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1 INTRODUCTION

In recent decades, additive manufacturing (AM) has gained increasing importance
as a manufacturing technology in modern engineering, offering new possibilities
for fabricating machine components that cannot be achieved using conventional
manufacturing processes. Based on the layer-by-layer deposition of material, AM enables
high material efficiency together with a high degree of geometrical freedom [1]. One of its
key advantages lies in the ability to produce components with complex geometries
that would otherwise require multiple manufacturing steps or the assembly of several
simpler parts when manufactured using traditional methods. As a result, additive
manufacturing has been increasingly adopted across a wide range of industrial applications,
including the aviation, automotive, and energy industries [2].

Among existing metal additive manufacturing technologies, wire-based metal additive
manufacturing has attracted interest for its ability to achieve high deposition rates
and fabricate large-scale components. An example of these methods is wire arc directed
energy deposition (WADED), based on arc welding processes in which metallic wire
is supplied as the feedstock and melted by an electric arc. The WADED setup typically
consists of a welding power source (e.g., MIG, MAG, TIG, or their modifications), a wire
feeding system, and a robotic or CNC-based positioning unit to deposit material in a layer-
by-layer manner [1]. Compared to other metal additive manufacturing approaches, WADED
offers lower material costs, higher productivity, and reduced manufacturing times, making
it particularly suitable for large structural parts [3].

The low density and high strength-to-weight ratio of magnesium alloys make them suitable
for structural applications where weight reduction is required. According to a recent study
[4], the use of magnesium alloys as substitutes for aluminium and steel components
in automotive allows for weight reductions of 20-25% and 45-50%, respectively, while
maintaining structural strength. However, the use of magnesium components is not limited
to automotive applications but also includes aerospace, contributing to reduced fuel
consumption and more environmentally friendly transportation [4, 5]. As a result, recent
reviews [5, 6] consider magnesium alloys to be the most promising green engineering
materials in the 21st century.

Despite these advantages, the broader industrial application of magnesium alloys remains
limited by manufacturing-related challenges. Poor corrosion resistance can reduce
component service life, but various approaches aimed at improving corrosion performance
have been extensively investigated [7]. In addition, limited plastic formability resulting from
the hexagonal crystal structure restricts the applicability of several conventional
manufacturing processes. Therefore, most magnesium components are produced by casting,
which is prone to casting-related defects [4]. These limitations motivate the exploration
of additive manufacturing as an alternative processing route for magnesium alloys.



Motivation for further technological development is not driven only by material-related
challenges. In the aerospace industry, increasing attention is paid to the efficiency of material
utilisation during the manufacturing of aircraft components. This efficiency is commonly
described by the buy-to-fly (BTF) ratio, defined as the ratio between the weight of input
material and the weight of the final component. In conventional manufacturing routes, BTF
ratios often exceed 10:1, indicating that more than 90% of the original material is removed
as waste [8]. Therefore, the aerospace industry faces a strong demand for manufacturing
processes capable of replacing current production routes for large structural components,
such as cruciforms, stiffened panels, and wing ribs, which are typically machined from large
semi-finished products [1].

Fig. 1-1 An example of a structured component - Aircraft C-Shape Frame [9]

Another example of such components is the Aircraft C-Shape Frame [9], shown in Fig. 1-1
which will be discussed in more detail later in this dissertation. From a manufacturing
perspective, aircraft components of this type typically consist of a combination of thin walls,
volumetric regions, inclined surfaces, and other geometrically constrained features. For this
work, the term structured components refer to these parts whose geometry is intentionally
designed to minimise weight and material consumption while maintaining structural
performance. In conventional manufacturing, the production of these components is often
associated with high buy-to-fly ratios due to the extensive material removal required for their
manufacture. By contrast, the near-net-shape capability of additive manufacturing
significantly reduces material waste, making wire-based processes, such as WADED,
particularly attractive for large-scale, structured components [1]. For this reason, this
dissertation focuses on strategies for fabricating structured components from magnesium
alloys using the WADED process. The investigated approaches include deposition path
planning for thin-walled, inclined, and volumetric parts, as well as the optimisation
of welding parameters. Additionally, the influence of other process-related factors,
such as base material preheating and welding wire preparation, on porosity formation,
material microstructure, and mechanical properties is considered.



2 STATE OF THE ART

Additive manufacturing (AM), also known as three-dimensional (3D) printing,
is a computer-controlled fabrication process for producing objects usually by layer-by-layer
deposition of material [10]. A principal advantage of additive manufacturing is ability
to produce geometrically complex components, often enabling substantial weight reduction
and design flexibility that cannot be readily achieved with traditional manufacturing
methods [11]. According to ISO ASTM 52900, AM processes are classified into seven
categories based on their manufacturing principles [12]. Within the scope of this work, the
most significant attention is devoted to directed energy deposition (DED). DED is an
additive manufacturing process in which focused thermal energy is used to melt feedstock
material supplied in the form of wire or powder [13]. Based on the energy source used for
melting, DED processes are commonly classified into laser-based, electron beam, and arc
systems [13]. Among the currently available additive manufacturing technologies, laser
powder bed fusion (LPBF), wire arc directed energy deposition (WADED), binder jetting
(BJ), electron beam directed energy deposition (EBDED), and friction stir—based additive
manufacturing have been investigated for the fabrication of metallic materials, including
magnesium alloys [2, 14, 15].

2.1 WIRE ARC DIRECTED ENERGY DEPOSITION

Wire arc directed energy deposition (WADED) is a variant of directed energy deposition
in which the feedstock material is supplied as a wire and melted using an electric arc
as the heat source [15]. In the literature, this manufacturing approach is also commonly
referred to as wire arc additive manufacturing (WAAM). A typical WADED setup consists
of a positioning system, most commonly a robotic manipulator, a welding power source,
a welding table or additional positioning system, a shielding gas supply, a gas exhaust
system, and a monitoring system. Depending on the level of process control, the monitoring
system may include accuracy monitoring, thermal imaging, or melt pool monitoring [16].
A schematic of a typical WADED workplace is shown in Fig. 2-1 [17].
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Fig. 2-1 Diagram of a typical WADED workplace (edited) [17]



The WADED process includes three main types that differ by welding principle: gas metal
arc welding (GMAW), gas tungsten arc welding (GTAW), and plasma arc welding (PAW)
[13, 18]. Systems based on gas GTAW and PAW require torch rotation to maintain
a consistent wire feeding direction, which increases the complexity of path planning
and process control [2, 13]. In contrast, GMAW systems are generally associated with lower
setup costs and more straightforward integration into robotic WADED platforms. GMAW
also offers substantially higher productivity, with deposition rates commonly reported
to be two to three times higher than those achieved using GTAW [2, 19]. These advantages
are accompanied by higher heat input, which can lead to increased residual stresses,
distortion, and microstructural degradation [13]. To address these limitations, modified
GMAMW variants such as cold metal transfer (CMT) have been developed. By employing
controlled metal transfer, CMT significantly reduces heat input while enabling spatter-free
metal transfer and a highly stable electric arc, making it particularly suitable for WADED
applications [15].

2.1.1 Cold metal transfer

Cold metal transfer (CMT) is a modified gas metal arc welding (GMAW) process based
on controlled short-circuit metal transfer, developed by Fronius. The process relies
on synchronising electrical current control with active retraction of the filler wire during
short-circuiting, enabling droplet detachment primarily through surface tension [20].
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Fig. 2-2 Wire movement during the CMT cycle [21]

The CMT process consists of a periodically repeating transfer cycle. Initially, the end
of the wire is melted by a stable electric arc, see Fig. 2-2a. The wire is then moved toward
the molten pool until short-circuit contact is established, see Fig. 2-2b. At this point,
the electric arc is interrupted, and a molten droplet is transferred to the substrate. After
droplet detachment, the wire is moved away from the molten pool and the cycle is repeated,
see Fig. 2-2c, d. The key advantage of the CMT technique is the interruption of the arc,
which significantly reduces heat input.

The transfer cycle can be divided into several characteristic phases as shown
in Fig. 2-3 [22]. During the Boost phase, current and voltage reach their peak values,
and the wire tip melts while remaining separated from the substrate. This is followed
by the Burn phase, in which the wire moves toward the molten pool and the current
and voltage are progressively reduced. Upon contact between the wire, the molten droplet,
and the substrate, the Short-circuit phase begins. In this phase, current and voltage
are minimised, and after a short time interval, controlled wire retraction initiates droplet
detachment [22].



Available studies [22, 23] identify several primary CMT parameters that influence
the individual phases of the metal transfer cycle described above. These parameters include
the boost phase current — |_boost (A), boost phase duration — t_I_boost (ms), burn phase
current — 1_sc_wait (A), the speed of the electrode during the boost and burn
phase — vd_sc_wait (m-min-1) and SC phase current |_sc2 (A).
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Fig. 2-3 Characteristic of CMT welding process [22]

In practical applications, operators typically do not set these parameters individually.
Instead, CMT power sources are commonly equipped with synergic welding systems,
in which the operator adjusts a single primary parameter, such as welding arc current, or wire
feed speed (WFS). The remaining process parameters are then automatically adapted
according to a predefined synergic characteristic line. However, such synergic lines
are not available for all filler materials, including magnesium alloys. Consequently,
no comprehensive study of magnesium alloys has yet been reported that systematically
evaluates the influence of individual CMT parameters on metal transfer behaviour, process
stability, and weld bead formation.

2.1.2 Process parameters

In addition to the parameters governing the CMT transfer cycle itself, several other process
parameters directly influence metal transfer behaviour and weld bead geometry.
These include the wire material and diameter, the type and flow rate of shielding gas,
the travel speed of the welding torch, the wire feed rate, the distance between the contact tip
and the workpiece, weld start and end correction, as well as thermal management [2, 18, 24].

The travel speed, also known as the welding speed (TS or WS), significantly influences
the geometry of the deposited weld bead. An increase in travel speed generally reduces both
bead height and bead width. Travel speed also affects the microstructure of the deposited
material. Higher travel speeds are commonly associated with finer grain structures, which
can be attributed to increased cooling rates resulting from reduced heat input per unit length.
However, at very high speeds, inconsistent deposits may form.



The wire feed rate (WFR or WFS) determines the amount of filler material supplied
to the molten pool per unit time [25]. An increase in WFR is usually associated with larger
weld bead dimensions and a reduced contact angle [2].

