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Abstract 

 Additive manufacturing has gained considerable attention from both industry and 
academia in recent years, primarily due to its numerous advantages over conventional 
subtractive manufacturing technologies. The layer-by-layer deposition process in additive 
manufacturing offers substantial design freedom, which proves advantageous for weight 
reduction, improving manufacturability for structures with intricate geometries, and cost-saving. 
In fusion-based additive manufacturing, materials undergo a process of melting and 
solidification. The energy sources used for melting materials include laser, arc, and electron 
beam. Laser-based additive manufacturing has gained widespread popularity due to its ability 
to operate without a vacuum atmosphere, unlike electron-beam melting, and its superior 
geometrical accuracy compared with arc-based additive manufacturing. 

 Lightweight materials and designs are in high demand in the automobile and aerospace 
industries because of their potential to reduce carbon emissions and minimize environmental 
impacts. Aluminum alloys with a high density-strength ratio are commonly utilized as 
lightweight materials. However, the range of applicable Al alloys in laser-based additive 
manufacturing is limited due to various processing challenges. These challenges include 
issues such as oxidation, high reflectivity, porosity formation, and cracking susceptibility. 
Therefore, it is crucial to address these challenges and establish an optimal process window 
for Al alloys in laser-based additive manufacturing. Al-Zn-Mg-Cu alloys, also known as 7XXX 
series alloys, are precipitation-strengthening alloys that demonstrate superior strength 
characteristics when subjected to appropriate ageing treatment. The rapid heating and cooling 
involved in laser-based additive manufacturing can be advantageous for processing 7XXX 
series alloys. The non-equilibrium solidification resulting from the rapid cooling promotes grain 
refinement and increases the solubility of solutes in the α-Al matrix, thereby enhancing the 
precipitation-strengthening effects during ageing treatment. Consequently, it is valuable to 
explore the processability of 7XXX series alloys in laser-based additive manufacturing. 

 The primary objective of this thesis is to develop an appropriate process window for laser-
directed energy deposition (L-DED) in order to process high-strength 7XXX series alloys. 
Furthermore, the aim is to investigate the relationship between process-microstructure-
property. Additionally, considerable attention has been given to understanding the mechanism 
behind defect formation, specifically porosity and cracks. 

 7XXX series alloys are processed using wire- and powder-based L-DED, respectively. 
When it comes to structural integrity, specifically in terms of porosity levels and cracking, wire-
based feedstock demonstrates superior processability compared with powder-based 
feedstock. The high porosity levels observed in structures produced by powder-based L-DED 
are attributed to two main factors: the presence of intrinsic pores inside powder materials and 
the evaporation of volatile alloying elements during processing. The installation of a self-
designed shielding gas nozzle in wire-based L-DED has been found to greatly improve surface 
roughness, reduce porosity levels, and enhance processing stability. A delayed hot cracking 
is noticed in wire-based L-DED processing high-strength Al alloys. The delayed hot cracking 
is correlated to the deposition length of structures and the number of deposited layers. After 



IV 

 

conducting a comprehensive analysis of the solidification conditions captured by an infrared 
thermal camera, microstructural characterization, and residual stress analyzed using high-
energy synchrotron X-ray diffraction, it has been determined that the initiation mechanism 
behind delayed hot cracking in wire-based L-DED is attributed to inadequate backfilling to 
shrinkage during solidification. This insufficient backfilling results in solidification cracking. 
Additionally, the competitive growth pattern observed between grains with a preferential growth 
direction and other misaligned grains relative to the heat flow direction contributes to the 
occurrence of delayed cracking. Regarding the mechanical properties, as-built structures 
produced using wire-based L-DED exhibit superior strength while maintaining a satisfactory 
level of ductility. The superior mechanical properties observed in wire-based L-DED structures 
can be attributed to two main factors. Firstly, the cyclic heating effects that occur during 
successive deposition to previously solidified layers act as an ageing treatment leading to the 
precipitation of strengthening phases. Secondly, the presence of large columnar grains with 
an epitaxial growth pattern dominates the microstructure, further enhancing the overall 
strength of the material. 

 Process monitoring and quality control are two prominent areas of research in additive 
manufacturing, particularly for achieving consistent properties in structures intended for serial 
production and industrialization. Existing methodologies rely on machine learning algorithms 
for post-process quality control, which can aid in ensuring quality and optimizing resource 
utilization. Nevertheless, these methods cannot prevent material waste since they are 
implemented after the structures have already been produced. 

 Another objective of this thesis is to leverage machine learning algorithms for in-situ 
adjustment of process parameters in laser-based additive manufacturing, to ensure processing 
stability. 

 The high-speed camera captures processing images that contain various characteristics, 
including the melt pool, plume, and spatter. These characteristics exhibit distinct patterns 
under different processing states. To effectively analyze and classify these images, a 
convolutional neural network is employed. The convolutional neural network is trained to learn 
and recognize the specific characteristics of the process images, enabling it to accurately 
identify the corresponding processing states. The successful categorization of processing 
states through the identification of processing images using a convolutional neural network 
has been validated. This enables the in-situ adjustment of process parameters based on the 
current processing states, thereby ensuring the maintenance of processing stability. As a result, 
a consistent quantity and distribution of porosity level can be achieved across various 
deposition layers.  

 It can be concluded through the comprehensive analysis conducted in this thesis regarding 
the L-DED processing high-strength 7XXX series Al alloys as follows: It has been 
demonstrated that using wire as the feedstock in L-DED shows better processability than using 
powder. Crack-free thin-wall structures with low porosity levels can be built in wire-based L-
DED while achieving a good combination of strength and ductility in these structures 
simultaneously. Additionally, a methodology involving process monitoring and machine 
learning has been proposed and proven to be effective in maintaining processing stability and 
consistency. 
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Zusammenfassung 

 In den letzten Jahren hat die additive Fertigung sowohl in der Industrie als auch in der 
Wissenschaft erhebliche Aufmerksamkeit erlangt. Dies liegt vor allem an den zahlreichen 
Vorteilen, die sie im Vergleich zu herkömmlichen subtraktiven Fertigungstechnologien bietet. 
Durch das schichtweise Auftragen ermöglicht die additive Fertigung eine große 
Gestaltungsfreiheit, was sich positiv auf Gewichtsreduzierung, Herstellbarkeit von Bauteilen 
mit komplexer Geometrie und Kosteneinsparung auswirkt. Bei der schmelzbasierten additiven 
Fertigung werden die Materialien geschmolzen und wieder erstarrt. Als Energiequelle für den 
Schmelzprozess kommen Laser, Lichtbogen und Elektronenstrahl zum Einsatz. Die 
laserbasierte additive Fertigung ist heute weit verbreitet, da sie im Gegensatz zum 
Elektronenstrahl keine Vakuumatmosphäre erfordert und eine bessere geometrische 
Genauigkeit als die lichtbogenbasierte additive Fertigung bietet. 

 Leichtbauwerkstoffe und -konstruktionen sind in der Automobil-, Luft- und 
Raumfahrtindustrie sehr gefragt, da sie den Kohlenstoffausstoß verringern und negative 
Umweltauswirkungen minimieren können. Aluminiumlegierungen mit einem hohen Dichte-
Festigkeits-Verhältnis gehören zu den typischen Leichtbaumaterialien. Obwohl es zahlreiche 
Aluminiumlegierungen für spezifische Anwendungen gibt, sind die in der laserbasierten 
additiven Fertigung verwendbaren Aluminiumlegierungen begrenzt. Al-Zn-Mg-Cu-
Legierungen (7XXX-Serie) sind ausscheidungshärtende Legierungen, die nach einer 
geeigneten Auslagerungsbehandlung eine hohe Festigkeit aufweisen. Schnelle Erwärmung 
und Abkühlung in der laserbasierten additiven Fertigung bieten Vorteile für die Verarbeitung 
von Aluminiumlegierungen der 7XXX-Serie. Durch die schnelle Abkühlung kommt es zu einer 
Nichtgleichgewichtserstarrung, was zu einer Kornfeinung führt und die Löslichkeit von gelösten 
Stoffen in der α-Al-Matrix erhöht. Dadurch werden die ausscheidungsfestigenden Effekte 
während der Auslagerungsbehandlung verstärkt. Daher ist es sinnvoll, die Verarbeitbarkeit 
von Aluminiumlegierungen der 7XXX-Serie in der laserbasierten additiven Fertigung genauer 
zu untersuchen. 

 Eines der Ziele der vorliegenden Arbeit besteht darin, ein geeignetes Prozessfenster für 
das Laserauftragschweißen von hochfesten Aluminiumlegierungen der 7XXX-Serie zu 
entwickeln und die Korrelation zwischen Prozess, Mikrostruktur und Eigenschaft aufzuzeigen. 
Ein weiterer Schwerpunkt liegt auf dem Verständnis des Mechanismus der Defektbildung, 
insbesondere von Porosität und Rissen. 

 Die Legierungen der 7XXX-Serie werden mit draht- und pulverbasiertem 
Laserauftragschweißen verarbeitet. Im Vergleich zu Pulver als Ausgangsmaterial weist Draht 
eine bessere Verarbeitbarkeit hinsichtlich struktureller Integrität, insbesondere in Bezug auf 
Porosität und Rissbildung auf. Die hohe Porosität in pulverbasierten laserauftragschweißten 
Strukturen ist auf die intrinsischen Poren in den Pulverpartikeln und die Verdampfung flüchtiger 
Legierungselemente während der Verarbeitung zurückzuführen. Durch Installation einer selbst 
entworfenen Schutzgasdüse für drahtbasiertes Laserauftragschweißen werden 
Oberflächenrauheit, Porosität und Verarbeitungsstabilität erheblich verbessert. Beim 
drahtbasierten Laserauftragschweißen von hochfesten Aluminiumlegierungen wird eine 
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verzögerte Heißrissbildung beobachtet. Diese verzögerte Heißrissbildung korreliert mit der 
Spurlänge der Strukturen und der Anzahl der aufgetragenen Schichten. Nach der Analyse wird 
festgestellt, dass der Mechanismus der verzögerten Heißrissbildung auf eine unzureichende 
Auffüllung der Volumendefizite bei der Schrumpfung während der Erstarrung zurückzuführen 
ist, was zur Erstarrungsrissbildung führt. Das konkurrierende Wachstumsmuster zwischen 
Körnern mit bevorzugter Wachstumsrichtung und anderen ausgerichteten Körnern relativ zur 
Wärmestromrichtung trägt zur verzögerten Rissbildung bei. In Bezug auf die mechanischen 
Eigenschaften weisen die mit drahtbasiertem Laserauftragschweißen hergestellten Strukturen 
eine überlegene Festigkeit auf, ohne dass dies auf Kosten der Duktilität geht. Dies wird auf 
zwei Gründe zurückgeführt: Zum einen wirken die zyklischen Aufwärmungseffekte während 
des aufeinanderfolgenden Auftragens auf zuvor erstarrte Lagen wie eine 
Auslagerungsbehandlung, was zur Ausscheidung von Verfestigungsphasen führt. Zum 
anderen dominieren große säulenförmige Körner mit epitaxischem Wachstumsmuster die 
Mikrostruktur. 

 Die Prozessüberwachung und Qualitätskontrolle bei der additiven Fertigung sind zwei 
wichtige Forschungsthemen, da die Eigenschaftskonsistenz von Strukturen für die 
Serienproduktion und Industrialisierung entscheidend ist. Aktuelle Methoden, die auf 
Algorithmen des maschinellen Lernens basieren, werden als Post-Prozess-Qualitätskontrolle 
eingesetzt. Sie können die Qualitätskontrolle unterstützen und Ressourcen einsparen. 
Allerdings konnen sie nicht vermeiden, dass Material nach der Herstellung der Strukturen 
verschwendet wird. 

 Ein weiteres Ziel der vorliegenden Arbeit besteht darin, Algorithmen des maschinellen 
Lernens zur Aufrechterhaltung der Prozessstabilität durch In-situ-Anpassung der 
Prozessparameter in der laserbasierten additiven Fertigung einzusetzen. 

 Die von einer Hochgeschwindigkeitskamera aufgenommenen Verarbeitungsbilder 
enthalten verschiedene Verarbeitungsmerkmale wie Schmelzbad, Fackel und Spritzer. Diese 
Verarbeitungsmerkmale unterscheiden sich je nach Verarbeitungszustand. Um diese 
Merkmale zu lernen und die entsprechenden Verarbeitungszustände zu identifizieren, wird ein 
Convolutional Neural Network zur Klassifizierung eingesetzt. Es hat sich gezeigt, dass die 
Verarbeitungszustände erfolgreich kategorisiert werden können, indem die 
Verarbeitungsbilder mithilfe des Neural Network identifiziert werden. Basierend auf den 
aktuellen Verarbeitungszuständen können die Prozessparameter in Echtzeit angepasst 
werden, um die Prozessstabilität aufrechtzuerhalten. Dadurch wird eine gleichbleibende 
Menge und Verteilung der Porosität in den verschiedenen Auftragslagen erreicht.  

 Die in dieser Arbeit durchgeführte umfassende Analyse der L-DED-Verarbeitung von 
hochfesten Al-Legierungen der 7XXX-Serie lässt folgende Schlussfolgerungen zu: Die 
Verwendung von Draht als Ausgangsmaterial in der L-DED weist eine bessere 
Verarbeitbarkeit auf als die Verwendung von Pulver. Rissfreie dünnwandige Strukturen mit 
geringer Porosität können im drahtbasierten L-DED hergestellt werden, wobei gleichzeitig eine 
gute Kombination von Festigkeit und Duktilität in diesen Strukturen erreicht wird. Darüber 
hinaus wurde eine Methodik zur Prozessüberwachung und zum maschinellen Lernen 
vorgeschlagen, die sich als wirksam für die Aufrechterhaltung der Verarbeitungsstabilität und 
-konsistenz erwiesen hat. 
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Nomenclature 
Variables and material parameters 

𝑃௠   (Pa/MPa)  Liquid static pressure 

𝑃௖   (Pa/MPa)  Capillary pressure 

𝛥𝑃Ɛ   (Pa/MPa)  Pressure drops due to thermal contraction 

𝛥𝑃௦௛  (Pa/MPa)  Pressure drops due to solidification shrinkage 

𝑈𝑇𝑆  (MPa)   Ultimate tensile strength 

𝑌𝑆   (MPa)   Yield strength 

𝐴௙   (%)    Fracture strain 

𝑘௬   (–)    Hall-Petch coefficient 

𝛥𝜎௚௕  (MPa)   Strength resulting from grain refinement 

𝑅௠௔௫  (mm)   Maximum roughness 

𝜎௫௫  (MPa)   Residual stress along the longitudinal direction 

𝜎௬௬   (MPa)   Residual stress along the building direction 

𝐹𝑃𝑆   (–)    Frames per second 

𝑘 value  (–)    Ratio of wire feed speed and laser scan speed 

𝐸ெ   (kJ/g)   Specific energy 

𝑣௪   (mm/min)  Wire feed speed 

𝑣௦   (mm/min)  Laser scan speed 

𝑚̇   (g/min)   Mass flow of the wire 

𝑃   (W)    Laser power 

𝑇𝐸𝐼   (kJ)    Total energy input 

𝑉𝐸𝐷  (J/mm3)   Volumetric energy density 

𝐿𝐸𝐷  (J/mm)   Line energy density 

𝑣௖௢௢௟  (K/s)   Cooling rate 

𝑇𝐺   (K/mm)   Temperature gradient 

𝑓௦   (–)    Fraction of solid during solidification 

 

 

 



 

 

Abbreviations 

AM      Additive Manufacturing 

L-DED     Laser-directed energy deposition 

SLM     Selective laser melting 

SLS     Selective laser sintering 

DED     Directed energy deposition 

HAZ     Heat-affected zone 

ML      Machine learning 

CNN     Convolutional neural network 

EIGA     Electrode induction melting gas atomization 

LSP     Laser shock peening 

EHLA     Extreme high-speed laser material deposition 

WAAM     Wire arc additive manufacturing 

GRF     Growth restriction factor 

GP zone    Guinier-Preston zone 

SCC     Stress corrosion cracking 

PFZ     Particle-free zone 

APB     Anti-phase boundary 

FCC     Face-centered cubic 

HIP      Hot isostatic pressing 

SEM     Scanning electron microscopy 

EDX     Energy-dispersive X-ray 

EBSD     Electron backscatter diffraction 

PID controller   Proportional-Integral-Derivative controller 
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1. Introduction 

1.1. Research gaps 

 Metal additive manufacturing (AM) is a process that produces structures by building layers 
according to a 3D model [1]. This technology has gained significant attention from academic 
researchers and industries due to its ability to produce structures with complex geometries, 
reduce weight, and save costs [2]. The feedstock for metal AM can be in the form of wire or 
powder [1]. In powder-based AM, where a laser is used as an energy source, the powders 
either be fed through a nozzle (laser-directed energy deposition, L-DED) or spread like a 
powder bed (selective laser melting, SLM, and selective laser sintering, SLS) [1]. Lightweight 
materials and designs are in high demand in industries such as automobile and aerospace, as 
they can reduce carbon emissions and minimize environmental impacts. Aluminum alloys are 
particularly attractive due to their lightweight nature and high density-strength ratio [3]. 
However, despite the availability of various Al alloys designed for specific applications, such 
as casting and wrought Al alloys, the range of materials suitable for AM is still limited [4]. Most 
previous studies in the field of AM have primarily focused on the Si-rich Al alloys, see the 
publication number for different Al alloys in AM (Figure 1a) [5]. Nevertheless, high-strength 
alloys, such as those from the 7XXX series alloys, are extensively utilized in the automobile [6] 
and aerospace industries (Figure 1b) [7]. The 7XXX series alloys, known as precipitation-
strengthening alloys, exhibit superior strength [8]. Despite their widespread use, these alloys 
have not been recognized as suitable materials for AM due to several challenges associated 
with processing 7XXX series alloys, including oxidation, porosity formation, and cracking 
susceptibility. In comparison to powder-bed AM technologies, L-DED has multiple application 
areas, such as coating [9], repairing [10], and building 3D structures without space restrictions 
[11]. To expand the range of applicable materials in L-DED and leverage the lightweight and 
high-strength properties of 7XXX series alloys, it is important to evaluate their processability 
and develop an appropriate process window. 

