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Featured Application: Wire Arc Additive Manufacturing (WAAM).

Abstract: Wire arc additive manufacturing is currently rising as the main focus of research groups
around the world. This is directly visible in the huge number of new papers published in recent
years concerning a lot of different topics. This review is intended to give a proper summary of the
international state of research in the area of wire arc additive manufacturing. The addressed topics in
this review include but are not limited to materials (e.g., steels, aluminum, copper and titanium),
the processes and methods of WAAM, process surveillance and the path planning and modeling of
WAAM. The consolidation of the findings of various authors into a unified picture is a core aspect of
this review. Furthermore, it intends to identify areas in which work is missing and how different
topics can be synergetically combined. A critical evaluation of the presented research with a focus on
commonly known mechanisms in welding research and without a focus on additive manufacturing
will complete the review.

Keywords: wire arc additive manufacturing; welding; steel; aluminum; titanium; nickel; magnesium;
copper; path planning; process surveillance; multi-material; intermetallic

1. Introduction and Overview

At present, additive manufacturing is the focus of industry and research due to a large
number of new developments in the processes and systems. This is further strengthened
by the general trend toward resource efficiency, as additive manufacturing processes offer
the possibility of near net shape or net shape production. Particularly for cost-intensive
materials like titanium or tungsten, additive manufacturing can be the manufacturing
process of choice. The main factors influencing the selection of the additive manufacturing
process are the complexity and resolution that can be achieved, as well as the deposition
rate and component size, Figure 1 [1]. Furthermore, additive manufacturing grants a
lot more degrees of freedom for the product design than conventional manufacturing
processes [2] and opens up the possibility of load optimized design [3]. One promising
additive manufacturing process area is wire arc additive manufacturing (WAAM), where an
electric arc in combination with a wire as deposition material is utilized for manufacturing.
This process is part of the direct energy deposition (DED) manufacturing, which includes,
for example, laser cladding. In 2020, direct energy deposition technologies represented 16%
of the additive manufacturing used in the market [4].

In comparison with other additive manufacturing processes for metals, WAAM has
smaller cooling rates and a higher heat input [5]. This is beneficial for most commercially
available materials. Furthermore, the deposition rates and the part size can be greater
through the reduced complexity and surface quality of the part in comparison with powder
bed-based additive manufacturing processes (Figure 1). WAAM is the collective term
for all wire-based additive manufacturing processes using arc welding. Due to the long
research in arc welding for surfacing and joint welding, the knowledge of the material

Appl. Sci. 2021, 11, 8619. https://doi.org/10.3390/app11188619 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app11188619
https://doi.org/10.3390/app11188619
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11188619
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11188619?type=check_update&version=2


Appl. Sci. 2021, 11, 8619 2 of 54

and process behavior is widespread, and the known fundamentals can be transferred [6,7].
The difference between normal joint welding with arc welding processes and additive
manufacturing was nicely illustrated by Mohebbi et al., Cunningham et al. and others, and
it can be summarized as a difference in the thermal conduction of the material [7–9].

Figure 1. Comparison between wire-based and powder bed-based additive manufacturing [1].

In joint welding, the thermal conductivity takes place in more dimensions (Figure 2a)
than in WAAM processes, where the heat has to be deduced, in most cases, in one direction:
to bottom of the part (Figure 2b).

Figure 2. Heat transfer in joint welding and WAAM [8]. (a) thermal conductivity takes place in more dimensions; (b) thermal
conductivity takes place in one direction.

Furthermore, thanks to new developments in the robotics. computer-aided design
and manufacturing along with new welding processes and process control possibilities,
WAAM is more promising now than it was in the 1970s and 1980s, when WAAM was
called “shape welding” (in German: “Formgebendes Schweißen”) and was performed for
large parts [10].

Figure 3 shows a large piece of equipment for shape welding up to 80 t on the left and
a shape welded reservoir on the right side, which showed superior material properties in
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comparison with normal manufacturing processes of this time [11]. Furthermore, the first
trials of shape welding were carried out in the 1930s [11]. Nevertheless, this manufacturing
process has had its niche market throughout the last few decades.

Figure 3. (Left) Welding equipment for shape welding up to 80 t (Thyssen factory picture) [11]. (Right) Shape welded
reservoir of 72 t. Material: 10MnMoNi55 (Thyssen factory picture) [11].

Today, the variety of manufactured and tested parts has increased. Figure 4 shows
two different parts which have been tested for use in the industry. On the left is a ship pro-
peller, and on the right are Pelton turbines for waterpower plants shown. The bandwidth
of different applications and different used materials is currently being exaggerated by
different working groups for uses such as naval applications [12].

Figure 4. (Left) WAAM-manufactured propeller (Ramlab) (Right) WAAM-manufactured water turbine blades
(Hydroworld) [13].

Figure 5 shows the first WAAM-made bridge realized in four parts and combined
with non-welded parts [14]. It has a weight of 7.8 t and a welded weight of 4.6 t.
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Figure 5. WAAM made bridge [14].

The bridge shows the possibility of organic-looking parts nicely, which usually are
not easy to manufacture with conventional manufacturing processes. To utilize this, new
design rules are currently being developed [15] and implemented in teaching at universities
around the world. Greer et al. showed an example of the utilization of new design rules
for a part of a crane arm [15] with less weight than a conventionally manufactured part.
Kulikov et al. showed the possibility to manufacture compressor impellers with WAAM
and described the whole process chain and the benefit of WAAM in comparison with
conventional impeller manufacturing in a decent way [16]. In addition, Bergmann et al.
showed this for the manufacturing of a steel knot for construction applications [17].

The advantages of WAAM in comparison with other additive manufacturing pro-
cesses have been evaluated by Panchenko et al. and are shown in a well-arranged diagram
in Figure 6 [18]. Roy et al. stated that the crucial advantages of wire arc additive manufac-
turing are a shortened lead time, less material waste, improved functionality, customized
tooling for lower volume parts and the possibility of multi-material design [19].

Figure 6. Advantages of WAAM and other additive manufacturing processes [18].
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WAAM is not only used for the manufacturing of new parts; it also can be used
for the modification or repurposing of existing parts. One example for modifications is
given by Josten and Höfemann for the reinforcement of car parts [20], and one example
study on the repurposing of steel parts was conducted by van Le et al. [21]. Furthermore,
WAAM can be used for the localized repair of molds and other parts, like Wu et al. showed
exemplarily [22] and Li et al. demonstrated with the repair of a sprocket [23].

The previous examples illustrate the variety of possible applications of wire arc ad-
ditive manufacturing. Nevertheless, the wide range of different applications, processes,
materials and used surrounding technologies, such as path planning software and process
surveillance methods, are presented in a very specific way, and each focus on an interest-
ing part of the WAAM process, but a general consolidation of the knowledge is missing.
Therefore, this review has two objectives. First, it is intended to provide an overview of
the international research activities in the field of WAAM, and secondly, it is intended to
summarize and evaluate the results achieved and point out where there is a demand for
further intensive research. The review is divided into two big parts. The first will focus on
the materials, welding process, methods and strategies for welding arc additive manufac-
turing. The second part will focus on the modeling of welding arc additive manufacturing
processes. Modeling is the key to achieve the best possible additive-manufactured parts,
aside from a deep understanding of the welding processes and a closed loop process of
surveillance and control. This paper will be concluded by the identification of future
research interests.

A common method for how additive manufacturing with welding processes is con-
ducted these days is described by Kulikov in [24]. First, the CAD model is drawn. Second,
the path planning with the related parameters of the welding process will be performed,
and afterward, the welding itself will be performed, in most cases, with a welding robot.

Figure 7 shows a basic process chain for WAAM-made parts, from the product devel-
opments and simulation drawn along the information flow to the manufacturing process
(e.g., welding), followed by process surveillance and the application along the material
flow. Between all steps of the process chain, interactions can be seen. The key for nearly all
WAAM-made parts is the parts’ properties, especially when the parts are designed for struc-
tural applications. In each step, different methods can be used. While welding, the welding
process and the cooling or geometry can be observed and controlled in a closed loop.
Figure 8 shows the detailed process path of WAAM parts exemplarily. In the presented
literature, the tendency towards closed loop control of the weld bead and material property
orientated path planning is visible [25,26]. A material property-oriented closed control loop
has been achieved for other additive manufacturing [27], which is easier to oversee due to
the missing broadband emissions from the metallic/gas arc plasma. Furthermore, active
cooling of the part and other methods are focused on influencing the important thermal
management of the manufacturing process [28]. Optional post-processing like machining
and heat treatment can be conducted accordingly.

The main working groups that focus on wire arc additive manufacturing were given
by Jin et al. and can be expandedwith other working groups which published WAAM
related research recently (Table 1) [30]. Liu et al. gave a good overview of the working
groups working in China for WAAM [31].
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Figure 7. Process chain for WAAM [1].

Figure 8. Process path for WAAM (modified, based on [29]).
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Table 1. Main research groups working on WAAM (modified) [30].

