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Editor s Preface 

In times of global challenges, such as climate change, the transformation of mobility, and an 
ongoing demographic change, production engineering is crucial for the sustainable advance-
ment of our industrial society. The impact of manufacturing companies on the environment and 
society is highly dependent on the equipment and resources employed, the production processes 
applied, and the established manufacturing organization. The company's full potential for cor-
porate success can only be taken advantage of by optimizing the interaction between humans, 
operational structures, and technologies. The greatest attention must be paid to becoming as 
resource-saving, efficient, and resilient as possible to operate flexibly in the volatile production 
environment. 

Remaining competitive while balancing the varying and often conflicting priorities of sustain-
ability, complexity, cost, time, and quality requires constant thought, adaptation, and the devel-
opment of new manufacturing structures. Thus, there is an essential need to reduce the com-
plexity of products, manufacturing processes, and systems. Yet, at the same time, it is also vital 
to gain a better understanding and command of these aspects. 

The research activities at the Institute for Machine Tools and Industrial Management (iwb) aim 
to continuously improve product development and manufacturing planning systems, manufac-
turing processes, and production facilities. A company's organizational, manufacturing, and 
work structures, as well as the underlying systems for order processing, are developed under 
strict consideration of employee-related requirements and sustainability issues. However, the 
use of computer-aided and artificial intelligence-based methods and the necessary increasing 
degree of automation must not lead to inflexible and rigid work organization structures. Thus, 
questions concerning the optimal integration of ecological and social aspects in all planning 
and development processes are of utmost importance. 

The volumes published in this book series reflect and report the results from the research con-
ducted at iwb. Research areas covered span from the design and development of manufacturing 
systems to the application of technologies in manufacturing and assembly. The management 
and operation of manufacturing systems, quality assurance, availability, and autonomy are 
overarching topics affecting all areas of our research. In this series, the latest results and insights 
from our application-oriented research are published, and it is intended to improve knowledge 
transfer between academia and a wide industrial sector. 

Rüdiger Daub Gunther Reinhart Michael Zäh 
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1 Introduction 

1.1 Additive manufacturing – a driver for innovation in industrial production? 

Additive manufacturing (AM) is a production technique characterized by a repetitive layer-by-
layer deposition of material (GEBHARDT 2016). This additive deposition of the material enables 
the production of complex geometries, which are not or only difficult to produce conventionally 
in an economical way (GIBSON ET AL. 2021). When the freedom of design is introduced in an 
early design stage in the product development, the benefits of AM can be fully exploited – parts 
with integrated functionalities and topology-optimized designs in a near-net-shape geometry 
are manufacturable (RUDOLPH ET AL. 2023). Additionally, since the material is theoretically 
only deposited and used where it is needed, the material efficiency of the production can be 
increased. This leads to reduced wastage or buy-to-fly ratios (WILLIAMS ET AL. 2016). Coming 
from prototyping mainly, AM has emerged as a relevant production method over recent years. 
In the field of metal additive manufacturing, the powder bed fusion of metals using a laser beam 
(PBF-LB/M) has especially been established as one of the most prominent technologies (GIB-

SON ET AL. 2021). This process uses a fine metal powder that is molten in layer-by-layer mode 
by a laser beam to manufacture the final part. A high resolution of parts and a fine microstruc-
ture are benefits of this specific additive technology (CHOWDHURY ET AL. 2022). In particular, 
parts that require a high specific strength (i.e., high mechanical strength and low density) and 
are needed in small numbers are predestined to be produced via PBF-LB/M (GEBHARDT 2016). 

Some challenges, however, still stand against the variety of benefits that limit the current use 
of this promising manufacturing technique in the production industry. A few of these challenges 
are associated with the nature of the process leading to high and costly requirements in the 
production environment, for example, regarding safety and production atmosphere (WALTER 

ET AL. 2019). As the handled fine metal powders are usually in respirable size ranges and are 
prone to pick up oxygen or humidity from the ambient air, workers need to wear personal pro-
tection equipment and the machines need to be placed in encapsulated laboratories with a reg-
ulated ambient temperature and humidity (WALTER ET AL. 2019). Other barriers that hinder the 
further spreading of PBF-LB/M in the industry are posed by process-related challenges. High 
production times compared to conventional manufacturing processes, low reproducibility of the 
part properties, or process abortions due to part failures during manufacturing are a few exam-
ples of challenges that need to be resolved (NARASIMHARAJU ET AL. 2022). 

