

DMD regardless of the optimization of the carrier to shield gas volume flow ratio. 
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Figure 6-10: Influence of the shielding gas chamber on oxygen uptake into the titanium microstructure for (a) 

three-jet nozzle and (b) coaxial nozzle for various carrier gas to shield gas volume flow ratios. 

 

6.2.3 DMD build -ups without shielding gas chamber at varied travel speed 

In addition to the influence of the gas dynamics, which are determined by the carrier gas to 

shield gas volume flow ratio, the influence of the travel speed was also investigated by 

varying the travel speed. The objective of this investigation is to assess the feasibility of 

constructing Ti6Al4V components that meet oxidation criteria through the DMD process 

with an adequate level of reliability, even in the absence of a shielding gas chamber. To 

make the process as comparable as possible to the temperature distribution, the line energy 

was kept constant at approximately 92 J/mm with P = 1100 W and v = 700 mm/min �§ 12 

mm/s. Figure 6-11 shows the oxygen concentration in the DMD buildups produced with 

the coaxial nozzle for different travel speeds. 
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Figure 6-11: Oxygen uptake into the titanium microstructure using a coaxial nozzle for various travel speeds 

at constant line energy and constant carrier to shield gas volume flow ratio (CG: 4 l/min, SG: 15 l/min). The 

rightmost bar shows the benefit of using a  heat sink at increased travel speeds to reduce oxidation. 

 

Figure 6-11 shows that reducing the travel speed to 0.51 m/min (at constant line energy) 

fulfills the oxygen limits for the aerospace and medical industries, such that they are met 

even without the use of a shielding gas chamber. At lower travel speeds, the melt pool and 

the hot, already solidified material remain longer in the area of the shielding gas bell. For 

DMD typical cooling rates approaching up to 1000 K/s [104,105], the material can thus 

cool down sufficiently so that the material oxidizes less. 

Increasing the travel speed, on the other hand, leads to a sharp increase in oxygen uptake 

into the titanium structure. Oxidation can be significantly reduced with a heat sink. The 

thermal resistance of a series connection of two different materials can be described 

according to Holman [106] by the following equation 
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where �G�¼�è is the thermal conductivity of copper, �G�Í�Ü�:�º�ß�8�Ï  is the thermal conductivity of 

Ti6Al4V, �H�¼�è is the thickness of the copper block, and �H�Í�Ü�:�º�ß�8�Ï  is the thickness of the 

titanium substrate perpendicular to the heat flux over the cross-sectional area �#�Û�Ù. This 

results in a thermal conductivity of the series connection of the two materials according to 
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With a thermal conductivity of Ti6Al4V �G�Í�Ü�:�º�ß�8�Ï ��= �s�y�ä�w���9 ���:�I �®�- �; (at 800 °C, [107]), a 

thickness �H�Í�Ü�:�º�ß�8�Ï  = 6 mm, a thermal conductivity of copper �G�¼�è��= �u�x�x���9 ���:�I �®�- �; (at 800 

°C, [108]), and thickness �H�¼�è = 50 mm of the Ti6Al4V substrate, the resulting thermal 

conductivity is ���G�æ�Ö��= �s�s�x�ä�z���9 ���:�I �®�- �;. This is greater than that of Ti6Al4V by a factor of 

6.7. Thus, due to the high thermal conductivity, the heat from the titanium substrate and the 

deposited Ti6Al4V can be dissipated more quickly, thus the oxidation rate is reduced due 

to the lower temperature of the material outside the inert gas bell. 

6.2.4 Microstructure analysis 

For a thorough examination of the microstructure and mechanical properties, the samples 

fabricated utilizing the coaxial nozzle, as elucidated in section 6.1, were chosen for 

subsequent investigations. This selection was made due to the capability of analyzing the 

impact of gas settings and travel speed adjustments on these samples. 

 

Table 6-2: Selected experiments for a more detailed analysis of the microstructure and mechanical 

properties with the corresponding oxygen contents. 

 

 

 

 

Experiment 

Laser 

power 

[W]  

Travel 

speed 

[mm/min]  

Powder 

mass 

flow 

[g/min]  

Laser 

spot 

diameter 

[mm] 

Carrier 

gas 

volume 

flow 

[l/min]  

Shield 

gas 

volume 

flow 

[l/min]  

Shield gas 

chamber 

Heat 

sink 

Oxygen 
content 
[ppm] 

1 1100 700 4 3 4 15 no no 1320 

2 1100 700 4 3 4 30 no no 1120 

3 1100 700 4 3 8 15 no no 4920 

4 1100 700 4 3 8 30 no no 1110 

5 1100 700 4 3 2 15 no no 1320 

6 1100 700 4 3 2 30 no no 1230 

7 1100 700 4 3 8 15 yes no 1010 

8 797 510 2.8 3 4 15 no no 874 

9 1268 830 4.6 3 4 15 no yes 2240 
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Figure 6-12 shows different grain structures in the deposited material and the substrate. 

  
Figure 6-12: Overview of the microstructure of substrate �� , heat-affected zone (HAZ) ��  and build-up 

�� . a) Deposit with an oxidation level of 1320 ppm and b) Deposit with the highest oxidation level of 4920 

ppm. 

 

The area ��  shows a grain change due to the absorbed laser power and the heat conduction 

of the hot melt pool towards the deeper substrate material, the area ��  shows columnar 

�J�U�R�Z�W�K���R�I�������J�U�D�L�Q�V���D�Q�G���W�K�H���D�U�H�D����  shows the grain structure of the thermally unaffected 

substrate area. The macroscopic structure of DMD-deposited Ti6Al4V is characterized by 

�W�K�H���H�S�L�W�D�[�L�D�O���J�U�R�Z�W�K���R�I���V�X�E�V�W�D�Q�W�L�D�O���F�R�O�X�P�Q�D�U���S�U�L�R�U����-grains, extending consistently across 

the deposited layers. This subdivision of the microstructure into three parts appears to be 

independent of the degree of oxidation. In order to gain a more precise insight into the 

microstructure, detailed images of the individual areas were taken. These can be seen in 

Figure 6-13. 
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Figure 6-13: Detailed images of the individual microstructure areas of experiment 1. a) Zone ��  shows the 

substrate thermally unaffected by the DMD process, zone ��  shows the heat treated area in the substrate with 

equiaxed grains and zone ��  shows the DMD build-up with columnar grain growth, b) microstructure of the 

build-up, c) microstructure of the HAZ, d) microstructure of the substrate. 

 

Figure 6-13 �E�����V�K�R�Z�V���D�Q���.��- Widmanstätten structure in higher layers of the build-up. The 

columnar grain growth in the build-up results from the high temperature gradients present 

in additive processes, which allow directional solidification over the height. The presence 

�R�I���W�K�H���.��-Widmanstätten structure can be explained by the complex thermal history of the 

DMD process. With increasing layer height, heat accumulates and the temperature gradient 

G decreases [109]. As a result, the ratio G/R (R describes the solidification rate), which is 

decisive for the morphology of the microstructure, decreases. As the ratio of G/R decreases, 

diffusion-�G�U�L�Y�H�Q�� �S�U�R�F�H�V�V�H�V�� �D�U�H�� �L�Q�F�U�H�D�V�L�Q�J�O�\�� �S�U�H�V�H�Q�W���� �O�H�D�G�L�Q�J�� �W�R�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �. - 

Widmanstätten structure. This is in agreement with the statements of Fan et al. [110], who 

�U�H�S�R�U�W���.��- Widmanstätten structures when the cooling rate falls below 410 K/s. Figure 6-13 

c) shows a complete different characteristic of the microstructure in the HAZ. This zone 

experiences a rapid cooling rate at the beginning of the DMD process. This results in the 

�I�R�U�P�D�W�L�R�Q�� �R�I�� �D�Q�� �.�¶�� ���P�D�U�W�H�Q�V�L�W�H���� �P�L�F�U�R�V�W�U�X�F�W�X�U�H���� �Z�K�L�F�K�� �L�V��characterized by diffusionless 
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folding. The microstructure of the thermally untreated substrate can be seen in Figure 6-13 

�G�������7�K�L�V���]�R�Q�H���V�K�R�Z�V���.���H�T�X�L�D�[�H�G�����.���H�O�R�Q�J�D�W�H�G���J�U�D�L�Q�V���������H�T�X�L�D�[�H�G���D�Q�G�������H�O�R�Q�J�D�W�H�G���J�U�D�L�Q�V���D�Q�G��

results from the combined production process using rolling and subsequent annealing. The 

rolling process leads to elongated grains, whereas the annealing process leads to 

recrystallisation, resulting in equiaxed grains. There is no change in the microstructure 

when the same laser power and travel speeds and spot diameters are used. This shows that 

the degree of oxidation has no influence on the microstructure, as the build-up with an 

oxygen content of 4920 ppm shows a significantly higher oxidation, but the formation of 

the microstructure results solely from the thermal history (e.g. G/R ratio). 