County Research Groups Synonyms of Wire Arc Additive
Manufacturing (WAAM) Reference

United States
Southern Methodist University Rapid prototyping (RP) based on gas

tungsten arc welding (GTAW) [32]

Tufts University Near net shape manufacturing [33]

South Korea Korea Institute of Science and
Technology 3D welding [34]

Japan Osaka University 3D micro welding [35]

United Kingdom

University of Sheffield Shaped metal deposition [36]

Cranfield University Wire and arc additive manufacturing
(WAAM) [37,38]

University of Manchester Wire and arc additive manufacturing
(WAAM) [39]

Coventry University Wire and arc additive manufacturing
(WAAM) [40,41]

University of Bath Wire and arc additive manufacturing
(WAAM) [9,42]

University of Wales Swansea Shaped metal deposition [43]

China

Harbin Institute of Technology GMAW-based rapid manufacturing [44]
Xi An Jiao Tong University MPAW-based rapid prototyping [45]

Shanghai Jiao Tong University Wire arc additive manufacturing
(WAAM) [46]

Foshan University Wire arc additive manufacturing
(WAAM) [22]

School of Mechanical and
Vehicular Engineering, Beijing
Institute of Technology

Wire and arc additive manufacturing
(WAAM) [47]

India
Indian Institute of Technology Hybrid layered manufacturing [48]
Birla Institute
of Technology and Science

GTAW welding-based additive
manufacturing [49]

Australia University of Wollongong Wire arc additive manufacturing
(WAAM) [50,51]

Germany

Clausthal University of
Technology

Wire arc additive manufacturing
(WAAM) [52,53]

Ilmenau University of Technology Wire arc additive manufacturing
(WAAM) [54,55]

Chemnitz University of
Technology and TU Munich
University of Technology

Wire arc additive manufacturing
(WAAM) [56,57]

Braunschweig University of
Technology

Wire arc additive manufacturing
(WAAM) [58]

Brandenburg University of
Technology Cottbus-Senftenberg

Wire arc additive manufacturing
(WAAM) [59]

RWTH Aachen Wire arc additive manufacturing
(WAAM) [60,61]

Austria Graz University of Technology Wire arc additive manufacturing
(WAAM) [62]

Italy University of Bologna Wire arc additive manufacturing
(WAAM) [63–65]

2. Materials, Processes and Methods

The key to understanding wire arc additive manufacturing is deep knowledge of
the used welding processes. Basically, all welding processes are suitable for additive
manufacturing and are scientifically well understood. The differences between additive
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manufacturing and joint welding are based on the differences in the thermal conductivity,
which is significantly lower for thin-walled structures. This makes thermal management
the key factor to achieve the desired part geometry and material properties and influences
the choice of the used welding process.

In the following, the used processes for WAAM are described regarding additive
manufacturing-related issues. After that process-surveillance and control methods will
be summarized, followed by the major process-dependent key factor in wire arc additive
manufacturing: the path planning. This is the key factor in thermal management to build
a geometrically correct part with the desired material properties. The subsection will be
concluded with a summary of the research carried out for various materials.

2.1. Processes

The newly increasing interest in WAAM is based on the advances in robotic control
and modern electronic control circuits for welding machines. They made modern controlled
short arc welding processes with reduced energy input possible and very stable. The most
known modified short arc process, “cold metal transfer” (CMT) [66], has been developed
by the company “Fronius” and is the most used process for WAAM based on gas metal arc
welding (GMAW) in the literature. Furthermore, for controlled short arcs, the intention to
lower the heat input is the focus of some research, increasing the potential applications [67].
Aside from the common gas metal arc welding processes, tungsten inert gas (TIG) welding
processes or plasma welding processes have been used due to the separation of energy
and mass input. Aside from standard welding processes, the combination of welding
processes with others (e.g., laser-assisted welding) or with forming processes have been
attempted as well. In the following, each of the most commonly used welding processes
and their process behavior in welding arc additive manufacturing will be described. The
basic literature about welding (e.g., [11] and Ugla et al. [68]) gives a good overview of the
used welding processes.

2.1.1. Tungsten Inert Gas Welding (TIG Welding)

One of the most used manufacturing processes for wire arc additive manufacturing is
tungsten inert gas (TIG) welding [49,69,70]. The benefit of the TIG process is the possible
separation between the filler and energy input in certain ranges and the possibility to
use more than one wire in the same process. Therefore, the separate wire feed leads to
difficulties when changing the welding directions, because the wire feeder has to change
the working position. Furthermore, while using the TIG welding process, the melt pool’s
shape can be influenced due to different process values and the use of a pulsed welding
process. Benakis et al. showed that a slow and inter-pulsed TIG welding process has a
good melt pool shape for additive manufacturing [70]. Dinovitzer et al. showed that the
process values have a significant influence on the melt pool shape as well [69].

The effects of the AC-TIG and pulse TIG welding processes are also under investi-
gation [71], and it was shown by Ayarkwa that the percentage of the electropositive time
cycle of an ACTIG welding process has a significant influence on the microstructure, oxide
removal for welding aluminum and the weld bead shape. The process can be beneficially
influenced by using the hot wire technique [72]. Furthermore, the usage of magnetic arc
oscillation longitudinal to the welding direction can influence the weld seam’s width and
reduce the variation in width for thin-walled structures [73,74].

2.1.2. Plasma Arc Welding

Plasma arc welding processes can also be used for additive manufacturing with
powder or wire as a filler. One of the variants of the process is plasma transferred arc
welding (PTAW). One very simple approach for additive manufacturing—multi-layer
surfacing or cladding—has been performed for decades with this process. This process
is also able to separate the energy input and the material flow from the filler like TIG
welding, and it is applicable for different materials (e.g., steel and co-base alloys) [57,75].
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Alaluss and Mayr identified the occurring distortion as a core problem of welding-based
additive manufacturing and for additive manufacturing with plasma welding as well, and
they implemented mechanical rolling to overcome this issue [57]. Aside from the standard
variant of PTAW, µPTAW has been used for additive manufacturing as well [45,75]. This
shows the wide range of applications for this process. Like in other welding processes,
the droplet transfer mode changes with the welding-related process values and can be
divided into three different transition modes regarding the frequency and stability of
droplet transfer [76,77].

2.1.3. Gas Metal Arc Welding

Gas metal arc welding is one of the most commonly used welding processes for
WAAM and has been used for many decades in surfacing, cladding and additive manu-
facturing. In recent years, the development of new control systems for arc welding power
sources has enabled the development of new welding process variants, such as controlled
short arc and controlled spray arc processes. Modern controlled short arc welding processes
in particular are used for additive manufacturing due to the reduced energy input they
provide in comparison with conventional uncontrolled short arc processes [78,79]. Further-
more, these controlled short arc welding processes can be exaggerated by innovative wire
feed control to achieve different droplet detachment [78,79].

Due to the high achievable energy input with current welding machines, high through-
put additive manufacturing processes can be achieved and are currently under investi-
gation [80]. Han et al. showed that an additive manufacturing with a modified GMA
welding process can have a material deposition rate up to 4.71 kg/h [80]. Another method
to increase the mass of the deposited material is to use multi-wire processes [81]. Due
to the changed energy input, the material behavior of the finished parts differs between
the single-wire and multi-wire processes [44,81]. One critical point for additive manufac-
turing with the GMA welding process is the movement of the wire tip and the resulting
geometrical inaccuracy [82].

On the basis of commonly buyable welding machines, different manufacturing sys-
tems have been developed [83] and are sold by various companies. Commonly used
welding robots can be easily adopted for additive manufacturing.

2.1.4. Submerged Arc Welding

The submerged arc welding process can be used for additive manufacturing as
well [84], but the positioning of the flux limits the flexibility of submerged arc welding for
additive manufacturing.

2.1.5. Skeleton Arc Welding

A special variant of wire arc additive manufacturing is skeleton arc additive manu-
facturing (Figure 9) [85–88]. Here, the part will be built by single dots of material. This
method opens the possibility to create skeleton-like structures in nearly every shape. These
skeleton structures can be used to push lightweight load path-oriented design into additive
manufacturing [89] and are able to create bionic-like structures easily. Laghi et al. realized
the creation of diagrid columns with this technique [65]. For skeleton arc welding, desig-
nated welding path planning needs to be performed. Yu et al. demonstrated how such a
path planning method can be developed and used [90]. The basic limitations for the path
planning are the geometrical ones from the manufacturing system that limit the number of
possible paths and the geometrical complexity of the parts. Silvestru et al. developed an
elastic-plastic material model for skeleton arc-welded low-alloy steels [91].
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Figure 9. An example of skeleton WAAM [87].

2.1.6. Cross-Process Developments

The influence of a different process environment while welding for joint welding
and WAAM is under investigation as well. Most of the found influences on the process,
such as the microstructure and mechanical properties, are easily adoptable between both
manufacturing variants. A good overview of the current state of hybrid manufacturing
processes in combination with additive manufacturing processes is given by Pragana
et al. [92], and the occurring physical effects are summarized by Webster et al. [93].

Influence of Shielding Gases

The influence of different shielding gases on welding processes is commonly known.
The occurring effects of different shielding gases can be easily adopted to wire arc additive
manufacturing, but the purpose might differ. While deep penetration of the weld metal
can be beneficial for joint welding and can be supported by a shielding gas, in additive
manufacturing, for shallow penetration, a higher build up can be desired, and the shielding
gas needs to be chosen for this purpose. Silwal et al., for example, studied the influence
of different CO2 contents on the additive manufacturing of low-alloy steel [94]. They
found that an increased CO2 content led to a lowered layer height and higher meld pool
surface temperatures, but it had little influence on the strength and toughness of the used
material [94].

Da Silva et al. described the influence of O2 on arc wandering in WAAM of aluminum
alloys. They found that the addition of up to 200 ppm of oxygen had no impact on the arc
behavior, and the addition of up to 20.000 ppm of oxygen led to the significant formation
of oxides on the weld metal surface [95].

Laser-Assisted Welding

Laser-assisted welding differs from laser hybrid welding and typically uses a laser
power less than 1 kW and has some known benefits, like possible geometrical control of the
weld seam with the laser’s position [96]. Pre-ionization of the laser can be used to direct
the arc in a certain direction. For metal inert gas (MIG) welding, stabilization of the arc is
also proposed. For additive manufacturing, Zhang et al. showed that an additional laser
led to a reduction in the width of an aluminum wall and a higher layer height in certain
ranges. Furthermore, the surface quality could be improved [97].
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Combined Rolling and Additive Manufacturing Processes

The combination of different additive and forming manufacturing processes can
improve the microstructure and mechanical properties of additive-manufactured parts.
Basically, two different forming processes are currently being investigated deeply. The first
group is a combination of a WAAM process with a rolling process [98–102]. Here, forming-
induced recrystallization takes place, and a finer and tougher microstructure with increased
strength can be created. Hönnige et al. realized strong recrystallization and mitigated
columnar grain growth [103]. Colegrove et al. showed that the application of rolling can
lead to significant grain refinement and a reduction in welding-related residual stresses,
depending on the rolling direction [101]. These results are supported by the findings of
Tangestani et al. [104], who showed that a vertical rolling process can increase the beneficial
comprehensive residual stresses in a WAAM part with an FEM model validated with
experimental results. Furthermore, Dirisu et al. showed that additional rolling can have a
beneficial influence on the fatigue performance of WAAM-made parts [102], and Parvaresh
et al. showed that cold working has a beneficial influence on the materials’ strength [105].