Therefore, to further establish PBF-LB/M as a driver for innovation in industrial production 
and to fully exploit its potential, research institutes and companies are investing a significant 
amount of effort into the research on and the development of this manufacturing technology. 
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1.2 Problem statement, objectives, and approach 

PBF-LB/M is characterized by a high energy density input from a laser beam in a confined area 
with rapid heating and cooling cycles (GIBSON ET AL. 2021). The material is heated up accord-
ing to the cross-section of the part until a melt pool is created. By the following solidification, 
one layer of the part is produced. If the energy input is sufficiently high, the material can even 
evaporate, leading to the creation of an indentation in the melt pool (keyhole) and a continuous 
stream of vapor out of it (DEBROY ET AL. 2018). To protect the liquid melt pool from chemical 
reactions with the ambient air, such as oxidation or nitridation, the process chamber of the ma-
chine is flooded with an inert gas prior to the process (GEBHARDT 2016). The high scanning 
velocities of the laser movement of approximately 1 m/s and above result in strong melt pool 
dynamics and lead to high solidification rates of the material. Process by-products, such as 
vapor and spatters (ejected liquid metal droplets), are the result of the high process dynamics 
(DEBROY ET AL. 2018). To avoid negative impacts by the process by-products, such as interac-
tions with the laser beam or altering of the powder bed properties, a continuous inert gas flow 
is guided over the build platform to remove them. To date, the influence of the process gas on 
PBF-LB/M has not been fully uncovered. Argon (Ar) or nitrogen (N2) are used as standard 
gases with parameter settings that are not touched (GEBHARDT 2016). The use of the process 
gas as an additional parameter to increase the process stability and capability has only been 
studied to a limited extent. Investigations of resulting part properties that were produced with 
different atmosphere settings were oftentimes used to draw conclusions on the influence of the 
process gas, such as in the works of PAUZON ET AL. (2019) or DECKERS ET AL. (2024). However, 
a comprehensive and transferable understanding of the influences of the process gas on PBF-
LB/M remains difficult with only experimental ex-situ methods at hand. 

This dissertation project aimed to unveil fundamental influences of the gas used during PBF-
LB/M and to contribute to an enhanced usage of this parameter. In particular, the focus points 
of the removal of process by-products through the gas flow and the heat balance in the process 
were addressed. Figure 1-1 depicts the four-stage approach that was applied to achieve this 
overall goal. In stage 1, preliminary investigations were performed based on the state of the art 
to gain a better understanding of the relevant phenomena to be studied. The second and third 
stages were built upon the results of stage 1 and were dedicated to investigations on the removal 
of spatters and the heat balance in the process. Stage 2 thereby addressed the removal of spatters 
by a two-step approach. First, the upper limits of the gas flow velocity in any gas-material 
setting were elaborated. With this knowledge, the removal of spatters was studied with a unique 
and novel experimental setup. In stage 3, the heat balance during PBF-LB/M was studied with 
the goal of unveiling the spatter cooling by the gas flow as well as the heat transfer mechanisms 
of the melt pool. Experimentally, this was done by Schlieren imaging and metallography. For 
the analytical approaches, a formula-based heat transfer model and a smoothed-particle hydro-
dynamics simulation model were applied. In the final stage 4, a comprehensive experimental 
study was performed to showcase the potential of the process gas as an additional parameter to 
improve PBF-LB/M. This was done by investigating the density, chemical composition, and 
static mechanical properties of parts produced under varying atmospheres. 
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In summary, the presented approach supports the choice of a suitable process gas and its appli-
cation to PBF-LB/M. Beyond the results shown in this thesis, the presented models can be 
applied to any combination of gases and materials to find proper process settings. 

 
Figure 1-1: Scientific approach of this dissertation project 

1.3 Structure of the thesis 

This cumulative thesis is structured in six main chapters. After the introduction in Chapter 1, 
Chapter 2 presents the necessary fundamentals for understanding the research results. In partic-
ular, the relevant basics of PBF-LB/M, technical gases, fluid mechanics and thermodynamics, 
and process monitoring devices are elaborated. In Chapter 3, the current state of the art of ex-
perimental and numerical investigations on spattering and the influence of gases during PBF-
LB/M and its related laser beam welding process are presented. After the formulation of the 
need for action at the end of Chapter 3, Chapter 4 continues with the description of the research 
approach. Based on the open research areas, scientific objectives are defined and the methodo-
logical approach to solve them is presented. The description of the integration of this approach 
into the six publications of this publication-based dissertation concludes Chapter 4. The follow-
ing Chapter 5 contains a summary of each individual publication, followed by a discussion of 
the findings and an assessment of the degree of achievement of the scientific objectives defined 
in Chapter 4. Finally, the presented work is summarized in Chapter 6 and an outlook is given 
on potential future research activities.