Thermal management in WADED production represents a key factor influencing the final
properties of the manufactured component. Process parameters affecting thermal
management include the preheating temperature and the interpass temperature, defined
as the part temperature between successive layers. Appropriate thermal management
can reduce thermal gradients associated with geometric instability, mitigate residual stresses,
and improve microstructural features and mechanical properties [24, 26—28].

2.1.3 Deposition strategies and path planning

Machine components typically consist of several characteristic feature types that require
specific WADED deposition approaches. Common features include thin walls, overhangs,
and volumetric regions.

The fabrication of thin-walled structures is one of the most common applications of wire arc
directed energy deposition. Previous studies have demonstrated that the dimensional
accuracy and stability of thin walls are strongly influenced by single-bead geometry, thermal
management, process stability, and the applied path-planning strategy [29, 30]. The start
and the end of individual weld beads are frequently associated with local variations
in thermal conditions and material deposition, which can result in either excessive
or insufficient bead height [29, 31]. These local irregularities may accumulate across
successive layers, leading to pronounced geometric deviations. Several authors have
investigated the production of thin-walled structures [29, 30, 32, 33]. However, most studies
have focused primarily on process parameter selection and material properties rather than on
deposition path-planning strategies. One of the rare works addressing the influence of path
orientation in typical thin-wall geometries is the study by Hu et al. [29], which examined
bead start and end abnormalities in GMAW-based deposition. For large thin walls,
it is necessary to consider deformations induced by residual stresses, which are typically
most pronounced in the direction of deposition [2]. To suppress these deformations,
conventional welding practice divides long beads into shorter segments deposited
in controlled sequences to reduce heat accumulation and residual stresses [34, 35].

Overhanging structures pose challenges across a wide range of AM technologies, and
WADED is no exception. Due to the absence of underlying support material and reduced
thermal conduction, the fabrication of overhangs requires specific manufacturing
considerations. In WADED, two principal approaches can be employed to produce
overhanging features [36—-38]. The first approach [37] uses a positioning device to maintain
a constant orientation of the melt pool with respect to gravity. The second approach [38]
relies on a fixed orientation of the fabricated part, combined with adaptive melt-pool
orientation and robot kinematic adaptation to align the weld torch with the overhang. Several
studies on WADED overhang fabrication [36—39] have shown that inappropriate deposition
orientation or excessive heat accumulation can result in bead sagging, humping, lack



of fusion, or collapse of unsupported material. To mitigate these issues, deposition strategies
and recommendations have been proposed, including reduced heat input, modified torch
orientation or travel speeds. Despite these advances, the reliable fabrication
of thin-walled structures incorporating overhanging features remains an active area
of research, particularly for materials with high thermal sensitivity.

Unlike thin-walled structures, volumetric parts are formed by depositing multiple adjacent
weld beads within each layer. The fabrication of these components requires selecting
an appropriate deposition strategy and suitable process parameters to ensure adequate fusion
between neighbouring beads and overall geometric accuracy. According to Sharifi [40]
and Miller [41], effective parameter selection for volumetric deposition is characterised
by wide weld beads, a large contact angle, and sufficient penetration. Several toolpath
trajectories and deposition strategies have been proposed for the manufacture of volumetric
parts. For all approaches, it is essential to determine the appropriate distance between
adjacent weld beads to ensure sufficient inter-bead penetration while achieving the desired
top-surface flatness and dimensional accuracy. The calculations of distances between
adjacent welds aim to produce a flat upper surface for each deposited layer. It is based on
the assumption that the overlap area (Fig. 2-4 area CDE) between two adjacent beads equals
the unfilled area (Fig. 2-4 area ABC) between their respective bead peaks [42]. For
computational simplicity, the weld bead cross-section is often approximated as a parabola,
although the same procedure can be applied using alternative functional representations.

Substrate

Fig. 2-4 A schematic of multi-bead profile for zigzag and contour pattern using parabolic model [42]

The distances between adjacent welds can be divided into three categories: the distance
between inner weld beads, the distance of edge weld beads parallel to the inner beads,
and the distance of edge weld beads perpendicular to the inner beads' trajectory. For these
three categories, authors Ding [43] and Nguyen [42] performed a series of calculations that
define suitable distances for the production of volumetric components. The derived
approximations for the parabolic system are as follows: [/ = 0.738w, di= 0.47-w, d>= 0.5-w,
where w is the weld width, | is the distance between internal welds, d; is the distance of edge
weld beads perpendicular to the inner beads' trajectory and d> is distance of edge weld beads
parallel to the inner beads.

To evaluate heat distribution and residual stress development, Li et al. [44] proposed a bead
sequence-driven deposition pattern evaluation method. This approach enables
the comparative assessment of different deposition strategies with respect to their thermal



behaviour and the resulting material properties. The bead sequence—driven evaluation
method was used to compare ZigZag, Spiral, and S-pattern deposition strategies.
The S-pattern exhibited the most uniform heat distribution, followed by Spiral trajectory,
while the ZigZag strategy showed the least favourable thermal behaviour. All trajectories
were experimentally manufactured by Kohler using the alloy Al-4046 [45]. Among
the evaluated strategies, the S-pattern resulted in reduced porosity, lower residual stresses,
and a finer grain structure due to a more homogeneous temperature distribution [45].

2.1.4 Process quality assessment and defects

The quality of a component manufactured using WADED technology reflects a wide range
of process parameters and deposition conditions. The fundamental building block
of WADED production is the individual weld bead, often referred to as a single deposit
or single track. Several fundamental parameters are evaluated on a single deposit, including
the weld bead width, contact angle, penetration depth, the area of weld penetration below
the reference horizontal line corresponding to the bead width (Awp), and the area of weld
reinforcement above this line (Awr) [46]. A fundamental requirement for a single deposit is
that, in order to ensure adequate interlayer bonding, the underlying layer must be sufficiently

remelted along the entire interlayer interface to prevent lack-of-fusion defects [47].

Tab. 2.1 Common defects in DED-processed materials and their characterisation techniques [48]

Defect

Defect’s origin

Defect's selected effects
on the deposited
material properties

Defect’s characterization
techniques

Mitigation

Residual stresses
and distortions

Porosity

Cracking and
delamination

High surface
roughness

High cooling rates and thermal
gradients

High laser energy density,
feedstock porosity, selective
evaporation, entrapment of
shielding gas, insufficient
energy input (LoF)

High cooling rates and thermal
gradients, either too high or
too low energy input, physical
and metallurgical properties of
the deposited material

Low heat input, large powder
particles, high laser scanning
speeds; a variety of material
feedstock, part design,
processing, and post-
processing conditions and
variables

Induced phase
transformations, loss of
geometric tolerance,
cracking, delamination,
degradation in fatigue
behavior, premature failure

Degradation of mechanical
properties (mainly fatigue
life), facilitated crack
propagation, anisotropy,
reduced corrosion
resistance

Degradation of both static
and dynamic mechanical
properties, reduced
corrosion resistance,
premature failure

Adverse effects on
dimensions and geometric
tolerances, degradation of
mechanical properties
(particularly fatigue)

Hole drilling, serial sectioning,
ring-core drilling, X-ray and
neutron diffraction, speed of
sound, Barkhausen noise,
computational models

Archimedes method, ultrasonic
pulse-echo velocity
measurements, image analysis
of metallographic cross-
sections, X-ray micro-
computed tomography (p-CT),
hard X-rays in synchrotron
facilities, gas pycnometry

Metallographic cross-sections,
crack opening and
fractography in SEM; NDT:
magnetic particles,
radiography, p-CT, ultrasonic,
computational modeling

Contact or non-contact
profilometry (including AFM
and CLSM), SEM

Substrate preheating,
preheating the chamber and
printed part during deposition,
optimization of the scan
strategy, post-print heat and
surface treatments

Process optimization, control
of the powder feedstock's
composition and quality, HIP
post-print treatment

Process and geometric
optimization, e.g., substrate
and chamber preheating,
materials compatibility when
printing jointly multi-materials

Increase of heat input, small
layer thickness, finer powder
particles, post-processing (e.g.,
HIP and
chemical/electrochemical
polishing)

The most common defects observed in WADED processes include residual stresses
and distortions,  porosity, lack of fusion, cracking, humping, and surface
irregularities [2, 19, 48-50]. These defects are primarily associated with high thermal
gradients, dynamic heat input, and the layer-by-layer nature of arc-based deposition.
Svetlizky et al. [48] focused on identifying defects in materials processed using the DED
method and techniques for characterising them and compiled an overview in Tab. 2.1.



2.2 MAGNESIUM ALLOYS

The basic properties of pure magnesium at room temperature and atmospheric pressure
are: solid state, hexagonal (six-sided) crystallographic system, density 1738 kg-m™3, melting
point 650 °C, boiling point 1090 °C, thermal conductivity 156 W-m™"-K™!, specific heat
capacity 26.19 J-mol'"K™* [51]. In recent decades, magnesium production has increased
steadily, reflecting the growing demand for lightweight materials [52].

Magnesium alloys are designated according to ASTM B951, in which the first one or two
letters identify the principal alloying elements and the subsequent numerals indicate their
approximate weight percentages. Based on their dominant alloying elements, magnesium
alloys are commonly grouped into series, including: AZ series (aluminium, zinc), AM series
(aluminium, manganese), ZK series (zinc, zirconium), AE series (aluminium, rare earth
elements) and WE series (yttrium, rare earth elements).

The final properties of magnesium alloys depend strongly on their alloying elements.
Rare-earth alloying enhances strength and creep resistance, aluminium improves strength,
ductility, and corrosion resistance, and zinc promotes grain refinement and solid-solution
strengthening [53]. Excessive additions of alloying elements may lead to the formation
of brittle phases and reduced corrosion resistance.

2.2.1 Welding of magnesium alloys

Reliable welding of magnesium alloys is a prerequisite for WADED manufacturing
and can be achieved using conventional welding processes, such as MIG and TIG, operated
in a protective atmosphere. Most commonly, shielding gases are argon, helium, or their
mixtures. Due to magnesium's low specific heat capacity, welding is typically associated
with a relatively low heat input [51]. Weldability is strongly influenced by alloy
composition, particularly the content of alloying elements. Rapid cooling during welding
may promote crack formation, which can be mitigated by reducing thermal gradients through
preheating of the base material.

2.2.2 Mechanical properties

The alloying elements content, grain size, and the phase distribution mainly determine
the mechanical properties of magnesium alloys. Grain size and phase distribution
are strongly influenced by thermal history and processing conditions.