Figure 10 shows different possible rolling methods. Colegrove et al. stated that
rolling processes with the prevention of lateral deformation have the greatest influence
on the residual stresses and have been applied for titanium-based alloys and aluminum-
based alloys successfully [101]. Basically, ally processes that increase a weld’s mechanical
properties, like high-frequency impact treatment or shot peening, should improve the
properties of WAAM-made parts as well. Shirizly et al. showed for different materials that
a combined additive and forming process for tubes can be realized [106].

Figure 10. Schematics of possible rolling methods: (a) vertical with a profiled roller; (b) in situ rolling;
(c) pinch rolling and (d) rolling with an inverted profile roller [101].

A comparable effect to additional rolling can be achieved due to other forming-based
processes, like hammer peening and shot peening [107].

For the second process group for a combined process of forming and WAAM [108],
Pragana et al. showed that subsequent additive manufacturing, milling and forming is
possible and can be realized in one hybrid manufacturing machine [108].

Combined Machining, Heat Treatments and Additive Manufacturing Processes

For the combination of WAAM and machining, optimization of the process control
and process values for the milling process is crucial for thin-walled parts as well [109].
Grossi et al. developed a method that allowed for adjusting the machining parameters to
avoid resonance in the work piece [109]. An overview of the main challenges of hybrid
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additive and subtractive manufacturing is given by Dávila et al. [110]. They summarized
the necessary post-processing to overcome the limitations of DED processes in Figure 11.
The reduction of pores in WAAM is mostly necessary for aluminum.

Figure 11. Post-processing techniques used to overcome the limitations of parts fabricated by direct
energy deposition (DED) [110].

Furthermore, they derived the gains and challenges of hybrid manufacturing (Figure 12).
The challenges and the needed post-processing contend that further research in the field
of additive manufacturing needs a holistic approach for a better understanding of the
interdependencies between additive manufacturing, post-processing and the built parts’
service properties, which need to be addressed through real-time monitoring (process
surveillance), process planning (material-oriented path planning) and deep knowledge of
the relationships between the deposition process and the deposited material.

Figure 12. Hybrid manufacturing gains and challenges. IoT = Internet of things; CPSs = cyber-physical systems [110].



Appl. Sci. 2021, 11, 8619 13 of 54

Fuchs et al. showed that a basic machinability is given for WAAM-made parts, and
they derived a model for acceptable surface waviness [111]. Montevecchi et al. showed
that additive-manufactured parts lead to increased cutting forces in a subsequent machin-
ing process due to the higher hardness of the material. To reduce the effect of harder
machinability, modern machining processes can be used to achieve good machinability
and a good surface morphology. For example, Schroepfer et al. showed that the usage
of advanced subsequent milling processes for WAAM-made parts can be beneficial [112].
Further information on this topic is given in the nickel-based alloy section of this paper.
To reduce the need for subsequent machining, the influence of an unmachined surface
especially needs to be considered for fatigue, and Bartsch et al. derived a suggestion
for implementing the rough surfaces of WAAM parts into DIE EN 1993-1-9 “Eurocode 3:
Design of steel structures-Part 1–9: Fatigue” [113,114].

2.1.7. WAAM Process-Specific Challenges

The WAAM process has very specific challenges which need to be mastered for defect-
free and geometrically correct manufacturing of the part. Three of them are the prediction
of the layer height in the path planning, the distance between the welding beads and the
direction and order of the single beads. Commonly, the choice of welding parameters is
made by trial and error, but as the state of the art advances, the prediction of welding
parameters becomes more and more model-based (Figure 13) [115].

Figure 13. Parameter determination in welding arc additive manufacturing [116].

Hu et al. showed the classical and more knowledge-based way for the determination
of the welding parameters, and they derived a model to determine the distance of the
weld beads [115,116]. This model shows that an optimal distance between the weld seams
lays in the region of 0.63–0.77 times the weld bead’s width. This correlates with the
commonly known distances of multi-run welds, where the new weld seam is set into the
notch between the previous weld seam and the substrate. The proposed models need to be
modified for each combination of filler and shielding gas. A similar approach was taken by
Plangger et al. [62] and Xia et al. [117] with comparable results. Due to process-imminent
surroundings, the order and direction of the welding process has a great influence on the
geometrical correctness of the part. An alternating strategy has shown the geometrical
best practice [118]. A more detailed description of the challenges regarding adequate path
planning can be found in Section 2.2.

The energy input is, like for welding in general, the key point for achieving certain
properties and a proper part. In welding, the energy per unit length is considered a
sufficient value to describe most phenomena. This has been transferred to WAAM as well
from many working groups. However, this approach can be modified to suit the needs
of additive manufacturing with a more desired material build. Here, volumetric energy
density or volumetric energy was introduced by Lu et al. [119].
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Another critical point in wire arc additive manufacturing is a phenomenon called
humping [120]. This phenomenon is known from high-speed welding, and Soderstrom
and Mendez showed that the effect occurs due to the momentum of the back flow of
the melt and that the effect limits the range of usable welding travel speeds [121]. For
wire arc additive manufacturing with GMAW, the starting point when humping occurs
is determined by the wire feed speed and the travel speed of the torch. For a common
CMT process, Adebayo et al. showed that the maximum travel speed without humping
is around 60 cm/min [120]. Dinovitzer et al. observed the humping for the TIG welding
process [69], as did Jia et al. [77]. To overcome this issue, the travel speed, energy input and
filler feed rate need to be balanced with each other in a certain range. Xu et al. developed a
shape-driven control of the layer height to overcome uneven substrates or uneven previous
welding paths [122]. They chose the deposition rate as the signal and the travel speed as
the variable value.

The layer height and layer width are directly related to the welding process condi-
tions [123]. Cui et al. proposed a mixed heat input (MHI) strategy to overcome geometrical
and microstructural imperfections [123]. Aside from the heat input, the temperature of the
substrate and additional heating or cooling of it will influence the shape of the weld bead
as well, as Gudur et al. showed [124].

For automated manufacturing with WAAM, a suitable process of surveillance and
control is needed to maintain all relevant parameters in a certain range and overcome
any faults.

2.2. Processsurveillance and Control

To maintain the desired process behavior for the building process and keep a desired
geometry, surveillance of the welding process can be a crucial part. Some working groups
have established a multi-sensor framework for process surveillance [125–127]. Optical
observations are one core point in the research [128]. Zhan et al. showed that optical
surveillance of the wire tip and the wire tip deviation is possible [82]. The occurring
deviation of the wire tip can lead to incorrect geometry of the part and internal faults. This
deviation occurs due to the winding of the filler material onto a spool or into a barrel.
To achieve the best winding, pre-stress is applied, which is released during the welding
process. In addition, the winding causes a deformation of the wire which supports the
deviation phenomena. In some automated welding processes, wire straightening showed
beneficial effects [82].

Due to the comparison to other additive manufacturing processes with high energy
input, one critical point for the manufacturing of large parts is the accumulation of heat.
This accumulation leads to a loss of geometrical corrections and to a change in the mechan-
ical properties. One way to overcome this problem is to introduce waiting times in the
manufacturing process. Due to, in most cases, limited thermal conductivity of the welded
parts, the waiting times increase with the build height. The second option is active cooling
of the part due to the manufacturing process. The influence of external cooling on the
properties and the surface of WAAM parts is currently under investigation [28,61,129,130].
Hackenhaar et al. integrated an active air cooling in the manufacturing process and showed
that this can lead to a significant decrease in thermal accumulation and a decreased sub-
strate temperature [129]. Furthermore, they integrated this into a numerical model [130].
Reisgen et al. showed that, in addition, the usage of a water bath or an aerosol can increase
the cooling rate in comparison with active air cooling. However, they stated that in the
case of a water bath, handling of the part during manufacturing is more difficult [61].

In welding technology, a basic way to achieve certain weld properties is to maintain
the interlayer temperatures in multi-run welds. This method can be adopted in additive
manufacturing as well and leads to the development of a WAAM system with interpass
temperature control (such as in Kozamernik et al. [131]).

One modern method of process surveillance is automated detection of the weld pool
geometry and extending this to monitor the cooling conditions. This can be achieved with
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two different approaches. First, the surveillance can be carried out by a couple of cameras,
including process and material-dependent filters, as was described by Richter et al. in [26],
Halisch in [132] and others in [127,133–135]. In most cases, conventional CCD cameras or
similar cameras are used and will be overexposed to light emitted by the welding process.
Therefore, suitable filters need to be used.

Richter et al. showed the identification of possible filters for a low-alloy steel and
an M21 shielding gas on a partial spectrum of the emitted light (Figure 14) [26]. Fur-
thermore, they showed that two camera differential methods can lead to proper thermal
measurements. Figure 15 shows the calculated results for their setup exemplary.

Figure 14. Partial spectrum from 600 nm to 900 nm of arc plasma with the selected band passes
plotted [26].

Figure 15. Calculated temperature distribution in the weld seam [26].

Hallish et al. used a high dynamic range two-colored pyrometric camera for the mea-
surement of the melt pool temperature of a titanium alloy during additive manufacturing
and used a scanned spectrum of the light emitted from the process to identify a suitable
filter [132]. Xia et al. measured the melt pool width using a mask R-CNN-based welding
image technique [136]. Wang et al. showed that an optical surveillance system can be used
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to predict the weld layer height [137], and Xiong et al. showed that optical surveillance of
the layer height of the previous layer and current layer can improve the process stability
of the WAAM process [138]. Carter et al. used an IR camera to enhance the quality of a
WAAM part [139].

Aside from the identification of a suitable filter for thermal measurement, the spectrum
of emitted light can also be used for process surveillance itself. Zhang et al. has shown
that process surveillance by optical emission spectroscopy is possible [127,140], as have
others [141]. Guo et al. used the emitted spectrum for quality control assessment [127,141].
Zhang et al. showed that there is a correlation between the spectral intensity or electron
density with the width of the deposited layers [140]. Reisch et al. developed a multivariate
monitoring framework for WAAM using a robotic system. They used current and voltage
surveillance alongside a wire feed monitor, gas flow sensor, welding cam, profile scanner,
spectrometer, pyrometer, thermal imaging and acoustic surveillance [142]. The usage of
artificial intelligence methods, like neural networks, to establish a real-time multi-parameter
control has been shown to be beneficial [143].