 
Figure 1. (a) Percentage of publication papers regarding the processing of different Al alloys in AM from 
year 2006 – 2022 [5]. (b) Component made of high-strength Al alloys in Airbus A380 (depicted and 
adopted from [7]).  
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 Previous research has focused on studying the impact of process parameters on the 
buildability of structures. For instance, when the laser power is kept constant during the 
building of a thin-wall structure using L-DED, the arc-like morphology of deposited tracks could 
result in structural collapse [12] or uneven thickness along the building direction [13]. In 
addition, maintaining a constant laser power could result in heat accumulation and the 
formation of bumps at the start and the end of deposition tracks [14]. Various process 
parameters, including laser power, scan speed, powder feed rate, etc., play a crucial role in 
determining the properties of as-built structures. The performance of the L-DED processing is 
also influenced by the process systems (such as laser and nozzle) and powder quality. In L-
DED, powders are delivered through a nozzle to the substrate using the carrier gas from the 
powder feeder. The movement of the nozzle and substrate is controlled by a CNC machine, a 
robot, or a combination of both during layer-by-layer deposition. The acceleration and 
deceleration phases in each parallel scanning path can also contribute to bump formation [15]. 
These challenges can be addressed through process parameter optimization, such as 
reducing laser power or increasing scan speed. Nevertheless, this optimization process 
typically requires numerous experimental iterations or the implementation of a sensor-based 
loop control system. The robot programs that control the motion of the nozzle and substrate, 
as well as the switch status of the laser and powder feeder, have not been systematically 
explored in previous studies. Therefore, it is worth investigating whether these issues can be 
alleviated or eliminated through improved control of robot programs and switch status. 
Furthermore, scanning strategies, which involve designing the path for building 3D structures, 
have been studied to understand their impact on residual stress, distortion, cracking resistance, 
microstructure, and mechanical properties. One approach involves using alternating scanning 
directions in different layers. By rotating the scanning direction between two adjacent layers, it 
is possible to reduce surface roughness [16], distortion [17], and texture heterogeneity [18] in 
as-built structures. The effects of scanning strategies have primarily been investigated in SLM. 
However, there are still lots of possibilities for exploring the impact of scanning strategy on the 
properties of structures produced using L-DED.  

 In wire-based L-DED processes, the wire can be fed laterally [19] or coaxially [20] in 
relation to the laser beam. To prevent oxidation, the shielding gas is used to create an inert 
gas atmosphere and protect deposited layers. In coaxially wire-based L-DED, the shielding 
gas can be conveyed through the optic head to protect the deposition from the top. The lateral 
L-DED setup can be adapted from a laser welding apparatus [21], where high flexibility in path 
direction is not required. In this case, the shielding gas is conveyed through the wire feed 
nozzle, similar to a welding apparatus [22]. Previous studies have shown that a side-feeding 
strategy should be employed to avoid wire entanglement during back feeding and prevent 
oxidized metal vapor from falling onto the track surface during front feeding [23]. In this case, 
Ar is conveyed through the wire feed nozzle and directed towards one side of the built thin-
wall structures, creating an asymmetrical flow relative to the melt pools during processing. The 
impact of shielding gas on the directed energy deposition (DED) process and the properties of 
as-built specimens, such as geometry and porosity level, have been extensively studied, with 
particular attention given to the flow rate of shielding gas [24-26]. In most DED processes, the 
shielding gas is coaxially conveyed through the optic head and symmetrically blown from the 
top onto the melt-pool surface [24, 27]. To achieve a symmetrical blowing direction in a 
modified laser welding apparatus, additional components would need to be purchased to 
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enable the coaxial conveying of shielding gas through the optic head. Considering the known 
effects of blowing directions in single-track deposition [23], it is important to conduct a 
comprehensive study on the impacts of the asymmetrical blowing of shielding gas on the L-
DED process and the properties of as-built specimens. If the negative effects are observed, it 
would be worthwhile to investigate whether there are cost-effective solutions to address these 
issues instead of purchasing extra components for coaxial conveying through the optic head. 

 Laser-based AM processes for 7XXX series alloys present numerous challenges, 
including issues with oxidation, porosity formation, and cracking susceptibility. Porosity in AM-
produced structures can be categorized into two types: gas pores and lack-of-fusion pores [26]. 
Gas pores typically have a spherical morphology, while lack-of-fusion pores exhibit an irregular 
shape. Lack-of-fusion pores are often found periodically within structures, such as in the 
overlap area between adjacent deposition tracks. The formation of lack-of-fusion pores can 
result from inappropriate process parameters, such as high scan speed and excessive powder 
feed rate [26]. Another type of porosity that can be observed is keyhole pores, which are 
associated with the evaporation of alloying elements [28]. When excessive energy is applied, 
the recoil pressure caused by evaporation surpasses the surface tension and hydrostatic 
pressure in melt pools, leading to the activation of keyhole-mode welding [29]. Keyhole pores 
typically exhibit a large size and irregular geometry [30, 31]. The presence of porosity has a 
detrimental effect on the mechanical properties of as-built structures. Therefore, it is crucial to 
investigate the origin of the porosity formation and understand the relationship between 
porosity level, materials, and processing parameters. This will provide valuable insights for 
reducing porosity levels in future work.  

 High-strength Al alloys are susceptible to hot cracking during laser-based AM processes. 
Hot cracking in these alloys can be classified into two mechanisms: liquation cracking and 
solidification cracking. Solidification cracking occurs during the final stage of solidification [32]. 
In the semi-solid state, the grains have already grown, and any remaining liquid needs to fill 
the spaces between grain boundaries. In the case of insufficient backfilling, the shrinkage can 
initiate after solidification, creating nucleation sites for cracks that propagate under tensile 
stress until fracture. The heat transferred from the welds to the heat-affected zone (HAZ) could 
cause the partial remelting of secondary phases with low boiling points that are distributed 
along grain boundaries in the HAZ, resulting in the formation of liquid film [33]. Subsequently, 
this liquid film is torn apart from the solid under the tensile stress, contributing to the formation 
of the liquation cracks. Hot cracking can occur either in the early stage of processing or during 
the successive deposition. Several experimental studies have been conducted to investigate 
the origins of porosity formation in laser-based AM [34-36]. These studies aim to understand 
and mitigate the factors leading to porosity formation in order to improve the quality of AM-
produced structures. Research on analyzing the cracking mechanism in laser-based AM 
processes is primarily based on simulation and analytics [37, 38]. However, these simulations 
often make certain assumptions for simplification purposes, which can lead to significant 
deviations compared with experimental results. While there can be a good agreement between 
the thermal simulations and experimentally recorded temperatures [39], the calibration of the 
mechanical simulations with the experimentally obtained data, such as the residual stress, is 
either not reported [37, 39] or exhibits high deviation [38]. A comprehensive experimental 
analysis of the cracking mechanisms in laser-based AM is still lacking. To improve the cracking 
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resistance of high-strength Al alloys and gain insights for designing new materials in laser-
based AM, it is crucial to identify the dominant cracking mechanism. Therefore, it is necessary 
to investigate the cracking mechanisms in laser-based AM processing of difficult-to-process 
materials through experimental characterization. This will provide valuable information for 
developing strategies to enhance the quality and reliability of AM-produced structures. 

 Quality control is a critical aspect of AM processes. Ensuring consistent quality in AM-
produced structures can be challenging due to unexpected processing anomalies, which limits 
the widespread application of AM, particularly in key industries such as. aerospace. To address 
this issue, significant efforts have been dedicated to process monitoring and quality evaluation 
for AM. Machine learning (ML) techniques have emerged as valuable tools for supporting 
manufacturing processes. ML algorithms can assist in the in-situ process monitoring and 
control. Among these algorithms, the convolutional neural network (CNN) has gained 
popularity for conducting in-situ monitoring and defect detection based on image recognition. 
CNN offers higher accuracy and requires fewer manual feature extractions compared with 
conventional ML algorithms [40]. Images captured during the AM process serve as input data 
for the CNN model, including processing characteristics such as melt pools [41-43], plume and 
spatter [44], and layer surface [45, 46]. The images captured during the AM process contain 
valuable information about the processing characteristics. These images can be utilized for 
both quantitative and qualitative evaluations of the properties and processing in AM. 
Quantitatively, the information in the images can be used to characterize properties such as 
predicting porosity levels [47] and surface roughness [48]. Qualitatively, the images can be 
used to evaluate the presence of defects and processing anomalies [42, 44]. However, while 
these works have been successful in predicting defects and diagnosing the processing 
anomaly, they do not address the simultaneous correction. In order to avoid further 
deterioration of existing anomalies and minimize material waste, it is crucial to investigate 
whether in-situ monitoring and adjustment of process parameters are achievable during L-DED. 
By adopting a CNN model, it may be possible to maintain processing stability and consistency 
by realizing in-situ adjustments to process parameters. 

1.2. Objectives 

 The scientific objectives of this thesis are based on the identified research gaps mentioned 
earlier. These gaps include the limited applicability of Al alloys in AM, the need for developing 
a process window that considers both processing and parameter optimization, understanding 
the mechanisms behind defect formation in L-DED of high-strength 7XXX series alloys, and 
exploring the potential of ML for processing monitoring and quality control. Based on these 
research gaps, the following objectives have been formulated: 

 The processability of 7XXX series alloys in both wire- and powder-based L-DED needs to 
be thoroughly investigated. The focus should be on minimizing the internal defects and 
preserving the superior mechanical properties of these alloys. In addition to optimizing the 
process parameters, such as laser power and scan speed, it is also crucial to optimize the 
overall processing strategy. This includes optimizing the scanning strategy, the material-
feed timing, and the material-feed direction. 
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 A study is required to comprehensively investigate the mechanisms behind defect 
formation in L-DED processing 7XXX series alloys. This study aims to provide a deeper 
understanding and theoretical support for future work on material development and 
process optimization. The experimental investigation should focus on two specific types 
of defects: porosity formation and hot cracking. 

 CNN models need to be employed to learn the processing characteristics from the 
processing images captured during the AM process. These processing images contain 
features such as the melt pool, spatter, and plume. The CNN models will be trained to 
identify different processing states based on the prediction results obtained from analyzing 
these images. By accurately recognizing the processing states, it will be possible to detect 
any anomalies or deviations from the desired conditions. In case of the occurrence of 
processing anomalies, the prediction results from the CNN models can be used to trigger 
adjustments in real-time, ensuring that the process remains stable and within acceptable 
limits. 

1.3. Structure of the thesis 

 Chapter 2 provides a comprehensive overview of the state-of-the-art in L-DED, the 
characteristics of Al alloys in laser-based AM, and the application of machine learning in AM. 
Specifically, the processing characteristics of powder-based and wire-based L-DED are 
elaborated in Chapters 2.1.1 and 2.1.2, respectively. Chapter 2.2 delves into the processing 
of Al alloys in laser-based AM, with a specific focus on strengthening mechanisms 
(Chapter 2.2.1), processing challenges and current solutions (Chapter 2.2.2), and the 
development of new materials for AM (Chapter 2.2.3). The strengthening mechanisms of Al 
alloys discussed in this thesis include grain refinement, precipitation strengthening, and solid 
solution strengthening. The processing challenges considered encompass oxidation, porosity, 
residual stress, cracking, and property anisotropy. Further, Chapter 2.3 provides a 
comprehensive introduction to the current applications of machine learning in AM across 
different phases, i.e. prior process, in-situ process, and post-process. 

 Chapter 3 focuses on the experimental aspects of the thesis. In Chapter 3.1, the 
subsection covers the material preparation of powders and wires used in the L-DED process. 
Experimental setups for powder-based and wire-based L-DED are illustrated in Chapters 3.2 
and 3.3, respectively. Chapter 3.4 introduces the characterization methods employed in this 
thesis and explains how these methods are applied to analyze and evaluate the specimens 
obtained from the L-DED process. The corresponding operations for specimen preparation 
and testing are also described. 

 To address the objectives outlined above, the experimental design is divided into three 
categories: the processability of high-strength Al alloys in powder-based L-DED (Chapter  4.2), 
the processability of high-strength Al alloys in wire-based L-DED (Chapter 4.3), and application 
of machine learning in L-DED (Chapter 4.4), as shown in Figure 2. Chapters 4.2 and 4.3 focus 
on the process development related to the first two objectives. These chapters delve into 
various aspects of optimization, including scanning strategy, retrofitting equipment, parameter-
related optimization (such as laser power), and the correlation between process-
microstructure-property. Additionally, these chapters analyze the mechanism behind defect 
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formation, such as porosity and cracks. Chapter 4.4 explores the application of neural 
networks in AM for both classification and regression problems. This chapter demonstrates 
how neural networks can be used to identify processing images captured by a high-speed 
camera during the L-DED process. By utilizing neural networks, in-situ parameter adjustment 
can be achieved to maintain processing stability, while the quantitative quality control for 
porosity level can also be implemented. 

 
Figure 2. Structure of the experimental design. 

 The main conclusions drawn from the experimental results and analysis are summarized 
in Chapter 5. In Chapter 6, the results introduced in this thesis are generally discussed 
regarding the process development and the digitalization for L-DED processing high-strength 
7XXX series Al alloys. The comparison between the processability of high-strength Al alloys in 
powder-based and wire-based L-DED is discussed in Chapter 6.1. Additionally, this chapter 
explores future directions for the development of new materials and investigation for 
processability in AM. In Chapter 6.2, the importance of processing stability in AM is analyzed 
in terms of its impact on optimizing properties. Furthermore, the potential for utilizing machine 
learning for the classification and regression problems in AM is explored in this chapter. Future 
experimental thoughts to realize the in-situ adjustment for multiple process parameters are 
also proposed here. 
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2. State of the art 

2.1. Laser-directed energy deposition and common materials 

2.1.1 Laser-directed energy deposition (powder-based) 

 Metal additive manufacturing (AM) is a process that builds structures layer by layer based 
on a 3D model [1]. This technology is appealing to both academic researchers and industries 
due to its ability to reduce weight, produce structures with complex geometries, and save costs 
[2]. The feedstock for metal AM can be in the form of wire or powder [1]. In powder-based AM, 
lasers can be used as an energy source to melt the powders. The powders can either be fed 
through a nozzle (laser-directed energy deposition, L-DED) or spread like a powder bed 
(selective laser melting, SLM) [1]. L-DED has various applications, including coating [9], 
repairing [10], and building 3D structures without space restrictions [11]. 

 In powder-based L-DED, powders are transported by carrier gas from the powder feeder 
through a nozzle to the substrate, as shown in Figure 3. The laser beam melts the powders, 
which then solidify to form tracks. The movement of the nozzle and substrate is controlled by 
a CNC machine, a robot, or a combination of both during the layer-by-layer deposition process. 
The achievable properties of the final structures are primarily influenced by process 
parameters, such as laser power, scan speed, and powder feed rate. Additionally, the process 
systems (such as laser and nozzle, etc.) and powder quality also play a significant role in 
determining the results [49, 50]. According to the melting process, gas atomization 
technologies used to produce powders for metal AM can be categorized into four types: 
induction heating, plasma torch, electrode induction melting gas atomization (EIGA), and 
plasma atomization [51]. The properties of the powders, such as their morphology, moisture 
content, and oxidation level, have a significant impact on the L-DED process and the properties 
of the final structures. For instance, irregularly shaped powders can reduce the flowability of 
the powders, making it difficult for them to be fed and spread properly [52]. When processing 
powders with high levels of oxidation, excessive spattering may occur [36]. Moisture in the 
powders not only deteriorates the processability but also contributes to higher porosity levels 
within the printed structures [53]. Inappropriate storage conditions for powders can result in 
the further oxidation of powders and hydrogen absorption, leading to deviations in geometrical 
accuracy, increased porosity levels, and reduced strength [49]. It is not recommended to use 

small powders with diameters less than 17 µm since they tend to exhibit increased 

cohesiveness [54]. 
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Figure 3. Illustration of powder-based L-DED. 

 The scanning strategies, which involve designing the path for building 3D structures, have 
been extensively studied to understand their impact on the residual stress, distortion, cracking 
resistance, microstructure, and mechanical properties. One approach is to build structures with 
alternating scanning directions in different layers. By rotating the scanning direction between 
adjacent layers, the surface roughness [16] and distortion [17] as well as the texture 
heterogeneity [18] of as-built structures can be reduced. In SLM, the effects of vertical scanning 
and horizontal scanning on the thermal field have been investigated. It was found that a prism 
built with a horizontal scanning strategy exhibits more pronounced distortion, while a prism 
built with a vertical scanning strategy shows more localized distortion [55]. In addition to the 
rotation of scanning directions, unique path designs such as laser double scanning, alternating 
scanning sequence (stripes alongside), and subdivision of the scanning area (e.g. chessboard) 
have also been applied [56]. Optimizing scanning strategies can reduce the residual stress 
and the cracking susceptibility. These hatch designs in layers can also affect the mechanical 
properties due to different thermal histories [57]. The tensile strength is significantly influenced 
by alternating deposition directions between different layers, whereas within one layer, the 
tensile strength is less dependent on the deposition direction [58]. The scanning strategies 
offer greater design freedom in SLM compared with L-DED, but there is still potential for further 
development and exploration of scanning strategies in L-DED. 