Commercial magnesium welding wires are typically available in AZ31, AZ61, AZ91
or WE43 compositions. AZ61 was selected for this work because it offers a favourable
combination of mechanical properties and weldability [51]. Although its weldability
is slightly lower than that of AZ31 and AZ91, it should remain sufficient for WADED
processing while providing improved mechanical performance.



2.2.3 Microstructure AZ-series magnesium alloys

The microstructure of a material plays a key role in determining its mechanical properties.
In general, finer microstructures are associated with improved mechanical performance.
The relationship between grain size and strength is commonly described by the Hall-Petch
relationship, which implies that smaller grains act as barriers to dislocation motion, thereby
increasing strength [54]. Faster cooling of the melt pool increases nucleation rate, resulting
in finer microstructures [55].

In addition to grain size, the type and distribution of precipitates within the microstructure
are also important. During the solidification and cooling of AZ-series magnesium alloys,
eutectic phases are most commonly formed in the form of the intermetallic compound
MgizAli.. The volume fraction of these precipitates increases with aluminium content,
as observed in the microstructures of AZ31 (3 wt% Al), AZ61 (6 wt% Al),
and AZ91 (9 wt% Al) alloys [56]. These precipitates contribute to strengthening
by impeding dislocation motion and restricting slip along grain boundaries.

Grain size in AZ-series alloys is strongly affected by cooling rate and thermal history.
Higher cooling rates usually promote finer microstructures, as observed on AZ91 alloy [57].
WADED is a process in which cooling rates are very high, reaching several hundred degrees
per second [58], which is advantageous in terms of microstructure formation. However,
repeated thermal cycling and prolonged exposure to elevated temperatures may lead to grain
coarsening. The resulting microstructure is also significantly influenced by post-processing,
such as heat treatment. A higher grain growth rate leads to faster microstructural coarsening
during thermal exposure, which results in reduced mechanical strength [59].

2.2.4 Thermal and physical properties

The thermophysical properties of magnesium alloys are strongly influenced
by their hexagonal close-packed (HCP) crystal structure, leading to significant anisotropy
[60]. The key thermophysical properties include thermal conductivity, which describes
a material's ability to conduct heat, and specific heat capacity, which is the amount of heat
required to raise the temperature of a unit mass of material by 1 degree. Magnesium alloys
are characterised by relatively high thermal conductivity and low specific heat capacity.
These properties significantly affect heat transfer rates, melt pool behaviour,
and the development of thermal gradients during additive manufacturing.

Grain size influences the thermal conductivity of magnesium alloys primarily through
the presence of precipitates and grain boundaries. Grain boundaries act as barriers to heat
transport. Therefore, a higher grain boundary density, typical of fine-grained
microstructures, reduces the effective thermal conductivity [61]. The thermophysical
properties of magnesium alloys are further affected by chemical composition.
In Mg—Al alloys, aluminium content plays an important role in the temperature dependence
of thermal conductivity. For AZ31, AZ61, and AZ91 alloys, both thermal conductivity
and specific heat capacity increase with increasing temperature.
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2.3 WADED OF MAGNESIUM ALLOYS

The application of WADED to magnesium alloys represents a relatively new and still limited
area of research. Nevertheless, a growing number of publications have appeared in recent
years, indicating increasing interest in this technology and its potential for processing
magnesium alloys [15]. This chapter presents the key publications in this field, based
on which the research gaps have been identified.

GTAW-based WADED processes have demonstrated favourable microstructural
and mechanical properties [11, 62-64]. However, the requirement for torch rotation
to maintain a consistent wire-feeding direction reduces their attractiveness for large-scale
manufacturing [2, 13]. Consequently, the following studies focus on GMAW or CMT-based
WADED approaches for the production of magnesium alloys.

Wang et al. [3] investigated WADED processing of AZ31 magnesium alloy using a cold
metal transfer (CMT) heat source. Lower heat input produced narrower beads and reduced
penetration [3]. Mechanical testing revealed significant anisotropy. The observed anisotropy
was attributed to directional grain growth, porosity, and the layer-by-layer thermal history
inherent to the CMT-based WADED process. Zhang et al. [65] investigated CMT-based
WADED processing of the AZ31 magnesium alloy, focusing on the influence of welding
speed (8-14 mm-s*) on microstructural evolution. The higher welding speeds resulted
in a more dispersed B-phase and the suppression of liquation cracks [65]. A further
investigation focused on the influence of process parameters (TS, WFS, current, voltage)
on bead geometry, microstructure, and mechanical properties [66]. The results showed that
wire feed rate and travel speed strongly affect bead width, height, and penetration, thereby
governing the stability of layer formation. Yang et al. examined the fabrication of AZ31
magnesium alloy with emphasis on microstructural characteristics and mechanical
performance [30]. The deposited material exhibited a layered microstructure composed
mainly of columnar a-Mg grains, with B-Mgi7Aliz precipitates and some dispersive
n-Al8Mn5 phases. Mechanical testing revealed tensile strengths comparable to wrought
AZ31, while clear anisotropy between the build and deposition directions was observed [30].

Another commercially available magnesium alloy is AZ91, whose CMT-WADED
fabrication was investigated by Bi et al. [67]. The study focused on the production of thick-
walled components using a weaving deposition strategy. Mechanical testing revealed only
minor anisotropy, with ultimate tensile strengths of approximately 245 MPa in the transverse
direction and 250 MPa in the longitudinal direction [67]. The low degree of anisotropy was
attributed to the deposition strategy and the resulting homogenisation of the microstructure.

Klein's pilot study [68] investigated CMT-based WADED fabrication of AZ61, achieving
yield strength (YS) of 99.2 MPa (longitudinal) and 104.4 MPa (transverse), and ultimate
tensile strength (UTS) of 256.4 MPa and 264.1 MPa, respectively. Gneiger et al. [38] focused
on developing a magnesium alloy specifically for wire arc additive manufacturing.
Compared to parts made with commercially available filler wires, the newly developed alloy
exhibited higher mechanical performance, reaching UTS 299 MPa in the welding direction
and 298 MPa in the transversal direction [33].

11



A study summarising findings from major publications in the field, focusing on WADED
production of magnesium alloys, was presented by Hao et al. [50]. Fig. 2-5 summarises
the mechanical properties reported across these studies and compares them with those of cast
and wrought magnesium alloys.
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Fig. 2-5 WADED mechanical properties comparison [50]

In addition to the studies presented above, a few studies in the literature deviate
from the mainstream focus on WADED of AZ-series magnesium alloys using GTAW
or CMT. Fukang et al. [50] investigated CMT-based processing of the WE43 alloy,
comparing conventional CMT with advanced variants including CMT Pulse,
CMT Advanced, and CMT Pulse Advanced. Yang et al. [69] investigated the WADED
processing of a novel ATZM31 magnesium alloy with emphasis on microstructural
evolution and mechanical performance. Cai et al. [70] focused on the development of CMT
process parameters for the repair of surface defects in ZM6 magnesium alloy. Beyond
optimising conventional parameters such as WFS and TS, particular attention was paid to
thermal management via substrate preheating, resulting in improved process stability. Han
et al. [71] examined the optimisation of process parameters and corrosion resistance of AZ91
alloy using plasma arc welding. While these studies provide valuable insights into alternative
alloys, processes, and applications, their scope and objectives differ from the present work's
focus, and therefore, their direct applicability is limited.
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3 ANALYSIS AND CONCLUSION OF
LITERATURE REVIEW

The following section provides a critical analysis of the current state of knowledge derived
from research publications in the field of wire arc directed energy deposition of magnesium
alloys. For each thematic area, the main conclusions drawn from the literature
are summarised, followed by the identification of unresolved issues that define the research
gaps addressed in this dissertation.

3.1 DEPOSITION PATH PLANNING

Reliable fabrication of complex WADED components requires controlled production
of characteristic features such as thin walls, overhangs, and volumetric regions. In all cases,
the weld bead represents the fundamental building block, and its geometry directly governs
dimensional accuracy. The literature reports that weld starts and ends are critical locations
where local thermal variations cause irregularities in bead height [29, 31]. These defects
may accumulate across successive layers, leading to excessive geometric deviations.
Overhang fabrication further amplifies these challenges due to the lack of underlying
support, requiring reduced heat input or modified process parameters to prevent bead
sagging or collapse [36-39]. Volumetric parts are mainly affected by heat accumulation
and slowly cooling regions, which promote grain coarsening and residual stress
development. Although several deposition strategies have been proposed to improve heat
distribution, their effects on fabrication accuracy have been evaluated primarily
for aluminium alloys [44].

Residual stresses represent a key challenge across most additive manufacturing processes.
To suppress residual-stress-induced deformations conventional welding practice divides
long weld beads into shorter segments deposited in controlled sequences to reduce heat
accumulation and residual stresses [34, 35]. In the context of WADED of volumetric parts,
Li et al. [72] examined the influence of deposition strategies on residual-stress evolution
using numerical simulation. Their results demonstrated that deposition strategy
can significantly homogenise heat distribution and mitigate stress development
in volumetric components [72].

Knowledge gap: Despite the demonstrated influence of deposition path planning on heat
distribution and geometric accuracy, no study has systematically investigated bead
sequencing strategies for thin-walled WADED components to eliminate weld start and end
irregularities while simultaneously evaluating their effects on residual stress development.

3.2 KEY PROCESS-RELATED FACTORS FOR MG ALLOY

Process stability and defect formation during WADED of magnesium alloys are primarily
influenced by metal transfer behaviour, heat input control, and thermal management [70].
Magnesium’s high reactivity and thermal sensitivity make the process prone to porosity,
cracking, and lack of fusion when heat input is either excessive or insufficient [50, 73].
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Stable deposition requires a narrow and carefully balanced processing window that ensures
sufficient penetration while limiting local heat accumulation. Most studies on CMT-based
WADED of magnesium alloys focus on the influence of fundamental parameters
such as wire feed rate and travel speed, or on the development of specialised alloys
[33, 66, 70, 74]. Only a limited number of works address CMT parameters
at the characteristic level (e.g. boost phase current, boost phase duration), and these
parameters are typically reported rather than systematically analysed [3]. Nevertheless,
parameters such as boost-phase current, boost duration, and electrode motion during
the CMT cycle are known to strongly influence metal transfer behaviour, bead geometry,
and penetration, as demonstrated for aluminium alloys [75]. In addition, process parameters,
including wire feed rate, travel speed, shielding gas, stick-out, and thermal management,
also significantly affect arc stability and defect formation [66, 70].