Process surveillance needs to always be integrated in a certain control loop when
its purpose should overcome scientific interest. In Figure 8, a closed loop control and
material properties-oriented control loop for wire arc additive manufacturing is proposed.
One approach has been created by Xiong et al. for the control of the weld seam width
using a controlled travel speed with disturbances in the deposition current and the inter-
layer temperature [144]. Another approach was conceived by Li et al. to realize closed
loop control of the forming geometry by fuzzy logic [145] and by Xiong et al. for layer
flatness [138].

2.3. Path Planning and Building Strategies

Path planning and building strategies have a significant impact on the geometrical
correctness and thermal management in wire arc additive manufacturing, as well as
reducing residual stresses and distortion [146]. The thermal conditions have a direct
impact on the microstructure and mechanical properties of the manufactured part. This
has been shown by various working groups. For example, Plangger et al. showed for high-
strength steel that the distance between welding paths has a direct influence on the building
heights [62]. Therefore, Xia et al. identified the path planning and building strategies as
the main challenges in wire arc additive manufacturing [147]. To overcome this issue,
different approaches have been created to figure out how process parameters like the wire
feed speed, travel speed and others influence the weld bead width and height and make
them controllable [51,62,117]. Fang et al. developed a prediction model for the weld seam
width and height on the basis of the dynamic response of a WAAM process [148]. These
approaches to make the necessary building height for each layer and the path distance
predictable are necessary for further path planning. The general adaption of layer heights
and layer widths is shown in Figure 13. A common way that the deposition parameter for
the different processes could be identified was described by Dahat et al. [149]. Based on
these process-related parameters, different path planning strategies for various applications
are currently being investigated [50,59,150–171]. Ding et al. proposed path planning based
on medial axis transformations, with good results for a fully filled part without a significant
amount of defects [150]. Michel et al. showed that division of the part into different zones
can be beneficial for path planning [151]. Xiong et al. presented a holistic and data-centric
approach through a knowledge base to achieve a welding path plan [152]. Li et al. pointed
out that lateral extensions are a critical point and have a significant possibility to generate
failures, and they developed a strategy to realize lateral extensions [172].

Aside from the normal geometric aspects of path planning, the thermal history is
the second key to reach the proposed material properties, and this in conjunction with
adequate process surveillance can lead to material property-oriented path planning, which
is supposed in Figure 8. The thermal history, on one hand, has an influence on the welding-
related residual stresses and the distortion of the part, and on the other hand, the thermal
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history has an influence on the microstructure of the material. Both aspects need to be
taken into account for a material property-oriented path planning.

The influence of the path planning strategy on the residual stresses has been studied
as well [173]. Zhang et al. showed that the path planning strategy has a direct influence
on the residual stress distribution and identified the distance between single welding
passes as the key point for accumulation of residual stresses [173]. The occurrence of
residual stresses and distortion of welded parts is closely related to the obstruction of
thermal expansion and constrictions. If the occurring stresses exceed the yield strength, the
material will react and result in geometrical distortion. The distortion of WAAM-generated
parts due to welding-related residual stresses has been investigated by Park et al. [174].
They studied the angular distortion of various materials with bead on-plate welds and
transferred their results to a finite element model (FEM). Furthermore, they focused on
the relationship between characteristic material properties like the yield strength, Young’s
modulus and thermal expansion coefficient [174]. However, it is important to state that
the Young’s modulus and yield strength at elevated temperatures need to be taken into
account for better correlation. A deeper look at material property-oriented path planning
reveals a multi-criteria issue which needs to be solved properly and in an efficient time
period. One promising approach is the usage of a state-of-research solver for common
(now WAAM-related) path planning problems as shown in [25] by Ehlers et al. Here, a
modern Hamiltonian solver-based approach integrates the cooling conditions into material
property-orientated path planning. Aside from material property-orientated path planning,
different filling and layer-overlapping strategies for larger parts are under investigation as
well [50,175].

Additive manufacturing opens the way to honeycomb metal structures for lightweight
design in any industrial application [59]. Bähr et al. described a procedure to optimize the
inner structure of WAAM honeycomb structures in detail and compared their modeling
approach with experimental results for a simplified test piece [59]. Furthermore, they
included a thermal conductivity model and path optimization in the path planning process,
which led to a reduction in the parts’ distortion of around 30%. The geometrical deviations
have to be as low as possible, and some effort is being put toward development prediction
models. Kumar et al. developed a theoretical model for the prediction of the width and
height of multi-layer single-tack additive manufacturing [176]. They used the µ-plasma
transferred arc welding process for additive manufacturing. They reached a prediction
error of 2.3% for the manufactured height.

Aside from the path planning itself, incorrect movement and speed from the manufac-
turing equipment, especially for robots, have to be taken into account as well [177]. Bandari
et al. found that for robotic-based additive manufacturing, the travel speed is inconsistent
with the desired values in corner situations. This results in a greater deposition height and
needs to be compensated, and they developed a strategy to do so [177].

Overall, path planning for additive manufacturing is considered a key factor for
achieving the desired geometry and the desired material properties. Different approaches
have been found to calculate an optimal path for the occurring deposition modes, thin-
walled parts or full-body parts. Currently, the research leads to material property-oriented
path planning for modern lightweight load-adapted product development.

2.4. Materials

Due to the repeated thermal cycles that an additively manufactured component un-
dergoes, both the microstructure and the material properties differ significantly from those
of conventionally manufactured rolled, semi-finished products. Knowledge of the de-
pendencies between the process variables, thermal conditions (number of cycles, cooling
conditions, etc.) and the resulting material properties is essential for predicting compo-
nent properties and realizing material property-oriented path planning. The following
is a summary of the current state of research for a wide variety of material groups. In
addition, arc-based additive manufacturing enables a multi-material structure. This al-
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lows load-dependent material selection and path planning during product development
through the targeted utilization of anisotropies within a component. In addition, additive
manufacturing enables the targeted control of mixing processes, resulting in advantages in
material utilization for corrosion and wear protection. All these aspects are described in
the following chapters. One advantage of the commonly used materials for WAAM is the
direct transferability of knowledge regarding post-processing from welding-related topics
to achieve the desired material properties with only slight changes [178].

2.4.1. Steel

Steel is one of the most used materials in construction and many other sectors of
engineering. Therefore, steel is one of the most studied materials for WAAM as well. Due
to the intense use in all areas of the industry, the mechanisms regarding welding-related
microstructural and property changes are widely understood but still under investigation.
For most applications and commonly used steel grades, the knowledge base of welding-
related issues is huge. This knowledge includes single- and multi-run welds. These
results for multi-run welds can be transferred to additive manufacturing with few changes.
For example, the influence of different alloying elements such as titanium niobium and
vanadium on the microstructure and properties of low-alloy steels are currently under
investigation for joint welding [179–182]. In particular, work regarding nucleation for
grain growth and the interaction between the alloying elements can be transferred to
WAAM [179,183–185]. Aside from microstructural changes, the building-mechanisms of
welding-related residual stresses can be transferred to WAAM as well since they are driven
by microstructural phase transformations and restraints [186–188]. However, the restraints
between joint welding and WAAM are different. The main difference between WAAM
and joint welding is that the heat dissipation and some related microstructural phenomena
become more pronounced in WAAM than in joint welding. For example, Wächter et al.
has shown that the microstructure of a low-alloy steel can change from a welding-related
one into a non-welding-related one due to repeated reheating and the chosen process
values [53,189].

Commonly, steels can be divided into two groups: high- and low-alloy steels. In most
cases, they differ in the microstructure and the welding-related effects that occur. In both
cases, the properties of the deposited material depend on the thermal history of the material
and are correlated to the microstructure, toughness, fatigue strength material and the used
low-alloy steel [53,62,106,118,189–210] or high-alloy steel [12,19,63,64,105,207,211–227].
The microstructural changes in the dependence of the generation strategy is currently under
investigation by many working groups for both low- [62,118,189,192–194,196,198,199,201–
203,205,207–210] and high-alloy steels [12,19,105,207,211,212,214–217,223–225,227–230]. The
microstructure after manufacturing largely determines the properties of the additively
manufactured component, and different steels can be combined in multi-material structures
to tailor the material properties to the needs of the application [52,231,232]. The current
state of knowledge for the two steel groups is summarized below.

Low-Alloy Steels in Additive Manufacturing

Low-alloy steels are widely used in construction and industry applications (e.g.,
offshore construction) [233]. Currently, there are different grades of steel under investiga-
tion. The most studied grade is ER70S [106,118,178,191–193,198,201–204,206–208,233–235].
This trend in research leads to the usage of more advanced high-strength materials like
ER90S [53,189,201], ER110S-G [209,236] or ER120S [62,196,201], but other grades are studied
as well, such as ER55-Ni2 [210]. All works regarding the microstructure and the mechanical
properties are related to the energy input. This behavior can be anticipated by the common
knowledge about steel and its microstructure, and these relationships are known for most
welding consumables and obtained for single- or multi-run welds. These differ little in
most cases from that one found for additively manufactured materials, although the dilu-
tion and the number of heating cycles differ from joint welding. If the energy input into



Appl. Sci. 2021, 11, 8619 19 of 54

low-alloy steels is too large, and if they are repeated too often, the microstructure changes
from a weld microstructure to a structure of “normal” heat-treated steel. Wächter et al.
showed that a ferritic-perlitic microstructure can be achieved due to WAAM. Figure 16
shows this and how the occurring microstructure changes with an increase of the interpass
temperature. The beginning of perlite dissolution at a higher interpass temperature can be
seen. Normally, however, for their used material, a welding-related microstructure has to
be anticipated [53,189].

Figure 16. Micrographs of WAAM material for the interlayer [53].

Waqas et al. and Ron et al. showed that an isotropic microstructure is achievable for
WAAM parts, and their impact toughness is high enough to have ductile behavior at room
temperature [191,192]. Furthermore, Ron et al. showed that the additive-manufactured
ER70S has similar corrosion behavior to St37 (S235) [192]. The mechanical properties of
WAAM ER70S are highly anisotropic. Figure 17 shows this anisotropy and the found
explanations from Ghaffarti et al. [193,198].