 

6.2.5 Microhardness analysis 

Figure 6-14 shows the result of the microhardness measurement of the individual 

experiments. 

 

Figure 6-14: Microhardness measurement of the individual experiments with different oxygen contents. 

The location is specified on the x-axis, where 0 is the substrate level, values < 0 are 

measured values in the substrate and therefore values > 0 are hardness measurement points 

in the build-up area. The microhardness shows a clear difference between the individual 

experiments with different oxidation rates in the build-up material. Since the microstructure 

is independent of the degree of oxidation, as described in subsection 4.1, it can be concluded 

that the increase in hardness in the build-up can be explained primarily by the different 
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degree of oxidation . This change in hardness applies in substrate areas close to the surface 

(< 150 µm) and in the build-up area. However, the difference in hardness cannot be 

explained by the oxygen content in the microstructure alone. For example, experiment no. 

8 shows higher hardness values than the more oxidized experiments 1,6 and 7. This means 

that there must be another hardness increase mechanism that cannot be described by the 

oxygen content alone. Solidification or precipitation hardening is unlikely, as neither 

deformation took place nor was an additional phase recognizable in the microstructure. The 

increase in hardness could therefore be caused by solid solution hardening and thus by 

dissolved, hardness-increasing elements. In addition to the diffused oxygen, the two 

elements nitrogen and hydrogen are also present. Above all, the increase in hardness in 

areas close to the surface (x almost 2 mm) through the diffusion of hydrogen into the 

titanium microstructure due to its small atomic radius appears logical. A stable formation 

of a surface rutile layer would act as an inhibitor for the diffusion of hydrogen [11]. 

However, as this does not show any real adhesion at temperatures > 700°C and these 

temperatures are exceeded with DMD, the assumption of hydrogenation of the 

microstructure, which leads to an increase in hardness, is logical. Hydrogenation can also 

be used to explain the hardening in substrate areas close to the surface (< 150 µm). Due to 

the slower process of experiment 8 (travel speed of 510 mm/min instead of 720 mm/min 

compared to experiments 1, 3, 6 and 7), the diffusion of hydrogen through the ambient 

atmosphere inside the substrate can take place over a longer period of time. This can explain 

the onset of hardness of the experiment 8 of approx. 30 HV at the location x = -150 µm. 

This explanation can be supported by the lowest hardness values measured in the build-up 

�D�U�H�D�V���Q�H�D�U���W�K�H���V�X�U�I�D�F�H�����”�������P�P�����R�I���H�[�S�H�U�L�P�H�Q�W���������7�K�L�V���H�[�S�H�U�L�P�H�Q�W���Z�D�V���F�D�U�U�L�H�G���R�X�W���L�Q�V�L�G�H���D��

shielding gas chamber and the hardening of the edge area by diffusion of hydrogen or 

nitrogen cannot take place or can only take place to a small extent. As a result, no hardening 

takes place here and experiment 7 shows the lowest hardness values for build-up areas near 

the surface. However, a longer diffusion time (see above explanation of the increase in 

hardness of experiment 8) cannot explain the increase in hardness of experiments 3 and 9, 

as experiment 3 was carried out at the same travel speed as experiments 1, 6 and 7 and 

experiment 9 even at an increased travel speed. The increase in hardness in experiments 3 

and 9 can therefore be explained purely by solid solution hardening due to diffusing oxygen 

and the formation of the oxygen-enriched solid solution (referred to in the literature as the 

alpha case [111]). In experiment 3, the alpha case forms due to unfavorable process 
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parameters with regard to the carrier to shield gas volume flow ratios as explained in chapter 

5.  

 

6.2.6 Tensile tests 

Figure 6-15 demonstrates the stress-strain diagram of experiments 1, 3 and 4. 

        
Figure 6-15: Stress-strain curves for different experiments. a) experiment 1, b) experiment 3 and c) 

experiment 4. The engineering stress and the engineering strain could be determined for only one of 6 tensile 

tests, as the remaining 5 tensile specimens of experiment 3 did not show any plastic behaviour and therefore 

it was not possible to create the diagram. 

 

As can be seen from the figure, experiment 1 and experiment 4 show a significantly 

different stress-strain curve compared to experiment 3. This can be explained by the very 

different degree of oxidation (experiment 1 has a degree of oxidation of 1320 ppm, 

experiment 3 of 4920 ppm and experiment 4 of 1110 ppm). Experiment 3 in Figure 6-15 b) 

shows a strong embrittlement due to the high oxidation, which leads to an increased 

ultimate tensile strength (UTS) Rm and yield strength (YS) �1y with strongly reduced 

ductility. This is also shown by the lack of necking in experiment 3 when performing the 

tensile test, as can be seen in Figure 6-16. 
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Figure 6-16: True strain map for two experiments. a) experiment 1 and b) experiment 3. Experiment 1 shows 

a present necking �� , whereas experiment 3 does not and is a sign of a brittle fracture. 

Figure 6-15 a) and c) show a UTS > 910 MPa and an elongation at failure of > 5%. 

Experiment 4 shows higher values of elongation at failure compared to experiment 1. This 

can also be explained by the lower degree of oxidation in experiment 4 compared to 

experiment 1. No uniform statement can be made regarding the orientation of the test 

sample regarding the build direction. For example, there is no difference between the 

sample orientation and the UTS. No clear tendency can be determined based on the 

elongation either. Experiment 1 shows a greater elongation at failure in the 90° direction, 

whereas experiment 4 shows a reduced elongation at failure in the 90° direction compared 

to the 0° direction. This study closes the knowledge gap that was not analyzed by Bambach 

et al. [112], who investigated the tensile properties parallel and perpendicular to the build-

up direction in a thin-walled structure, meaning that characterization perpendicular to the 

build-up of a layer (in the present study: 90° orientation) could not be investigated. It can 

therefore be concluded that the sample orientation as defined in Figure 6-6 plays a 

negligible role. 

Finally, the tensile properties must be compared with the requirements defined in standards. 

For Ti6Al4V components, these are defined in the standards DIN 17864 (for forged parts) 

and DIN 17865 (for cast parts). The comparison of the values is shown in Table 6-3. 
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Table 6-3: Comparison of oxygen content, yield strength, tensile strength, and elongation at failure for 

samples with different oxygen contents. 