Knowledge gap - Key process-related factors for magnesium alloy:

Despite the growing number of publications on CMT-based WADED, no study has yet
provided a systematic analysis of how individual CMT characteristic parameters control
bead geometry, metal transfer behaviour and process stability, which currently limits
the ability to optimise WADED processing of magnesium alloy.

3.3 THERMAL MANAGEMENT

Thermal management is identified as a key factor influencing microstructural evolution
and residual stress development during WADED [2, 18, 76]. Due to the high thermal
conductivity and low specific heat capacity of magnesium alloys, heat is rapidly redistributed
during deposition. These conditions strongly affect solidification behaviour, grain size,
and defect formation [73], particularly in multi-layer and volumetric components, where
heat accumulation becomes significant.

Excessive heat accumulation and regions with reduced cooling rate are reported to promote
grain coarsening and increase the probability of defect formation, such as porosity
and microcracking, especially at interlayer interfaces [77, 78]. In contrast, the higher cooling
rates typical of thin-walled structures favour finer microstructures. Preheating and increased
interpass temperatures are considered effective methods for reducing thermal gradients
and residual stresses [70]. However, they simultaneously decrease cooling rates and promote
grain growth. Residual stresses arise primarily from local temperature gradients induced
by the moving heat source [44, 45]. A more uniform temperature distribution is generally
associated with lower residual stress levels. Therefore, special path-planning strategies,
such as the S-pattern, aimed at equalising thermal loads, were developed for the production
of volumetric parts [44, 45].

Knowledge gap: Although thermal management is recognised as crucial, no systematic study
has evaluated the combined influence of preheating and interpass temperature
on microstructural development and residual stress evolution during WADED of AZ61
magnesium alloy components.
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4 AIM OF THE THESIS

This dissertation aims to investigate wire arc directed energy deposition (WADED)
as a manufacturing approach for structured components fabricated from magnesium alloys.
The work focuses on the development and evaluation of WADED processing strategies,
including deposition path planning, thermal management, and key process parameters.
The objective is to enhance the geometrical stability, microstructure, and mechanical
properties, while mitigating the formation of porosity and residual stresses
in WADED-fabricated magnesium alloy parts. To achieve the main goal of this thesis,
the necessary sub-objectives are as follows:

e Development and implementation of an experimental WADED setup suitable
for processing magnesium alloys.

e Analysis of the influence of deposition path planning on component geometry,
residual stress development, and the buildability of inclined and thin-walled
structures.

e Identification of key process-related factors governing the WADED fabrication
of magnesium alloy components.

e Evaluation of the effect of welding parameters and thermal conditions, including
base material preheating and interpass temperature, on porosity formation
and material properties.

e Characterisation of the resulting microstructural features and mechanical properties
of WADED-fabricated magnesium alloy components.

e Assessment of the suitability of WADED for the fabrication of structured magnesium
alloy components with improved material efficiency.

4.1 SCIENTIFIC QUESTIONS & HYPOTHESIS

Based on a critical analysis of the available literature, the following scientific questions
were identified. Each scientific question was subsequently tested through working
hypotheses formulated based on the current state of the art.

Q1: How does deposition path planning influence the geometrical accuracy and residual
stress of components fabricated by WADED?

Hla: Available studies show that during WADED production of thin walls, material
accumulation and unacceptable height irregularities in the manufactured object may occur
[29, 30, 79]. Weld starts and ends are often associated with local variations in thermal
conditions and material deposition, resulting in either excessive or insufficient bead height
[29, 31]. These local geometric deviations can accumulate during layer-by-layer fabrication,
especially when the weld start and end locations are repeatedly situated in the same regions
across the component's height [29, 31]. Therefore, deposition strategies that redistribute
or alternate weld start and end locations along the component length are expected to promote
a more uniform layer height and improved geometrical stability.
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H1b: Residual stresses are a significant source of undesirable effects in welded structures,
including excessive distortions, delamination or reduced fatigue properties and fracture
resistance [2, 19, 80]. In conventional welding practice, long weld beads are often divided
into shorter ones and welded in specific sequences to redistribute heat input and reduce
residual stress accumulation [34, 35]. Therefore, it is assumed that a similar mechanism
implemented in WADED path planning for a 120 mm-long thin wall could lead to a more
uniform distribution of heat across the entire object. Consequently, strategies that promote
more uniform heat distribution during deposition are expected to reduce the residual stresses
in thin-walled WADED-fabricated components.

Q2: What are key process-related factors and how they affect process stability and defect
formation during WADED of AZ61 magnesium alloy?

H2: The stability of the welding process is key to achieving WADED production without
excessive defects [12, 19]. The low specific heat capacity and high thermal conductivity
of magnesium alloys lead to rapid heat dissipation and steep thermal gradients during
welding, which complicates melt pool control and increases process instability [70, 73].
At the same time, magnesium alloys exhibit a narrow processing window, where insufficient
heat input results in lack of fusion, while excessive heat input promotes porosity, grain
coarsening, and cracking. An appropriate adjustment of welding parameters is essential
for stable metal transfer across different welding methods [12, 19]. In the CMT process,
parameters governing the boost, burn and SC phase are expected to have a dominant
influence on melt pool behaviour and process stability [3, 23]. Furthermore, preheating
the base material, commonly used in magnesium welding to mitigate cracking, has also been
reported to enhance weld-pool stability [70]. For this reason, key parameter settings,
and appropriate preheating were identified as the main process-related factors affecting
the stability of the WADED process. Proper control of these factors is expected to stabilise
the melt pool, reduce porosity, and enable the fabrication of thin-walled components
with a relative material density exceeding 99%.

Q3: How do thermal management strategies affect the development of microstructure
and residual stresses during WADED of AZ61 magnesium alloy components?

H3: Fast cooling of the melt pool promotes high nucleation rates, resulting in a fine
microstructure [55]. Deposition strategies that provide a more uniform heat distribution
without the formation of locally overheated, slowly cooling regions are therefore expected
to reduce grain coarsening [44, 45]. On the contrary, preheating the base material
and increasing interpass temperatures lead to slower cooling and promote grain growth.
Residual stresses are assumed to originate primarily from large thermal gradients [81].
Consequently, lower temperature gradients, achievable through preheating and interpass
optimisation, are expected to reduce residual stress formation [27, 82]. It is assumed
that increasing preheating and interpass temperatures will reduce residual stresses
while simultaneously promoting grain coarsening. Therefore, it is necessary to identify
an optimal compromise between microstructural refinement and residual stress reduction.
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4.2 THESIS LAYOUT

This dissertation is based on four scientific publications that address the scientific questions
and hypotheses defined in Chapter 4.1. The individual studies are ordered to reflect
the chronological development of the WADED process for magnesium alloys, from basic
path planning to the development of custom devices and suitable process settings
for magnesium alloy, to the fabrication of a structured component demonstrator.

Research paper | focused on deposition path-planning strategies for thin-walled
and overhanging structures fabricated by WADED. The study investigated
how the orientation of deposition paths and the placement of weld start and end points affect
geometrical accuracy and the formation of residual stresses. The results address scientific
question Q1 and hypotheses Hla and H1b.

SLAVICEK, J.; FRANKE, J.; JAROS, J.; KOUTNY, D.; Strategies
for Wire Arc Additive Manufacturing of thin walls and overhangs, Journal — EETHERISSEINS

of Mechanical Science and Technology, 2023, vol. 37, no. 1, p. 5529-5534, [t
ISSN: 1738-494X. /

Journal impact factor = 1.7, Quartile Q3, CiteScore = 3.0
Author’s contribution: 70%

"é % L B ﬁ \

Research paper Il addressed the identification of key process-related factors influencing
process stability during WADED of AZ61 magnesium alloy using the CMT process.
The study investigated the influence of characteristic CMT parameters on weld bead
geometry, arc stability, metal transfer behaviour, and resulting material properties.
The findings correspond to scientific question Q2 and its associated hypothesis H2.

SLAVICEK, I.; SVAB, C.; GNEIGER, S.; HURNIK, J.; PROCHAZKA,
P.; KOUTNY, D.; Wire-arc directed energy deposition of AZ61 SCIENTIFIC
magnesium alloy fabricated by cold metal transfer: Processing, RERgIRT>
microstructure, and mechanical properties, Scientific Reports, 2026,

Scientific Reports

p. 1-22, ISSN 2045-2322. > -
) .
Journal impact factor = 3.9, Quartile Q1, CiteScore = 6.7 %ll!

Author’s contribution: 53%
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Research paper Il examined the role of thermal management, specifically base material
preheating and interpass temperature control, during WADED of AZ61 thin-walled
components. The study analysed their influence on single-track geometry, wall stability,
residual stress development, porosity formation, and microstructural evolution. These results
partially address scientific questions Q2 and Q3 and corresponding hypotheses H2 and H3.

SLAVICEK, J.; ZEMAN, S.; HORYNOVA, M.; SENCK, S.; KOUTNY,
D.; Optimisation of preheating and interpass temperature in WADED
magnesium alloy AZ61: A comparative study on microstructure, residual
stresses, and internal defects, (PREPRINT — under review)

Author’s contribution: 58%

Research paper IV extended the investigation to volumetric AZ61 components and focused
on the effect of deposition strategy on thermal history, microstructural evolution,
microhardness distribution, and geometrical accuracy. Thermal numerical simulations were
employed to predict cooling behaviour and identify critical regions prone to grain
coarsening, which were subsequently verified experimentally. This study contributes
to answering scientific questions Q1 and Q3 and evaluating hypotheses H1a and H3.