Figure 17. Stress–strain curve for WAAM ER70S [193].
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The state of the vertical tensile test specimen across from the building direction has
mixed mode fracture behavior of a brittle and ductile fracture, and it was proposed that
the found anisotropy is related to welding defects. This anisotropic behavior has also been
found in various other studies (e.g., [203]).

For high-strength steels like ER120S, Plangger et al. and Yildiz et al. showed that the
mechanical properties are related to the used heat input [62,196]. The heat input is related
to the cooling times and the decrease in hardness due to larger cooling times, which is
commonly known for high-strength steel welding metal and high-strength low-alloy steels
as well. This is also the case for newly developed materials [199]. The dependence of the
mechanical properties on the heat input has been shown by Artaza et al. for a cross-process
study of GMA welding and plasma arc welding [200]. A detailed model for the cooling
times and the geometrical weld seam characteristics has been developed by Schröpfer et al.
for a high-strength low-alloy steel (Figure 18) [237]. Furthermore, they showed that the
residual stresses within WAAM-made parts increase with increasing heat input [237].

Figure 18. Average layer width (a), layer height (b) and t8/5 cooling times (c) as a function of the
wire feeding and welding speed in the investigated parameter range (contour plots of the regression
models) [237].

For low-alloy steels, toughness is one critical aspect, and the toughness needs to be
kept above certain application-dependent ranges. For ER70S, Moore et al. showed the
experimental results for Charpy tests (Figure 19) [207]. They showed that the achievable
toughness was in the range of the comparable X65 steel and, in some case, above it.

Figure 19. Charpy impact data and ductile-to-brittle transition curve fit for carbon steel arc-AM
specimens [207].
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The relatively high impact toughness was closely related to the goals for additive
manufacturing of pressure vessels in the last century. The toughness of the weld metal
can overcome the toughness values for correspondent steels in many cases, especially in
the beginning of industrial steel production. Aside from the toughness and strength, the
fatigue strength of the additive-manufactured low-alloy steel is one point regarding the
usability of the additively manufactured parts. Wächter et al. looked closely at the material
behavior under fatigue. They used a tensile specimen cross-wise and lengthwise to the
welding direction (Figure 20), welded with two different interlayer temperatures.

Figure 20. Wire arc additive manufacturing (WAAM) material: (a) semi-finished block products,
(b) sampling plan for tensile specimens with directional designation related to the weld layers [189].

These specimens have undergone different strain-controlled fatigue testing. The stress–
strain curves for the four used specimen types are shown in Figure 21. They showed that
the Young’s modulus from those curves differed between the different states but were more
or less in the range of a normal scatter of those values [189].

Figure 21. Cyclic stress–strain curves from the strain-controlled tests [189].
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Furthermore, they derived stress–strain curves for the four different states and showed
that the fatigue strength had no significant anisotropic behavior (Figure 22 and Table 2) [189].

Figure 22. Strain–life curves (logarithmic scale) from the strain-controlled tests, including the fatigue
limits from the stress-controlled tests [189].

Table 2. Fatigue limits determined by staircase tests at 5 × 106 cycles with a probability of failure
Pf = 50% [189].

Interlayer
Temp./◦C

Extraction
Direction

Fatigue Limit
σa,E/MPa

Fatigue Limit
Converted to Strain εa,E

150 lengthwise 256 0.137%
150 crosswise 254 0.129%
300 lengthwise 263 0.154%
300 crosswise 267 0.148%

This behavior can be explained by the intense reheating and heat input they chose.
This led, as shown in Figure 16, to a non-welding related microstructure which had different
mechanical properties and a less pronounced anisotropy.

Aside from the fatigue properties, crack growth rates become more important to avoid
brittle instantaneous fractures. Ermakova et al. showed that the crack growth rates did
not differ between different specimen orientations in accordance to the welding direction,
and they furthermore showed that the commonly used determination methods for fatigue
crack growth rates can be applied to WAAM-made parts as well [238].

To conclude, for the subsection regarding the wire arc additive manufacturing of low-
alloy steels, it can be stated that low-alloy steels are processable with WAAM and reach a
wide range of material properties, which can be in correspondence to known properties
from the used welding filler.

High-Alloy Steels in Additive Manufacturing

High-alloy steels are usually grouped with stainless steels and heat-resistant steels,
and this group contains other steels as well. Within these classes, high-alloy steels can
also be differentiated due to the microstructure (e.g., ferritic stainless steels, austenitic
stainless steel, austenitic-ferritic duplex stainless steel, ferritic chrome steels and martensitic
chrome steels).

One large group within high-alloy steels is stainless steels. Jin et al. gave a good
overview of the work up to January 2020 in the wire arc additive manufacturing of stainless
steels [30]. They pointed out that the macroscopic characteristics–the geometry–are closely
related to the process values, such as wire feed and travel speed and also the energy input
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and cooling times. Furthermore, they stated that understanding of the solidification behav-
ior is crucial for an adequate manufacturing process and the correlates with the common
view in joint welding for high-alloy steels, and it is correspondent with the common knowl-
edge of welding processes, where each solidification mode (e.g., ferritic, ferrtic-austenitic
or austenitic-ferritic) has its own challenges. Aside from the microstructural implications,
the effect of residual stresses and distortion, which occur due to thermal cycles, has to
be considered, and thus it will increase with the increasing part size [239]. Furthermore,
Jin et al. pointed out that the WAAM techniques, material composition, shielding gas
composition, post-heat treatments, microstructure and welding-related defects have a
significant influence on the material properties of the stainless steel parts [30].

The main difference of WAAM in comparison with other additive manufacturing
processes is the higher energy input (Figure 23) [30].

Figure 23. Power and welding speed for different additive manufacturing processes for 316L stainless
steel [30] (DED-L = direct energy deposition laser, PBF-L = laser-based powder bed fusion).

This main difference allows the usage of established welding consumables for the
welding of high-alloy steels. This leads to known relationships between the heat input,
cooling regimes and microstructure and the mechanical properties [30]. In addition, the
influence of shielding gasses is mostly known. Furthermore, welding-related microstruc-
tural issues like the formation of sigma phase or cracking phenomena [240,241] can be
transferred from the knowledge of joint welding.

The geometrical correctness of WAAM-made stainless steel parts has been evaluated
by Laghi et al. [242] and others [30]. Jin et al. summarized the different studies and stated
that the geometrical correctness is closely related to the welding speed, wire feed speed,
welding mode (e.g., impulse or short arc), cooling time and interpass temperature. The
welding speed and wire feed can be combined with the energy input. In combination
with the part geometry, the energy input and the interpass temperature define the cooling
rate. One crucial point for geometrical correctness is the proper assessment of distortion.
Manurung et al. presented a model for distortion prediction of 316L steel [243]. They
showed that a nonlinear approach shows good results in predicting the distortion of 316L
steel. They furthermore showed that current state-of-the-art heat source models can be
used to successfully build that prediction model [243].

Aside from geometrical correctness, the mechanical properties of the parts are essen-
tial for the use of the parts. Jin et al. stated that the reported mechanical properties of
additive-manufactured high-alloy steels match those of machined components [30]. This is
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supported by works from Tabernero et al. [211], Ji et al. [212] and others [215,217] as well as
work on maraging steels [218] and for other materials due to the highly oriented microstruc-
tural growing direction where the anisotropic material properties occur [64,212,221,223].
For quasi-static loads, this behavior is also present for specimens with as-welded sur-
faces [63]. This anisotropy shows up for the fatigue crack growth behavior as well [214].
Other studies state that additive-manufactured high-alloy steels show a homogeneous
distribution of the material properties [216]. This difference can be influenced by the chosen
energy input and manufacturing strategy and needs to be addressed in further research.
To cover those effects, Laghi et al. developed an orthotropic elastic model for WAAM parts
which included the microstructural orientation and calibrated this model with experiments.
They stated that this model allowed the prediction of the elastic material behavior [244].

A special group within high-alloy steels are duplex stainless steels, which derive
their properties from a defined austenite-to-ferrite ratio. This ratio is highly dependent
on the cooling conditions and therefore on the welding parameters, but different welding
parameters can also result in acceptable microstructures [222,223,225,228,245]. Furthermore,
the repeated reheating during WAAM has an influence on the phase fractions of duplex
steels and needs to be considered [246].

Gao et al. showed that the additive manufacturing of heat-resistant martensitic chrome
steels is possible as well, and they show proper mechanical properties, aside from the fact
that long-term creep results were missing and not expected for the next few years [224].
Furthermore, Ge et al. showed strong texturing of the microstructure [247]. In addition,
Vehedi Nemani et al. showed that post-weld heat treatment can have a significant and
positive effect on the microstructure and mechanical properties of these types of steels,
especially to reduce the amount of retained austenite and generate a fully martensitic
microstructure [248].

Aside from the basic mechanical properties, the properties of the materials under
wear is in the focus of the research and can be essential for technical applications. For
high-alloy steels, those wear resistance properties haven been studied by Parvaresh et al.
using the ASTM-G99-05 test on stainless steel 347, and they stated that the direction of
the specimen in accordance with the welding direction had no significant influence on the
wear resistance of the used steel [216].

Overall, it can be stated that wire and arc additive manufacturing can be realized with
a wide range of high-alloy steels. The main challenges for welding high-alloy steels, like
the formation of brittle phases or hot cracking, are also present in additive manufacturing
with welding processes.

2.4.2. Aluminum

Aluminum is one of the most widely used lightweight construction materials. There-
fore, the desire to use aluminum in additive manufacturing to further increase the lightweight
potential of additively manufactured structures is even more pronounced. Aluminum
also has access to a wide range of additive materials with known properties. In addition,
the defects that occur during the welding processing of aluminum have been thoroughly
studied. Different working groups are focusing their studies on the usage of aluminum
alloys for wire arc additive manufacturing [46,55,58,72,79,97,140,170,249–282]. A wide
range of different aluminum alloys is being investigated. It has been shown that the used
substrate for additive manufacturing can be preformed [251].

For aluminum alloys, knowledge of the correlations between the welding process
variables and the achievable build-up heights and widths is also of decisive importance.
Gomez et al. showed this for different welding speeds. In addition, they showed that the
layer width also depends on the number of layers [253].