Experiment Oxygen content [ppm] �1y [MPa] Rm [MPa] Elongation at failure, [%]  

1 1320 859 ± 9.5 952 ± 20.1 6 ± 0.5 

2 1120 842 ± 6.2 922 ± 15.7 7 ± 0.6 

3 4920 1267 1370 1.5 

4 1110 839 ± 7.2 915± 16.9 7 ± 0.4 

5 1320 836 ± 6.2 921± 17.1 6 ± 0.7 

6 1230 865 ± 11.7 968 ± 19.4 8 ± 0.6 

7 950 862 ± 15.5 952 ± 30.5 11 ± 0.8 

8 874 840 ± 12.1 958 ± 22.3 3 ± 0.8 

9 2240 862 ± 21.5 969 ± 40.3 5 ± 0.8 

Cast DIN 17865 - �•������ �•������ �•�� 

Forged DIN 17864 - �•������ �•������ �•���� 

 

As can be seen from Table 6-3, experiments 1, 2, 4, 5, 6, 7 fully meet the requirements 

regarding yield strength (YS), UTS and elongation at failure in accordance with DIN 

17865. In comparison to the requirements for forged parts, this only applies to the YS and 

UTS, but the experiments show insufficient ductility. Experiment 7 is the only experiment 

that also fulfils all the requirements of DIN 17865. The reason for this is that this 

experiment was set up inside a shielding gas chamber and thus, in addition to a low oxygen 

content, less nitrogen and hydrogen can diffuse into the microstructure, which has a positive 

effect on the ductility of this sample. Experiment 3 shows strong embrittlement due to its 

high oxygen content. This is reflected in the high YS and UTS, but the elongation at failure 

is insufficient. Experiment 8 shows sufficient strength properties at low oxygen content, 

but with insufficient elongation at failure. The cause of this phenomenon lies in the presence 

of porosity or insufficient fusion, as evidenced by microscopy images. This condition 

restricts the ductility observed in this experiment. Although this experiment was set up with 

constant specific energy and powder section mass, as mentioned in the section 0, the 

application conditions change. Experiment 9 fulfils the requirements of DIN 17864 and 

DIN 17865 with regard to YS and UTS, but the elongation at failure cannot be met with 

sufficient certainty due to embrittlement caused by the excessive degree of oxidation. 
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In general, these experiments show the high potential of DMD for the production of 

components. For example, without a shielding gas chamber (experiments 1, 2, 4, 5 and 6), 

the DMD produced tensile samples achieved similar or in some cases better values for the 

elongation at failure of the wire arc manufacturing experiments, which were carried out 

inside a shield gas chamber [112].  

 

This chapter investigated the impact of gas volume flow settings and travel speed on the 

oxidation of Ti6Al4V. The results demonstrate that a carrier gas to shield gas volume flow 

ratio of < 0.3 is necessary to produce components with suitable oxygen concentrations in 

the Ti6Al4V microstructure, employing both three-jet and coaxial nozzle configurations. 

This indicates that the stationary carrier gas to shielding gas volume flow ratio of 0.4, as 

presented in Chapter 5, is excessive, as it represents merely the minimum requirement for 

the formation of a shielding gas bell. However, oxidation occurs not only directly beneath 

the nozzle's center but also in the surrounding high-temperature environment, as could be 

seen by the reduction in the carrier gas to shielding gas volume flow ratio from 0.4 to 0.3, 

resulting in a bigger shield gas bell. Additionally, it was observed that the parameter of line 

energy, as commonly cited in the literature, is insufficient for describing the temperature 

field adequately.  

Under constant line energy conditions, tests conducted at higher travel speeds exhibited a 

significantly higher level of oxidation, while lower travel speeds resulted in reduced 

oxidation. This occurred despite maintaining a carrier gas to shield gas volume flow ratio 

< 0.3.  

The current quasi-static analysis of the spatial oxygen distribution, as described in 

subections 5.1.2 and 5.3.2 has limitations. The ratio of 0.3 is a necessary condition for 

achieving a sufficiently low oxygen concentration, but it must be superimposed with the 

travel speed. At increased travel speeds, the thermal energy does not dissipate rapidly 

enough relative to the movement of the shielding gas bell, resulting in a portion of the 

heated titanium outside the bell being exposed to higher oxygen uptake from the 

surrounding atmosphere.. The benefit of using a heat sink to reduce oxidation at higher 

travel speeds was demonstrated. 

Furthermore, it was demonstrated that the tensile specimens with low oxidation fulfil the 

requirements regarding oxygen content in the microstructure, as well as the requirements 

regarding UTS, YS and elongation at failure. In order to describe whether the DMD process 
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is oxidation-critical or not, an oxidation model must be developed. Please refer to chapter 

7. 
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�� 
7. Development of an oxidation model for the DMD 

process 
 

As can be seen from Figure 6-11, the travel speed has a significant influence on oxidation. 

Although the critical ratio of carrier gas to shield gas volume flow of 0.4 was not reached, 

the process with the highest travel speed shows significant oxidation. In order to explain 

the oxidation behavior, it is necessary to superimpose the spatially measured oxygen 

concentration from chapter 5 with the resulting temperature field. For this purpose, the 

temperature field is simulated in this chapter and conditions are defined for the DMD 

process in order to determine whether the process is oxidation-critical or not. Parts of this 

chapter has been published in [100]. 

 

7.1 Numerical simulation of the temperature field of the DMD process 

The temperature fields were simulated numerically with the COMSOL Multiphysics 6.1 

software. Detailed information on the simulation approach is described in Wirth and 

Wegener [113]. The model is constructed from an Eulerian perspective, as illustrated in 

Figure 7-1, utilizing the symmetry of the problem. The powder jet and laser beam remain 

stationary, while material enters the model at the inlet and exits at the outlet.  

7.1.1 Model domain 

The model domain has a rectangular cross-section with a length of 11 mm, a width of 5 mm 

and a height of 3 mm. The laser beam is fixed in the model domain at the position x = 4.5 

mm and y = 0 mm and applies its energy to the substrate at z = 0 mm. The model domain 

with the associated coordinate system is shown in Figure 7-1. 
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Figure 7-1: The model domain with fixed beam source for the temperature field calculation. 

 

7.1.2 Heat source definition 

The input of laser power is simulated by means of a surface heat source �3�:�T�á�U�;. The heat 

source can be described as 

 

�3�:�T�á�U�; 
L �+�:�T�á�U�; �®�Ù�Ð�É  (7-1) 

 

where �+�:�T�á�U�; is the spatial intensity distribution and �Ù�Ð�É is the absorption coefficient of 

the work piece. The spatial intensity distribution �+�:�T�á�U�; can be described as a circular heat 

source  

 

�+�:�N�; 
L  
�t�2

�è�N�Å
�6�A

�?�6
�å�.

�å�½
�.
  (7-2) 

 

where �2 is the laser power and �N�Å is the radius of the laser spot. The assumption is made 

that the intensity distribution of the laser beam is bivariate Gaussian. The heat source is 

fixed at the position x = 4.5 mm and y = 0 mm in the model domain. The radial distance r 

can be calculated using the equation 
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�N�:�T�á�U�; 
L 
¥�:�T
F�v�ä�w�I�I �;�6 
E�U�6.  (7-3) 

 

A plot of the intensity distribution is shown in               Figure 7-2. 

                     
              Figure 7-2: Intensity distribution of the laser beam defined as a surface heat source. 

 

For �N�Å, 1.5 mm is chosen as this corresponds to the laser beam radius on the surface of the 

substrate with which the experiments from chapter 6 were carried out. 

 

Numerical simulation approach 

Given that the dimensions of the melt pool are considerably smaller than those of the inert 

gas bell, and to uphold computational efficiency, it suffices to simulate the temperature 

field by solely considering heat conduction. The governing equation is the three-

dimensional, simplified heat conduction equation 

 

�é�?�ã
�ò�6
�ò�P


F�Ï �®�:�G�Ï�6�; 
L �r  (7-4) 

 

where �é is the density, �?�ã the isobaric heat capacity,  and �G the thermal conductivity of the 

material, �6 is the temperature, 
�!�Í

�!�ç
 is its time derivative. Furthermore, heat losses due to 

convective heat transport and thermal radiation are neglected - the former to fulfil the pure 

heat conduction character and the latter because it has a negligible influence on the 

temperature field. 
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7.1.3 Material properties 

For the specification of the material properties, the literature was analysed for constant and 

temperature-dependent material properties. The constant material properties used for the 

simulation of the temperature field of Ti6Al4V during the DMD process can be found in 

Table 7-1 and the temperature-dependent material properties in Table 7-2. 