 Materials exhibit differences in processability and properties between powder-based L-
DED and SLM. In addition to the differences in powder feeding and spread, the process 
parameters are also in distinct regimes. Table 1 provides a range of typical parameters used 
in powder-based L-DED and SLM for processing Al alloys. Except for scan speed, the process 
parameters in powder-based L-DED are generally higher than those in SLM. The melt pools 
generated in SLM are substantially smaller than those in L-DED leading to a higher processing 
precision but a longer processing duration in SLM. The smaller melt pool and HAZ in SLM 
allow for hybrid manufacturing combining the SLM with laser shock peening (LSP) for Al alloys 
[59]. This combination can reduce the susceptibility to liquation cracking. However, it is 
challenging to apply LSP as an interlayer treatment in L-DED due to the relaxation of the 
introduced compressive stress caused by the lower penetration depth (maximum approx. 
1 mm) of LSP [60] and the large HAZ in L-DED.  
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Table 1. Process regime in powder-based L-DED and SLM. 

 
Laser power 

(W) 
Spot diameter 

(mm) 
Scan speed 

(mm/s) 
Layer height 

(mm) 
Hatch distance 

(mm) 
Powder L-DED 600-4000 1.28-4.5 2.5-50 0.225-2.2 0.1-1.05 

SLM 70-600 0.01-0.2 47.6-8000 0.03-0.06 0.05-0.17 

 
 Table 2 presents the hardness of specimens made from AlMgScZr and AlSi10Mg alloys 

processed using powder-based L-DED and SLM. It is observed that the hardness of 
specimens processed with SLM is higher compared with those processed with L-DED [61]. 
Additionally, a higher porosity is observed in L-DED-processed AlMgScZr specimens 
compared with SLM-processed AlMgScZr specimens [61]. The higher cooling rate in SLM 
results in a finer microstructure in AlMgScZr alloy [61]. On the other hand, the coarse 
microstructure and the higher porosity in L-DED-processed specimens are considered to be 
the reasons for the lower hardness [61]. Researchers at the Fraunhofer Institute for Laser 
Technology (ILT) have developed a new process based on L-DED, called the Extreme High-
Speed Laser Material Deposition (EHLA), which allows for scan speeds hundreds of times 
faster than traditional L-DED [62]. Despite the high scan speed and the resultant high cooling 
rate, the AlMgScZr alloy still exhibits poor processability in the high-speed L-DED [63]. 

Table 2. Hardness of as-built AlMgScZr and AlSi10Mg processed with SLM and L-DED. 
Ref. Materials AM technologies Hardness 
[61] AlMgScZr SLM Approx. 168 HV0.2 
[61] AlMgScZr L-DED Approx. 102 HV0.2 
[61] AlSi10Mg SLM Approx. 115 HV0.2 
[64] AlSi10Mg L-DED Approx. 60 HV0.1 

2.1.2 Laser-directed energy deposition (wire-based) 

 Powder-based L-DED is capable of producing highly precise structures with small sizes, 
while wire-based L-DED offers nearly 100 % material utilization [65] and a high deposition rate 
[66]. In wire-based L-DED, the wire can be fed laterally or coaxially relative to the laser beam 
[67, 68], as illustrated in Figure 4. In lateral wire feeding, the direction of wire feeding plays a 
crucial role in processability. Based on the relative motion between wire feed and deposition 
direction, the wire feed direction can be categorized as front feeding, back feeding, and side 
feeding, as depicted in Figure 5 [69]. The selection of wire feed direction and wire feed nozzle 
angle must correspond to the chosen process parameters, otherwise, the processing 
anomalies may occur leading to the termination of deposition [19, 23]. 
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Figure 4. Schematic of (a) coaxial [70] and (b) lateral wire-based L-DED [67]. 

 
Figure 5. Illustration of front, back, and side wire feed directions [69]. 

 There is another AM technology called wire arc additive manufacturing (WAAM), which 
utilizes an electric arc as the energy source to melt materials and build 3D structures. 
Compared with wire-based L-DED, WAAM offers a more cost-effective solution as the electric 
arc is less expensive than the laser. However, the concentrated heating effects in L-DED can 
result in rapid cooling and melting, which may be detrimental to processing materials that are 
prone to cracking, such as high-strength Al alloy [71]. L-DED generates high thermal gradients 
and resultant thermal residual stresses. When processing pure high-strength Al alloys, WAAM 
has been successful in producing crack-free structures with low porosity levels [71, 72]. 
However, there is still a need for solutions to address both high porosity levels and cracking 
[27, 73]. On the other hand, it is challenging to systematically regulate the energy input in 
WAAM [74]. Additionally, the higher cooling rate can enhance grain refinement and lead to 
superior mechanical properties [75], which is the case in L-DED. The controllable energy input 
in L-DED allows for microstructural adjustment [76] and prevents heat accumulation [14]. 
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2.2. Aluminum alloys in laser-based additive manufacturing 

2.2.1 Strengthening mechanisms 

Grain refinement 

 The mechanism of grain refinement for Al alloys has been extensively studied, focusing 
on two main paradigms: the nucleant paradigm and the solute paradigm [77]. The nucleant 
paradigm suggests that Al alloys undergo heterogeneous nucleation on specific nucleation 
sites. On the other hand, the solute paradigm considers the influence of solute atoms during 
the nucleation and growth process of Al grains. The fundamental goal of the grain-refinement 
process is to enhance the nucleation ability of the Al melt on nucleation sites and inhibit the 
growth of these grains [78]. 

 The theory proposed in [79] categorizes the nucleation process into two types: 
homogeneous and heterogeneous nucleation. Homogeneous nucleation refers to that the 
nucleation takes place on substrates with the same chemistry as the solid, whereas the 
nucleation occurs on a family of substrates of chemistry different than that of the solid in 
heterogeneous nucleation [80]. In homogeneous nucleation, the probability of nucleation is 
uniform throughout the system, while in heterogeneous nucleation, there are specific sites that 
exhibit preferential nucleation [81]. The nucleation of Al melt is based on two fundamental 
conditions: the nuclei must attain a critical size to remain stable within the solidifying metal, 
and the driving force for nucleation must surpass the free energy barrier. As stated in [79], both 
homogeneous nucleation and heterogeneous nucleation require the same critical size for 
nuclei. However, the driving force necessary to overcome the free energy barrier is lower in 
heterogeneous nucleation compared with homogeneous nucleation. This implies that 
increasing the number of grains through heterogeneous nucleation is relatively easier. 

 To achieve grain refinement, the inoculant particles are introduced into the Al melt to serve 
as heterogeneous nuclei. There are two main theories regarding the origin of these inoculant 
particles: the nucleant-particle theories and the phase-diagram theories [77]. The nucleant-
particle theories propose that Al grains nucleate on the borides or carbides [82]. Studies have 
shown that the addition of TiB2 and TiC to Al alloys can effectively refine microstructure [83, 
84]. On the other hand, the phase-diagram theories suggest that the peritectic reaction 
occurring on the primary particles, typically Al3Ti, contributes to grain refinement [77]. Apart 
from Al3Ti, the formation of primary Al3Sc particles in hypereutectic Al-Sc alloys can also serve 
as heterogeneous nuclei for the α-Al matrix [85]. It has been observed that aluminides exhibit 
a more pronounced grain-refining effect compared with borides [77], since there is no clear 
orientation relationship between α-Al matrix and borides [77], whereas multiple orientation 
relationships have been identified between the α-Al matrix and Al3Sc [86], as well as the α-Al 
matrix and Al3Ti [87]. 

 In the solute paradigm, the presence of solute atoms can hinder the growth of Al grains 
[88]. The segregation of solutes disrupts the dendrite growth process and contributes to the 
formation of a constitutionally undercooled zone in front of the solid-liquid interface [88]. This 
constitutionally undercooled zone further promotes the nucleation [88]. The Growth Restriction 
Factor (GRF) is a term used to describe the segregation ability of an alloying element during 
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solidification. It quantitatively represents the influence of solute elements on restricting the 
growth of a solid-liquid interface [79]. Different solutes demonstrate different abilities to restrict 
grain growth. Ti exhibits better growth-restriction effects for Al alloys compared with Si and Mg 
[89]. In terms of achieving equivalent grain refinement in commercially pure Al alloys, a Si 
content of 7 wt.% or an Mg content of 0.3 wt.% is required, whereas a Ti content of 0.168 wt.% 
is sufficient [89]. The growth-restriction effects are not only dependent on the type of solutes 
but also on their content. In LM24 Al alloy with the addition of Al-5Ti-1B, a study has found an 
inverse correlation between the grain size and GRF [79]. Similarly, in the hypoeutectic 
concentrations of Mg in Al-Mg alloys, it has been confirmed that there is an inverse correlation 
between GRF and grain size [90]. However, as the growth-restriction effects are weakened 
with higher Mg contents, an increase in GRF does not lead to grain refinement [90]. In Al-Si 
and Al-Cu alloys, there is a transition point in the GRF-grain size curve [91]. Below this 
transition point, the grain size decreases with increasing GRF for Cu and Si [91]. However, 
beyond this transition point, the grain size increases with further increase in GRF [91]. 

 Grain refinement has been proven to be an effective method for enhancing cracking 
resistance. Fine grains promote the backfilling of molten metal into shrinkage during 
solidification resulting in smaller and more uniformly distributed shrinkage or gas porosities 
[92]. The presence of a complex network consisting of numerous grain boundaries reduces 
the likelihood of hot-cracking initiation and propagation along the grain boundary [92]. The 
influence of grain size and the fraction of equiaxed grains on the cracking susceptibility can be 
categorized into three factors: the duration of the mush zone, the capillary pressure, and the 
permeability of the dendrite network, see Figure 6 [93]. A comprehensive analysis has also 
been conducted to establish the relationship between grain morphology (shape and size) and 
the dominant factor determining the cracking susceptibility in laser welding AA6082 Al alloy 
[93]. The cracking susceptibility decreases as the grain size decreases until it reaches approx. 

25 µm. However, when the fraction of equiaxed grains reaches 100 %, further grain refinement 

worsens the cracking susceptibility. It has been observed that below a grain size of 25 µm, the 

permeability of the dendrite network becomes the dominant factor determining the cracking 
susceptibility. On the other hand, in coarse microstructures, the cracking susceptibility is 
primarily influenced by the duration of the mush zone and the capillary pressure. 
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Figure 6. Schematic diagram of semisolid melt pool in front of the solidification front in laser welding [93]. 

 The grain refinement not only reduces the cracking susceptibility [94] but also 
simultaneously improves the mechanical properties and reduces the degree of anisotropy [95]. 
According to the Hall-Petch relationship, the strength resulting from grain refinement is 
inversely proportional to the square of the grain diameter, as shown in Equation 1 [96]. For 
instance, the friction stir process can increase the ultimate tensile strength (UTS) of cold-rolled 
AA1050 Al alloy by 46 % through microstructure refinement [97]. The addition of grain refiner 
(Al-1Ti-3B) to Al-7Si-2.5Cu alloy increases the UTS by 21.5 % and the fracture elongation by 
84.6 %, respectively [98]. 

 𝛥𝜎௚௕ =  
𝑘௬

√𝑑
 Equation 1 

where 𝑘௬ is the Hall-Petch coefficient; 𝑑 is the diameter of grains. 

Precipitation strengthening 

 The 7XXX series alloys are known for their high strength due to precipitation strengthening 
[8]. However, the precipitation dynamics during heat treatment of these alloys are complicated. 
Typically, a T6 heat treatment process, which involves solid solution treatment, quenching, and 
artificial ageing, is performed to enhance the properties of the 7XXX series alloys [99, 100]. 
The primary strengthening precipitate in these alloys is MgZn2, also known as the η phase 
[101]. The precipitation process during ageing consists of four stages: saturated solid solution, 
segregation, formation of solute clusters called Guinier-Preston (GP) zone, precipitation as η’ 
phase, and growth and coarsening of η’ phase to η phase [8].  

 At the early stage of ageing, the GP zone and η’ phase are formed. As ageing progresses, 
the GP zone can act as nuclei for the η’ phase increasing the number density of the η’ phase 
and enhancing the strength. Prolonged holding at high temperatures leads to the 
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transformation of the η’ phase into the η phase and a decrease in strength. Figure 7 
summarizes the precipitation sequence during the heat treatment for AlZnMgCu alloys, while 
Figure 8 illustrates the nucleation of different phases at various temperatures and holding times 
[102]. The highest strength is achieved at the peak-aged stage, however, this stage also results 
in a degradation of the resistance to stress corrosion cracking (SCC) [103]. 

 
Figure 7. Domain of activation of the different phases during the heat treatment for AA7010 [102]. 

 Two-stage ageing is a heat treatment process that results in the formation of precipitates 
with a finer size and discrete distribution compared with one-stage ageing, which can further 
enhance the mechanical properties [104]. The improved mechanical properties in two-stage 
ageing are primarily attributed to the fine dispersion of GP zones [104]. In the two-stage ageing 
process, the first ageing treatment is conducted at a lower temperature, which promotes the 
nucleation of GP zones. These retained GP zones then transform into a fine η’ phase during 
subsequent ageing, leading to higher strength at the peak-aged stage. The ductility after two-
stage ageing is influenced by two factors: the particle-free zone (PFZ) and the precipitates 
around grain boundaries [8]. During the second ageing treatment at a higher temperature, a 
wider PFZ is generated, along with coarser precipitates. The wider PFZ leads to enhanced 
stress relaxation and the inhibition of cracking initiation and propagation. Moreover, as the 
precipitates along grain boundaries coarsen, their number density decreases, resulting in an 
easier slip for dislocation and the inhibition of crack propagation. 
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Figure 8. Nucleation diagram for AA7010. The globular phase “T” corresponds to Al32(Mg,Zn)49. The S 
precipitate corresponds to Al2CuMg [102]. 

 The solubility of alloying elements in the α-Al matrix increases with higher cooling rates 
[25]. By increasing the cooling rate, the supersaturation of solute atoms in the matrix also 
increases, leading to a greater potential for ageing strengthening [51]. Studies have shown 
that the degree of solute supersaturation and the number density of precipitates are linearly 
dependent [52]. In the laser-based AM process, rapid heating and cooling are characteristic 
features [64, 105]. This means that laser-based AM processing of precipitation-strengthening 
Al alloys can effectively utilize the potential for increasing the supersaturation of solute atoms 
and take advantage of the resulting ageing-strengthening effects. 

 The interaction between precipitates and dislocations plays a crucial role in determining 
the yield strength (YS) and the work-hardening behavior of precipitation-strengthening alloys 
[106]. When secondary precipitates are smaller than a critical size, they are energetically more 
favorable to be cut by dislocations rather than bowed resulting in the formation of an anti-phase 
boundary (APB) [94]. Under the APB strengthening mechanism, as the particle size increases, 
it becomes more difficult for dislocations to cut through the particles, leading to stronger 
strengthening effects [94]. On the other hand, according to the Orowan strengthening 
mechanism, dislocations tend to bow around the particles instead of cutting through them, 
when the particle size exceeds a critical value, leading to weaker strengthening effects, as 
shown in Figure 9 [94]. Particles in the range of 20 – 25 nm exhibit the most effective 
strengthening effect in Al-6Mg-2Sc-1Zr (wt.%) [94]. The critical particle size for the transition 
from cutting to bowing by dislocations is estimated to be 3.7 nm in Al-2.8Mg-0.16Sc (wt.%) 
alloy [106]. Additionally, when the size of Al3Sc precipitates is 1.8 nm, a banded distribution is 
observed, while a homogeneous distribution is observed when the size is 6.4 nm [106]. 
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Figure 9. The relationship between strengthening increment and particle diameter. APB vol.%: strength 
predicted by APB model at a given volume fraction of particles. Orowan vol.%: strength predicted by the 
Orowan model at a given volume fraction of particles [94]. 

Solid solution strengthening 

 The crystal lattice is the main obstacle to dislocation movement in metals [107]. In FCC 
(face-centered cubic) metals like Al, the Peierls stress, which is the stress required to move 
dislocations through the lattice, is relatively low, resulting in a low yield strength in pure FCC 
metal [107]. For non-heat-treatable Al alloys, such as Al-Mg and Al-Mn alloys, solid solution 
strengthening and grain refinement are the primary mechanisms for increasing their strength 
[108]. Solid solution strengthening occurs due to the interaction between the moving 
dislocations and the solute atoms [108]. The maximal solubility of Mg and Mn in the α-Al matrix 
at the eutectic temperature is 18.9 at.% [109] and 0.62 at.% [110], respectively. In terms of 
solid solution strengthening in the α-Al matrix, Mn can provide a stronger strengthening effect 
per atom compared with Mg, especially when synergistically combined with other elements like 
Si [108]. In the equilibrium processing of binary Al-X alloy systems, first principle calculations 
have shown that Mg is expected to be the most effective element for solid solution 
strengthening among Mn, Zn, and Cu [111]. This conclusion is based on using misfit strain as 
a predictive tool to determine the increase in yield strength (YS) attributed to the solid solution 
strengthening [111]. 

 The lattice structure of pure Al can be distorted because of the dissolution of solutes. In 
the case of Al-5Mg (wt.%) alloy, the lattice parameter of the α-Al matrix increases from 
0.40493 nm to 0.40715 nm as a result of the Mg dissolution, compared with pure Al [112]. The 
presence of Mg atoms can act as obstacles that pin moving dislocations in the lattice [107]. 
Dislocations that are not pinned continue to move by bowing out from these pinned locations 
[107]. The regions where dislocations are unpinned experience line tension, leading to 
enhanced strength [107]. In AA5083 H-131 (with main alloying element Mg: 4.77 wt.%, Mn: 
0.68 wt.%), the strength increment caused by Mg solid solution strengthening is approx. 
82 MPa [107]. In the Al-8Ce alloy system, the introduction of Mg solute atoms can decrease 
the stacking fault energy, which inhibits the dynamic recovery process during deformation [113]. 
This inhibition facilitates the formation of dislocation tangles and dislocation networks in the α-
Al matrix. 
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2.2.2 Processing challenges and solutions 

Oxidation 

 Al and alloying elements in 7XXX series alloys are prone to oxidation [114]. In AM, 
oxidation can lead to an increased possibility of porosity formation because the liquid Al is 
unable to sufficiently wet the oxide particles [115]. Additionally, the presence of oxide particles 
in the AM-produced structures can negatively impact fatigue performance, particularly when 
these particles are distributed on the surface or sub-surface regions [115, 116]. In powder-
based AM processes, oxidation can also reduce the flowability of powder particles [114]. 