SEIDLER, F.; SLAVICEK, J.; KOUTNY, D.; Influence of deposition
strategy on the microstructure of volumetric WADED-fabricated AZ61
magnesium alloy components, Additive manufacturing letters, 2025,
vol. 16, p. 1-10, ISSN: 2772-3690

Journal impact factor = 4.7, Quartile Q2, CiteScore = 6.3
Author’s contribution: 46%
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5 MATERIALS AND METHODS

To test the hypotheses formulated based on the defined scientific questions, a series
of experimental investigations and analyses was conducted. An overview of the sample
types, applied analyses, and required outputs for each published article is provided
in Fig. 5-1. This chapter describes the experimental equipment, materials, processing
methods, and characterisation techniques used to develop and validate the additive
manufacturing of structured magnesium alloy components by wire arc directed energy
deposition.
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The experimental workflow followed a chronological sequence corresponding to Research
Papers I-1V. Initially, deposition strategies for thin-walled and overhanging structures
with a focus on geometrical accuracy and residual stress development were investigated.
As these experiments represented the first research conducted at the newly established
CMT-based WADED facility, the proposed path-planning strategies were evaluated using
the more easily processable G3Sil steel. Subsequently, suitable process parameters
for WADED of AZ61 magnesium alloy were developed, while key process-related factors
influencing process stability and defect formation were identified. Further experiments
focused on the production of AZ61 thin-walled structures with preheated base material.
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Fig. 5-1 Overview of experimental methods and analyses applied in this dissertation
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The influence of base material preheating and interpass temperature on single-track
geometry, thin-wall stability, residual stresses, and internal defects was systematically
investigated. The final stage of the experiments addressed the influence of deposition
strategies on microstructural evolution in volumetric components. The knowledge gained
from partial studies was applied to the fabrication of a structured component demonstrator.

5.1 WIRE ARC DIRECTED ENERGY DEPOSITION
5.1.1 WADED Experimental Setup

As a part of this dissertation, the WADED experimental workplace was gradually developed
in parallel with the conducted research activities, as schematically illustrated in Fig. 5-1.
The basic workplace configuration consists of a robotic positioning system, a welding power
source, a gas exhaust system, and a welding table, as shown in Fig. 5-2.

Fig. 5-2 WADED experimental setup at Brno University of Technology

All movements of the welding torch were controlled by a KUKA KR 60 HA robotic arm.
The robot is equipped with six axes and offers a payload capacity of 60 kg, a maximum reach
of 2033 mm, a rotational speed of 120-322°/s, and a pose repeatability of +0.05 mm.
The combination of positioning accuracy and dynamic performance makes this robotic
system suitable for WADED fabrication of large-scale components. The control code
for the robotic arm and the welding power source was generated using a custom slicer
developed in the Rhino Grasshopper and implemented via the KUKA|prc plugin.

The material deposition was performed using a Fronius TPS 3200 CMT welding power
source. The device supports conventional MIG and MAG welding processes with Standard,
Pulse and CMT modes. Especially, the CMT mode is suitable for WADED due to its reduced
heat input and controlled metal transfer. The power source provides a maximum welding
current of 550 A and allows wire feed speeds up to 16 m/min. The system enables adjustment
of synergic characteristics, allowing precise control of the essential CMT process
parameters. In addition, the power source automatically regulates the shielding gas flow
to the welding area.
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5.1.2 Process parameters

Welding process parameters were set using the RCU 5000i controller. The Fronius TPS 3200
CMT power source operates according to synergic characteristic lines predefined
by the manufacturer for selected filler materials. When working with a synergic welding
system, the operator adjusts one of the primary parameters (such as welding current, voltage,
or wire feed speed), while the remaining process parameters are automatically adapted
according to the selected synergic line.

However, synergic characteristic lines are not available for all filler materials. Therefore,
for this dissertation, it was necessary to adjust the parameters at the level of the synergic
characteristic itself. In the CMT welding mode, these parameters include the boost phase
current — I_boost (A), boost phase duration —t_|_boost (ms), burn phase current —1_sc_wait
(A), the speed of the electrode during the boost and burn phase — vd_sc_wait (m-min-1)
and SC phase current — |1_sc2 (A).

These parameters define the characteristic CMT electrical waveform shown in Fig. 2-3.
The influence of individual CMT parameters on metal transfer behaviour, process stability,
and weld bead geometry is discussed in detail in Research Paper II.

5.1.3 Thermal management

Thermal management was identified as a key factor affecting the reliability of WADED
processing of magnesium alloys. Due to their specific thermal properties, inadequate control
of heat input and temperature distribution resulted in process instabilities and increased
defect formation. Consequently, the WADED workplace was upgraded with equipment
for base-material preheating and temperature control, enabling stable, reproducible
deposition conditions.

A custom preheating table was developed to ensure stable thermal conditions during
WADED fabrication. The device was designed to preheat the base material in order to reduce
thermal gradients, particularly during the initial stages of the deposition process.
The preheating table was developed as part of Zeman's master's thesis [83] and subsequently
integrated into the WADED experimental workplace. The overall dimensions of the heated
table are 450 x 550 mm. Eight cartridge heaters provide heating with a total installed power
of 3.2 kW, divided into two independently controlled heating zones. The system allows base
material preheating to a maximum temperature of 400 °C, with accuracy of +1 °C.

A Workswell WIC SC industrial thermal camera with a resolution of 336 x 256 pixels,
a temperature measurement range of —40 to 550 °C, and an accuracy of +2 °C was used
to monitor and control the preheating and interpass temperatures during deposition.
In addition, an Easytherm M2-K1.5D250L thermocouple with a measurement range
of —40 to 980 °C and an accuracy of +£2.5 °C was used to control the preheating temperature
of the base material and to recalibrate the thermal imaging camera's emissivity settings.
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5.1.4 Materials

Two main material types were used in the WADED experiments: steel and magnesium
alloys. For Research Paper I, a G3Sil steel welding wire and an S235JR steel base material
were used. In Research Papers I1-1V, as well as for the fabrication of the structured
component demonstrator, AZ61 magnesium alloy wire with diameter 1.6 mm was used
as the filler material. For base materials, two types of magnesium alloy were used: AZ31
or AZ91, depending on the specific experimental setup.

The exact chemical composition and application of the individual base materials
are summarised in Tab. 5.1. The dimensions of the base materials are described in detail
in the corresponding Research papers I1-1V. For the fabrication of the structured component
demonstrator, AZ31 base material with a thickness of 20 mm was used.

Tab. 5.1 Chemical composition of filler and base materials

Alloy Elements A Zn Mn Si Fe Cu Ni Paper

AZ61 (filler wire) Min (%) 5.50 0.50 0.15 Paper II-1V.

Max (%) 6.50 1.50 0.40 0.10 0.005 0.05 0.005

AZ91 (base material) Min (%) 8.30 0.35 Paper II.

Max (%) 9.70 1.00 0.13 0.10 0.005 0.03 0.002

AZ31B (base material) Min (%) 2.50 0.60 0.20 Paper llI-1V.

Max (%) 3.50 1.40 1.00 0.10 0.005 0.05 0.005

5.1.5 Filler wire preparation

Magnesium is a highly reactive metal that readily reacts with atmospheric moisture, forming
oxide and hydroxide layers on the surface of the filler wire [84]. It was observed that the
surface cleanliness of the filler material has a key role in achieving stable WADED
processing without significant defect formation. However, the available quality options
for commercially supplied magnesium filler wires are limited, and even newly purchased
material often shows considerable surface oxidation.

In this dissertation, several different methods for cleaning the welding wire
were investigated. The first method involved manual surface cleaning using SiC abrasive
paper. This approach was effective in removing surface impurities. However, it is time-
consuming and therefore unsuitable for large-scale production. This cleaning method
was applied in Research Paper I.
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Further cleaning approaches were developed within Seidler’s thesis [85]. The filler wire
cleaning system I. generation is based on a custom-designed automatic rotary device
intended for the mechanical removal of surface contaminants. Following mechanical
cleaning, the wire was annealed at 380 °C for 11 minutes to convert residual magnesium
hydroxide into magnesium oxide, which is known to have a less harmful effect
on the welding process [84]. However, it was observed in Research Paper Il that this
treatment did not ensure complete removal of surface impurities or prevent rapid
recontamination of the wire surface before feeding into the welding system, leading
to excessive porosity in the deposited material.

The last tested method was the filler wire cleaning system Il. generation, which guides
the welding wire through a sequence of cleaning elements immediately before it enters
the welding torch. Although this approach is less effective for heavily contaminated filler
materials, it proved to be highly efficient for wires with moderate surface contamination.
This method was employed in Research Paper IV and subsequently used to fabricate
the structured component demonstrator.

5.2 MEASUREMENT METHODS
5.2.1 Material properties

Material properties and microstructural analyses were performed to characterise the material
phases, grain size and defects of WADED-fabricated samples across different geometries
and processing conditions. Standard metallographic preparation procedures, including
sectioning, mounting, grinding, polishing, and etching, were applied to reveal grain
boundaries, and phase distribution. Optical light microscopy (OLM) was primarily used
to evaluate grain size, layered microstructural features, and geometrical characteristics
of deposits and walls, while scanning electron microscopy (SEM) combined
with energy-dispersive spectroscopy (EDS) enabled detailed analysis of phase composition
and intermetallic particle distribution. These methods were applied throughout
Research Papers 11-1V to assess the influence of deposition strategy, thermal management,
and process parameters on microstructural development. The specific equipment
and measurement settings varied slightly across individual publications and are therefore
not listed here in detail, as they are described in the corresponding Research papers I1-IV.

5.2.2 Characteristic waveforms measurement

Characteristic electrical waveforms were measured to analyse the behaviour of the cold
metal transfer (CMT) process and to assess the influence of individual process parameters
on arc stability and metal transfer. Electrical signals were recorded using a custom
experimental setup consisting of a Tektronix DPO 2024B oscilloscope with a sampling
frequency of 312.5 kHz and voltage and current sensors. This measurement approach
was applied in Research Paper II.
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5.2.3 Mechanical properties characterization

Tensile testing

Tensile testing was performed in Research Paper 1l to evaluate the mechanical properties
of WADED-fabricated thin-walled components. Tensile specimens were machined from
the deposited walls according to DIN 50125 (type E) and extracted in both the welding
and transverse directions to assess mechanical anisotropy. The tensile tests were conducted
using a Shimadzu AGX-V 100 kN testing machine at a deformation rate of 0.5 mm-min™".
Ductility was measured using a stereo 3D digital image correlation (DIC) system, Dantec
Dynamics, equipped with two 5 MPx cameras (2448 x 2048 px) and 50 mm lenses.

Microhardness testing

Microhardness measurements were performed in the same regions as the grain-size analysis
in Research Paper 1V using a Qness 60 A+ microhardness tester with a 0.1 kgf load (HV0.1).
The volumetric WADED-fabricated samples were not sufficiently large to prepare standard
tensile specimens. Therefore, microhardness testing was used to assess local variations
in mechanical behaviour associated with different deposition strategies and microstructure.