 

Table 7-1: Constant material properties of Ti6Al4V for the simulation of the temperature field. 

Property Value 

Solidus temperature 1878 K [111,114] 

Liquidus temperature 1933 K [111,114] 

Latent heat/Melting enthalpy 3.65�®10-5 J/kg [115] 

Absorptivity  0.34 [116] 

Volume expansion coefficient 8.9�®10-6 1/K [117] 

Density 4420 kg/m3 [117] 

Viscosity 3.2�®10-3 kg/(m�®s) [118] 

Surface tension 1.65 N/m [118] 

Surface tension coefficient -2.4�®10-4 N/(m�®K) [118] 

 

The temperature dependance of the surface tension ���ê�æ�ç is calculated by 

 

���ê�æ�ç
L �s�ä�x�w���0���I ��
F �6�®�t�ä�v�®�s�r�?�8�0���:�I �®�- �;,  (7-5) 

 

where the first term is the surface tension from Table 7-1 and the second term is the product 

of the surface tension coefficient from Table 7-1 and the temperature �6. 
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Table 7-2: Temperature-dependent material properties of Ti6Al4V for the simulation of the temperature field. 

All data are taken from Lu et al. [117]. 

Temperature [K]  
Thermal conductivity 

[W/(m�®K)] 

Heat capacity at constant 

pressure [J/(kg�®K)] 

293 7 546 

478 8.75 584 

773 12.6 651 

1268 22.7 753 

1373 19.3 641 

1473 21 660 

1873 25.8 732 

1923 83.5 831 

2273 83.5 831 

 

7.2 Temperature field simulation for constant specific energies 

 

Figure 7-3 presents the outcomes of the numerical simulation conducted to determine the 

temperature field under constant specific energies, utilizing the laser power and travel speed 

employed in section 6.1. Figure 7-3 demonstrates that at constant specific energy, the 

results differ greatly. This indicates that the specification of the specific energy alone, as is 

usual in the literature, is not sufficient. At constant specific energy, Figure 7-3 b) shows a 

clear difference in the spatial expansion of the temperature field compared to Figure 7-3 c). 

The slower travel speed increases the time it takes for the substrate material to dissipate 

heat from the hot melt pool region its thermal diffusivity. With a reduced travel speed, this 

results in smaller melt pool dimensions and a smaller temperature field. A higher travel 

speed leads to an extension of the temperature distributions of the hot, oxidation-critical 

temperatures above 700°C for Ti alloys and to increasing overheating with each additional 

track applied. To create an oxidation model, the lateral dimension in the drawing plane 

(minus z-direction) of Figure 7-3 must also be taken into account in a subsequent step. This 

is shown in Figure 7-4. Figure 7-4 shows that the lateral expansion in minus z-direction of 

the hot temperatures is significantly lower than in the trailing temperature field in x 

direction. This means that the expansion of the temperature field in z-direction is less 

critical for oxidation. 
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Figure 7-3: Numerical results of the transient simulation of the temperature fields as a result of heat 

conduction. All experiments were carried out with constant specific energy and a laser spot diameter of 3 

mm. The laser power and travel speed were varied: a) laser power: 1100 W, travel speed :720 mm/min, b) 

laser power: 797 W, travel speed 510 mm/min and c) laser power: 1268 W, travel speed 830 mm/min. 
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Figure 7-4: Numerical results of the transient simulation of the temperature fields (top view). All experiments 

were carried out with constant specific energy and a laser spot diameter of 3 mm. The laser power and travel 

speed were varied: a) laser power: 1100 W, travel speed :720 mm/min, b) laser power: 797 W, travel speed 

510 mm/min and c) laser power: 1268 W, travel speed 830 mm/min. 

 

7.3 Sources of oxidation 

The possible sources of oxygen in the DMD process are summarized in Figure 7-5 and are 

taken into account in the oxidation model. 
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Figure 7-5: Oxidation sources of the DMD process. The oxidation sources in the Ishikawa-diagram summarise 

the causes for the oxidation (effect) of Ti6Al4V during the DMD process. The powder has a different structure 

depending on the powder production process, as can be seen in the SEM images on the left. 

Figure 7-5 divides the sources of oxidation into four possible main causes: 

�ƒ Powder: The powder has a different degree of oxidation depending on the 

manufacturing process. With an equivalent diameter, a spherical shape has the 

lowest surface energy. This leads to a reduced surface area and thus to a reduced 

oxide layer on the powder compared to the blocky powder, whose structure is based 

on the hydride - dehydride (HDH) process. Hot Carrier Gas Extraction 

measurements showed a degree of oxidation that was increased by a factor of two. 

The spherical powder produced by the gas atomization process used for the 

experiments in this thesis has an oxygen content of 500 ppm, whereas the HDH 

powder has an oxygen content of 1000 ppm. 

�ƒ Substrate: The substrate may have some contamination in the form of an oxide 

layer on the surface of the substrate. For titanium, this oxide layer forms at room 

temperature. Optical measurements have shown that at room temperature the oxide 

layer thickness is 1.7 nm after 2 h [119], around 3.5 nm after 40 days [120,121], 5 

nm after 70 days [120,121], 7.5 nm after 545 days and around 25 nm after 4 years 

[122]. Up to about 800 ° C, the oxide layer consists exclusively of Ti02 with a rutile 

structure, whereby the titanium is enriched with oxygen at the titanium/oxide phase 

boundary [122�±124] and follows a curve according to equation (2-3). Above 800° 

C, an additional formation of TiO and Ti203 is observed in [125,126]. However, the 

proportions of the individual phases were not specified there in more detail. These 
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depend primarily on the rate of formation, i.e. on the disordered structure of the 

phases and the diffusion rate of the oxygen atoms through the oxide layer [127]. For 

the following calculation of the amount of oxygen that can be dissolved from the 

oxide layer, a complete TiO2 composition of the oxide layer is assumed. Assuming 

a thickness of the substrate oxide layer of 75 Å and the lateral oxide layer 

dimensions of 18 mm width and 60 mm length (which corresponds to the coating 

area during the DMD experiments), this results in an oxide volume of 0.081 mm3. 

Using the density of rutile of 4.28 g/cm3 [37] results in a oxide layer �P�D�V�V���R�I�����������Â����-

4 g. The weight fraction of oxygen in rutile results from the ratio of the molar masses 

of oxygen (32 g/mol) to titanium dioxide (79.9 g/mol) [128] to about 0.4, resulting 

�L�Q���D���P�D�V�V���W�K�D�W���F�D�Q���E�H���H�[�W�U�D�F�W�H�G���I�U�R�P���W�K�H���R�[�L�G�H���O�D�\�H�U���R�I�����������Â����-4g. An average build-

up volume, which is available for dissolving the calculated oxygen mass results 

from the coating area and the layer height of 3 mm to a volume of 3240 mm3. With 

the density Ti6Al4V according to Table 7-1, the mass of the build up is 14.6 g. This 

means that the oxygen contained in the oxide layer could increase the weight 

proportion of oxygen in the build-�X�S���P�D�W�H�U�L�D�O���E�\���D�U�R�X�Q�G�������������Â����-4 g/14.6 g = 9.45 

�Â����-6 wt.% = 0.095 ppm. This means that the proportion of oxidation due to the 

dissolution of oxygen in the oxide layer is negligible. 

�ƒ Atmosphere: As shown in chapter 5, a shielding gas atmosphere against oxidation 

is only given with sufficient certainty at a carrier gas volume flow to shield gas 

volume flow ratio of < 0.3. This ratio results in a spatial extension of the inert gas 

bell of around 10 mm in diameter, regardless of the nozzle type. This diameter is 

essential for the description of the oxidation model. 