 In SLM processing Al alloys, oxidation during the fusion process can contribute to 
increased porosity [117]. While an oxygen level of 0.1 - 0.2 % may be acceptable for 
processing stainless steel and Ti alloys, it is not low enough for Al alloys [117]. During SLM, 
Fe or Ti oxides formed can be either broken up and enter the melt pool or be evaporated by 
the heat generated from the laser, whereas the Al oxides tend to remain on the surface of 
processed Al alloy specimens [117]. The vaporization of the Al oxide film on top of the melt 
pool, along with higher surface tension and temperature profile, creates stirring in the melt pool, 
which disrupts the oxide film on the bottom side [117]. Unmelted powders and pores can 
become trapped between oxide films on the sides of the melt pool, as depicted in Figure 10. It 
is crucial to select a reasonable overlap size between two adjacent tracks during processing. 
Both excessive overlap and insufficient overlap can increase the porosity [117]. Mg, as an 
alloying element in Al alloys, is particularly susceptible to severe evaporation and oxidation 

due to its low boiling point (1093 °C) and low evaporation heat (5.272 kJ/kg at ambient 

pressure) [118]. This evaporation and oxidation of Mg can reduce the level of densification in 
the final structure. 

 
Figure 10. (a) Marangoni convection in the melt pool. (b) Oxidation disruption and solidification of the 
melt pool [117]. 

 The utilization of oxidized powders can result in wider deposition tracks due to the reduced 
surface tension, which leads to a greater spatial distribution of melt pools [36]. Additionally, 
oxidized powders tend to produce more spatter compared with non-oxidized powders [36]. 
Moreover, the oxygen content in oxidized powders is sufficient to change the negative 
correlation between surface tension and temperature into a positive correlation, thereby 
shifting the Marangoni convection flow from outward centrifugal to inward centrifugal [36]. The 
inward centrifugal flow drives the existing pores to the bottom of melt pools, resulting in an 
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increased porosity level [36]. In cases where there is insufficient protection from the shielding 
gas during AM, the geometry of the structure can be severely compromised [24]. 

Porosity 

 Porosity in structures produced by AM can be categorized into two types: gas pores and 
lack-of-fusion pores [26]. Gas pores have a spherical shape, while lack-of-fusion pores have 
an irregular morphology. Lack-of-fusion pores are found periodically within structures, 
particularly in the overlap region between adjacent deposition tracks. The occurrence of lack-
of-fusion pores can be attributed to inappropriate process parameters, such as excessive scan 
speed and high powder feed rate [26]. 

 The origins of gas pores in AM-produced structures can be attributed to several factors. 
Firstly, there are significant differences in solubility between hydrogen in liquid and solid Al 
alloys [119]. When molten Al reacts with moisture in the surrounding atmosphere, hydrogen is 
generated [120]. As the solubility decreases during solidification, the supersaturated hydrogen 
is either stored in the lattice, dislocations, grain boundaries, etc., or precipitates as gas trapped 
within the solidified materials [119]. Secondly, the evaporation of volatile elements present in 
7XXX series alloys can also contribute to the formation of gas pores [121]. If there is insufficient 
time for vapor to escape, it can become trapped within the melt pools leading to the formation 
of gas pores. Thirdly, in powder-based AM processes, gas pores may be retained inside 
powder particles during gas atomization [122], which can also serve as potential sources of 
porosity in AM-produced structures. Additionally, the contamination of feedstock [123] or 
substrates [25], as well as the entrapment of shielding gas [26], are other possible reasons for 
the formation of gas pores. There is another type of porosity known as keyhole pores, which 
is associated with the evaporation of alloying elements [28]. Under excessive energy input, 
when the recoil pressure caused by evaporation exceeds the surface tension and hydrostatic 
pressure within the melt pools, keyhole-mode welding is activated [29]. Keyhole pores are 
typically characterized by their large size and irregular geometry [30, 31]. 

 The porosity level in AM-produced structures is influenced by the process parameters. 
Different types of porosity have varying dependences on these process parameters. For 
instance, the gas porosity tends to be generated under low laser scan speeds, while the 
keyhole porosity is more likely to form under high scan speeds [28]. The lack-of-fusion porosity 
can be eliminated through the optimization of process parameters, whereas the gas porosity 
cannot be completely removed [26]. To reduce the overall porosity level, effective methods 
include using powders with lower internal porosity that are entrapped during gas atomization, 
employing a lower shielding gas flow rate, and ensuring that powders are adequately dried 
before processing [26, 124]. 

Residual stress 

 Residual stress is a natural occurrence in AM processes, and it can have an impact on 
various properties such as fatigue strength and corrosion resistance [125]. In laser-based 
manufacturing, the rapid heating of the structure’s surface combined with relatively slow heat 
conduction leads to a significant temperature gradient, which in turn introduces residual stress 
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[126]. Additionally, a chemical composition gradient in materials can also contribute to the 
development of residual stress [125]. 

 The distribution and evolution of residual stress in the building direction are influenced by 
subsequent thermal cycles [127]. When there is a high heat input and long scanning tracks, 
the level of residual stress along the scanning direction tends to be higher [127]. This is 
because the scan speed affects the geometry of the melt pool and the direction of cooling, 
resulting in higher residual stress in the scanning direction compared with the building direction 
[125]. Some of the residual stress from the previous layer can be relieved by the heat 
transferred from subsequent melted layers [128]. To reduce residual stress, post-heat 
treatment or pre-heating of the substrate can be employed [128]. The effectiveness of these 
methods depends on the solid phase transition temperature of the material being used. For 
instance, in stainless steel (FV520B), if the solid phase transition temperature is lower than the 
lowest temperature in the heat cycle in the L-DED process, significant relief of tensile residual 
stress can be achieved [129]. On the other hand, when the solid phase transition temperature 
is high, pre-heating can increase the lowest temperature in the heat cycle and improve the 
stress relaxation [129]. Furthermore, the magnitude of residual stress is also influenced by 
scanning strategy and process parameters. By adopting appropriate scanning strategies such 
as the island scanning strategy [130] and optimizing process parameters like high energy input 
[37], it is possible to decrease the residual stress. 

 Figure 11 illustrates a potential residual stress state and the resulting distortion in 
structures produced by L-DED. The highest temperature gradient and subsequent high 
residual stress are typically found in the initial fewer layers, where the heat is rapidly conducted 
to the substrate [131]. At the beginning and end of each track, higher tensile stress leads to 
increased distortion [131]. It is possible to reduce the inhomogeneous distortions by adjusting 
the process parameters to increase the deposition rate [131]. 

 
Figure 11. Non-uniform distortion of multi-layer deposition and partial delamination [131]. 
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Cracking 

 Hot cracking in welding can be classified into three subgroups based on the mechanisms 
of formation: solidification cracking, liquation cracking, and ductility-dip cracking [132]. These 
three types of cracking differ from each other primarily in terms of crack nucleation. 

 Solidification cracking occurs during the final stage of solidification [32]. In the semi-solid 
state, the grains have grown and any remaining liquid needs to fill the spaces between grain 
boundaries. Otherwise, the shrinkage can be initiated after solidification, creating potential 
nucleation sites for cracks that can propagate under tensile stress until fracture. Solidification 
cracks typically originate in the welds and can propagate along grain boundaries towards the 
center of the weld surface [133]. The heat transferred from the welds to the HAZ can cause 
partial remelting of secondary phases with low boiling points that are distributed along grain 
boundaries in the HAZ, resulting in the formation of a liquid film [33]. The liquid film is then torn 
apart from the solid under the tensile stress contributing to the formation of the liquation cracks. 
The liquation cracks are typically generated in the HAZ and can propagate within the HAZ or 
extend into the fusion zone [134, 135]. Ductility-dip cracking does not have specific nucleation 
sites. It is attributed to a loss of ductility at a homologous temperature between 0.4 and 0.9 
[136]. The cracks can be initiated in either the welds or HAZ if the temperature and tensile 
stress thresholds are reached [137, 138]. The tensile stress is a crucial factor for crack 
propagation in all three cracking mechanisms and also plays a significant role in initiating 
ductility-dip cracks. 

 Different materials exhibit varying degrees of cracking susceptibility in laser-based AM. 
Even within a single alloy system, such as Al alloys, there can be significant differences in 
cracking resistance due to variations in the type or content of alloying elements [4]. Cast Al 
alloys with a high Si content are often suitable for AM. The addition of Si enhances the 
flowability of the melt pool and reduces the temperature range of solidification, thereby 
improving the processability [4, 139]. In contrast, wrought Al alloys, such as those in the 7XXX 
series alloys, are considered challenging to process. These alloys have lower Si content and 
a larger solidification temperature range, making them highly susceptible to solidification 
cracking [139], as depicted in Figure 12. The wide temperature range during the solidification 
of AA7075 leads to the formation of long interdendritic fluid channels that contribute to cracking, 
while cast AlSi10Mg with a small solidification temperature range has shorter interdendritic 
channels that can be easily backfilled [139]. The use of high energy density input in laser 
processing results in the formation of high-temperature gradients and residual stresses [140], 
which further promote cracking in AM-produced structures. Additionally, 7XXX series alloys 
contain significant amounts of volatile elements like Zn and Mg, which can evaporate at 
elevated temperatures and create porosity in the as-built structures [27, 56]. Despite these 
processing challenges, 7XXX series alloys are utilized in industries such as automotive [6] and 
aerospace [141], where both high strength and lightweight properties are required. 
Consequently, researchers have made efforts to mitigate the cracking susceptibility and 
improve the processability of these alloys. 
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Figure 12. (a) Solidification curves for high-strength wrought AA7075 (orange) and cast AlSi10Mg (blue). 
(b) Schematical representation of solidification indicates how a large solidification temperature range 
results in long channels of interdendritic fluid that contribute to cracking. The orange frame shows the 
dendrite growth of AA7075, while the blue frame represents the dendrite growth of AlSi10Mg. [139] 

 The processability of difficult-to-process materials can be improved through three phases: 
pre-processing preparation, in-process actions, and post-processing treatments. Prior to 
processing, one approach is to modify the cracking-susceptible material by incorporating other 
materials mechanically [142] or through surface engineering techniques (For example, an 
alternating adsorption process can be used to generate consistently charged surfaces on Ti 
alloy and commercially pure Ti powders, promoting the adhesion of nanoparticles) [143]. 
Another option is to adjust the chemical composition of the raw powder materials before 
atomization to ensure even dispersion of doping powders [144]. In wire-based L-DED, the 
chemical composition of the feedstock can be modified by simultaneously feeding the cracking-
susceptible wire material with additional wire materials. The feed speed of different wires, 
adjustment of process parameters, and alignment of the experimental setup are critical factors 
for achieving smooth deposition [145, 146]. Cracks in laser-based AM can be eliminated by 
modifying the material composition. Two mechanisms for crack elimination through doping 
materials are introduced: doping materials such as Si can enhance the flowability of the melt 
and improve the backfilling for shrinkage during solidification, while doping materials like Zr 
and TiB2 can act as nuclei for primary Al grains, leading to grain refinement and the enhanced 
cracking resistance [67, 95]. During the processing stage, actions can be taken to optimize 
parameter adjustment and building strategies in order to minimize defects and meet 
geometrical requirements without compromising material properties [56, 147]. In addition to 
parameter optimization, other process control techniques can be employed to assist in 
production. Preheating the substrate before deposition can reduce the cooling rate, 
temperature gradient, and the resultant residual stress, thereby lowering the cracking 
susceptibility [148]. The island scanning strategy is another approach that can be used to 
reduce cracking susceptibility [149]. This strategy involves dividing the deposited layer area 
into smaller parts. It has been observed that shorter deposition lengths can reduce the residual 
stress and alleviate the cracking susceptibility [150]. However, it should be noted that the island 
scanning may result in larger remelted areas between adjacent tracks and a higher porosity 
level [31]. The cracking cannot be completely prevented either [151]. A novel methodology 
proposed in a study involves employing interlayer laser shock peening (LSP) during SLM [59]. 
This technique has been successful in reducing the number density of cracks and improving 
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the fatigue properties. However, it requires more advanced equipment and is not applicable in 
L-DED due to the large size of melt pools and HAZ, which can easiliy relieve any introduced 
compressive residual stress. After the production of structures, hot isostatic pressing (HIP) is 
commonly conducted to heal small cracks and porosity. HIP is a process subjecting metallic 
structures to thermal annealing and pressure simultaneouosly [152]. 

 Several experimental studies have been conducted to investigate the origins of porosity 
formation in laser-based AM [34-36]. On the other hand, research on analyzing the cracking 
mechanism is often based on simulation and analytics [37, 38]. However, it is important to note 
that simulations often make certain assumptions for simplification purposes, which can lead to 
high deviation when compared with experiments. While there can be a good agreement 
between thermal simulations and experimentally recorded temperatures [39], the calibration of 
mechanical simulations with experimentally obtained data, such as the residual stress, is either 
not reported in some cases [37, 39] or exhibits high deviations [38]. 

Property anisotropy 

 In structures produced by AM, it is common to observe a bi-modal microstructure within a 
single deposited layer [153]. This microstructure consists of a fine equiaxed-grain region and 
a coarse columnar-grain region. The equiaxed grains do not exhibit any preferential growth 
orientation [153]. In contrast, the columnar grains show a preferential crystallographic 
orientation, which is typically considered to be parallel to the heat flow direction of the 
specimens [154]. The growth direction of columnar grains can also deviate from the direction 
of maximum heat flow. For instance, in the L-DED processing of Inconel 718 alloy, which has 
the same preferential crystallographic orientation of <100> as Al alloys, if the scanning 

direction in two adjacent layers is alternated by 180 °, known as bi-directional scanning, the 

maximum heat flow direction is correspondently alternated, see Figure 13a [155]. In this case, 
three possible solidification patterns can occur, as depicted in Figure 13b. The angle between 

the maximum heat flow direction and the horizontal line is 60 °[155]. In solidification pattern 1, 

the growth direction of primary dendrites in each deposition layer is parallel to the maximum 
heat flow direction [155]. In solidification pattern 2, the growth direction of primary dendrites in 
two adjacent layers is perpendicular to each other since the dendrites in the 2nd layer are 
epitaxially grown from the secondary dendrite arm in the previous layer [155]. However, the 
first two growth patterns are not observed in the microstructure due to the high driving force 
required for nucleation and the significant deviation between the growth direction of primary 
dendrites and the maximum heat flow direction [155]. The third solidification represents a 
compromise between alignment with the maximum heat flow direction and nucleation difficulty 
[155]. It is observed in the microstructure of AM-produced structures. 
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Figure 13. Maximum heat flow directions and solidification patterns of grains with preferential orientation 
for bi-directional scanning strategy. (a) Calculated temperature field with maximum heat flow directions 
indicated by yellow arrows. (b) Schematic for primary dendrite growth patterns [155]. 

 The nucleating agent adopts the same crystallographic orientation as the partially melted 
grains in the previous layer, which is known as epitaxial growth [156], see Figure 14. The 
equiaxed grains are distributed between every two layers of columnar grains [157]. The 
epitaxial growth dominates the microstructure in upper deposition layers, resulting in the 
formation of large columnar grains, whereas the growth of columnar grains is suppressed in 
the first several layers due to the rapid heat transfer to the substrate, which leads to a high 
cooling rate [21]. During solidification, grains with a preferential growth orientation succeed in 
the competitive growth with misoriented grains leading to strong texture in AM-produced 
microstructure [18]. The competitive growth pattern has been recreated through the phase field 
simulation. The solutes released from the well-oriented dendrite tips through the dendritic 
channel impede the continued growth of misoriented dendrites by increasing the level of 
constitutional undercooling before reaching a state of steady growth [158]. 

 
Figure 14. Bi-modal microstructure in AM-produced structure [159]. 

 The presence of columnar grains in AM-processed lightweight materials, such as Al alloys, 
leads to anisotropy in their mechanical properties, including strength and ductility [153]. For 
instance, in the WAAM processing of AlZnMgCu alloy [71], it has been observed that the UTS 
and YS along the building direction are higher than those along the deposition direction, while 
the ductility remains comparable. This finding is consistent with SLM processing AA7075 alloy 
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[160]. In contrast, in wire-based L-DED processing of AlMg alloy, a higher strength level is 
reported in the tensile specimens along the deposition direction [157]. To address this 
anisotropy issue, various attempts have been implemented from three perspectives, including 
parameter optimization [157], different scanning strategies [18, 57], and material modification 
[161]. These approaches aim to improve the anisotropy. It should be noted that despite these 
efforts, complete elimination of anisotropy in mechanical properties has not yet been achieved. 
Nonetheless, significant progress has been made in reducing anisotropy through these 
approaches. 

2.2.3 Development of new materials 

 In addition to studying the processability of existing materials, there is a growing interest 
in developing new materials specifically for AM. One approach to achieve this is by adjusting 
the chemical composition of existing alloy systems through the incorporation of dope materials, 
resulting in the production of composite materials. Another method involves pre-alloying, which 
increases the content of alloying elements in the material [144]. 

 In terms of incorporating dope materials into the existing alloy systems, it is easier to 
implement in powder-based AM. This can be conducted during deposition by utilizing multiple 
powder feeders or prior to deposition by incorporating raw materials with dope materials. 
However, incorporating multiple wires in lateral wire-based L-DED poses a more complex 
challenge [145].  