In the case of aluminum, due to the relatively high coefficient of thermal expansion,
the consideration of residual stresses and distortion is of decisive interest for geometrically
accurate production. It turns out that residual stresses can occur up to the yield point. These
residual stresses are distributed anisotropically over the component and with dependence
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on the direction of assembly. They can be significantly reduced by mechanical post-
treatment to reduce residual stresses, such as rolling or higher-frequency hammering
processes. In particular, rolling also leads to a significant reduction in distortion [256].

The surface quality of the manufactured components can be significantly improved
for aluminum alloys by adjusting the process edge sizes, particularly the pulse repetition
frequency and the polarity [259].

The formation of pores is one critical point in the welding of aluminum and occurs
due to the solvability gap of hydrogen in molten and solidified aluminum [283]. Aside
from the hydrogen explanation for pore formation, other hypotheses show that a wider
range of gases are responsible for pore formation, such as the hydrocarbon hypothesis [284].
Hydrogen-induced pore formation is no new effect for welding aluminum and does not
occur only for WAAM [285]. Nevertheless, control of the porosity is crucial for usable
WAAM-made aluminum parts [283]. There are different approaches for controlling the
porosity in welding and WAAM as well. One new and promising approach is the usage of
a hyperbaric process environment. Here, pore formation can be significantly reduced to
nearly zero percent porosity when a pressure of more than 10 bar is applied in a manufactur-
ing chamber [285]. Aside from an increased ambient pressure process, side modifications
have been studied to reduce the porosity. It has been shown that an increased interlayer
temperature leads to decreased porosity [286]. This supports the general assumption that
improved outgassing due to delayed solidification of the melt can lead to reduced porosity
of the weld but contradicts the general assumption that slower cooling and a hotter melt
absorbs more hydrogen, which leads to greater porosity [287]. The influence of the inter-
layer temperature and the mode of arc welding (e.g., pulsed or controlled short arc) has
been studied by Derekar et al. They showed that the effect of the interlayer temperature
depends on the welding mode [287]. Therefore, a general assumption on the influence of
the interlayer temperature cannot be drawn. Furthermore, they showed that the welding
mode itself has an influence on pore formation as well. They stated that an impulse welding
mode leads to more pores than controlled short arc processes.

The use of well-studied filler metals avoids the tendency of aluminum to form hot
cracks, but in order to be able to use the advantages of age-hardenable aluminum alloys,
new filler materials have to be developed. For example, Klein et al. developed and qualified
a new TiB2-doped filler metal for additive manufacturing, which can be processed without
cracking and shows a significant increase in strength through aging [288]. Morais et al.
showed the age-hardening of a novel high-strength Al-Zn-Mg-Cu alloy [252]. This alloy
exhibits a light anisotropy in its mechanical properties as well, and Ünsal et al. showed the
feasibility of additive manufacturing of EN-AW6016 [254].

The aluminum WAAM-made parts exhibit anisotropy behavior in their mechani-
cal properties [55,58,249,250,258] and meet the mechanical properties given by the wire
manufacturers, and post-weld heat treatments are possible [289].

Taken together, it can be concluded that arc-based additive manufacturing is possible
and that the mechanical properties are similar to those of standard welded metal. Fur-
thermore, the results show that the typical problems of aluminum welding, such as pore
formation or susceptibility to hot cracking, can be overcome.

2.4.3. Copper

The usage of copper alloys like nickel aluminum bronze [290] in different applications
in the industry increases the demand for applying WAAM for copper alloys as well [12].
Chen et al. showed that WAAM of a CuAl8Ni2Fe2Mn2 alloy is possible and investigated
the effect of the deposition height on the microstructure and mechanical properties of that
alloy. They showed that the microstructure is highly oriented with the corresponding
anisotropy behavior of the mechanical properties, and furthermore that the mechanical
properties decrease with an increasing layer height [291]. In additional work, they showed
that the interpass temperature has no significant influence on the microstructure and that
ultrasonic stimulation of the molten bath can lead to fining of the microstructure [292].
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An altered microstructure can also be achieved by using different welding modes, like
impulse welding or short arc welding [293]. Furthermore, due to the usage of in situ
alloying, modern Cu-Al alloys can be used for WAAM as well [294] and furthermore be
strengthened by the addition of silicon or applying deep cryogenic treatment [295,296].

Overall, copper alloys can be used for WAAM, but there are only a few working
groups focusing on copper.

2.4.4. Titanium

The high price of the base material and poor utilization of the material of the semi-
finished products in conventional machining production is driving the desire for additive
manufacturing of titanium materials in all sectors of industry, like the aviation industry [297].
Due to the high deposition rates, arc-based manufacturing should also be used if possible.
Therefore, different working groups are dedicated to this task [39,70,98,107,211,297–319].
There are two key points in the arc-based additive manufacturing of titanium alloy. One is
sufficient protection from oxygen to avoid the well-known oxygen-induced embrittlement
and the accumulation of heat in the manufacturing process [298,316,320]. For titanium, as
a light metal with a density of approximately 4.5 g/cm3, deposition rates of 2.5 kg could be
achieved [211].

As for other materials, a significant anisotropy of the properties and microstructure
occurs in titanium alloys [299–301,307]. This is also true for the fatigue crack growth behav-
ior [302,308]. The directional grain growth that occurs in titanium alloys in additive manu-
facturing can be reduced by an intermediate forming process [39,47,98,107,299,305,312,313],
the addition of further elements like boron, silicon or other elements [303,311,317,321,322]
or applying post-weld heat treatment [304,314]. Furthermore, like for other materials, the
cooling rate or the inter-pass temperature has a significant influence on the mechanical
properties of WAAM-made titanium alloy parts [309,310,318]. Furthermore, the machinabil-
ity of Grade 5 titanium has been investigated, and it has been shown that the manufacturing
strategy has a significant influence on the cutting forces [323]. However, overall, wire arc
and additive manufacturing is possible for technically relevant titanium alloys, and these
alloys can further be modified to suit the needs of additive manufacturing.

2.4.5. Magnesium

Magnesium is, due to its good strength-to-weight ratio, a promising material for
lightweight design. As stated above, lightweight design is one possible way to use WAAM,
and this makes magnesium a highly interesting material for WAAM. Guo et al. showed that
a WAAM TIG-based process with magnesium is possible [324,325]. Gneiger et al. showed
the possibility to use a controlled, short arc GMA-based WAAM process for manufacturing
AZ61 and AEX11 [289,326]. Figure 24 shows a sample part for the additive manufacturing
of an AZ61A magnesium alloy [289].

Figure 24. One magnesium (AZ61A) sample fabricated by WAAM [289].
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2.4.6. Nickel

Wire arc additive manufacturing is also performed for nickel alloys, and various work-
ing groups have realized the WAAM of nickel base alloys successfully [70,81,103,327–341].
Different common nickel base alloys are being used for additive manufacturing like Inconel
625 [327,337,340], Hastelloy C276 [335] or Inconel 718 [328,329,333]. Kindermann et.al.
studied the process response of Inconel 718 and CMT-GMA welding and determined
correlations between the process parameters and the build-up height and seam width [333].

The mechanical properties of nickel-based alloys are mostly achieved due to post-weld
heat treatment. The knowledge of post-weld heat treatment is not only driven by WAAM-
related research, especially when new alloys are developed. Tang et al. showed that
heat treatment of an additive-manufactured, newly developed alloy changes its material
properties through post-weld heat treatment [342]. However, many nickel-based welded
alloys undergo additional post-weld heat treatment (PWHT) [112,333]. It has been shown
that the post-weld heat treatment parameter can differ from the recommended ones for
bulk material [333] and has its most impact on the formed secondary phases [334]. In
addition to the properties under quasi-static loading as well as under fatigue, the behavior
of materials under increased strain rates (increased loading rates) is becoming more and
more interesting for applications. The current focus is on modeling crash behavior. The
characteristic values for the modeling of high strain rates have also been determined for
WAAM-manufactured nickel-based alloys [329,331].

The milling of a WAAM-made nickel-based alloy has also been investigated [112].
Most nickel base alloys tend to form so-called “white layers” in the process of milling,
which will be the most used post-process for WAAM to achieve good surface quality [112].

These surface layers have undesirable properties for technical applications. In ad-
dition, milling induces undesirable plastic deformations and residual stresses below the
surface (Figure 25). To reduce these effects, ultrasonic assisted milling could be used.
Figure 26 shows the occurring residual stresses due to milling of the additively manufac-
tured alloy 725. By using ultrasonic assisted machining, the residual stresses that occur
can be significantly reduced, and this is independent of other peripheral variables such
as the stepover or the use of cooling lubricants. Figure 26 shows that this effect is also
maintained down to the depth of the material. White layers have also been found for
additively manufactured alloy 725 (Figure 27).

Figure 25. Surface morphology of a white layer [112].
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Figure 26. Maximum principal residual stresses vs. step over ae and the application of ultrasonic assistance (a) and vs.
the application of cooling lubricant and ultrasonic assistance (b), and the maximum principal residual stress profile in the
direction of the specimen thickness after finishing milling with and without ultrasonic assistance (c) [112].

Figure 27. SEM image of cross sections of milled specimens of test 3 (a) and test 4 (b) and detail of the surface plastic
deformation zone and white layer of test 3, showing the SEM analysis (c) and EBSD mapping (d) [112].

By ultrasonic assisted milling, the occurrence of these can be significantly reduced
(Figure 27) for the used WAAM-made alloy 725 [188]. On the left, an REM image of a
cross-section of the surface of the additive-manufactured alloy can be seen. In the surface
region, a homogeneous phase without any detectable substructure is visible. This brittle
white layer can lead to faster damage to the part and needs to be avoided. On the right of
Figure 27, this layer is not visible, and no subsurface deformation can be detected. Aside
from that, the needed cutting forces could have been reduced by 20%.
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Overall, the presented works show that wire arc additive manufacturing of nickel
base alloys is possible and gives suitable results.