�ƒ Process parameters: The process parameters influence the temperature field. This 

means that higher specific energies result in an energy input into the material 

(neglecting attenuation). This is a common assumption for conventional laser 

cladding, as almost all of the laser energy is absorbed by the substrate. This also 

tends to increase the temperature field in the substrate, making the process more 

oxidation-critical. For this reason, the subsequent oxidation model provides 

sufficient certainty, as the temperature fields according to Figure 7-3 were 

calculated without absorption by the powder. As described in chapter 2, the 

temperature of 700°C or 973 K is used as the critical oxidation temperature, as 

above this temperature no protective oxide layer adheres to the substrate and the 

transition from parabolic to linear oxidation behaviour occurs for Ti6Al4V. 
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7.4 Superposition of temperature field with spatial oxygen concentration 

As can be seen from the above considerations, in addition to the use of a powder with a low 

oxygen content, the generation of a suitable shielding gas atmosphere with the 

superposition of a matching temperature field is of crucial importance for an oxidation-

uncritical process. A suitable atmosphere can be achieved by maintaining a carrier gas 

volume flow to shield gas volume flow ratio of < 0.3 as described in chapter 5. The 

temperature field must be designed in such a way that the oxidation-critical temperature of 

the respective material (for titanium alloys this is 700°C) lies within the inert gas bell. For 

the measurements of the three-jet nozzle and the coaxial nozzle, this oxygen gradient is 

approx. 5 mm from the centre of the nozzle. This means that the diameter of the inert gas 

bell is approx. 10 mm. If the oxidation-critical temperature is located outside the inert gas 

bell or in the area of the sharp oxygen gradient, the oxygen concentration rises rapidly. 

Measurements in chapter 5 have shown an oxygen concentration of 1000 ppm at a distance 

of 5.5 mm from the centre of the nozzle; at a distance of 8 mm from the nozzle, the oxygen 

concentration is already 14500 ppm. 

The simulated temperature field as shown in Figure 7-3 must now be superimposed with 

the spatial oxygen concentration. A superposition of the temperature field with the spatial 

oxygen concentration is shown in Figure 7-6. This figure indicates that the temperature 

fields of the experiments with 1100 W and 720 mm/min travel speed and 797 W and 510 

mm/min are not oxidation-critical, as the critical oxidation temperature of 700 °C for 

Ti6Al4V lies within the inert gas bell in these experiments (Figure 7-6 a) and b)). In 

contrast, in the experiment with 1268 W and 830 mm/min, the critical oxidation 

temperature is outside the inert gas bell and the material oxidises strongly (4100 ppm 

without heat sink and 2240 ppm with heat sink, as illustrated in Figure 6-11). In contrast, 

the experiments in Figure 7-6 a) and b) show an oxygen content of 1320 ppm and 874 ppm. 

This demonstrates the validity of the assumption of a critical oxidation temperature of 

700°C, which together with the spatial specification of the oxygen gradient results in a 

simple, geometric oxidation model. If the mathematical relationship 

 

�N�Ü�Ú�Õ
P�N�Í�â�ë�á�Ö�å  (7-6) 
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is met, the process is not critical for oxidation. �N�Ü�Ú�Õ is the radius of the inert gas and �N�Í�â�ë�á�Ö�å 

the radius of the critical oxidation temperature (in each case related to the centre of the 

nozzle or the centre of the laser beam). 

 

 
Figure 7-6: Superposition of the inert gas bell with the temperature distribution. All experiments were carried 

out with constant specific energy and a laser spot diameter of 3 mm. The laser power and travel speed were 

varied: a) laser power: 1100 W, travel speed:720 mm/min, b) laser power: 797 W, travel speed 510 mm/min 

and c) laser power: 1268 W, travel speed 830 mm/min. 

 

To further elucidate oxidation analytically, the equations provided below supplement the 

geometric overlay of the numerically calculated temperature field, as described above, with 

the spatial oxygen concentration empirically determined. These equations are presented to 

facilitate the development of an analytical oxidation model. To describe the temperature 

distribution T(x,t) in the x-direction, the heat conduction equation 
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�ò�6
�ò�P


L �Ù�Ï �6�6  (7-7) 

 

has to be solved, where �Ù is the thermal diffusivity of the substrate material. As can be seen 

from Figure 7-6, the temperature distribution in the x-direction is critical for oxidation in 

the opposite direction to the travel speed. This simplifies the heat conduction equation in 

the x-direction to the one-dimensional form of 

 

�ò�6
�ò�P


L �Ù
�ò�6�6
�ò�T�6

�ä  (7-8) 

The intensity distribution of the laser is proportional to the energy applied to the surface of 

the substrate. Therefore, the power of the laser over a surface can be used as the source 

term in the heat conduction equation. The power absorbed by the substrate is 

 

�2�:�T�; 
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�Ý�½
�. �®�#,  (7-9) 

 

where �# is the cross-sectional area of the laser focus. This gives the heat input �3 per volume 

 

�3�:�T�; 
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L �+�:�T�;.  (7-10) 

 

This is used as the source term in the heat conduction equation and the result is 
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Taking into account the constant travel speed���R, the heat conduction equation to be solved 

to determine T(x,t) is 
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Due to the non-linearity of the heat source, the above equation can only be solved 

numerically. An analytical solution in non-closed form of equation (7-12) is known, which 

is [129] 
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In this thesis, however, the numerical solution of equation (�y�æ�s�t) is used as this provides 

more precise results than equation (7-13), since equation (�y�æ�s�u) does not consider 

temperature-dependent material properties, whereas the described numerical simulation 

does. 

 

7.5 Oxidation kinetics during the DMD process 

To fully describe the oxidation kinetics, in addition to the temperature-time profile of a 

material element according to Equation 7-13, the oxygen uptake rates of the material are 

required. A fundamental distinction must be made between materials that form an oxide 

layer and those that do not, as shown in Figure 7-7.  

 

 
Figure 7-7: a) Diffusion process for a material without the formation of an oxide layer. b) Two-stage diffusion 

process for a material with the formation of an oxide layer. 

 

The formation of an oxide layer significantly influences the oxidation kinetics, as the 

diffusion coefficient in the oxide layer (�&�â�ë), for example, is approximately 6 to 8 orders 

[130] of magnitude lower than the diffusion coefficient in the base material (�&�Õ�à). 

Therefore, the solution of oxygen in the titanium lattice and the resulting formation of the 

�.-case essentially determines the parabolic diffusion rate. Furthermore, the oxygen 

adsorption rate for materials (�#�6�â�ë) that form an oxide layer must also be determined. The 

adsorption rate can be calculated using the Langmuir isotherm equation [131] 

O2

Oxide layer
O2

a b
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�#�6�â�ë
L �G�Ô�×�æ�®�?�â�ë�®�:�s
F �à�;,  (7-14) 

 

where �G�Ô�×�æ is the adsorption rate constant, �?�â�ë the oxygen concentration and �à the surface 

coverage. The factor �:�s
F�à�; is therefore the proportion of the free surface available for 

adsorption. The absorption rate constant can be determined experimentally. A general 

method is based on the Arrhenius equation, which calculates the temperature-dependent 

reaction rate according to the equation [132] 

 

�G�Ô�×�æ
L �<�®�A�?
�¶�Ì
�Ã�Å,  (7-15) 

 

where �< is the frequency factor for adsorption (dependent on the collision efficiency of the 

molecules with the solid surface), �' �Ô the activation energy for adsorption, �4 the universal 

gas constant and T the temperature. 

When an oxide layer forms, two processes occur simultaneously. The first involves the 

adsorption of oxygen molecules for the formation of the oxide layer, while the second 

involves the diffusion of oxygen at the lower boundary of the oxide layer into the base 

material. Since the diffusion coefficient in the oxide layer is higher, the solution of oxygen 

in the titanium lattice governs the overall oxidation kinetics. Thus, oxidation leads to the 

growth of an oxide layer over time.  

Since there are no data on the adsorption rates and significant oxidation occurs when no 

oxide layer is present, the oxidation behavior of titanium is simplified below.                                   

The diffusion process can be described by Fick's second law using the equation 

 

�!�Ö

�!�ç

L

�!