 Table 3 provides a summary of the incorporation material system and the corresponding 
improvements for powder-based L-DED and SLM. Various types of dope materials have been 
successfully incorporated, including Si [95], Y2O3 [162], TiB2 [163], Zr [161], and TiC [164]. 
These dope materials can be incorporated into the existing alloy systems in the form of micro- 
or nano-particles through mechanical alloying or chemical engineering. The ball-milling method 
is commonly adopted to mechanically incorporate raw materials and dope materials.  

 Several factors, such as the incorporation ratio between the dope materials and raw 
materials, the ball-to-powder weight ratio, and the ball-milling parameters (e.g., time and 
rotational speed), play a crucial role in achieving improved processability in AM [25, 164]. By 
selecting the appropriate parameters and incorporation ratios, it is possible to significantly 
reduce porosity levels, prevent cracking, and enhance mechanical properties, as shown in 
Table 3. Conversely, using inappropriate parameters can have a detrimental impact on the 
processability. For instance, excessive milling energy resulting from a higher ball-to-powder 
weight ratio can lead to the loss of spheroidicity of raw powders [165]. A high ball-to-powder 
weight ratio can cause the flattening of powders [165], while low milling energy can increase 
the roughness of raw powders, even if they maintain a spherical shape leading to the 
deterioration in powder properties such as flowability, apparent density, and tap density [166]. 
It is also important to ensure that the dope materials are homogeneously distributed on the 
surface of raw materials, otherwise, clustering of dope materials may result in heterogeneity in 
microstructure and mechanical properties [143]. Achieving homogeneous incorporation 
requires a long milling time [165]. However, it has been observed that when TiB2 nanoparticles 
are incorporated into AlSi10Mg powders using ball milling for an extended period, the plastic 
deformation of the Al matrix occurs [167]. To promote the adhesion of nanoparticles and 
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achieve a more homogeneous distribution on the surface of raw materials, an alternating 
adsorption process can be employed instead of ball milling [143].  

 In terms of the in-situ incorporation by simultaneously feeding multiple materials, achieving 
the desired chemical composition and homogeneous distribution of alloying elements 
throughout the microstructure is a challenging task [168]. This challenge can be mitigated by 
utilizing the laser to remelt the solidified layers [52]. 

Table 3. Previous achievements regarding the incorporation of dope material into raw material. √: 

achieved; ×: not achieved; -: not reported. 

Ref. 
AM 

technology 
Raw 

material 
Dope 

material 
Grain 

refinement 
Improvement 

Porosity Cracking Strength Ductility 

[95] SLM AlZnMgCu Si, TiB2 √ - √ √ √ 

[161] SLM AlZnMgCu Si, Zr √ - √ √ √ 

[169] SLM AlZnMgCu Si √ √ √ √ √ 

[139] SLM AlZnMgCu ZrH2 √ × √ √ √ 

[163] SLM AlSi10Mg TiB2 √ √ √ √ √ 

[170] SLM AlSi10Mg TiC √ - - √ × 

[25] L-DED AlMgScZr TiC - √ - - - 

[164] L-DED AlMg TiC - × - × × 

[171] L-DED AlCuMg TiB2 √ √ - √ √ 

[172] L-DED AlZnMgCu TiB2 √ - - √ √ 

[173] L-DED AlSi10Mg SiC √ × - √ √ 

  
 The processability of the alloying elements can also be improved by pre-alloying the 

elements that enhance it. In this approach, the alloying elements can be uniformly distributed 
within the feedstock used for AM [144]. Several new commercial materials have been 
developed by adjusting the content of alloying elements, and these are summarized in Table 
4. The main objective behind these developments is to utilize grain refinement techniques, 
such as inoculation treatment, to mitigate cracking issues in Al alloys that are prone to cracking 
during AM processes [5]. 

Table 4. New commercial Al alloys specific for AM applications developed by modifying the existing 
alloy systems. 

Product name Alloy system Raw alloy system 
Changed alloying 

elements 
Developer 

A20X [174] AlCuAgMgTiB AlCuAgMg Addition of TiB2 Aeromet 
Addalloy® [175] AlMgZr AlMg Addition of Zr NanoAl 

Scalmalloy® [176] AlMgMnScZr AlMg Addition of Sc, Zr AP works 
Scancromal® [176] AlCrScZr AlCr Addition of Sc, Zr AP works 

Scantital® [177] AlTiScZr AlTi Addition of Sc, Zr AP works 
Zicromal® [176] AlCrZrMn AlCr Addition of Zr AP works 
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 The comparison between the development of new chemical compositions using traditional 
casting/forging methods and AM technologies is illustrated in Figure 15 [178]. The traditional 
route typically involves multiple trial runs and consumes a large amount of materials for alloy 
development, whereas using AM technologies offers the advantage of efficiently obtaining 
feedstock with the desired chemical composition and enabling batch production.  

 
Figure 15. Comparison of material development route using traditional casting/forging and directed 
energy deposition as well as powder bed fusion [178]. 

 In L-DED, the powder materials can be in-situ modified using multiple powder feeders or 
prepared before deposition through processes like ball milling and chemical engineering, as 
mentioned above. L-DED also allows for the production of structures with a graded chemical 
composition [179]. In contrast, the in-situ modification of chemical composition is not possible 
in SLM. Additionally, the amount of powders required for a print job in L-DED is significantly 
less than that in SLM [178], which simplifies the preparation process and reduces material 
waste associated with mixing powders before printing. Considering that SLM is capable of 
producing structures with complex geometries, it can be considered as a secondary screening 
process for new material development. Since the structural integrity of AM-produced structures 
concerning porosity and cracking may deviate with different geometries [27, 37], it is essential 
to further test and validate the properties of newly developed materials using SLM-produced 
structures. The preliminary screening process should be conducted using L-DED. The high-
throughput production in L-DED has already been implemented to produce a batch of 
structures with different chemical compositions [180-183]. This batch production approach 
efficiently generates a large dataset, which not only accelerates material development through 
manual means but also facilitates the utilization of ML techniques for material development. 

2.3. Application of machine learning in additive manufacturing 

 In a machine learning (ML) algorithm, the input data is used to produce outcomes and 
achieve a desired task without being explicitly programmed. Machine learning is a self-learning 
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process, which automatically optimizes the architecture through iterations. Machine learning 
algorithms can be categorized into supervised, unsupervised, and semi-supervised algorithms. 
[184]  

 In supervised algorithms, all the input data is labeled with their known outcomes (different 
classes in the case of classification problems or values in the case of regression problems), 
whereas the input data is not associated with any fixed outcomes in unsupervised algorithms 
[185]. In semi-supervised algorithms, a fraction of input data is labeled and the others are not 
labeled. The unlabeled data is used to augment labeled data in a supervised learning context 
[186]. Compared with supervised algorithms, it saves lots of time in data preparation. The 
common application of unsupervised learning is clustering analysis, which classifies input data 
into different groups based on the similarity during the iteration process [185]. 

 Deep learning is a branch of machine learning techniques. Deep learning differs from other 
machine learning approaches in that it learns representations from input data in a progressive 
manner, with each layer capturing more meaningful representations [187]. In contrast, other 
machine learning approaches only learn representations in one or two layers [187]. In deep 
learning, the process of learning layered representations is achieved through neural networks, 
which are structured with literal layers stacked on top of one another [187]. The performance 
of machine learning models is determined by the data preparation and their architecture. The 
data preparation contains data preprocessing, feature engineering [187], the correlation 
between input data and output data, the matching accuracy of the input data and the 
corresponding output data, and the size of the dataset. The architecture of machine learning 
models consists of the hyperparameters of models, the loss function, the activation function, 
and the optimizer. To tackle various problems, these factors need to be specifically adjusted. 

 ML has found widespread application in assisting manufacturing processes. The 
employment of ML in AM can be divided into three phases, i.e. prior process, in-situ process, 
and post-process [40]. Table 5 provides a list of previous studies on the application of ML in 
AM.  

 In the pre-processing phase, ML can be employed to select and develop suitable material 
composition [188]. During the design for AM, ML aids in the topology improvement [189]. With 
numerous controllable process variables in AM, finding the optimal process window becomes 
challenging. ML algorithms such as neural networks [190-192] are used to expedite parameter 
studies. ML models are also capable of assisting material development. In [193], the efficient 
global optimization algorithm is modified based on the Kriging model to design Al-Zn-Mg-Cu-
Ti-(Y)-(Ce) alloys with specific compositions and achieve the desired ultimate tensile strength. 
With the integration of machine learning, density-functional theory, thermodynamic 
calculations, and experiments, the development of high-entropy alloys can be accelerated 
[194]. However, compared with topology optimization and parameter prediction, the application 
of ML in material design is still not exploited, which is attributed to the expense of preparing 
sufficient datasets and the lack of a comprehensive understanding of physical processes in 
AM. 

 ML algorithms are also valuable in supporting the in-situ process monitoring and control. 
One prevalent algorithm for this purpose is the convolutional neural network (CNN), which 
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excels in conducting in-situ monitoring and defect detection based on image recognition. CNN 
offers higher accuracy and requires less feature extraction compared with conventional ML 
algorithms [40]. During the AM process, images captured for the CNN model contain various 
elements such as melt pools [41-43], plume and spatter [44], and layer surface [45, 46]. All the 
information enclosed in the images belongs to the processing characteristics. The images can 
be utilized for quantitative characterization of the properties, such as the prediction of porosity 
level [47] and surface roughness [48]. Additionally, they can be used for qualitative evaluation 
of the processing, including identifying the presence of defects and processing anomalies [42, 
44]. By labeling scalograms analyzed from the time-series signal of average emission intensity 
extracted from thermal images using operando X-ray images, CNN models can achieve a 
nearly perfect prediction for the presence of keyhole pores during SLM [195]. Nevertheless, 
while the aforementioned works can predict defects and diagnose the processing anomaly, a 
simultaneous correction is not possible. In order to prevent the deterioration of existing 
anomalies and minimize material waste, it is crucial to have an in-situ adjustment of process 
parameters. 

 Researchers have also explored the potential of ML in predicting the geometry of as-built 
single tracks [196] and multiple layers [197]. To reduce the cost associated with the 
experimental characterization of as-built specimens, some studies have integrated the 
microstructure and mechanical properties with process-related factors using ML. This allows 
for the correlation between process parameters and microstructural features, enabling the 
prediction and tailoring of microstructure [198]. By extracting thermal histories during the AM 
process, it is possible to predict the quasi-static tensile properties in the local region of thin-
wall structures [199]. The process-and-analysis chain has been established using ML for 
parameter adjustment to achieve high-density structures and predict the strength based on 
microstructure [200]. The prediction of fatigue life for stainless 316L processed by SLM is 
feasible by analyzing the process parameters (laser power and powder layer thickness) using 
either traditional machine learning algorithms or neural networks [201]. 
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Table 5. Application of machine learning for AM in different scenarios. 
Ref. Phases AM technologies Materials Inputs Algorithms Outputs Purpose 

[202] 

Prior 

PolyJet 

Acrylic-
based 

photopolyme
rs 

Data matrices encode 
the different unit cell 

arrangements for 
microstructure 

CNN 

Toughness of 
hierarchical 

systems + new 
microstructural 

pattern 

Prediction for high-performance geometrical design 
of hierarchical systems 

[203] SLM AlSi10Mg 
Encoded AM design 
features and target 

components 

Hierarchical 
clustering + 

SVM classifier 

Identification for the 
final sub-cluster 

Computational AM design feature recommendation 

[204] - - 
The density distribution 
and the last performed 
update of the densities 

CNN 
Predicted final 

structure 
Topology optimization 

[205] - - 
Parameters defining the 
material layout of a unit 

cell 

Sobolev norm 
neural network 

Independent 
stiffness values 

Macroscale topology optimization 

[206] - - 
The optimization result 

of the coarse grid 

Generative 
adversarial 

network 

Inferred output for 
the fine grid 

Topology optimization 

[207] - - 
A noise of latent 

dimension 

Generative 
adversarial 
network + 

CNN 

Volume fraction Topology optimization 

[191] SLM Cu 
Converted format from 

microscope images 
Convolutional 
Auto-Encoder 

Different clusters Optimization for process parameters 

[192] SLM 
Inconel 625 

Steel; 
AlSi10Mg 

Design and process 
parameters 

Voxel-based 
CNN + CNN 

Manufacturability Prediction for the manufacturability 
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Table 5. Continuation of application of machine learning for AM in different scenarios. 

[41] 

In situ 

WAAM Molybdenum Melt-pool images CNN 
Classification for 
processing states 

Anomaly detection 

[42] SLM Inconel 625 
Pre-processed tensors 

of melt-pool images 
Convolutional 
Auto-Encoder 

Self-clustering Anomaly detection 

[43] SLM Inconel 625 Melt-pool images CNN 
Classification for 
the melt-pool size 

Process monitoring for melt-pool size 

[44] SLM 316 L Melt-pool images CNN 
Classification for 

three-track 
morphologies 

Anomaly detection 

[45] SLM Inconel 718 Powder-bed images CNN 
Classification for 
different powder-

bed states 
Anomaly detection 

[46] SLM Ti6Al4V Powder-bed images CNN 
Classification for 
flaw or flawless 

Anomaly detection 

[47] L-DED Ti Melt-pool images CNN 
Prediction for the 
presence of pores 
and porosity level 

Classification for the present of pores; Regression 
for the porosity level 

[48] SLM WE43 Hyperspectral data CNN Surface roughness Quality control 

[208] SLM 316 L Acoustic signals Spectral CNN 
Classification for 
different porosity 

levels 
Quality control 

[200] 

Post 

EBM Ti6Al4V 
Process parameter; 
Surface morphology 

images 

Multi-layer 
perceptron; 

CNN 

UTS; 
Porosity level; 

Surface condition; 
Microstructural 

images 

Analysis of process-microstructure-properties 
relationship 

[199] L-DED Inconel 718 
Process-induced 

temperature sequence 
CNN 

Mechanical 
properties 

Prediction for mechanical properties 

[198] - - 
Reduced representation 

for EBSD 
measurements 

CNN 
Predicted 

microstructure 
Prediction for microstructural variations 

[196] L-DED AA2024 Process parameters ANN Geometry of tracks Quality control 

[209] WAAM Steel 
Geometrical 

parameters of bead 
ANN 

Offset distance of 
weld beads 

Process parameter optimization 

[197] WAAM Steel Process parameters ANN 
Geometrical 

deviation 
Quality control 
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3. Experimental 

3.1. Material preparation 

 The powder material used for L-DED is gas-atomized AA7050 powder supplied by 

NANOVAL GmbH & Co. KG. The average size of the powders is reported to be 36 µm by the 

supplier. It is important to note that during storage and usage, the powders may absorb 
moisture from the surrounding environment or become further oxidized upon contact with air. 
This can result in a high content of oxygen and hydrogen in the powders, which can negatively 
impact both the processing and the properties of as-built specimens. To ensure optimal 
storage and usage conditions for the powders, it is necessary to analyze the content of oxygen 
and hydrogen under different conditions. This analysis will help determine the appropriate 
storage and usage guidelines for the powders. In as-delivered condition, the powders are 
stored in a sealed container along with a desiccant to minimize moisture absorption. However, 
if there are any remaining powders that cannot be fully consumed, they are stored in the 
powder feeder for future use. For this reason, powders that have been stored in the powder 
feeder for 3 and 7 days respectively are analyzed to assess their oxygen and hydrogen content. 
This analysis will provide insights into how long the powders can be stored in the powder feeder 
before their properties are compromised. Heat treatment is commonly utilized to dry powders 
before processing. However, even with the use of an inert gas or vacuum atmosphere, there 
is still a risk of further oxidation of the powders. To investigate the effects of drying and 

oxidation, the powders are subjected to heat treatment at 110 ° C and 200 ° C for 2 h, 

respectively. 

 The gas content contained in the powders is measured by the LECO 836 series elemental 
analyzer (LECO Corporation). The elemental analyzer can measure the content of oxygen, 
hydrogen, and nitrogen in a wide spectrum of materials including Al alloys. As shown in Figure 
16, the powders stored in a powder feeder for 3 days exhibit a comparable content of oxygen 
and hydrogen compared with as-delivered powders. Nevertheless, when powders are stored 
in a powder feeder for 7 days, there is a significant increase in the content of hydrogen and 
oxygen. This indicates that any remaining powders in the powder feeder should be consumed 

within 3 days to prevent deterioration of powder quality. The heat treatment at 110 °C for 2 h 

does not significantly reduce the content of oxygen and hydrogen in the powders. This 
suggests that the as-delivered powders have a low moisture content. On the other hand, when 

subjected to heat treatment at 200 °C, the powders experience further oxidation. Considering 

the low moisture content in the as-delivered powders and the importance of energy 
conservation and emission reduction, as-delivered powders are directly used for L-DED. 
Additionally, no powders are stored in a powder feeder for more than 3 days. 
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Figure 16. Content of oxygen and hydrogen of powders in different conditions. 

 The morphology, microstructure, and chemical composition of the powders are analyzed 
using a Jeol JSM-6490LV scanning electron microscopy (SEM) equipped with energy-
dispersive X-ray (EDX) analysis (EDAX Genesis). The SEM operates at an acceleration 
voltage of 15 kV with a working distance of 10 mm. Figure 17(a, b) shows that the majority of 
the particles have a spherical morphology, although there are irregularly shaped particles 
present. The presence of irregular particles may have an impact on the flowability of powders 
[53]. Gas pores formed during atomization can be observed inside the particles, as shown in 
Figure 17c. Figure 17d provides a microstructure image of one particle, where the dark area 
represents the Al matrix and the bright area corresponds to the eutectic phases with a lower 
boiling point along the grain boundaries. The chemical composition of both the matrix and the 
eutectic phases is listed in Table 6. The eutectic phases are found to be rich in Zn, Mg, and 
Cu. 

 
Figure 17. Morphology of AA7050 powder in (a, b); Cross-sectional microstructure in (c, d). 