2.4.7. Tantalum

Wire arc additive manufacturing is also performed for tantalum alloys [343,344]. Two
different alloys have been analyzed by Marinelli et al. [344]. They showed that, in general,
TIG-based additive manufacturing is possible, but an anisotropic microstructure forms as
it has for other elements as well. The tensile properties matched the mechanical properties
of the used substrate. Furthermore, they found a notable hardening effect due to multiple
cycles of re-heating.

2.4.8. Tungsten

Tungsten can also be used as a material for arc additive manufacturing. Marinelli et al.
showed that unalloyed tungsten can be built up into additive structures using the TIG
welding process [38,345]. Furthermore, they showed that subsequent heat treatment has
no significant effect on the microstructure (Figure 28).

Figure 28. Microstructure of the front view of the as-deposited (a) and the heat-treated structure (b) [38].

In the given work, they showed how an additive manufacturing system can be used for
the production of tungsten parts and also which process variables and process instabilities,
such as pores, can occur during the addition of tungsten using the WAAM process.

2.4.9. Intermetallic Materials

Various researchers are using wire arc additive manufacturing for generating inter-
metallic materials like iron-aluminides [346–351], titanium-aluminides [352–358], iron-
nickel [359], iron-titanium [360] or nickel-titanium [361–363]. Most studies on intermetallic
materials have shown their interesting mechanical properties for industrial application
and how hard they are to machine. In most of the listed studies, dual wire technology
was used to achieve intermetallic alloys. This technique is extremely suitable for the tar-
geted investigation of intermetallic materials and also gives rise to hope for industrial
implementation.
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2.4.10. High-Entropy Alloys

High-entropy alloys are the next upcoming material group with interesting and
promising properties that research has focused on. The production and processing of these
alloys is still in its infancy, but by applying an extraordinary technique, the arc-based
additive manufacturing of a selected high-entropy alloy could also be carried out without
having a single wire with the desired alloy composition. For this purpose, a filler metal with
a wire-like structure of seven individual strands was produced and successfully processed
in an arc welding process. The actual microstructure of the alloy is very similar to that
of a cast sample, but it has differences due to the process. Taken together, the procedure
presented by Shen et al. suggests further implementation of additive manufacturing of
high-entropy alloys [364].

2.4.11. Multi-Material

Different working groups are conducting research on the combination of different
materials in one work piece. Two different approaches can be distinguished here. The
first one is an in situ alloying approach by different techniques, and the second one is a
metallic composite approach with different objectives (e.g., improving material properties
for strength, fatigue, corrosion resistance and wear).

In situ alloying can be used for different purposes. Among them is attaining function-
ally graded structures (e.g., as demonstrated by Marinelli et al. for tantalum, molybdenum
and tungsten [365] or Shen et al. for Fe- FeAl material [366] and others for different materi-
als [358,367,368]). One promising approach is the usage of a secondary cold or hot filler
material to achieve the desired material properties [296]. Wang et al. used this technique to
obtain a CuAl6.6Si3.2 alloy [369].

In situ alloying can be performed by various techniques. There are multiple wire
processes and modified wires [60,295] as well as the addition of powders [268,370] or the
modification of filler by surface coatings [182,371–374], and furthermore, in situ alloying
can be used to generate functionally graded structures.

The second approach can be divided into two subsections. First, there is the area of
coatings and functionally graded structures, and secondly, there is the area of internal
composite-like metallic structures. The basis for these two approaches is the understanding
of the metallurgical mechanism to join these different materials. For stainless and mild steel,
some occurring challenges have been given by Anirudhan, but the occurring phenomena
have been known and studied for mixed material joints for most materials in the past and
can be transferred from a metallurgical point of view to additive manufacturing [231].

Functionally Graded Structures

Functionally graded structures are used to generate locally adapted material proper-
ties. This is mostly used in the area of wear or corrosion protection. It has been shown that
in the area of corrosion-resistant materials, the building strategy can lead to a significant
reduction in necessary and cost-intensive cladding material [52,375]. This can be accom-
plished by a building strategy where the corrosion-resistant material is printed first so the
dilution is reduced significantly (see Figure 29).

Here, four different building strategies of alloy 625 on a low-alloy steel with different
dilutions were carried out and tested in “green death” to get a correlation between the
corrosion resistance and the dilution. It was clearly shown that the building strategies
through the dilution had a significant impact on the corrosion resistance [52,375]. Another
approach was carried out by Chen et al. They used a double-wire WAAM process to achieve
a graded material from titanium to 316L steel with the anticipated brittle intermetallic
phases of titanium and iron [376].
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Figure 29. Loss over dilution for different building strategies [52].

Overall, it can be stated that WAAM is suitable for the generation of functionally
graded structures and that WAAM can lead to the reduction of cost-intensive materials for
corrosion resistance and wear protection due to a dilution-related building strategy.

Metal Matrix Composite-Like Structures

The metal matrix composite-like approach is characterized by generating load-dependent
and directed materials for fortification or suiting the integral mechanical properties to the
occurring loads. It was shown that layered welding-based manufacturing can realize metal
matrix compounds like structures with different fiber types such as carbon fibers (see
Figures 30 and 31) [232,377].

Figure 30. Fiber-like reinforcement of additive-manufactured material (white: soft material; black:
strong material) [52,232].

Figure 31. Welded specimen according to [52,232].
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Here, as an example, a soft matrix of FeNi36 was reinforced with a high-strength
low-alloy steel in accordance with DIN EN ISO 16834-A G 69 6 M21 Mn4Ni1, 5CrMo.
Welding-related problems like hot cracks were not observed.

The mechanical properties (see Figure 32) showed that the reinforced material reached
far higher values longitudinally then currently used estimation methods predict [52,232].

Figure 32. Strength of multi-material system of HSLA steel and FeNi36 [52,232].

This multi-material approach has also been realized by Hauser et al. for different
aluminum alloys [378].

The second interesting approach for metal matrix composite-like structures is the
application of a different material into notches to achieve the local plastification potential
and increase the material’s resistance against fatigue [52].

Due to the different material properties in multi-material WAAM, the distortion of
the part can increase, but this effect can be countered by an optimized path planning and
manufacturing strategy, as He et al. showed for a bi-metallic rocket motor [379]. Overall,
the multi-material approach is one of the key features that makes additive manufacturing
unique and should be studied further.

3. Modeling

The modeling of WAAM takes a big part in research activities [37,56,59,169,278,329,
380–400]. Modeling research can be divided into two main topics: the first one is finite
element modeling (FEM) of the manufacturing process, distortion and properties (sum-
marized as material property-oriented modeling), and the second is modeling of the bead
shape, overlapping and thermal conduction for path planning reasons, which can be sum-
marized as process-related modeling. In addition, other subtopics in WAAM knowledge
from joint welding-related modeling can be transferred to additive manufacturing, like the
commonly used Goldak heat source [401] and its further developments [402]. The literature
shows that a variety of modern and established simulation methods, such as the use of the
Lagrangian method for the modeling of the process behavior (distortion and residual stress)
and implicit and explicit solution methods, is used to calculate the thermo-mechanical
fully coupled and uncoupled models [398]. Machine learning approaches are also used, for
example, to estimate the surface roughness in WAAM [399]. The sub-topography can also
be estimated using KI-based methods [403].
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3.1. Material Property-Oriented Modeling

A detailed description of a possible modeling FEM path for WAAM was described
by Israr et al., and some special problems concerning the solution of FEM models with
different solvers was examined as well in [382,398]. Furthermore, Israr et al. showed that
the prediction of the distortion occurring in WAAM-made parts is possible and corresponds
with comparable experiments.

In arc welding, the resulting part distortion has always been a problem. This also
applies to arc-based additive manufacturing. Thus, the prediction of the deformation of
the component is of crucial importance for the production of geometrically correct parts.
Casuso et al. developed a prediction model for this deformation in thin-walled parts [400].
They showed that their used model and approaches can predict the occurring temperature
field with an error of 5% and the distortion with a deviation of 20% [400]. Aside from the
deviation, the material’s behavior under elastic strain is of interest for various applications
and can modeled to predict this behavior [244]. Furthermore, they developed a data-driven
surrogate model for the power control in WAAM, which can lead to the reduction of
distortion and residual stresses [404]. Manurung et al. worked on a model for distortion
prediction in 316L steel [243,405].

Aside from distortion, fatigue assessment is crucial for the usage of WAAM-made parts
in industry. Therefore, prediction of the fatigue performance of additive-manufactured
parts is necessary. Bercelli et al. developed a probabilistic fatigue model relying on the
self-heating behavior and internal imperfections [406]. This model allows theprediction of
the fatigue strength with a reduced scatter in comparison with the fatigue test performed
on WAAM-made material and should reduce the testing amount. They proposed that
only tomography tests need to be conducted to determine the pore population of the
material [406]. Based on numerical simulations, Bartsch et al. developed a proposal for the
classification of rough, unmachined surfaces in WAAM in the international standard [114].

3.2. Process-Related Modeling

The weld bead geometry has a significant influence on the geometrical correctness of
the build part. The prior estimation of the bead’s behavior can be beneficial for the path
planning and manufacturing process. Therefore, Mohebbi et al. derived a thermo-capillary-
gravity model for a WAAM process which includes the material properties of the melt and
the process variables of the manufacturing process, which have an influence on the weld
bead shape (Figure 33) [8].

Figure 33. Input and output flowchart of the thermo-capillary-gravity model by Mohebbi [8].

They showed that the developed model had good correlation with the experiments
for mild steel. Prajadhiama and Manurung conducted some work on adjustment of the
melt pool and the commonly used Goldak’s heat source for additive manufacturing [405].
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Bähr et al. described a modeling approach with a thermal conductivity model in detail and
compared their modeling approach with experimental results for a simplified test piece [59].
Using such models can lead to a reduction of heat accumulation for honeycomb-like
structures. The understanding and prediction of material transition is one of the challenging
parts in welding-related process simulations and is currently under development not only
for WAAM but welding in general [35,380,381,407]. Cadiou et al. developed a model for
heat transfer and fluid flow and compared it to experiments with good correlation [381,407].
A similar model has been developed by Zhao et al. for heat transfer, mass transfer, fluid
flow and geometry morphology [408].