5.2.4 Geometrical accuracy and defect analysis

Dimensional accuracy

The geometric accuracy of the manufactured samples in Research Papers I, Il and IV was
evaluated using an ATOS Triple Scan Il optical 3D scanner. The acquired scan data were
processed in the GOM Inspect 2018 software to assess deviations from the desired geometry.

Indirect residual stress assessment

In addition to geometric evaluation, optical 3D scanning was also used for the indirect
assessment of residual stress. These measurements were performed in Research Papers |
and I11. In both cases, the sample design was inspired by the principles of the Bridge
Curvature Method commonly used in LPBF, which enables rapid evaluation of the influence
of process parameters on residual stress development.

In Research Paper I, a base material with a thickness of 30 mm was rigidly clamped
to the welding table on both sides to suppress deformation during deposition. Thin walls
were fabricated using different deposition strategies, allowed to cool, and subsequently
scanned. After first scanning, the walls were cut on one side, leaving only a 15 mm section
attached to the base material from the original wall length of 120 mm. The samples were then
scanned again, and the resulting deflections were compared to evaluate the influence
of deposition path-planning strategies on residual stress formation.
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A different sample design was applied in Research Paper Ill. In this case, the base material
thickness was intentionally reduced to 10 mm and clamped on only one side, allowing free
deformation during cooling. Initial scanning was performed directly on the welding table
prior to thin-wall fabrication using a handheld optical scanner, Scantech SIMSCAN 22.
After deposition, the sample was allowed to cool to room temperature and scanned again.
Both scans were aligned and analysed in GOM Inspect 2018 software to quantify deflection
in the direction normal to the preheating table surface. Using this approach, it was possible
to compare the influence of different preheating conditions on residual stress development
in thin-walled structures.

Micro-computed tomography analysis

In addition to deflection-based residual stress assessment, the influence of preheating
on internal defect formation was investigated in Research Paper 111 using micro-computed
tomography (uCT). A Procon CT-Alpha uCT system was employed to analyse the relative
material density of the deposited thin-walled samples. The specimens were scanned using
a cone-beam pCT device with an isotropic voxel resolution of 45 um. The acquired pCT
data were evaluated in VGStudioMax 2023.1, where pore distribution, morphology, and size
were quantified using an 1SO50 threshold and a minimum pore size of 8 voxels.

5.2.5 Thermal simulations

Thermal numerical simulation was employed in Research Paper IV to analyse heat
distribution and cooling behaviour during WADED fabrication of volumetric AZ61
magnesium alloy components. The simulations were used to identify regions with reduced
cooling rates, which are susceptible to grain coarsening. The predicted thermal behaviour
served as a basis for selecting locations for subsequent microstructural and microhardness
analyses, which were used to compare different deposition strategies. Thermal modelling
was carried out using Ansys 2025 R1 with the DED Process add-on to simulate
the temperature evolution during deposition. The model accounted for transient heat transfer,
including temperature-dependent thermal conductivity and specific heat capacity. The exact
simulation setup is described in detail in Research Paper IV. In addition, a validation
experiment focused on monitoring the cooling behaviour of a single deposit was performed
to verify the input parameters used in the simulation.
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6 RESULTS AND DISCUSSION

The following section presents the dissertation's key results, focusing on additive
manufacturing of structured magnesium alloy components using WADED. The first part
of this chapter is organised into four subsections corresponding to the individual research
papers, each addressing one or more of the above-mentioned scientific questions. The second
part of this chapter contains the full versions of the research papers, in which the results
are presented in detail.

6.1 RESEARCH PAPER |

The key results of Research Paper | concern deposition path-planning strategies
for thin-walled and overhanging structures fabricated by wire arc directed energy deposition.
As this study represents the first experimental investigation conducted at the newly
established WADED workplace, the experiments were performed using
the easier-to-process G3Sil steel filler material rather than the magnesium alloy, which
is the main subject of this dissertation. The findings primarily address geometrical
and process-related aspects of deposition path planning and are therefore, to a certain extent,
applicable to other filler materials. These results were subsequently applied and further
examined in the following research papers focused on magnesium alloy processing.

The experimental results demonstrated that deposition path planning significantly influences
the geometrical accuracy of thin-walled components fabricated by WADED. Although
all investigated deposition strategies enabled the formation of continuous walls, notable
differences in wall height and material distribution were observed. Excessive material
deposition occurred at the weld bead starting points, while insufficient material deposition
was observed at the weld bead ends. Similar behaviour of weld beads has been previously
reported by Zhang et al. [31]. This phenomenon is attributed to rapid heat dissipation
at the starting point of the weld bead, where the penetration depth is typically shallow.
As a result, the weld pool solidifies with a greater layer height than in the central region
of the weld bead, where deeper penetration occurs. When the weld bead start points and end
points were repeatedly located at the same positions along the wall length, these local
geometric deviations accumulated, leading to pronounced asymmetry of the fabricated walls.

Deposition strategies that alternated the welding direction between successive layers
or redistributed weld bead start points and end points along the wall length resulted in a more
uniform material distribution and improved geometrical accuracy of the thin-walled
components.

The influence of deposition path planning on residual stress formation was also investigated.
In conventional welding practice, welding sequences are commonly used for long welds
to improve heat distribution and reduce residual stresses [34, 35]. However, under
the investigated conditions, no clear systematic dependence between the applied deposition
strategies and the magnitude of residual stresses was identified. A likely explanation
is that the use of the cold metal transfer welding mode inherently reduces heat input
and residual stresses to such an extent that additional sequencing of weld beads does not lead
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to further stress reduction for thin walls 120 mm long. Moreover, it was observed that
an increased number of weld bead starts and ends can even contribute to higher residual
stresses if the deposition strategy is not appropriately designed. For substantially longer wall
lengths, deposition sequencing may still positively influence residual stress formation.
However, within the investigated wall length, no such effect was observed.

Although sequential welding did not significantly affect residual stress levels in thin-walled
structures, it did improve the manufacturability of inclined walls. Overhanging structures
with inclination angles ranging from 30° to 90° were successfully fabricated without support
structures. Among the investigated approaches, sequential welding deposition strategies
achieved higher geometrical accuracy and surface quality. In contrast, continuous deposition
strategies led to overheating, melt pool collapse, greater angular deviations, and surface
irregularities, particularly at higher overhang angles.

The results further showed that increasing the overhang inclination inherently reduces
geometrical accuracy, humping effect occurs (same as observed in [39]), even when
optimised deposition strategies are applied. This behaviour was attributed to gravity-induced
weld pool flow and limited heat dissipation, which became more pronounced with increasing
inclination. Nevertheless, the study demonstrated that suitable deposition path planning
significantly extends the geometric limits of inclined walls fabricated by WADED
and enables their production without changing the component's orientation, which
Is particularly important for large-scale applications.

6.2 RESEARCH PAPER II

The key findings of Research Paper Il relate to wire arc directed energy deposition of AZ61
magnesium alloy using the cold metal transfer (CMT) welding process. The study focuses
on process stability, deposition geometry, and the resulting material properties. In particular,
the study identifies key process-related factors in magnesium alloy processing and presents
suitable CMT parameters for reliable WADED fabrication of thin walls.

Prior to fabricating samples for this study, a series of preliminary experiments was conducted
to assess the feasibility of WADED processing of AZ61 magnesium alloy.
These experiments revealed that the surface condition of the filler wire has a critical role
in process stability. Magnesium alloys tend to form a surface layer of oxides and hydroxides
when exposed to atmospheric air [84, 86]. When untreated welding wire was used,
the welding arc became unstable, in several cases leading to a complete interruption
of the deposition process. To mitigate this effect, the filler wire was manually cleaned using
SiC paper prior to deposition. This procedure resulted in more stable arc behaviour
and reliable material transfer, identifying the surface quality of the filler material
as a key process-related factor influencing process stability during WADED of AZ61
magnesium alloy.

The parametric study further demonstrated that the characteristic parameters of the cold
metal transfer process strongly influence deposition geometry and process stability during
WADED of AZ61 magnesium alloy. The boost-phase current and boost-phase duration were
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identified as dominant parameters governing weld bead geometry, heat input, and metal
transfer behaviour. Inappropriate settings of these parameters can lead to excessive droplet
growth [87], unintended arc behaviour (such as spray transfer [23]), and irregular deposition
geometry. With respect to weld bead geometry, increasing the boost current and its duration
resulted in an increased bead width, penetration depth, and total deposited area. In contrast,
a balanced adjustment of the boost-related parameters enabled stable metal transfer
and uniform bead formation.

The electrode speed during the boost and burn phases was found to affect weld pool
behaviour and penetration depth significantly. Similar trends have been reported
in the research paper focused on CMT-based welding of aluminium alloys [23]. Excessively
low or high electrode speeds resulted in shallow penetration, unstable deposition conditions
and increased sensitivity to process interruptions. The short-circuit phase current primarily
influenced penetration depth, while its effect on bead width and height was less pronounced.
These results indicate that stable WADED processing of AZ61 magnesium alloy cannot
be achieved by tuning individual parameters independently, but requires a carefully balanced
combination of CMT characteristic parameters.

Under stable CMT processing conditions, defect formation was mainly observed as isolated
porosity, including globular pores and local shrinkage cavities. The occurrence of these
defects was not directly associated with arc instability, but was attributed primarily
to the surface condition and quality of the filler wire. These results indicate that, once stable
arc behaviour is achieved through appropriate parameter selection, defect formation during
WADED of AZ61 magnesium alloy is influenced primarily by material-related factors.

Using the optimised set of parameters, a thin-walled AZ61 magnesium alloy component
was successfully fabricated using the CMT-based WADED process. The produced structure
exhibited good geometrical accuracy, demonstrating the feasibility of this approach
for thin-walled magnesium alloy components. Microstructural analysis revealed
a characteristic layered structure with alternating fusion and intralayer regions, similar
to that observed by Klein in Al-based materials [88], reflecting cyclic thermal loading during
deposition. The microstructure was composed predominantly of an a-Mg matrix
with dispersed intermetallic particles and a limited amount of B-phase (Mgi7Alw).
Mechanical testing indicated anisotropic behaviour. Possible causes of anisotropy include
the alternation of the fusion zone and interlayer zone associated with applying material layer
by layer, as described by Kumar [66] or Guo [64]. The mechanical properties reported in this
paper are higher than those for castings, lower than forgings, and approximately comparable
to those produced by laser powder bed fusion.