Stage 1: Preliminary investigations on the influences of the process gas

Stage 2: Investigations on the removal 
of spatters by the gas flow

Stage 4: Study of an increased process capability by applying optimized gases

Stage 3: Investigations on the  
influence of the gas on the  
heat balance of the process
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2 Fundamentals 

2.1 Chapter overview 

In this chapter, the fundamentals relevant to this work are presented. Section 2.2 describes the 
fundamentals of the PBF-LB/M process, followed by basics of technical gases in Section 2.3. 
The Sections 2.4 and 2.5 conclude Chapter 2 and lay the foundations for the understanding of 
fluid flow and heat transfer and for process monitoring systems used within this dissertation 
project, respectively. 

Following remarks on the terminology and the principles of the PBF-LB/M process in the Sub-
sections 2.2.1 and 2.2.2, respectively, Subsection 2.2.3 describes the characteristics of the pro-
cess zone, while Subsection 2.2.4 gives an overview of relevant process parameters. In the be-
forementioned subsections, the focus is placed on relevant physical phenomena related to the 
scope of this work, such as laser energy coupling and recoil pressure. This focus is continued 
in Subsection 2.3.1, as the importance of using process gases is explained by outlining their 
main tasks in the PBF-LB/M process. Since the performance of process gases in fulfilling their 
tasks during PBF-LB/M depends on their properties as well as on the flow settings, the Subsec-
tions 2.3.2 and 2.3.3 give an overview of the properties of technical gases and the principles of 
gas flow measurements, respectively. Subsection 2.4.1 continues in the context of gas flow 
properties with a description of the boundary layer theory, followed by the main basics of heat 
transfer in Subsection 2.4.2. Based on general remarks on process monitoring techniques in 
Subsection 2.5.1, the Subsections 2.5.2 and 2.5.3 deal with the working principles of Schlieren 
imaging and pyrometry, respectively.    

2.2 Powder bed fusion of metals using a laser beam 

2.2.1 Terminology 

The industrially most relevant standard for the terminology of AM processes today is the 
DIN EN ISO/ASTM 52900 standard. It categorizes the AM processes based on their specifica-
tions. Seven main process categories are defined: 

 Binder jetting 
 Directed energy deposition 
 Material extrusion 
 Material jetting 
 Powder bed fusion (PBF) 
 Sheet lamination 
 Vat photopolymerization 
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The processes belonging to PBF are further divided based on the energy source (laser beam 
(LB) or electron beam) and the material used (e.g., metals (M) or plastics). With this definition, 
the abbreviation for the process applied in this work, the powder bed fusion of metals using a 
laser beam, is PBF-LB/M (DIN EN ISO/ASTM 52900:2021). 

2.2.2 Principle of the process 

For a successful manufacturing of parts by PBF-LB/M, pre-, in- as well as post-processing steps 
need to be performed before, during, and after the actual fabrication (VDI 3405:2014). During 
pre-processing, the part modeled by computer-aided design is virtually sliced and the resulting 
layers are attributed with processing parameters. The main parameters are the laser power, the 
scanning velocity of the laser beam, the hatch distance (distance between the center lines of two 
neighboring scan paths), and the layer thickness. Process characteristics, such as overheating in 
the turning points of the laser, might require variations of the processing parameters within one 
layer of the part or the addition of support structures at overhanging areas. Once the digital 
preparation of the part is finished, the model can be transferred to the PBF-LB/M machine. 
(GIBSON ET AL. 2021) 

Figure 2-1 shows a schematic cross-section of a typical PBF-LB/M machine with its main com-
ponents. The machine is prepared for manufacturing by various steps, such as inertizing the 
build chamber (see Figure 2-1 (1)) with a suitable processing gas (typically Ar or N2) or filling 
in the metal powder into the powder reservoir (see Figure 2-1 (2)). 

Once the machine is set up, the PBF-LB/M process can be started. In this paragraph, the num-
bers called refer to Figure 2-1. Three main steps are repeatedly performed for the layer-by-layer 
fabrication of the part (3). In the first step, a layer of powder is applied onto the build plat-
form (4). For this, the recoating device (6) is moved to the right end position, then the powder 
reservoir (2) is lifted by a pre-defined height increment, and the recoating device moves to the 
left end position again. A blade (typically metal or rubber), which is mounted at the bottom of 
the recoating device, shoves the powder evenly onto the build platform. Any excess powder 
from the recoating step is collected in the overflow container (5). In the second step, the laser 
illumination, the beam of a typically continuous wave (CW; (HÜGEL & GRAF 2009)) laser 
source (7) is guided over the build platform following the contour of the part. The energy input 
from the laser beam leads to the melting of the metal powder. The high scanning velocities of 
up to 1 m/s lead to a rapid cooling of the resulting melt pool and, hence, to a solidification of 
the material. Once the laser beam has passed the entire contour of the part, one layer of the part 
is created. In the third step, the build platform is lowered by the pre-defined layer thickness and 
the process starts again with the first step. This cycle is repeated until the entire part is built. 
(WANG ET AL. 2024) 
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