Table 6. Chemical composition of α-Al matrix and eutectic as marked in Figure 17d (in wt. %). 
 Al Mg Si Zr Ti Cr Mn Fe Cu Zn 

Matrix 91.2 2.4 0.1 0.2 0.1 0.1 0.1 0.1 1.6 4.1 
Eutectic 76.1 5.5 0.1 0.1 0 0 0 0.2 8.0 10.0 
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 The wire material utilized for wire-based L-DED is AA7075 wire, which is supplied by 
Drahtwerk Elisental W. Erdmann GmbH & Co. The wire has a diameter of 1.2 mm. The 
chemical composition is measured in the as-delivered wires from the supplier using a Jeol 
JSM-6490LV SEM equipped with EDX analysis. The chemical composition of the AA7075 is 
provided in Table 7. 

Table 7. Chemical composition of AA7075 wire (in wt. %). 
Al Mg Si Ti Cr Mn Fe Cu Zn 

89.5 2.5 0.4 0.1 0.2 0.1 0.2 1.3 5.7 

3.2. Powder-based laser-directed energy deposition 

 The powder-based L-DED process consists of several components, including an Nd: YAG 
laser (Rofin DY022) with a maximum power of 2.2 kW, provided by Rofin Sinar Laser GmbH. 
A 6-axis robot (KR 6 R900) from Kuka AG is used to manipulate the deposition process. The 
system also incorporates a coaxial nozzle (Coax14V3) developed by Fraunhofer IWS. During 

the process, a substrate (50 mm × 50 mm × 15 mm) made of AA7075-T651 alloy is clamped 

onto a specimen holder. The holder moves along with the robot arm during deposition, while 
the position of the nozzle remains fixed. The powder focus is directed onto the surface of the 
substrate, as shown in Figure 18a. The laser spot diameter used in this process is 1.35 mm. 
By defocusing the laser beam by +6 mm, the laser focus is positioned 6 mm above the 
substrate surface. To maintain an inert atmosphere, the entire L-DED process takes place 
inside a glovebox filled with argon. No shielding gas is coaxially conveyed with the laser beam 
through the nozzle in these experiments. 

 The horizontal and vertical scanning strategies used in the L-DED process are depicted in 
Figure 18b. Each deposition track has a length of 24 mm. In the horizontal scanning strategy, 
two adjacent deposition tracks have opposite scanning directions and both move horizontally 
relative to the nozzle. After each layer deposition, the substrate moves down by a 
predetermined distance known as the 𝑧-offset. This pattern is repeated for successive layers. 
In the vertical scanning strategy, the substrate moves vertically relative to the nozzle during 
deposition. Figure 18c exhibits four different robot programs categorized by their timing for 
activating and deactivating the laser and powder feeder. While the position of the nozzle 
remains fixed, it is illustrated in a relative motion for easier comprehension. The following 
descriptions outline the different robot programs used in the L-DED process: 

1. Robot Program 1: In this program, both the laser and powder feeder are continuously 
switched on throughout the entire process.  

2. Robot Program 2: The powder feeder remains on, while the laser is activated at the 
beginning and deactivated at the end of each deposition track. Additionally, the laser 
power is lower during the first 1/4 section and the last 1/4 section of each track compared 
with the middle section.  

3. Robot Program 3: Both the powder feeder and laser are turned on at the start of each 
track and switched off at the end. Powders are conveyed from the powder feeder to the 
substrate during this process. However, it takes some time for the powder feeder to the 
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substrate during this process. Therefore, Robot Program 3 is further divided into two sub-
programs:  
a) Robot Program 3 (no waiting): The laser and powder feeder are turned on 

synchronously.  
b) Robot Program 3 (waiting): The laser is activated after a delay of 5 seconds following 

the activation of the powder feeder. 

4. Robot Program 4: the powder feeder remains activated throughout the process, while the 
laser is activated after the substrate has traveled for 5 mm and deactivated 5 mm before 
reaching the end of each deposition track. The speed at which the robot arm moves is 
considered the laser scan speed. The motion of the robot arm during the deposition track 
consists of three phases: acceleration to reach the desired speed at the beginning, uniform 
motion at a constant speed, and deceleration towards the end. A distance of 5 mm is 
considered sufficient for both the acceleration and deceleration phases.  

 In this study, horizontal scanning and vertical scanning were investigated in Robot 
Programs 1 and 4. However, only vertical scanning was examined in Robot Programs 2 and 
3. 

 
Figure 18. (a) Experimental setup of powder-based L-DED processing. (b) Illustration of vertical and 
horizontal scanning strategy (scanning direction is indicated by red arrows). (c) Illustration of four robot 
programs controlling the time for the switching status of laser and powder feed (black arrows represent 
the deposition sequence). 

3.3. Wire-based laser-directed energy deposition 

 In this study, rolled AA7075 sheets measuring 100 mm × 50 mm × 15 mm were used as 

substrates for the deposition of AA7075 wire. The L-DED apparatus used in the experiment is 
depicted in Figure 19a. During the process, the substrate was clamped onto a working table 
made of AA5087. The feedstock material was melted by a laser with a core-ring profile, 
specifically, the TruDisk 4001 manufactured by TRUMPF. The laser energy input was 
distributed separately in the core and ring areas based on the set core-ring ratio. The inner 
core and outer ring have a diameter of 100 mm and 400 mm, respectively, at the focal position. 
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Throughout the study, the core-ring ratio remained constant at 15 %. The laser beam spot 
diameter on the substrate was measured to be 1.5 mm, with a positive defocusing of 36.14 mm 
(meaning that the laser focus was positioned above the substrate).  

 To control the deposition path, a CNC machine was employed. To capture clear images 
of the deposition process, a high-speed camera is attached to the optic head using an 
extension bracket ( as shown in Figure 19a). The camera is focused on the tip of the wire, 
allowing for sharp images of the processing characteristics during deposition. The camera’s 
focus plane is parallel to the cross-sectional plane of the thin-wall structures. As a result, the 
images taken during deposition correspond to the cross-sections in the direction of the melt-
pool width. To protect the melting area from oxidation, the shielding gas Ar is coaxially 
conveyed through the wire feed nozzle. Additionally, an extra nozzle conveying Ar is installed 
and positioned mirror-symmetrically to the wire feed nozzle relative to the thin-wall structure, 
as depicted in Figure 19(b, c). The side facing the wire feed nozzle is referred to as the front 
side of the wall, while the side facing the extra nozzle is referred to as the back side of the wall. 
The relative positions of the wire feed nozzle, extra nozzle, laser beam, and thin-wall structures 
are illustrated in Figure 19d. 

 

Figure 19. (a) Experimental setup in wire-based L-DED process. (b) Locally magnified area showing the 
position of extra shielding gas nozzle. (c-d) Illustration shows the relative position of the front side and 
back side of thin-wall structures and wire feed nozzle and extra nozzle. (e-h) Fours wire feed directions 
in wire-based L-DED. The black arrow represents the scanning direction. 

 Figure 19(e-h) illustrates four different wire feed directions. The distance between the wire 
and the laser spot remained constant for each wire feed direction. The terminology for these 
wire feed directions is adopted from a previous study [69] but is further clarified in this work. 
To investigate the effects of different wire feed directions, a single track was deposited on the 
substrate using each wire feed direction. In Figure 19e, the wire feed direction is nearly 

opposite to the deposition direction, forming an angle of approx. 135 ° (referred to as front 

feeding). In Figure 19f, the wire feed direction is almost parallel to the deposition direction, 

forming an angle of approx. 45 ° (referred to as back feeding). In Figure 19g, the single track 

was deposited horizontally from left to right relative to the substrate (referred to as side feeding 
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(l-r)). Conversely, in Figure 19h, the single track was deposited from right to left (referred to as 
side feeding (r-l)). 

 The thermal history of different specimens during the L-DED process was monitored using 
an infrared camera (Optris PI400). The camera has a resolution of 382 × 288 pixels, a 
frequency of 27 Hz, and s spectral range of 7.5 – 13 µm. To accurately measure the 
temperature, the emission coefficient of AA7075 during L-DED was calibrated using 
thermocouples. This calibration process was carried out during a single-track deposition. Both 
the infrared camera and thermocouples recorded the temperature evolution during deposition. 
By setting the emission coefficient at 0.32, a good agreement was achieved between the two 
measurement methods. It is important to note that the emissivity of a material can vary 
depending on factors such as material composition, surface roughness, and current 
temperature [210]. However, in this study, a constant emission coefficient was assumed since 
temperature evolutions of different specimens were compared within the same temperature 
range, despite the potential fluctuations in emissivity at different temperature ranges. 

3.4. Post-process characterization 

3.4.1 Geometrical characterization 

 A 3D profile of as-built structures was generated using a digital microscope (VHX-7000, 
Keyence). The maximum roughness 𝑅௠௔௫, which is the vertical distance from the highest peak 
to the lowest valley based on the German standard DIN4768, was adopted to represent the 
surface roughness of the back side of thin-wall structures. Furthermore, the 3D profile of as-
built structures was compared with the intended design geometry prior to processing in order 
to assess the geometrical accuracy across various robot programs and scanning strategies. 

3.4.2 Microstructural characterization 

 The L-DED-produced specimens were cut along the length direction and ground and 
polished for cross-sectional observation using an optical microscope (OM, Leica DMI 5000M). 
Kroll's etchant and Barker's etchant were utilized to reveal the microstructure. To analyze the 
distribution and chemical composition of secondary phases in the as-built specimens, a 
scanning electron microscope (SEM, Jeol JSM-6490LV) with connected energy-dispersive X-
ray (EDX, EDAXGenesis) capabilities was employed. The number density and distribution of 
secondary phases were also observed using a scanning electron microscope (SEM, FEI 
Nova 200).  

 Electron backscatter diffraction (EBSD) was used to determine the texture, grain 
orientation, and grain size in order to uncover the relationship between process-microstructure-
property. The EBSD analysis was conducted with an effective scan field area of 

1875 mm × 1875 mm, a working distance of 13 mm, an acceleration voltage of 25 kV, and a 

tilt angle of 70 °. The scanned area was located in the middle of the thin-wall structure, which 

corresponds to the gauge area of the tensile specimens. 
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3.4.3 Mechanical characterization 

 The microhardness of the as-built specimens was determined using a Falcon 5000 
microhardness tester (INNOVATEST Europe BV) with a load of 0.1 kg and a dwell time of 10 s. 
The indentation points were positioned in the gauge area of the tensile bars to establish a 
reliable correlation between hardness and tensile properties. Tensile tests were conducted at 
a strain rate of 1/s. Three tensile specimens were extracted from the middle of the thin-wall 
structures along the thickness direction. 

 The residual stress was calculated using experimental diffraction data obtained at the High 
Energy Materials Science beamline P07b (EH1) at DESY [211]. The experimental setups are 
illustrated in Figure 20a, and an example of a measuring pattern is shown in Figure 20b. The 
thin-wall structure was mounted on the specimen stage in such a way that the building direction 
of the structure aligned with the 𝑧 axis (in the direction of 𝜎௬௬) and the longitudinal direction of 

the structure aligned with the 𝑥 axis (in the direction of 𝜎௫௫), as depicted in Figure 20b.  

 For measuring residual strain along the building direction, an x-ray beam with an energy 

of 87.1 keV (wavelength of 0.142353 Å) and a size of 0.5 × 0.5 mm2 was employed. The 

distance between the thin-wall structure and the two-dimensional detector type Perkin Elmer 
XRD 1621 (PE) was set to 1200 mm. Debye-Scherrer rings were recorded for multiple 
reflections, and the (311) reflection was specifically used to calculate the residual stresses 
since the grains with the (311) planes are less affected by residual intergranular stress and 
have a lower influence from the crystallographic texture [212]. To improve statistical accuracy, 
the specimen was oscillated in the direction of 𝜎௫௫  with a range of ± 2.5 mm for each 
measurement point, considering the large grain size. The exposure time for each measuring 
point was set to 10 s. To characterize the variation of residual stress along the building 
direction, measurements of residual strain were initiated from 0.5 mm below the top surface 
and moved in steps of 2 mm until reaching the substrate, as depicted in Figure 20b. 
Additionally, measurements of residual strain along the building direction were conducted at 
different locations starting from the middle of the structure and moving towards both edges 
with a step size of ± 5 mm (Figure 20b). 
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Figure 20. (a) Photos of the experimental setup to measure the diffraction data. (b) Measuring pattern 
for the thin-wall structure with a deposition length of 30 mm. (c) Sketch showing the position of drilling 
points in the hole-drilling measurement. (d) Measured partial diffraction rings. (e) Complete (311) 
diffraction ring after data recovery using ellipse fitting; (f) Full diffraction rings after data recovery. The 
solid red lines are the diffraction patterns experimentally measured. The dotted green lines are the 
recovered diffraction patterns. 

 To mitigate any misalignment effect caused by the specimen geometry during the 
calculation of residual stress, a thin layer of copper powder was applied to the surface of the 
specimen. A correction factor was then employed, taking into account the shift of a copper 
reflection near (311) from Al. The residual stress was determined from the measured strain 
using the fundamental equation of strain and incorporating the elastic constant E311: 
69.39 GPa and the poison‘s ratio 𝑣ଷଵଵ: 0.35 for Al obtained. These values were obtained from 
XEC software [213]. 

 The two-dimensional diffraction pattern obtained for L-DED-processed Al alloys is 
incomplete due to the absence of certain information, such as the (311) crystal plane, as shown 
in Figure 20d. This incompleteness is attributed to the intrinsic characteristics of the 
microstructure, including coarse grains and strong texture. To address this issue, ellipse fitting 
was employed to recover the partial diffraction patterns, as depicted in Figure 20e and f. This 
method has been validated as a reliable approach for completing the partial diffraction patterns 
[214]. Subsequently, the complete diffraction patterns were utilized to calculate the strains for 
the (311) crystal plane and determine the corresponding residual stress. Additionally, the 
residual stress was measured on the top surface of the specimens along the longitudinal 
direction using the hole-drilling method with the PRISM system from Stresstech GmbH. In this 
method, a hole with a diameter of 1.0 mm was incrementally drilled to a maximum depth of 
0.5 mm using a drill made of high-speed steel Co 5 with a TiAlN solid carbide insert. The drilling 
depth was increased in increments of 0.025 mm increments. The details regarding the hole-
drilling measurement technique have been described in [215]. For each specimen, three holes 
were drilled on the top surface with a distance of 5 mm along the longitudinal direction, as 
illustrated in Figure 20c. 
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3.4.4 Image processing 

 Grayscale images were captured using a high-speed camera with a frame rate of 2000 
frames per second (FPS) and an exposure time of 100 µs. These raw images, measuring 1280 
× 860 pixels, contain various information such as the melt pool, plume, and spatter. For the 
purpose of this study, the images were resized to 640 × 430 pixels to reduce computation time 
and were used for two different analyses: evaluating the processing stability of the deposition 
process and inputting into a neural network model. 

 The stability of melt pools during deposition is analyzed based on the melt-pool images in 
the first layer. The indicator for evaluating the stability of melt pools is the fluctuation of melt-
pool area and shape. To extract the melt-pool profile from the raw images, all grayscale images 
are binarized with a threshold value of 190. The threshold value is determined to accurately 
capture the melt-pool profile while avoiding any misleading information from the illuminated 
area surrounding the melt pools. The detailed workflow on how to determine the threshold 
value can be referred to in Paper 5 Appendix A.1. 

 To accurately evaluate the processing stability, it is important to consider the geometrical 
fluctuation of melt pools. Even if two melt pools have the same area, they can exhibit different 
geometries. The variation in geometry can be influenced by gas flow, leading to property 
variations, as reported in [216]. After binarization, all pixel points in the processing image 
corresponding to the melt pool are assigned a grayscale value of 1, whereas other pixel points 
corresponding to non-melt-pool areas are assigned a grayscale value of 0. To compare the 
geometrical deviation of melt pools in different images, it is necessary to compare the 
grayscale values of each pixel point representing the location of melt pools pixel by pixel 
between images. To statistically represent this geometrical fluctuation of melt pools during 
processing, the dHash value and dHash difference are adopted. These metrics allow us to 
quantify and analyze the differences in geometry between melt pools in different images. 

 The dHash value is a parameter to compare the grayscale values in two neighboring pixel 
points in an image row by row. The workflow to calculate the dHash value of one image and 
the dHash difference between two images is illustrated in Paper 5 Figure 8. If the grayscale 
value of the left pixel is higher than that of the right pixel, the character “1” is recorded. 
Otherwise, the character “0” is recorded. Subsequent to the comparison of all pixel points, a 
long string consisting of “1” and “0” is arranged for each image. In this study, since the raw 
images are firstly binarized to extract the contour of melt pools, the pixel points exhibit either 
black or white. Characters in the string are considered binary numbers. To save computational 
time while maintaining the sensitivity to detect subtle differences, every two characters in the 
string from the first to the last are converted to decimal numbers and stored as a new string. 
The fully converted string corresponds to the dHash value of the image. All the images have 
the same length of strings because of the same image size. The dHash difference is the total 
number of characters that differ in the identical position in two strings converted from two 
images. 
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4. Achievements 

4.1. Overview 

 The results presented in this thesis have been published as peer-reviewed papers in 
scientific journals. This chapter specifically focuses on the results and discussion of the thesis, 
which consists of 4 published papers and 1 paper under preparation for submission. The first 
paper investigates the processability of high-strength Al alloys in powder-based L-DED. The 
development of the process window considers not only the process parameters but also the 
robot programs that control the switching status of the laser and powder feeder. This is 
because the timing for powder feeding and laser radiation can have a significant impact on the 
processability and the properties of as-built specimens (Paper 1). In addition to using powder 
as feedstock, the thesis also explores the process development for high-strength Al alloys in 
wire-based L-DED. The aim is to determine whether the form of feedstock can influence the 
processability. This investigation is presented in Paper 2 and Paper 3. In Paper 2, the effects 
of wire feed directions in lateral L-DED were investigated. The study also conducted 
preliminary research on optimizing process parameters for building one-layer single tracks. 
Building upon the findings from Paper 2, thin-wall structures with multiple layers (up to 100 
layers) were built using the determined wire feed directions and the preliminarily optimized 
parameters in Paper 3. Furthermore, in this paper, the process parameters were further 
optimized to minimize the internal porosity level and prevent cracking in the thin-wall structures. 
Microstructural characterization and mechanical tests were also conducted to establish a 
correlation between process-microstructure-property. Due to the lack of comprehensive 
analysis of cracking mechanisms in L-DED processing of high-strength Al alloys using 
experimental methods, Paper 4 is devoted to investigating these mechanisms from both 
thermal and mechanical perspectives. The experimental methods employed in this study 
include monitoring the temperature evolution during processing, measuring residual stress in 
as-built specimens, and analyzing the microstructure of as-built specimens. In order to improve 
the surface roughness observed in Paper 4, Paper 5 introduces the development of an 
optimized shielding gas-feeding system. This system not only enhances surface quality but 
also reduces porosity levels by ensuring processing stability. The significance of processing 
stability in laser-based AM is emphasized. Hence, the latter part of Paper 5 is dedicated to 
maintaining processing stability through machine learning techniques to assist the in-situ 
adjustment of process parameters. 