6.3 RESEARCH PAPER Il

The key results of Research Paper Il relate to thermal management during CMT-based
WADED processing of AZ61 magnesium alloy. The study primarily examines the influence
of base material preheating and interpass temperature control on microstructural evolution,
residual stress development, and internal defect formation. Thematically, this work builds
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upon previous research focused on CMT process parameters and the identification
of key process-related factors. Previous studies [70, 77] have shown that thermal
management has a crucial role in arc-based additive manufacturing processes, motivating
the in-depth investigation presented in this paper. To enable controlled thermal conditions,
a custom preheating table and filler wire cleaning system were developed and integrated
into the WADED system, as described in the Materials and Methods section.

First, the effect of base material preheating on single-track geometry was investigated.
Two sets of CMT parameters were evaluated: one developed in a previous study
and a second, higher-energy parameter set designed to increase penetration into the AZ31
base material. The results showed that increasing the preheating temperature led to a wider
weld bead and deeper penetration. At low or zero preheating temperatures, insufficient
penetration and unstable bead geometry were observed. At a preheating temperature
of 250 °C, both parameter sets resulted in continuous penetration across the entire interface
between the deposited and base material.

Subsequently, the effect of base material preheating and interpass temperature
on the geometrical stability of thin-walled AZ61 structures was analysed. The results
revealed that thermal conditions strongly affect the evolution of layer width, particularly
in the initial layers. A pronounced narrowing of the deposited wall in the first layers,
commonly referred to as necking, has been reported in WADED for various materials
[28, 89] and was observed in this study as well. Without sufficient preheating, significant
necking occurred in the lower layers, resulting in reduced geometric stability. In contrast,
the application of controlled preheating combined with an elevated interpass temperature
resulted in a more uniform layer width along the wall height. The evaluation
of this experiment showed that higher-energy parameters were unsuitable for producing thin
walls. Therefore, only parameters from the previous study were used for further experiments.

Residual stress development was evaluated indirectly by measuring base material deflection
under different thermal conditions. The results demonstrated a clear dependence
of deflection magnitude on the applied preheating temperature. Increasing the preheating
temperature led to a significant reduction in base material deflection, indicating lower
residual stress levels. This effect was attributed to reduced thermal gradients during
deposition, with a deflection reduction of up to 50% observed at a preheating and interpass
temperature of 300 °C.

Internal defects in thin-walled samples were analysed using micro-computed tomography.
The results showed that both the amount and morphology of porosity strongly depend
on thermal conditions. At low preheating temperatures, columnar pores oriented along
the build direction were observed. Increasing the preheating temperature led to a substantial
reduction in total porosity and suppression of columnar pore formation, resulting
predominantly in small, isolated globular pores. The mechanisms governing porosity
formation and its reduction by preheating are discussed in detail in Research Paper IlI.
In brief, hydroxides present on the surface of the filler wire decompose upon entering
the molten pool, releasing hydrogen gas [84]. Higher preheating and interpass temperatures
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raise the component's overall thermal state, slowing melt-pool cooling and providing
sufficient time for dissolved gas to escape before solidification.

Microstructural analysis revealed that thermal management significantly affects grain size
and phase distribution within WADED-fabricated AZ61 thin walls. The deposited structures
exhibited a characteristic layered microstructure consisting of fusion and intralayer regions.
Increasing preheating and interpass temperatures promoted grain coarsening and a more
pronounced presence of the f-Mgi-Ali2 phase, particularly in regions subjected to prolonged
thermal exposure.

Evaluation of the above-mentioned thermal management effects identified an optimal
preheating and interpass temperature range of 200-250 °C. This temperature window
represents a compromise among microstructure, residual stress reduction, and minimising
internal defects and provides suitable processing conditions for the WADED of AZ61 alloy.

6.4 RESEARCH PAPER IV

The key results of Research Paper IV concern the fabrication of volumetric AZ61
magnesium alloy components using the CMT-based WADED. The primary focus
of the work is the influence of deposition strategy on microstructural evolution
and geometrical accuracy. Unlike the previous studies, which primarily addressed
thin-walled structures, this work extends the investigation to volumetric components, which
are often part of large-scale structured components. The study builds on earlier findings
on deposition path planning and thermal management and examines their combined effect
in volumetric WADED-fabricated geometries.

Three different deposition strategies were proposed and investigated using numerical
simulation and subsequently verified by experimental fabrication to analyse heat distribution
and microstructural evolution in volumetric WADED-fabricated AZ61 components.
Numerical simulations were employed to evaluate the thermal behaviour during deposition
and to identify critical regions with reduced cooling rates that are susceptible
to microstructural coarsening. Based on these predictions, selected areas were defined
for detailed microstructural and microhardness analysis. The simulations revealed
that cooling rates decrease with increasing material accumulation and are locally reduced
near the outer edges and corners of the deposition trajectories, where heat dissipation
is limited. Similar trends have been reported by other authors [90-92] investigating thermal
behaviour in arc-based additive manufacturing processes, and were subsequently confirmed
in this study through experimental validation.

Optical grain-size measurements confirmed reduced cooling rates in critical regions
predominantly located at trajectory corners and along the outer edges of the deposited
volume. Among the investigated deposition strategies, the S-pattern exhibited the narrowest
grain-size range (26.32—-44.71 um) and the smallest maximum grain size, indicating a more
uniform thermal distribution and effective suppression of grain coarsening, consistent
with observations reported for aluminium alloy by Sun et al. [44]. In contrast, the Spiral
strategy produced the coarsest grains, reaching up to 60.27 um in the predicted critical
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regions. The ZigZag strategy showed intermediate behaviour, characterised by a wider
grain-size range. These results confirm that the deposition strategy significantly influences
the microstructural evolution in volumetric WADED-fabricated AZ61 components.

Microhardness measurements were used to complement microstructural observations
and to evaluate variations in mechanical response across different deposition strategies.
The results revealed spatial variations in hardness that corresponded well with the observed
microstructural heterogeneity. These findings indicate a clear relationship between local
cooling rate, grain size, and microhardness.

The deposition strategy also significantly influenced the geometric accuracy of the fabricated
volumetric components. Three-dimensional surface scanning revealed that the ZigZag
deposition strategy achieved the smallest range of height deviations and the highest overall
geometrical precision. In contrast, the Spiral strategy exhibited the largest deviations,
including excessive material accumulation at layer start points and the formation of a critical
defect at the centre of the component, which may compromise process reliability.
The S-pattern strategy provided acceptable geometrical accuracy, characterised
by a narrower deviation range than the Spiral strategy and the absence of major surface
defects.

Overall, the results demonstrate that deposition strategy represents an important design
parameter in WADED of volumetric AZ61 components, influencing both microstructural
uniformity and geometrical accuracy.

6.5 STRUCTURED COMPONENT DEMONSTRATOR

As a final step of this dissertation, a structured component demonstrator was fabricated
by combining the knowledge gained from the research presented in Research Papers I-IV.
The demonstrator geometry was selected to highlight the potential of wire arc additive
manufacturing to reduce the buy-to-fly ratio in the production of structured AZ61
magnesium alloy components. The selected design was inspired by an aircraft frame
component introduced earlier in the Introduction and incorporates both volumetric
and thin-walled sections, as shown in Fig. 6-1a.
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Fig. 6-1 Aircraft C-shape part: a) selected area [9] (edited), b) deposition path sketch
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The manufactured demonstrator component had overall dimensions of 180 x 180 x 50 mm
and consisted of 20 deposited layers. The geometry was produced according
to the deposition path scheme shown in Fig. 6-1b. During fabrication, differences in layer
height were observed between the volumetric and thin-walled regions. These differences
were compensated for by increasing the number of thin-walled perimeter paths.
After deposition, the demonstrator was cleaned, documented, and subsequently machined
to its final shape, as shown in Fig. 6-2.

a)

Fig. 6-2 Structured component demonstrator: a) as-fabricated, b) partially machined

The fabrication of this structured component demonstrator successfully integrated
the findings from the preceding research papers and applied them to a representative
component. The final machined part exhibited no columnar porosity or other unacceptable
internal defects, confirming the practical applicability and robustness of the developed
WADED strategies for the production of structured magnesium alloy components.
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7 CONCLUSIONS

This dissertation investigated the development of the WADED process as a manufacturing
method for structured magnesium alloy components. The scientific questions addressed the main
problems identified from the literature review. Through the presented scientific papers,
the dissertation aimed to develop a reliable and efficient manufacturing process.

Despite growing interest in wire-based additive manufacturing, the application of WADED to
magnesium alloys remains insufficiently explored. While extensive research has been conducted
on WADED of aluminium and steel alloys, only a limited number of isolated studies have
addressed magnesium alloys. Existing works typically focus on selected parameters such as wire
feed speed and travel speed, compare different process modes, develop new materials, or evaluate
corrosion behaviour, but often without addressing process stability, defect formation, thermal
management, or residual stress development. Furthermore, the fabrication of volumetric
components, which is essential for large-scale structured applications, has remained largely
unexplored. This dissertation addresses these gaps by combining process development,
numerical simulation, and experimental validation to establish a coherent workflow for WADED
processing of magnesium alloys.