�!�ì
�@�&

�!�Ö

�!�ì
�A,  (7-16) 

which establishes a relationship between the temporal concentration gradient 
�!�Ö

�!�ç
  and the 

spatial concentration gradient 
�!�Ö

�!�ì
. This also allows the case of transient diffusion processes 

to be represented. In order to be able to give an analytical solution to equation (7-13), a 

constant diffusion coefficient is assumed and Fick's second law is simplified to 
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The initial and boundary conditions are defined as follows: 

�ƒ �?�:�U�á �r�; �� 
L �� �?�4 

�ƒ �?�:�r�á�P�;��
L���?�Ë�4 (boundary concentration of oxygen) 

�ƒ 
�!�Ö

�!�ì
�:�U
L 
F�.�Ì�è�Õ���; 
L �r (no flux on the lower side of the substrate thickness)  

In order to specify the second boundary condition more precisely, the measured oxygen 

concentration distribution of the coaxial nozzle, as described in subsection 5.3.1, was used. 

To obtain a function of the boundary oxygen concentration, a regression analysis was 

carried out which fits the data points with a high degree of agreement (R2 = 0.995). The 

data points as well as the fitting function can be seen in Figure 7-8. 

 
Figure 7-8: Fitting the boundary oxygen concentration �?�Ë�4 with respect to the radial distance of the nozzle. 

The nozzle is located at x = 0. 

 

Since the boundary oxygen concentration is non-linear, no closed analytical solution of 

equation (7-13) can be found using the separation of variables approach. A Taylor series 

expansion with which the fitting function from Figure 7-8 could be approximated linearly 

also makes no sense, as the same oxygen concentration would then be obtained for all radial 

distances �T. A different approach is therefore used for modelling the oxidation kinetics. If 
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the oxidation-critical temperature �6�â�ë�á�Ö�å�ä  for materials is within the inert gas bell (�T < 5mm), 

oxidation can be neglected as a first approximation. If, on the other hand, the oxidation-

critical temperature �6�â�ë�á�Ö�å�ä, at which there is no sufficient adhesion of a protective thin oxide 

layer such as with Ti alloys, is outside the inert gas bell (�T > 5mm), the oxygen 

concentration adsorbed by the metal results from the integral of the nozzle-specific 

boundary oxygen concentration �?�Ë�4. This integral is given by  

 


± �?�Ë�4�:�T�;���@�T
�ë�Å�Ú�ã�á�Î�Ý�ä����

�4
  (7-18) 

 

where �T�Í�Ú�ã�á�Î�Ý�ä�ä  is the location at which the oxidation-critical temperature is present on the 

surface of the substrate (�U = 0). This atmospheric concentration still needs to be converted 

into a resulting oxygen concentration in the material. This can be done with the help of 

stochiometry. The oxygen transfer coefficient ��  introduced here results from the product 

of the solution from equation (7-18) and the molar mass ratio of the oxygen and the oxygen-

absorbing material and is calculated according to the equation 

 

�2 
L 
c�ì �?�Ë�4�:�T�;���@�T
�ë�Å�Ú�ã�á�Î�Ý�ä�ä

�9 
g�®
�Æ�À

�Æ�Ä�à�Í
,  (7-19) 

 

where �/ �È is the molar mass of the oxygen and �/ �Ì�è�Õ is the molar mass of the substrate 

material. 

As shown in this chapter, the numerical calculation of the temperature field and the 

subsequent superposition with the spatial oxygen concentration can be used to describe the 

significant increase in oxidation with the same specific energy input. Thus, in the future, 

titanium alloys manufactured through the DMD process can meet both oxidation limits and 

mechanical property requirements. This means that the oxidation rate can be minimized 

using the oxidation model presented and can serve as a future guideline for the production 

of Ti components using DMD. 
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�� 
8. Dimensional analysis of the DMD process 

The aim of this chapter is to discover laws that describe the behavior of the DMD process 

regarding its outcomes. However, these laws are challenging to formulate, and solutions 

are sometimes elusive or difficult to find. In order to gain a deeper understanding of the 

interrelationship among process variables, laser parameters, and resultant outcomes, 

dimensional analysis and modeling based on Buckingham's �� -theorem are conducted in 

this chapter. This chapter closes the last mentioned research gap, as described in chapter 3, 

is also closed. The influence of SLM parameters on surface roughness was already 

investigated [133]. For the DMD process, such a dimensionless description using the 

Buckingham �� -theorem with regard to the resulting density is still missing. 

 

8.1 Buckingham �� -theorem  

A physical phenomenon, as elaborated in [134], can be characterized by �F independent 

variables denoted as �T�5�á�T�6�á�T�7�á�å �á�T�Ý. Through an implicit functional relationship, the 

phenomenon can be expressed analytically as follows 
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�B
k�T�5�á�T�6�á�T�7�á�å �á�T�Ý
o 
L �r,  (8-1) 

 

This unitless physical law embodies any mathematical equation in physics and engineering 

involving �J variables composed of �I  fundamental units, as stated by Jazar [135]. These 

fundamental dimensions, such as length [L], time [T], mass [M], and so on, comprise �G
L

�F
F�I   independent dimensionless groups required to describe the phenomenon through 

dimensionless �� -terms, as detailed in [134]. According to Dym [136], employing 

Buckingham's �� -theorem enables the expression of the dimensionless term as follows 

 

�+�5 
L �0
k�+�6�á �+�7�á �å �á �+�Ý�?�à
o,  (8-2) 

 

or alternatively 

 

�0
k�+�5�á �+�6�á �å �á �+�Ý�?�à
o
L �r.  (8-3) 

 

�7�K�H����-terms are generated by multiplying the variables �T�5�á�T�6�á�T�7�á�å �á�T�Ý raised to unknown 

integer exponents �= �I�R�U�� �H�D�F�K�� ��-term (excluding the �F
F�I  fundamental variables), as 

described by Zohuri [134]. 

 

�+�5 
L �T�5�Ô�-�á�-�T�6�Ô�-�á�.�å �T�Ý�?�5
�Ô�-�á�Õ�7�-�T�Ý  (8-4) 

                                     �å 

 

�(�D�F�K����-term is characterized by distinct integer exponents, denoted as �=�Ü�á�Ý�����6�L�Q�F�H���W�K�H����-

terms are dimensionless, the exponents of all fundamental dimensions must be zero. 

Consequently, this results in a system of linear equations comprising �I  equations, as 

outlined by Zohuri [123].   

�+�Ý�?�à
L �T�5
�Ô�:�Õ�7�Ø�;�á�-�T�6

�Ô�:�Õ�7�Ø�;�á�.�å �T�Ý
�Ô�:�Õ�7�Ø�;�á�Õ�T�Ý�>�5  
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8.2 �,�Q�S�X�W���Y�D�U�L�D�E�O�H�V���D�Q�G�������V�\�V�W�H�P���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q 

 

To describe the DMD process in a dimensionless manner, it is necessary to select those 

input parameters that have a significant influence on the output variable (in this case, 

material density). For this purpose, the parameters powder mass flow �I�6, travel speed  �R, 

laser power �2, shield gas volume flow �8�6�æ, and material density �é were chosen, as could be 

seen in Table 8-1. 

 

Table 8-1: Input parameters utilized to represent the DMD process in dimensionless form using the 

Buckingham Pi theorem. 

 

 

 

 

 

 

 

 

�7�K�H�V�H���S�D�U�D�P�H�W�H�U�V���F�D�Q���E�H���X�V�H�G���W�R���V�H�W���X�S���D���V�\�V�W�H�P���D�F�F�R�U�G�L�Q�J���W�R���%�X�F�N�L�Q�J�K�D�P�
�V����-theorem, as 

described in section 8.1. First, the number of basic dimensions �I  in the system is 

determined. The basic dimensions are M, L and T (�I 
L �u) and the number of independent 

variables is �F
L �w. �7�K�X�V�����W�K�H�U�H���D�U�H���W�Z�R���L�Q�G�H�S�H�Q�G�H�Q�W���G�L�P�H�Q�V�L�R�Q�O�H�V�V����-terms that can be used 

to describe the system, because �G��
L ���F
F�I 
L �t. 