 

4.2. Processability of high-strength Al alloys in powder-based laser-
directed energy deposition 

Paper 1: M. Wang, N. Kashaev, On the optimal process window for powder-based laser-
directed energy deposition of AA7050 under different robot programs and scanning 
strategies, Journal of Manufacturing Processes 90 (2023) 286-299. 
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Figure 21. Graphical abstract of Paper 1. 

 The purpose of this study is to explore the feasibility of using AA7050 in powder-based 
laser-direct energy deposition (L-DED). There is limited information available on the use of 
7XXX series alloys in L-DED. Therefore, this study aims to expand the range of applicable Al 
alloys for this process. Previous research on L-DED has primarily focused on process 
parameters. The scanning strategy and the robot program controlling the switch status of the 
powder feeder and the laser were rarely introduced before. Although it is commonly 
acknowledged that the starts and the stops of the robot during the deposition should be 
avoided, their impact on the L-DED process and the properties of L-DED-produced specimens 
were not systematically investigated. Therefore, it is important to conduct a comprehensive 
and statistical analysis. 

 This study focuses on examining the effects of robot programs and scanning strategies on 
the L-DED-processed AA7050 powder. The advantages and disadvantages of each robot 
program are analyzed in terms of buildability, porosity level, crack initiation, and heat effect on 
the substrate. Additionally, the research also explores the optimal process parameters through 
different combinations of robot programs and scanning strategies. 

 The horizontal and vertical scanning strategies are depicted in Figure 21. Each track has 
a length of 24 mm. In the horizontal scanning strategy, the scanning directions of two adjacent 
deposition tracks are opposite, both traveling horizontally relative to the nozzle. After each 
layer deposition, the substrate moves down a preset distance (𝑧-offset). The successive layers 
follow the same pattern. In the vertical scanning strategy, the substrate moves vertically 
relative to the nozzle. Figure 21 also presents four robot programs categorized by different 
timing for switching on and off the laser and powder feeder. Although the position of the nozzle 
remains fixed while the substrate placed on the robot arm moves, the relative movement of the 
nozzle is illustrated for clarity. In robot program 1, the laser and powder feeder remain switched 
on throughout the entire process. In robot program 2, the powder feeder remains switched on, 
and the laser is activated at the beginning and deactivated at the end of each track. Additionally, 
the laser power is lower in the first 1/4 and last 1/4 sections of the track compared to the middle 
section. In program 3, the powder feeder and laser are activated at the beginning and 
deactivated at the end of each track. The conveying of powders from the powder feeder to the 
substrate requires a certain amount of time for the powders to land on the substrate. As a 
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result, robot program 3 is divided into two subprograms: one where the laser and powder 
feeder are activated simultaneously, and another where the laser is activated 5 seconds after 
the powder feeder (hereinafter referred to as robot program 3 (no waiting) and robot program 
3 (waiting)). In robot program 4, the powder feeder remains switched on, and the laser is 
switched on after the substrate has moved for 5 mm and switched off 5 mm before the end of 
each track. The travel speed of the robot arm is considered the laser scan speed. The 
movement of each deposition contains three phases: acceleration to reach the set speed at 
the start; uniform and stable movement; and deceleration at the end. A distance of 5 mm is 
deemed sufficient for both the acceleration and deceleration phases. In this study, horizontal 
scanning and vertical scanning were investigated in robot programs 1 and 4, while only vertical 
scanning was investigated in robot programs 2 and 3. 

 Based on the findings, the following conclusions can be drawn: 

 The acceleration and deceleration phases of the robot arm harm the buildability and 
geometrical accuracy. Heat accumulation during these phases leads to the formation of 
bumps at the beginning and the end of deposition tracks. To mitigate this issue, an optimal 
control strategy involves reducing laser power on both sides of each track or adjusting the 
timing for switching on the laser and powder feeder. 

 Robot programs and scanning strategies have an impact on the initiation of hot cracks. It 
is observed that higher cracking resistance occurs when the laser remains switched on 
during deposition. Additionally, when the laser is switched on and off at the beginning and 
the end of deposition tracks, a horizontal scanning strategy demonstrates higher cracking 
resistance than a vertical scanning strategy. This difference could be attributed to the 
varying resistances to the crack propagation in different patterns of grain boundaries. 

 The minimal achievable porosity level varies across different combinations of robot 
programs and scanning strategies. Even when using the same process parameters, such 
as laser power and laser scan speed, variations in porosity level are evident. This 
difference is attributed to the changing energy input and thermal history during deposition, 
influenced by the switching state of the laser and powder feeder. 

 

4.3. Processability of high-strength Al alloys in wire-based laser-
directed energy deposition – Part 1 

Paper 2: M. Wang, N. Kashaev, Investigation of process window for AA7075 considering 
effects of different wire feed directions in lateral Laser Metal Deposition, Procedia 
CIRP 111 (2022) 218-223. 
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Figure 22. Graphical abstract of Paper 2. Side feeding (l-r): using the side feeding strategy to deposit 
a single track from left to right. Side feeding (r-l): using the side feeding strategy to deposit a single 
track from right to left. 

 Based on the type of feedstock, L-DED can be categorized into powder-based and wire-
based techniques [123]. Wire-based L-DED offers a higher deposition rate compared to 
powder-based L-DED [67]. 7XXX series high-strength alloys are extensively utilized in 
industries due to their high strength-to-density ratio [3]. However, processing these alloys in 
AM is challenging, particularly their high sensitivity to hot cracking [56] and porosity formation. 
These difficulties have been reported in studies investigating the processability of 7XXX series 
alloys in powder-based L-DED [27] and wire and arc additive manufacturing (WAAM) [71, 72]. 
Given the advantages of 7XXX series alloys and wire-based L-DED, the development of an 
appropriate process window is necessary. 

 In wire-based L-DED, the wire can be fed laterally or coaxially relative to the laser beam 
[67, 68]. This study utilizes a lateral L-DED apparatus, which can be easily reconstructed from 
a welding apparatus. The results of this study indicate that the interaction among laser beam, 
wire, and melt pools is dependent on the feed direction of wires. However, there is a scarcity 
of studies addressing the impacts of wire feed direction. Therefore, this paper aims to explore 
the consequences of wire feed direction in lateral L-DED and investigate the optimal process 
window for L-DED processing AA7075 alloy. 

 Four kinds of wire feed directions are illustrated in Figure 22. The distance of the wire from 
the laser spot was maintained constant in various wire feed directions. The terminology of the 
wire feed directions is adopted from [69] and further specified in this study. To examine the 
effects of different wire feed directions, a single track was deposited on the substrate using 
each wire feed direction. In front feeding, the wire feed direction is nearly opposite to the 
deposition direction (at an angle of approximately 135 °). In back feeding, the wire feed 
direction is nearly parallel to the deposition direction (at an angle of approximately 45 °). In 
side feeding (l-r), the single track was deposited from left to right in the horizontal direction 
relative to the substrate. In side feeding (r-l), the single track was deposited from right to left. 
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 The study investigated the impact of wire feed direction on the lateral L-DED process and 
the properties of deposited single tracks using a high-speed camera. Additionally, the optimal 
process window for lateral L-DED processing of AA7075 alloy was investigated. The following 
conclusions can be drawn: 

 Under the same process parameters, the wire feed direction can affect the geometry of 
single tracks, but it does not influence the porosity level. Additional interlayer cleaning is 
required when using front feeding. The wire might be stuck in the track causing the process 
to be aborted when using the back feeding. 

 The 𝑘 value, which is the ratio of wire feed speed and scan speed, is a critical parameter 
that affects the initiation of cracks in the L-DED process. Setting the 𝑘 value above a 
certain threshold has been proven to be an effective method for preventing cracking. 

 

4.4. Processability of high-strength Al alloys in wire-based laser-
directed energy deposition – Part 2 

Paper 3: M. Wang, V. Ventzke, N. Kashaev, Wire-based laser directed energy deposition of 
AA7075: effect of process parameters on microstructure and mechanical properties, 
Journal of Materials Research and Technology 21 (2022) 388-403. 

 
Figure 23. Graphical abstract of Paper 3. 

 Previous research on AM processing of 7XXX series alloys has primarily focused on SLM, 
WAAM, and powder-based L-DED. There is a lack of knowledge regarding wire-based L-DED 
for processing 7XXX series alloys. Given the advantages of wire-based L-DED and the 
potential of 7XXX series alloys, there is a high demand for appropriate process development 
in this area. In this study, process parameters are optimized and different building strategies 
are employed to reduce porosity levels and prevent cracking. The microstructure is 
characterized and the mechanical properties are tested. Thermal analysis is implemented via 
FEM simulation to better understand the microstructure formation. The correlation of process-
microstructure-mechanical properties is revealed within this work. 

 The process parameters for building thin-wall structures were selected based on the 
evaluation of the integrity of single tracks in Paper 2. Two building strategies were employed 
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for the thin-wall structures: continuous and discontinuous processes. In the continuous process, 
the laser power decreased with each subsequent layer, and no interlayer-cooling was 
implemented between adjacent layers. However, to address processing errors and adjust 
process parameters between layers, the process was paused after each layer deposition. The 
program was then restarted after inspecting for the surface defects, which took approximately 
40 seconds. In the discontinuous process, an interlayer-cooling time of 1.5 min was set 
between layers, or the solidified layer was cooled to room temperature before the next 
deposition. The laser power remained constant in the discontinuous process. The workflow for 
the process development is illustrated in Figure 23. 

 In this study, the processability of AA7075 in L-DED was thoroughly investigated. The 
process parameters and building strategies were optimized to produce crack-free specimens 
with low porosity levels. The microstructure was characterized using various methods, and the 
mechanical properties including strength and ductility were investigated. Based on the results, 
the following conclusions can be drawn: 

 The specific energy (the ratio of laser power to the mass flow of the wire) and 𝑘 value (the 
ratio of wire feed speed to laser scan speed) are two effective indicators for assessing the 
overall impact of process parameters on the integrity of single tracks and thin-wall 
structures. The porosity level exhibits a negative correlation with both the specific energy 
and the 𝑘 value. There is a stronger dependence of the porosity level on the specific 
energy. 

 Through process optimization for a 30-layer deposition, the porosity level can be reduced 
to 0.8 % in the continuous processing, whereby a further reduction to 0.3 % is possible in 
the discontinuous processing. However, it is important to note that the porosity level 
deteriorates with further deposition to 60 layers in both building strategies. 

 The hardness remains relatively constant in the middle of thin-wall structures indicating 
stable processing. The average hardness of thin-wall structures produced with four 
parameter sets is comparable. Fracture surfaces reveal a mixed fracture mode of ductile 
fracture and shear fracture. The specimen produced with the discontinuous building 
strategy exhibits the lowest strength, which could be attributed to the presence of large 
pores and cracks within the specimen. The strength and ductility achieved in this study 
surpass those reported in previous works on 7XXX series alloys in their as-built states 
produced by other AM technologies. 

 Large columnar grains with epitaxial growth are predominant in the cross-sections of 
specimens. The growth direction is perpendicular to the interface of melt pools and nearly 
parallel to the building directions. Despite variations in process parameters and building 
strategies, all specimens exhibit a fiber texture. Additionally, various precipitates are 
present in as-built specimens due to the reheating of previously solidified layers when 
building subsequent layers. 

 The superior mechanical properties of these specimens could be attributed to the 
orientation of long grain boundaries and the distribution of secondary phases. During 
tensile tests, the tensile stress aligns nearly parallel to the long grain boundaries, where 
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the secondary phases are distributed. These secondary phases are assumed to serve as 
preferential sites for cracking initiation. As they are not subjected to high tensile stress in 
this study, it could potentially lead to a “delayed” fracture. 

 Through calibrated transient heat analysis, it was determined that the maximal 
temperature in the melt pool ranges from 900-1080 °C leading to the evaporation of Zn 
and no loss of Mg, which is in agreement with the EDX measurement. The epitaxial growth 
cannot be inhibited by the decreasing cooling rate with the increasing building height 
resulting in the dominant formation of columnar grains. 

 

4.5. Analysis of cracking mechanisms of 7075 Al alloy in laser-
directed energy deposition 

Paper 4: Unravelling the cracking mechanism in laser-directed energy deposition processing 
high-strength aluminum alloy (under preparation for submission) 

 
Figure 24. Graphical abstract of Paper 4. 

 High-strength Al alloys are prone to hot cracking in laser-based additive manufacturing 
(AM). Hot cracking of high-strength Al alloys can be categorized into two mechanisms: 
liquation cracking and solidification cracking. It remains challenging to fully understand the 
significance of various factors that contribute to cracking due to the complex physical 
processes involved in AM. Understanding the mechanisms behind cracking and identifying the 
primary factors are crucial to preventing cracking, especially when dealing with difficult-to-
process materials. Therefore, it is necessary to uncover the cracking mechanisms during 
successive deposition. 

 The novelty of this study contains three points: 
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1. Systematic mechanism analysis regarding the initiation and growth of the macrocracks 
observed in this study, as shown in Figure 24: The initiation of the macro-cracks 
observed in this study is induced by insufficient backfilling to shrinkage during 
solidification. The growth is a consequence of combined solidification cracking and 
liquation cracking. 

2. The adoption of interlayer heat treatment delivers new understandings of the heating 
effects during successive deposition to previously solidified layers: In AM, the 
successive deposition could act as intrinsic heat treatment to previously solidified 
layers and could affect the dynamics of eutectic phases including precipitation, 
dissolution, and partial remelting. In this study, interlayer heat treatment has been 
applied to successfully elaborate that the heating effects during successive deposition 
exhibit no influence on the precipitation and dissolution of secondary phases in 
previously solidified layers. The formation of secondary phases is the result of 
nonequilibrium solidification. 

3. Propose two processing-related indices that can be used to represent the solidification 
cracking susceptibility: The melt-pool lifetime and the maximum melt-pool temperature 
can significantly determine the ability to backfill shrinkage during solidification and can 
be used to represent the cracking susceptibility. In future works, the evaluation and 
increase of these two indices could be an efficient method to prevent solidification 
cracking. 

 In this study, it was observed that laser-directed energy deposition (L-DED) can produce 
small-size structures made of AA7075 alloy without cracks. However, as the deposition length 
increases, the cracking susceptibility is enhanced. Additionally, a “delayed cracking” was 
observed in large-size structures, where cracks initiated after a certain number of layers were 
deposited. This study aims to systematically investigate the cracking phenomenon observed 
during successive deposition and uncover the significance of these influential factors through 
experimental methods, focusing on solidification conditions, microstructure, and residual 
stress. 

 After the initiation of cracks, they grow in two directions parallel to the building direction 
growing into the macro-cracks. The macro-crack consists of two areas, where the liquation 
cracks and the solidification cracks dominate, respectively. The reason for the initiation of 
macro-cracks is analyzed considering the factors that determine the susceptibility for liquation 
cracking and solidification cracking: 

 Analysis of liquation cracking: The direct correlation between the liquation cracking 
susceptibility and the initiation of the macro-cracks observed in this study cannot be 
deduced only based on the analysis of three as-built structures with different deposition 
lengths. Therefore, an interlayer heat treatment (heating at 480 °C for 2 h and followed by 
water-quenching) was designed to investigate the heating effects during successive 
deposition to previously solidified layers. The microstructure and residual stress of a crack-
free sample produced with optimized parameters are also used to compare and elaborate 
the role of the liquation cracking mechanism on the initiation of the macro-cracks. It has 
been confirmed that the successive heating effects exhibit no influence on the precipitation 
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and dissolution of secondary phases in previously solidified layers. Taking into account the 
possibility that successive deposition may or may not lead to the partial remelting of eutectic 
phases, we exclude the initiation of the macro-cracks attributed to the liquation cracking. 

 Analysis of solidification cracking: Through analysis of the solidification conditions, it was 
found that a shorter deposition length enhances the melt-pool flowability and provides more 
time for Al melt to backfill the solidification shrinkage, whereas a longer deposition length 
increases the difficulty of backfilling. The melt-pool lifetime and the maximum melt-pool 
temperature are two important indices that represent the solidification cracking susceptibility. 
The dependence of solidification cracking susceptibility on solute content is also 
investigated based on the thermodynamic simulation. During the deposition, grains with a 
preferential growth direction suppress and eliminate misaligned grains. As the deposition 
proceeds, misaligned grains that are not eliminated in the early stages deteriorate the 
backfilling process, leading to delayed solidification cracking. 

 

4.6. Application of machine learning in laser-directed energy 
deposition 

Paper 5: M. Wang, N. Kashaev, On the maintenance of processing stability and consistency 
in laser-directed energy deposition via machine learning, Journal of Manufacturing 
Systems 73 (2024) 126-142. 