The results presented in this dissertation demonstrate that reliable wire arc directed energy
deposition of magnesium alloys requires a suitable combination of fabrication parameters
and process-related factors. The initial study showed that deposition path planning significantly
affects the geometrical accuracy of thin-walled and overhanging structures, and proposed path-
planning recommendations to limit the accumulation of layer-height deviations. Although
the investigated sequencing strategies did not lead to a systematic reduction of residual stresses
for the analysed wall lengths, they proved effective in extending the limits of unsupported
overhangs. Subsequent studies identified material pretreatment, optimisation of characteristic
CMT parameters, and thermal management as key factors governing reliable WADED
processing of AZ61 magnesium alloy. These factors were shown to strongly affect process
stability, weld bead geometry, metal transfer behaviour, and defect formation. The role of thermal
management was further demonstrated through systematic variations in preheating and interpass
temperatures, revealing an influence on penetration depth, arc stability, wall geometry, residual
stress development, porosity formation, and microstructural evolution. Finally, the investigation
was extended to volumetric components. Thermal numerical simulations were used to predict
regions susceptible to grain coarsening, which were subsequently examined through targeted
microstructural analyses. The results demonstrated that local cooling rates, grain-size
distribution, and microhardness variation in volumetric components
can be effectively influenced by the applied deposition strategy. Deposition strategies
that promote a more uniform heat distribution result in a finer microstructure and improved
mechanical response.
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The presented thesis contains original results extending the knowledge in the field of wire arc
directed energy deposition of magnesium alloys. The results were confronted with previously
published studies, and the main contribution of the thesis can be summarised into the following
points:

e Deposition path planning was identified as a key design parameter influencing
geometrical accuracy. Appropriate distribution of weld start points and end points and
alternation of deposition directions significantly reduce the accumulation of layer-height
deviations and improve dimensional accuracy.

e Although the investigated sequencing strategies did not lead to a systematic reduction
in residual stresses for the tested 120 mme-long thin walls, they proved effective
in extending the limits of overhangs fabrication. Using these strategies, overhangs with
inclination angles up to 90° were successfully fabricated without support structures or
part repositioning. Fabrication without repositioning is then advantageous, especially for
large-scale manufacturing.

e Magnesium alloy filler wire surface purity, characteristic CMT parameters, and thermal
management were identified as the key factors controlling WADED process stability.
With optimised parameters, mechanical properties superior to those of cast magnesium
alloys and comparable to those achieved by LPBF were obtained.

e Increasing preheating and interpass temperatures reduces residual stresses
but simultaneously promotes grain coarsening, making temperature optimisation
essential. For AZ61 magnesium alloy, an optimised preheating and interpass temperature
of 250 °C resulted in a 40% reduction in residual stress, while maintaining sufficient grain
size.

e Preheating and interpass temperatures of 250 °C also proved favourable
for single-track geometry and porosity mitigation. Thin-walled samples produced under
these conditions achieved a relative material density of 99.98%.

e Volumetric path-planning strategies promoting uniform heat distribution reduce grain
coarsening and dimensional deviations, as confirmed by combined numerical simulations
and experimental validation. An example is the S-pattern strategy, which provides the
lowest maximum grain size and the narrowest grain-size and microhardness range,
indicating homogeneous mechanical performance.

The practical applicability of the developed WADED approaches was demonstrated through the
fabrication of a structured magnesium alloy component combining thin-wall and volumetric
structures. The manufactured component highlights the potential to reduce the buy-to-fly (BTF)
ratio significantly. At the same time, the application of deposition strategies and process
approaches reported in the presented papers is expected to ensure favourable mechanical and
material properties. Overall, this dissertation contributes to WADED processing of magnesium
alloys and provides a foundation for future research and industrial implementation of this
technology in lightweight structural applications.
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Regarding the tested hypotheses, the obtained results are summarised in the following
conclusions:

Q1: How does deposition path planning influence the geometrical accuracy and residual stress
of components fabricated by WADED?

Cla: The geometric accuracy of thin-walled samples demonstrates that the different WADED
path-planning strategies significantly influence the resulting component geometry. Deposition
strategies that redistributed or alternated weld start and end locations across the component's
height effectively mitigated excessive material accumulation and promoted a more uniform layer
height. In contrast, thin walls with a higher number of welds starting or ending repeatedly located
in layers above each other exhibited a systematic accumulation of local height deviations, leading
to pronounced geometric irregularities. A similar effect was observed in volumetric components,
where a spiral deposition trajectory with weld starts positioned in successive layers resulted
in excessive material accumulation in the central part of the sample and significant deterioration
of geometric accuracy. In deposition strategies in which the weld start and end were strategically
varied, such large geometric deviations were not observed. Thus, the H1a hypothesis was not
falsified.

Clb: Although deposition strategies employing modified welding sequences were expected
to promote a more uniform heat distribution, the measured deflections after partial cutting did
not exhibit any consistent trend indicating a reduction in residual stress levels. Possible reasons
for the absence of the expected behaviour include the inappropriate sample design or the use
of a CMT-based welding process. The original hypothesis was based on results obtained using
traditional welding methods, such as SMAW and GMAW, which are typically characterised
by higher heat input than CMT. Therefore, the use of CMT may reduce heat input to such
an extent that welding sequence strategies do not lead to further reductions in residual stresses
when fabricating this type of sample. To thoroughly verify the effect of sequence strategies
on residual stresses, it would be necessary to test a larger number of samples of various lengths.
A reduction in residual stress could be observed inlonger samples. However, based
on the presented results, the investigated WADED path planning strategies for 120 mm-long thin
walls had no observable effect on reducing residual stresses in thin-walled components.
Thus, the H1b hypothesis was falsified.
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Q2: What are key process-related factors and how they affect process stability and defect
formation during WADED of AZ61 magnesium alloy?

C2: The conducted research confirmed that the key process-related parameters for WADED
of AZ61 magnesium alloy include the appropriate setting of CMT characteristic parameters and
effective thermal management. In addition, another critical process-related factor was identified,
namely the surface purity of the filler wire. Excessive amounts of oxides or hydroxides on the
wire surface were found to adversely affect welding arc stability. Consequently, three different
wire-cleaning approaches were investigated, and the most stable process behaviour combined
with the lowest defect occurrence was achieved when the wire surface was cleaned immediately
before entering the welding source. This approach effectively limited oxide contamination,
improved arc stability, and reduced defect formation. Regarding CMT process parameters, the
welding boost phase current and its duration were found to significantly influence bead geometry,
arc stability, and droplet transfer behaviour. Improper parameter combinations led to unstable
metal transfer and increased susceptibility to porosity, whereas optimised settings enabled
astable and repeatable deposition process. Thermal management, particularly base plate
preheating and interpass temperature control, was identified as another critical factor. Increasing
the preheating temperature led to reduced porosity formation and improved melt pool stability.
By combining effective wire surface cleaning, optimised thermal conditions, and appropriately
selected CMT parameters, reliable WADED fabrication of AZ61 magnesium alloy components
was achieved, with relative material density reaching 99.98%. Thus, the second hypothesis was
not falsified.

Q3: How do thermal management strategies affect the development of microstructure
and residual stresses during WADED of AZ61 magnesium alloy components?

C3: During the fabrication of volumetric components, heat accumulation and regions
with reduced cooling rates were found to promote grain coarsening, potentially degrading
mechanical performance. Grain-size analysis of volumetric samples confirmed
that the deposition strategy notably influences microstructural evolution. Strategies such
as the S-pattern, which provide a more uniform heat distribution, resulted in the lowest maximum
grain size and the narrowest grain-size range (26.32—44.71 um). The results confirmed
the expected trend that increasing the base-material preheating and interpass temperatures
reduces residual stresses while promoting grain growth in thin-walled samples. Preheating
and interpass temperatures of 250 °C were identified asoptimal, providing a balanced
compromise between residual stress mitigation and microstructural coarsening. At this
temperature, the base material deflection, used as an indicator of residual stress level,
was reduced by approximately 40%. At the same time, the grain size in coarse-grained regions
increased from 19.2 to 26.9 um. This grain size remains acceptable, as it corresponds to the lower
bound of grain-size range observed involumetric WADED-fabricated components.
Thus, the third hypothesis was not falsified.
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ABSTRACT

Wire arc directed energy deposition (WADED) represents a promising additive manufacturing
technology for the fabrication of large-scale lightweight structural components. A limited
understanding of deposition strategies, process stability, and thermal management has restricted
the wider application of WADED for magnesium alloys. This dissertation focuses on WADED
processing of the AZ61 magnesium alloy to improve geometrical accuracy, process stability, and
material microstructural while mitigating residual stresses. The research systematically
investigates the influence of deposition path planning, cold metal transfer (CMT) characteristic
parameters, and thermal management strategies on bead geometry, microstructural evolution,
and residual stress development. Particular attention is paid to characteristic structural features,
including thin walls, overhangs, and volumetric components. The results demonstrate that
appropriate path-planning strategies can significantly reduce geometric deviations in thin walls
and volumetric components. Furthermore, the study shows that individual CMT characteristic
parameters strongly influence metal transfer behaviour and process stability, highlighting the
need for their systematic optimisation. Thermal management strategies, including preheating and
interpass temperature control, are shown to reduce residual stresses while simultaneously
promoting grain coarsening. Therefore, it is necessary to identify an optimal compromise
between microstructural refinement and residual stress reduction. The outcomes of this work
contribute to a deeper understanding of WADED processing of AZ magnesium alloys and
provide practical guidelines for improving process robustness and component quality.

ABSTRAKT

Technologie WADED (wire arc directed energy deposition) piedstavuje perspektivni metodu
aditivni vyroby pro produkci rozmérnych lehkych konstrukénich soucasti.. Omezené porozuméni
planovani trajektorii, stabilité procesu a fizeni tepelné distribuce dosud branilo SirSimu uplatnéni
technologie WADED pro hoic¢ikové slitiny. Tato disertaéni prace se zamétuje na zpracovani
hot¢ikovée slitiny AZ61 technologii WADED s cilem zlepSit geometrickou piesnost, stabilitu
procesu a mikrostrukturu materialu pfi sou¢asném omezeni vzniku zbytkovych napéti. Vyzkum
systematicky analyzuje vliv planovani trajektorii navarovani, charakteristickych parametra
procesu CMT (cold metal transfer), strategii fizeni tepelné distribuce na geometrii navaru, vyvoj
mikrostruktury a vznik zbytkovych napéti. Zvlastni pozornost je vénovana charakteristickym
dil¢im prvkim strojnich soucdsti, mezi néz patii tenkosténné struktury, pievisy a objemové
komponenty. Vysledky ukazuji, Ze vhodné zvolené strategie planovani trajektorie mohou
vyznamné snizit geometrické odchylky u tenkosténnych i objemovych dili. Prace dale
prokazuje, ze jednotlivé charakteristické parametry CMT maji zésadni vliv na chovani pfenosu
kovu a stabilitu procesu, coz zduraziiuje potiebu jejich systematické optimalizace. Strategie
fizeni tepelné distribuce, véetné predehievu a kontroly teploty mezi jednotlivymi vrstvami,
vedou ke sniZeni zbytkovych napéti, av§ak soucasné podporuji hrubnuti zrna. Z tohoto diivodu
je nutné nalézt vhodny kompromis mezi zjemnénim mikrostruktury a redukci zbytkovych napéti.
Vysledky této prace ptispivaji k hlubSimu porozuméni zpracovani hoi¢ikovych slitin AZ série
technologii WADED a poskytuji praktickd doporuceni pro zlepSeni robustnosti procesu a kvality
vyrabénych component.
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