�7�K�H���W�Z�R����-terms can be described as follows 

 

�+�5 
L ���é �® �R�Ô�-�ä�-�® �2�Ô�-�ä�.�®�8�6�æ
�Ô�-�ä�/   (8-5) 

�+�6 
L ���¡ �® �R�Ô�.�ä�-�® �2�Ô�.�ä�.�®�8�6�æ
�Ô�.�ä�/.  (8-6) 

 

These equations can alternatively be formulated employing fundamental dimensions, 

resulting in 
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Parameter 
Unit  Dimension 

Powder mass flow g/min MT-1 

Travel speed mm/min LT-1 

Laser power W ML 2T-3 

Shield gas volume 
flow 

dm3/min L3T-1 

Material density g/cm3 ML -3 
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This results in a system of linear equations comprising three equations for each fundamental 

dimension. �$�V���G�H�V�F�U�L�E�H�G�����W�K�H����-terms has to be dimensionless. Based on the examination 

of the exponents, the following systems of equations can be formulated: 

System 1: 

   

                            M: ���������������������������������������������������������s
E�=�5�ä�6
L �r  (8-9) 

                             L:          
F�u
E�=�5�ä�5
E �t�=�5�ä�6
E �u�=�5�ä�7���� 
L �r  (8-10) 

                             T:����������������������������������������
F�=�5�ä�5
F �u�=�5�ä�6
F �=�5�ä�7
L �r  (8-11) 

 

System 2: 

 

 

Solving the two systems of equations results in the following values for the exponents: 

�=�5�ä�5
L �t�á�=�5�ä�6
L 
F�s�á�=�5�ä�7
L �s�á�=�6�ä�5
L �t�á �=�6�ä�6
L 
F�s�á �=�6�ä�7
L �r 

 

These values inserted in the equations (8-5) and (8-6�����U�H�V�X�O�W�V���L�Q���W�K�H���G�L�P�H�Q�V�L�R�Q�O�H�V�V����-terms  

�+�5 
L
�é �® �R�6 �®�8�6�æ

�2
  (8-15) 

�+�6 
L
�I�6 �® �R�6

�2
  (8-16) 

 

These two terms can be linked together through a function. This function needs to be 

adjusted based on experimental data. The experimental data is determined using the 

Archimedean principle for density measurement. 

 

 

8.3 Experimental design and methodological approach 

In order to carry out the Archimedean density determination, samples of sufficiently large 

volume must be built up. Cubes with an edge length of 10 mm were constructed for this 

purpose. As a basis for the machine parameters laser power, travel speed and powder mass 

flow rate, these machine parameters were varied even more on the basis of the 

                             M:�����������������������������������������������������������������s
E�=�6�ä�6
L �r  (8-12) 

                              L:�����������������������������������������������=�6�ä�5
E �t�=�6�ä�6
E �u�=�6�ä�7
L �r  (8-13) 

                              T:������������������������������������
F�s
F�=�6�ä�5
F �u�=�6�ä�6
F �=�6�ä�7
L �r  (8-14) 
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determination of the process window from an energetic point of view, as described in 

section 4.3, in order to ensure that changes in density can be measured. The machine 

parameters were varied in three stages as follows: 

 

�ƒ Laser power: 500 W, 750 W, 1000 W 

�ƒ Travel speed: 600, 900, 1200 mm/min 

�ƒ Powder mass flow: 3, 6, 9 g/min 

 

Shield gas volume flow rate was set constant at 15 l/min. The identical machine and powder 

were used as described in the chapter 4. 

 

Archimedes' principle for measuring the density states that a body that is fully or partially 

immersed in a liquid experiences a buoyancy force that is equal to the weight of the liquid 

it displaces. Deionized water is used as the medium for measuring the density of titanium. 

The density of titanium can be calculated by dividing the weight of the titanium in the air 

state by the volume of the displaced water. The difference in weight between the weight of 

the titanium in the air and in the immersed state corresponds to the weight of the displaced 

water. The formula can be expressed as follows [137] 

 

�é�º�É 
L
�$

�$
F�%
�®�é�Æ�á  (8-17) 

 

where �$ is the weight of the titanium sample in air and �% is the weight of the titanium 

sample in the medium. As the density changes with temperature, the temperature of the 

medium must be measured before starting the measurement and the corresponding density 

determined for �é�Æ. 

 

 

 

8.4 Results 

8.4.1 Overview of the cubes built up using DMD  

Figure 8-1 shows the cubes, which were built up with the aforementioned different machine 

parameters. 
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           Figure 8-1: Built-up cubes for density measurements according to Archimedes' principle. 

 

In order to minimise falsification of the density measurement due to the rough surface and 

the different density of rutile (which can be recognized due to the colored surface) 

compared to Ti6Al4V, the samples were ground with a silicon grinding wheel before 

measuring the density. The sample after the grinding process is illustrated in Figure 8-2. 

 

                                 
                                  Figure 8-2: Titanium sample after the grinding process. 

 

It is worth emphasizing that there was an absence of process control aimed at preserving 

lateral dimensions, as elucidated by Eisenbarth [138], through methods such as adjusting 

laser power. This limitation arises due to the utilization of dimensional analysis facilitated 

by the �%�X�F�N�L�Q�J�K�D�P�
�V�� ��-theorem, where parameters remain constant throughout the 

analysis. 
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8.4.2 Dimensional analysis 

The �� -terms from equation (8-15) and equation (8-16) are linked together through 

regression analysis. This is done separately for the three laser powers of 500 W, 750 W, 

and 1000 W, in order to achieve the best fitting results possible.  

The fitting result for 500 W laser power is shown in Figure 8-3.  

      
  Figure 8-3�����5�H�J�U�H�V�V�L�R�Q���D�Q�D�O�\�V�L�V���R�I���W�K�H���W�Z�R���G�L�P�H�Q�V�L�R�Q�O�H�V�V����-terms for a laser power of 500 W [85]. 

 

The fitting function can be determined by a second-degree polynomial function. This 

function is 

 

�+�5 
L 
F�w �®�s�r�?�5�7�® �� �+�6
�6 
E �s�t�r�w�r �®�� �+�6 
E �u.  (8-18) 

 

By substituting the parameters of the �� -terms into the equations and subsequently solving 

for density (to achieve this, equation (8-15) is solved for density.), it is possible to infer the 

behavior of density. This approach enables a scientifically grounded statement regarding 

the dependence of density on the considered process parameters. Thus, material density can 

be described by the following equation 
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�É

�é�. �Ï�6�Þ
.  (8-19) 

This equation allows for inferences to be drawn regarding material density while 

considering the examined process parameters. A change in laser power necessitates an 

adjustment of the factors. A similar procedure is subsequently repeated for 750 W and 1000 

W. 
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Figure 8-4�����5�H�J�U�H�V�V�L�R�Q���D�Q�D�O�\�V�L�V���R�I���W�K�H���W�Z�R���G�L�P�H�Q�V�L�R�Q�O�H�V�V����-terms for a laser power of 750 W [85]. 

 

The material density for 750 W is obtained as follows 
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Figure 8-5�����5�H�J�U�H�V�V�L�R�Q���D�Q�D�O�\�V�L�V���R�I���W�K�H���W�Z�R���G�L�P�H�Q�V�L�R�Q�O�H�V�V����-terms for a laser power of 1000 W [85]. 

 

The material density for 1000 W is obtained as follows 
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Through regression analysis �D�Q�G���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���W�K�H������ �W�K�H�R�U�H�P���� �V�S�H�F�L�I�L�F���I�X�Q�F�W�L�R�Q�V���I�R�U��

�O�L�Q�N�L�Q�J���W�K�H����-terms were developed for each considered laser power (500 W, 750 W, and 

1000 W). These functions enable the establishment of a relationship between the input 

variables (�¡ , �R, �2, �8�6�æ) and the output variable (density: �é). 