Due to the distortion occurring in arc-based additive manufacturing, methods for
reducing distortion are the subject of modeling. Here, different fixation variants are
investigated in terms of their suitability for distortion reduction and the resulting residual
stress distribution [409]. Israr et al. found, based on numerical analysis, that less restraints
reduced the amount of distortion and residual stresses and that edge fixation was the most
suitable fixation strategy for the wall-like structure in their analysis [409]. Furthermore,
they developed a model which could be used to avoid heat accumulation, one of the key
problems in WAAM of small-to-large parts [404]. This heat accumulation leads to long
interlayer waiting times and unwanted inhomogeneous mechanical properties across the
part. Aside from the modeling of the WAAM process itself, different post-processes for
WAAM-made parts are also subject to modeling activity (e.g., rolling processes [104,410]).
The commonly used part of WAAM is the modeling and prediction of the building process
regarding layer height and width.

Overall, modeling of WAAM is one of the key points to predict the final part properties
and needs to be integrated into the process chain to fully utilize the benefits of WAAM.

4. Quality Control

Aside from proper process surveillance to reduce manufacturing-related imperfections,
quality control is the basis for the extensive use of WAAM parts in the industry. Lee
et al. gave a good overview of the recent advances in the quality control of additive-
manufactured parts [411]. They stated that direct energy deposition (DED) often has
quality issues like layer misalignment, dimensional errors and residual stress generation.
Furthermore, Lee et al. stated that welding-related quality control can be transferred
or directly used for the quality control of additive manufacturing processes [411]. An
overview of quality-related topics on WAAM is given by Jafari et al. [412]. Basically, the
quality control in WAAM can be divided into two main areas: the process-related side and
the quality control of the finished part. Process-related quality control can use the methods
described in the process surveillance section in this review to establish quality control
criteria. The quality control of the finished parts can use the same methods as for welding
(e.g., optical inspection, crack detection, X-ray radiography, ultrasonic inspection [413,414]
and computed tomography [415]). Lopez et al. give a good overview of the applicable
methods of non-destructive testing [416].

5. Summary

The great economic and scientific interest in arc-based additive manufacturing has
resulted in a significant increase in scientific interest in this manufacturing process. This
is also shown by the larger number of literature studies conducted so far from all parts
of the world [9,10,13,30,31,147,233,417–437]. All the literature sees great potential in this
manufacturing process and attributes this potential to new developments in welding
processes as well as robotics, sensors and CAX technologies. The current literature presents
a wide range of used welding processes for every metal-based material group, including
upcoming material groups like intermetallic alloys or high-entropy alloys. For every
material group presented in this review, it was stated in the cited research that WAAM is a
suitable manufacturing process which gives a lot more degrees of freedom. However, in
comparison with some other market-available, direct energy deposition processes, most
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scientific experimental set-ups do not utilize the promised degrees of freedom, while for
laser powder direct energy deposition, there are existing machines with five axes to weld
only in the PA position, and the path planning can be performed in an three-dimensional
way. For WAAM, very limited machinery with these state-of-the-art moving and path
planning systems are scientifically used. In WAAM, currently, most studies focus on
the interdependencies of process-related values, the geometrical correctness (including
residual stresses and distortion) and the microstructural behavior of the used materials.
These studies already give a good basis to move on to more complex scientific questions,
like whether to use a multi-material approach with increased process surveillance.

However, aside from all the presented knowledge and advances in the last few years,
wire arc additive manufacturing is not understood completely, and more topics need to be
addressed even further. Reisgen et al. identified four main research areas for the next steps
on the road to WAAM series production [438]. These steps are as follows: process, materials,
modeling and automation. These main topics should be addressed with regard to the
residual stresses, geometrical correctness, mechanical properties and cost sensitivity [438].
This is supported by Chaturvedi et al. They identified the residual stresses and distortion
as the limiting factors in wire and arc additive manufacturing [436].

Within this this field of issues that needs to be addressed, one crucial point is the
control of the heat input due to its direct influence on the microstructure, the building
strategy and the geometrical correctness of the manufactured part regarding distortion and
residual stresses [435].

Ugla et al. stated that the addition of another wire as a cold wire feed to a gas metal arc
welding process and using the doubled filler material for in situ alloying (and the effect in
the occurring residual stresses) can widen the field of applications of WAAM [68]. Leicher
et al. showed that a multi-material approach can be crucial to tailor the mechanical proper-
ties of a WAAM part to the occurring loads [52,232]. Here too, the existing knowledge of
mixed joints from the welding technology can be partially transferred and thus facilitates
the entry into this new field of research.

Since science aims not only at industrial application but also at a complete understand-
ing of the interrelationships and mechanisms involved in the production of and within
the materials, detailed and fully understood correlations between the process, material,
environmental variables and occurring process instabilities like humping, among others,
are indispensable for a fundamentally oriented and scientifically complete description. For
example, the influence of the melt surface tension, melt viscosity, process variables and
humping start speed are missing.

Furthermore, the current research often leads to hybrid manufacturing, combining
traditional manufacturing processes with additive manufacturing to generate beneficial
part properties. The needed integration of additive manufacturing processes in traditional
process chains or the development of new combinations of processes is crucial to utilize
the full potential of WAAM. Webster et al. gave a good overview on hybrid manufacturing
and finally stated that more work on workpiece vibration and the use of magnetic fields
to influence the process properties needs to be done. Furthermore, they stated that the
combination of laser and arc technologies can lead to improved part properties [93].

In addition to knowledge of the relationships between the process parameters and
material reactions, process monitoring is also of decisive importance for process-reliable
and defect-free component manufacturing with defined properties. Many advancements
are currently being made in this area as well.

The modeling of individual aspects of the WAAM process is also developing in parallel
with the manufacturing process-related knowledge gain. Here, the focus is on two areas:

1. The calculation of material reduction (mechanical properties, distortion and residual
stresses) as a function of process-relevant variables;

2. The optimal web guiding and determination of the process parameters for the defect-
free production of WAAM structures.
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Taken together, each aspect of arc-based additive manufacturing shows a significant
increase in research activity with the expected gain in knowledge over the last few years.

6. Anticipated Further Research

Additive manufacturing technologies are fundamentally changing the way products
are developed and manufactured. The great potential of additive manufacturing tech-
nologies has been demonstrated in numerous research studies for various application
areas. It has been shown that economic use requires high material deposition rates and
an end-to-end process chain from component design to the manufacturing process. Arc-
based additive manufacturing processes are also suitable for the production of complex
components with homogeneous or locally adapted material properties, as presented in
this review. Although this process is widely used, the full potential of targeted heat and
material transfer for the locally adapted properties of multi-material systems in compo-
nents has not yet been tapped. Therefore, this potential should be further explored and
complemented by new methods and processes for the development and fabrication of
completely new components. The basis for this is the investigation and description of
the process-specific interactions between product development, process technology, pro-
cess control and process simulation. This can lead to material-efficient manufacturing
of complex and highly stressed structural components and a new dimension in design
freedom and functional integration. For this purpose, on the one hand, process-specific
knowledge for wire and arc additive manufacturing (WAAM) is required, and on the
other hand, generally applicable methods and processes for the integrated development
and flexible process control of additively manufactured, monolithic components are to
be researched and tested. In order to research the methods, technological principles and
processes required for this, interdisciplinary cooperation is necessary (e.g., between product
development, production engineering, materials science and metrology, as well as control
engineering and computer science).

The aim of further research should be the development of methods and processes
for a continuous and highly automated production process for wire and arc additive-
manufactured multi-material components with partially adjusted properties (e.g., strength,
toughness and wear resistance) for the occurring operating loads via multi-material ap-
proaches. For this purpose, it is necessary to link the sub-areas presented in the review to
form a holistic approach. The interactions that occur between the manufacturing process,
component development and material and component properties should first be funda-
mentally investigated in order to be able to tap new potentials. The following questions
arise from the current state of research and should be investigated in further research work:

• How can WAAM-compatible components be designed?
• What are the boundary conditions for WAAM-compatible components so that they

can be manufactured?
• What are the local system properties to realize multi-material components that are

designed for operation under different types of loads (e.g., wear resistance and fatigue
strength)?

• Which path planning algorithms allow the use of the full potential of WAAM?
• Which methods and procedures of process monitoring, control and information pro-

cessing are suitable to enable a local adjustment of material properties in a process-
reliable and reproducible way?

• What are the interrelationships between the process setting variables, path planning,
other process boundary conditions and the achievable material properties?

• Which multi-material systems and material-dependent manufacturing framework
conditions are suitable for WAAM?

• Which modeling methods and procedures enable computer-aided FEM-based compu-
tational prediction of the properties for components with locally adjusted properties?

• Which quality control methods are suitable for large WAAM parts, and how do
internal defects influence the parts’ properties?
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In the context of the current state of research, and especially integrating product
development into the process chain, manufacturing for WAMM components would enable
a new generation of components with load-specific adjusted properties in research and
thus may lead to full exploitation of the potential of WAAM. In addition, it can be stated
that on the basis of the presented literature, a holistic approach in research for wire arc ad-
ditive manufacturing, with a focus on localized material property-oriented product design,
material property-oriented path planning in combination with a multi-material knowledge
base and suitable process surveillance and post-processing, needs to be addressed to take
the next big step in wire arc additive manufacturing.

7. Conclusions

The presented literature study allows for drawing some conclusions:

(1) Arc-based additive manufacturing can be used to produce components from a wide
range of materials with properties that are at least on a par with conventionally
manufactured components.

(2) In addition, the production of multi-material components with graded or specifically
functional properties is possible. In this case, the restrictions for mixed joints known
from welding technology apply.

(3) Adequate component property-oriented path planning algorithms are currently being
developed which will allow additional design degrees of freedom to be implemented
through multi-material additive manufacturing.

(4) Process monitoring methods are increasingly being developed to ensure the quality
and properties of a component.

(5) Some materials are well studied, like steels, titanium and aluminum, but for some
material groups, only limited information can be found (e.g., copper and tungsten).
Here, more research effort needs to be made.

(6) There is no holistic approach to the entire process chain from product development
through manufacturing to service life assessment, since the specialized working
groups are dedicated to individual issues.

Based on the large number of publications in recent years, it is clear that arc-based
additive manufacturing, which also includes WAAM, is the focus of scientific attention.
However, there is still no comprehensive and complete understanding of the effects and
potential of it.
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