 
Figure 25. Graphical abstract of Paper 5. 

 In wire-based L-DED, the wire can be either laterally [19] or coaxially [20] fed relative to 
the laser beam. During processing, the shielding gas is utilized to create an inert gas 
atmosphere and protect deposited layers from oxidation. In coaxially wire-based L-DED, the 
shielding gas can be conveyed through the optic head to protect the deposition from the top. 
The lateral L-DED apparatus can be modified from a laser welding apparatus, as reported in 
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Papers 2 and 3, where the flexibility of the path direction is not highly in demand. In this case, 
the shielding gas is conveyed through the wire feed nozzle as in a welding apparatus. 
According to the previous study in Paper 2, it was found that the wire should be fed using the 
side-feeding strategy to avoid the wire getting stuck in the track during back feeding and 
prevent oxidized metal vapor from falling on the track surface during front feeding. In this 
scenario, Ar is conveyed through the wire feed nozzle and directed toward one side of the built 
thin-wall structures, creating an asymmetrical flow relative to the melt pools during processing. 
The effects of shielding gas on the directed energy deposition (DED) process and the 
properties of as-built specimens (e.g. geometry and porosity level) have been studied with a 
focus on the flow rate of shielding gas [24-26]. In most DED processes, the shielding gas is 
coaxially conveyed through the optic head and symmetrically blows from the top to the melt-
pool surface [24, 27]. To achieve a symmetrical blowing direction in a modified laser welding 
apparatus, additional components need to be purchased to facilitate the coaxial conveying of 
shielding gas through the optic head. Considering the existing effects of blowing directions in 
single-track deposition, as reported in Paper 2, it is important to conduct a comprehensive 
study on the impacts of asymmetrical blowing of shielding gas on the L-DED process and the 
properties of as-built specimens. If any adverse effects are identified, it would be valuable to 
investigate whether there is an economical solution to address them rather than purchasing 
additional components to enable the coaxial conveying through the optic head. 

 Previous research has demonstrated the potential for machine learning (ML) algorithms to 
predict defects and diagnose processing anomalies in AM, while simultaneous correction is 
not currently feasible. An in-situ adjustment of process parameters is essential to prevent the 
deterioration of existing anomalies and minimize material waste. Therefore, another objective 
of this study is to propose a novel methodology for monitoring and in-situ adjusting process 
parameters during L-DED by adopting a CNN model to maintain processing stability and 
consistency. 

 A high-speed camera is mounted to the side of the optic head using an extension bracket, 
as shown in Figure 25. It is focused on the tip of the wire, which allows for the capture of clear 
images depicting the processing characteristics during deposition. The shielding gas Ar is 
coaxially conveyed through the wire feed nozzle to the melting area to protect it from oxidation. 
Additionally, an extra nozzle conveying Ar is installed and positioned mirror-symmetrically to 
the wire feed nozzle relative to the thin-wall structure. The side facing the wire feed nozzle is 
designated as the front side of the wall, while the other side facing the extra nozzle is referred 
to as the back side of the wall. CNN models are developed to recognize the processing images 
and their corresponding processing states, which facilitate in-situ monitoring and in-situ 
adjustment of process parameters during L-DED to maintain processing stability and 
consistency. 

 In this study, an extra lateral nozzle conveying shielding gas is installed to balance the 
shielding gas conveyed through the wire feed nozzle. Its impact on the dynamics of melt pools, 
geometrical accuracy, and the properties of as-built specimens are investigated using thin-wall 
structures built by L-DED. Furthermore, CNN models are developed to effectively determine 
the optimal shielding gas flow rate. Finally, a methodology for CNN model-assisted process 
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monitoring and parameter adjustment is proposed. Based on the experimental results, the 
following points can be concluded: 

 In L-DED, the one-side blowing of shielding gas through the wire feed nozzle leads to 
processing instability during deposition, which results in the occasional explosion of melt 
pools and geometrical deviations. The installation of an extra shielding gas nozzle can 
help counteract the negative effects of one-side blowing. However, it is crucial to 
determine the appropriate flow rate for conveying the extra Ar to achieve processing 
stability. Improved processing stability not only enhances geometrical accuracy but also 
reduces the porosity level of as-built specimens. 

 The maximum roughness on the back side can be reflected after several layers have been 
deposited. The process of determining the optimal gas flow rate is both time- and material-
consuming. Deposition processes with different flow rates exhibit distinct characteristics. 
To aid in the parameter investigation, CNN models are developed using images captured 
during deposition as input. Even when an inappropriate flow rate is applied, the CNN 
model can guide adjusting the flow rate based on the current flow rate. With the assistance 
of the CNN model, the appropriate gas flow rate can be identified based on the images 
from the first layer. CNN models classify images based on the information related to melt 
pools, spatter, plume, and distribution of grayscale values in the image. 

 A methodology integrating the CNN model and L-DED process has been successfully 
validated. By analyzing images captured during deposition in single tracks processed with 
different laser power, the images in higher layers can be categorized to the equivalent 
process state as in the 1st layer from the training group. Subsequently, the laser power is 
adjusted to prevent heat accumulation and achieve a process state similar to that of the 
initial 1st layer, which ensures a consistent processing state throughout manufacturing. 
The specimen produced with the adjusted parameter demonstrates a thinner wall 
thickness. Additionally, the porosity level and correspondent pore distribution along the 
width direction of melt pools in the 3rd layer exhibit high similarity to those in the 1st - 2nd 
layers. The methodology proposed in this study could be universally applied in other laser-
beam-melting-related processes, not only to in-situ monitoring but also for in-situ 
parameter adjustment 
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5. Conclusions 

 The thesis focuses on investigating the processability of high-strength Al alloys in both 
powder-based and wire-based L-DED processes. The research aims to optimize process 
parameters and implement process-related optimization in these two types of L-DED 
processes. In the powder-based L-DED process, the effects of different robot programs and 
scanning strategies are examined considering how these factors impact the buildability, 
geometrical accuracy, and hot crack initiation. Additionally, the appropriate process window 
for each combination of the robot program and scanning strategy is studied to achieve porosity 
reduction and eliminate cracks. 

 The thesis also examines the effects of wire feed direction on the lateral L-DED process 
and the properties of deposited single tracks in wire-based L-DED. The process parameters 
and building strategies are optimized to produce crack-free specimens with low porosity levels. 
The microstructure is characterized by different methods and the mechanical properties of 
specimens are tested. Furthermore, the cracking mechanism in L-DED processing of high-
strength Al alloy is experimentally investigated. The cracking mechanism deduced in this thesis 
is further validated by a crack-free thin-wall structure processed with optimized parameters. 

 To ensure processing stability, an extra lateral nozzle is installed to convey shielding gas 
and balance the shielding gas flow through the wire feed nozzle. The effects of this setup on 
the dynamics of melt pools, geometrical accuracy, and properties of as-built specimens are 
investigated using thin-wall structures built by L-DED. In addition, CNN models are developed 
to efficiently determine the optimal shielding gas flow rate. Furthermore, a methodology is 
proposed for CNN model-assisted process monitoring and parameter adjustment. This 
approach allows for real-time monitoring of the L-DED process and enables adjustments to be 
made based on the predictions provided by the CNN models. Based on all the comprehensive 
experimental results obtained, the following conclusions can be drawn: 

 In the powder-based L-DED process, the acceleration and deceleration phases of the 
robot arm can negatively impact the buildability and the geometrical accuracy. This is due 
to heat accumulation, which leads to the formation of bumps at the start and the end of 
deposition tracks. To mitigate this issue, an optimal control strategy is proposed, which 
involves reducing laser power on two sides of each track or adjusting the time for activating 
the laser and the powder feeder. The robot program and scanning strategy also play a 
crucial role in determining the buildability and the porosity level. Even with the optimization 
of process parameters, robot programs, and scanning strategies, a high porosity level and 
cracks cannot be completely prevented. 

 In the wire-based lateral L-DED process, there is a possibility of the wire getting stuck in 
the track, leading to process abortion when using the back feeding direction for wire 
feeding. To avoid this issue, it is recommended to utilize side feeding in a bi-directional 
scanning strategy. This helps prevent process abortion and ensure smooth wire feeding 
throughout the deposition process. Wire-based L-DED process demonstrates better 
processability in processing high-strength Al alloys. Through process optimization for a 
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30-layer deposition, the porosity level can be reduced to 0.8 % in continuous processing. 
A further reduction to 0.3 % is achievable in discontinuous processing. However, it should 
be noted that the porosity level slightly deteriorates with an increase in deposition layers. 
The presence of cracks and large pores in the specimens contributes to the reduction in 
strength. All specimens exhibit a strong fiber texture, and strengthening precipitates are 
observed in as-built specimens due to cyclic heating during layer-by-layer deposition. 
These factors result in the high strength and ductility observed in L-DED processed 
precipitation-strengthening 7XXX series alloys. 

 The cracking susceptibility increases with increased deposition length under the same 
process parameter. The cracking phenomenon occurs after a certain number of layers 
have been deposited in structures with longer deposition lengths, so-called “delayed 
cracking”. The cracks initiate and grow in two directions parallel to the building direction 
during successive deposition. The initiation of cracks is induced by insufficient backfilling 
to shrinkage leading to solidification cracking. After the initiation of cracks, the growth of 
cracks downwards is attributed to the consequence of the liquation cracking. The growth 
of cracks upwards results from the solidification cracking. The “delayed cracking” is 
attributed to the competitive growth between grains with different growth directions. As the 
deposition progresses, grains with preferential growth directions eliminate highly 
misaligned grains. The timing at which these highly misaligned grains are eliminated 
affects their size, which in turn prolongs the channel for backfilling shrinkage and 
deteriorates the permeability. The prolongation of the channel and deterioration of 
permeability enhance the cracking susceptibility. 

 In the wire-based lateral L-DED process, the one-side blowing of shielding gas through 
the wire feed nozzle can lead to processing instability during deposition. This instability 
can manifest as occasional explosions of melt pools and geometrical deviation in the 
deposited structures. The installation of an extra shielding gas nozzle can balance the 
negative effects of one-side blowing. Determining the appropriate flow rate for conveying 
the extra shielding gas is crucial for achieving processing stability. Otherwise, the 
processing stability can still not be reached. Achieving processing stability not only 
improves the geometrical accuracy but also reduces the porosity level of as-built 
structures. 

 A methodology that integrates a CNN model with the L-DED process has been 
successfully verified. This methodology utilizes images captured during the deposition 
process in single tracks processed with different laser powers. By learning from these 
images, the CNN model can categorize images from higher layers into equivalent process 
states as observed in the 1st layer from the training group. Using this categorization, the 
laser power can be adjusted to prevent heat accumulation and achieve a consistent 
process state throughout the entire manufacturing process. This adjustment ensures that 
the process state in subsequent layers matches that of the initial 1st layer, leading to 
improved consistency in the as-built structures. The specimen produced using the 
adjusted parameter demonstrates a thinner wall thickness. Additionally, the porosity level 
and corresponding pore distribution along the width direction of melt pools exhibit a high 
similarity in different layers. 
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6. Summary and outlook 

6.1. Processability of high-strength aluminum alloy in powder- and 
wire-based laser-directed energy deposition 

 In terms of the optimal process window investigated in this thesis, wire-based L-DED 
exhibits better processability for 7XXX series high-strength alloys compared with powder-
based L-DED. Wire-based L-DED is capable of producing crack-free structures with lower 
porosity levels. However, it is important to note that the chemical composition of the materials 
used in powder-based L-DED and wire-based L-DED are different, despite both being 7XXX 
series Al alloys. AA7050 and AA7075 are utilized in powder-based and wire-based L-DED 
processes. The chemical composition of these two alloys can be found in Table 6 and Table 7 
in Chapter 3.1. The evaporation of alloying elements during processing is one of the causes 
of pores in the as-built specimens. Mg and Zn are the main volatile elements in AA7050 and 
AA7075. The content of Mg and Zn in AA7075 (Mg: 2.5 wt.%, Zn: 5.7 wt.%) is higher than that 
in AA7050 (Mg: 2.4 wt.%, Zn: 4.1 wt.%). Additionally, AA7050 contains 0.2 wt.% of Zr, which 
has been proven to refine microstructure and reduce porosity levels and cracking susceptibility. 
Consequently, when considering pure material, processing challenges for AA7075 should be 
more difficult compared with processing AA7050. 

 In terms of the processing aspect, the laser spot diameter utilized in wire-based L-DED 
and powder-based L-DED is 1.5 mm and 1.35 mm, respectively. The laser power regime in 
wire-based L-DED (3000 – 4000 W) is significantly higher than that in powder-based L-DED 
(below 800 W). The laser scan speed is comparable between both AM technologies. When 
considering laser irradiance (laser power/laser spot diameter) and laser line energy input (laser 
power/laser scan speed), the laser energy input in wire-based L-DED exceeds that in powder-
based L-DED, which can result in higher temperature in the melt pools and increased 
evaporation of volatile elements. Nevertheless, it should be noted that the material feed rate 
in wire-based L-DED is in the range of 7.57 – 11.36 g/min, whereas the powder feed rate of 
0.11 – 0.55 g/min is applied in powder-based L-DED. Despite the approximately 5-fold 
difference in laser energy input, the approximately 20-fold difference in material feed rate 
consumes more energy during processing, leading to lower melt-pool temperatures and less 
evaporation of volatile elements. This finding is supported by EDX measurements conducted 
on as-built specimens, which show higher element loss of Mg and Zn in specimens produced 
by powder-based L-DED. Additionally, gas pores are trapped inside the powder particles due 
to gas atomization, contributing to pore formation in as-built specimens. Furthermore, 
compared with individual powder particles, compact bulk wires have a smaller surface area 
per unit mass. This means that there is less opportunity for wires to absorb moisture from the 
ambient atmosphere, reducing the potential for hydrogen gas pore formation. Overall, the 
improved processability of high-strength Al alloys in wire-based L-DED is attributed to the 
specific process regime of wire-based L-DED and the use of wires as feedstock. 

 The cracking mechanism observed in wire-based L-DED is identified as solidification 
cracking, which occurs due to insufficient backfilling to compensate for shrinkage and fractures 
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under tensile residual stress. Solidification cracking is primarily a material-related issue. One 
approach to address solidification cracking is by incorporating alloying elements such as Si to 
enhance the flowability of melt pools and reduce the solidification temperature range. 
Therefore, the development of process windows for materials in AM should not be limited to 
existing material systems and optimizing process parameters or scanning strategies. There 
are two more feasible options to consider: the first option is to modify existing material systems 
or develop new material systems specifically tailored for AM applications; the second option is 
to advance current AM technologies in a revolutionary manner. Future research efforts focused 
on material development for AM will need to address the following points: 

 A more comprehensive understanding of the mechanisms underlying the improvement in 
processability achieved through the addition of dope materials, such as TiB2 and Si, is 
necessary. This understanding should encompass material properties, processing, and 
post-characterizations. Therefore, it is important to evaluate the material properties after 
modification in terms of laser absorption coefficient, powder flowability, and powder 
morphology. The processing will be monitored using various techniques, including high-
speed cameras and infrared cameras, to observe and analyze any changes that occur 
during the processing of modified materials. Ultimately, the properties of the as-built 
specimens will be characterized and correlated with the material properties and 
processing conditions. This deeper understanding will provide valuable insights for future 
material design or optimization of AM technologies. 

 Powder-based L-DED is well-suited for high-throughput production of specimens with 
varying chemical compositions, either in a batch or as graded materials within a specimen. 
This capability makes it an efficient tool for material development, as it can rapidly 
generate sufficient data and shorten the development cycle. Leveraging the abundance 
of data, machine learning will be employed to identify correlations between material 
composition ( including the type and content of alloying elements) and processability, as 
well as the properties of the as-built specimens. By utilizing machine learning algorithms, 
it becomes possible to tailor the properties of AM-produced structures based on desired 
specifications and requirements. 

6.2. Assistance of machine learning in laser-based additive 
manufacturing 

 In this thesis, machine learning is utilized to enable in-situ parameter adjustment, which 
serves to maintain processing stability and monitor porosity level as a quality control method. 

 The current status of in-situ parameter adjustment has demonstrated the ability to identify 
processing states using a single process parameter, such as shielding gas flow rate and laser 
power. Validation studies have shown that processing images can effectively be used to 
identify these states and guide in-situ parameter adjustment. The results have also confirmed 
that this methodology can achieve a consistent porosity level across different layers by utilizing 
this methodology. However, a potential challenge arises when multiple process parameters 
need to be adjusted simultaneously. It remains to be seen whether the CNN models can 
accurately identify the processing states based on the processing images in such cases. 



Summary and outlook 

57 

 

Additionally, computational time poses another challenge for in-situ parameter adjustment. 
Currently, the trained CNN models require feeding 4751 images as test datasets for prediction. 
To address this issue, it is necessary to investigate whether a smaller dataset would still be 
sufficient for accurately identifying the processing states. Therefore, future research on 
maintaining processing stability through in-situ parameter adjustment will focus on the 
following points: 

 Regarding the in-situ parameter adjustment, the size of the test dataset will be reduced to 
approx. 400 images. This smaller dataset will be used to identify the processing states 
and guide the in-situ parameter adjustment. The properties of different layers will be 
evaluated to validate the effectiveness of this approach. Furthermore, multiple process 
parameters will be considered variables to test whether the CNN model can accurately 
identify the corresponding processing states when different process parameters are 
changed. The goal is to determine whether the CNN model can successfully enable in-
situ parameter adjustment for these varied parameters. 

 Currently, the parameters for AM are adjusted offline. The CNN models will be integrated 
into the system of AM apparatus. The signals generated by the CNN models will be 
processed as machine-readable data, which can then be utilized to control the process 
parameters through other techniques, such as the Proportional-Integral-Derivative (PID) 
controller. 
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