�)�R�U���H�D�F�K���O�D�V�H�U���S�R�Z�H�U�����D�Q���H�T�X�D�W�L�R�Q���I�R�U���G�H�Q�V�L�W�\���Z�D�V���G�H�U�L�Y�H�G�����Z�K�H�U�H�L�Q���W�K�H���X�Q�L�W�V���R�I���W�K�H����- terms 

were inserted into the equations and solved for density. In this manner, the behavior of 

density concerning the considered process parameters at each laser power can be quantified. 
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9. Conclusion and outlook 

The aim of this thesis is to investigate the oxidation during the DMD process and strategies 

to avoid it. This is of crucial importance for oxidation-critical materials, as oxidation can 

lead to porosity, embrittlement and generally unfavorable mechanical properties. To 

accomplish this objective, this thesis provides an extensive analysis of the variables 

impacting oxidation within the DMD process, with a specific focus on the fabrication of 

components using Ti6Al4V. The analysis spans from process parameter optimization to 

advanced modeling techniques, offering insightful discoveries on the oxidation dynamics 

within DMD processes. The primary discoveries and advancements of this thesis are 

outlined below, along with a perspective on future research directions. 

�ƒ A purely energetic analysis of the DMD process is a prerequisite for 

mitigating issues such as lack of fusion and porosity in the fabricated 

component, and for ensuring adequate strength.  By optimizing the 

primary process parameters such as laser power, travel speed and powder 

mass flow rate, their influence on the porosity, lack of fusion and oxidation 

tendency of the manufactured parts is investigated. Through extensive 

experimentation, the study delineates how the powder mass flow rate 

significantly influences clad geometry. As depicted in Figure 4-4, an 

increased powder mass flow rate leads to a heightened clad, which could, 
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however, engender energy attenuation effects, reducing the laser's efficiency 

in melting the substrate material. This nuanced understanding underlines the 

critical balance between powder mass flow rate and energy input. It is 

observed that the energy input is inversely proportional to the occurrence of 

porosity and lack of fusion, meaning that higher energy input ultimately 

results in decreased porosity and lack of fusion. However, this statement 

holds true only up to a certain point, as keyhole porosity occurs when the 

energy input becomes too high, causing the porosity to increase once this 

threshold is exceeded. 

�ƒ Achieving a spatially sufficient shielding gas atmosphere, the control of 

the process parameters shield gas volume flow and carrier gas volume 

flow, which have been neglected in research to date, is of crucial 

importance. This thesis presents pioneering work in measuring spatial 

oxygen distribution of the DMD process, highlighting the effect of nozzle 

geometry and gas volume flow rates on spatial oxygen distribution, which 

is relevant for oxidation. The findings, supported by the experimental setup 

illustrated in Figure 5-1, show that the carrier to shield gas volume flow ratio 

plays a crucial role in controlling the ambient oxygen concentration during 

the deposition process. By fine-tuning the carrier and shield gas volume flow 

rates, the study identifies optimal conditions that create a stable and 

controlled atmosphere, preventing excessive oxygen exposure during the 

deposition process. For instance, the coaxial and three-jet nozzle 

configurations demonstrated distinct oxygen shielding behaviors if a carrier 

to shield gas volume flow ratio is set < 0.3, offering valuable insights for 

process optimization to minimize oxidation risks. 

�ƒ The optimization of a shield gas chamber makes the optimization of the 

developed carrier to shield gas volume flow ratio obsolete. Through 

optimization of the inflow, a globally low oxygen concentration around the 

melt pool could be achieved, effectively isolating it from ambient air, which 

is essential for minimizing material oxidation. 

�ƒ The combined parameter of specific energy, as utilized in existing 

literature, does not provide meaningful insight into whether the DMD 

process is susceptible to oxidation or not. With the same specific energy, 

higher travel speeds lead to higher oxidation rates. Thus it is shown that the 
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description of the energy input via the specific energy only avoids porosity 

and lack of fusion (and only if no keyholing occurs). If the travel speed is 

too high, Ti6Al4V is built up, which has too high an oxygen uptake and does 

not meet the requirements of the medical technology and aerospace 

industries. 

�ƒ By adhering to a developed geometric and analytical oxidation model, 

a significant reduction in oxidation is possible. The research extends 

beyond traditional methodologies by integrating a comprehensive 

simulation of the temperature field by solving the heat conduction equation 

and empirically determined spatial oxygen distribution to predict oxidation 

behaviors in DMD processes. This advanced modeling approach, 

encapsulating the dynamic interplay between process parameters and 

environmental conditions, propels the understanding of oxidation 

mechanisms to a new level. Through analyzing and understanding of the 

oxidation kinetics of titanium alloys with the developed oxidation model, 

Ti6Al4V parts could be built up using the DMD process, which fulfill the 

requirements regarding oxidation content in the microstructure as well as 

the mechanical properties as shown via microhardness analysis and tensile 

testing. 

�ƒ Dimensionless description of material density was facilitated through 

the application of the �%�X�F�N�L�Q�J�K�D�P�� ��-theorem. Employing the 

�%�X�F�N�L�Q�J�K�D�P�� ��-theorem, the study pioneers a sophisticated dimensional 

analysis, transcending the conventional reliance on individual process 

parameters. This theoretical framework enables a holistic view of the 

process dynamics by relating different parameters with an impact on the 

resulting material density, allowing for a more refined control of the process. 

The application of this theorem unravels complex relationships between 

process variables, aiding in the establishment of a predictive model for 

resulting material density in DMD processes. 

Building on the solid foundation laid in this dissertation, the following fields require further 

research with regard to oxidation investigation and process description: 
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�x Exploring High-Speed Laser Cladding (HSLC) 

Further research could delve into High-Speed Laser Cladding (HSLC), examining how 

increased processing speeds affect oxidation dynamics. The altered thermal gradients and 

rapid solidification rates inherent in HSLC could yield different oxidation patterns, 

necessitating a reevaluation of existing models and perhaps the development of specialized 

strategies for oxidation control in these contexts. 

�x Comprehensive Process Modeling 

The adaptability of the �%�X�F�N�L�Q�J�K�D�P�� ��-theorem for detailed process modeling in DMD 

suggests a promising pathway for future studies. Comprehensive process models could 

integrate more variables, such as atmospheric composition, material characteristics, and 

cooling rates. 

�x Real-time Monitoring and Adaptive Control 

Innovations in real-time monitoring techniques, such as in-situ sensors and advanced 

imaging technologies, could facilitate the development of adaptive control systems for 

DMD processes. These systems would dynamically adjust process parameters in response 

to the onset of oxidation, ensuring optimal material properties and component performance. 

�x Material Science and Engineering Perspective 

Expanding the research to include a variety of materials, beyond Ti6Al4V, could uncover 

material-specific oxidation behaviors and mitigation strategies. Investigating high-entropy 

alloys, superalloys, or other advanced materials in the context of DMD could pave the way 

for new applications and process optimizations tailored to specific material requirements. 

This thesis offers a comprehensive and in-depth exploration of oxidation in the DMD 

process, providing critical insights and methodologies for controlling this prevalent issue 

in additive manufacturing. By combining experimental research with advanced modeling 

techniques, oxidation can be understood, and strategies for mitigating oxidation in DMD 

are proposed. For example, there is potential for applying these findings to materials 

considered non-oxidation critical. For instance, there exists another realm for transferability 

to materials regarded as non-oxidation critical. The insights gained from this thesis could 



   123 

also significantly enhance the impact toughness of a material traditionally considered 

oxidation-resistant, such as the high-alloyed martensitic steel X3CrNiMo13-4 (1.4313). 

This could be achieved through manufacturing under both favorable and adverse gas 

volume flow settings (defined by the developed carrier to shield gas volume flow ratio), as 

well as within the optimized shield gas chamber. In mathematical terms, the notch impact 

strength could be increased from 13 J to 42 J. This demonstrates the universal applicability 

of the presented findings as well as the oxidation model for reducing oxidation during the 

DMD process. 
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