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ABSTRACT

Wire and arc additive manufacturing (WAAM) has proven that it can produce medium to large components be-
cause of its high-rate deposition and potentially unlimited build size. Like all additive manufacturing (AM) tech-
nologies, however, an optimized process planning that provides uniform, defect-free deposition is key for the
production of parts. Moreover, AM, particularly WAAM, is no longer just a prototyping technology, and most of
today's attention is on its transformation to a viable and cost-effective production. With this transformation, a
number of issues need to be addressed, including the accuracy and effectiveness of the manufactured compo-
nents. Therefore, the emphasis should be on dimensional precision and surface finish in WAAM. This paper
covers heat input and management concept, related to the resulting shrinkage, deformation, and residual
stresses, which is particularly critical. In addition, we focus on process planning including build orientation, slic-
ing, and path planning, as well as the definition of process parameter selection from a single track to multi-track
and multilayer, and finally geometric features from a thin-wall to lattice structures with several case studies. Cen-
tral to addressing component quality and accuracy, we summarize guiding designs and future needs through nu-

merous WAAM-specific issues, which require for manufacturing of complex components.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

100 pm thick and melted with an electron beam or laser locally [2,4].
This method is commonly adopted for small-scale parts, such as highly

Due to its flexibility and process capabilities, additive manufacturing
(AM) for the metal components has gained an increasing market share
[1-3]. Powder bed fusion (PBF) is the most common metal-based
method where a powder bed is deposited in layers between 20 and

* Corresponding author.
E-mail address: davoud.jafari@utwente.nl (D. Jafari).

https://doi.org/10.1016/j.matdes.2021.109471

customized components [5,6]. The recent industrial developments
allow the production of parts up to hundreds of mm wide through
using a large working envelope of PBF systems|5,7]. However, the
most suitable AM process for larger components with medium com-
plexity can be dealt with using methods of direct metal deposition
(DMD). This process introduces metal powder or wire to the desired
spot, where the feedstock is melted through a nozzle or deposition
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Fig. 1. Schematic view of WLAM (left) [46] and electron beam wire-feed DMD (right) [44]
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head [2]. It allows for a relatively fast (compared to PBF) realization of
large dimensions, with almost no size limitations.

Powder-based DMD typically performs laser for manufacturing large
components, but the scale of the powder and the thickness of the layer
is generally greater than PBF. Nevertheless, the feedstock price is often
very high compared with conventional subtractive manufacturing, and
only a few materials are available [8]. Large components may, therefore,
be impractical to fabricate using powder DMD and so a method called
wire and arc additive manufacturing (WAAM) has been created to
meet this need [9-11]. This method uses wire feedstock and standard
arc welding equipment to produce builds layer-by-layer [9]. Many ma-
terials are available in the welding community at relatively low cost and
allow multi-millimetre thicknesses for individual layers. In particular,
WAAM offers special benefits in the manufacture of near-net-shaped
pieces including the ability to produce large structural components
(1000-3000 mm) [12] efficiently with modest complexity, and a high
rate of production (50-130 g/min) [13]. As an emerging AM technology,
WAAM has, however, some potential drawbacks that need to be over-
come given their many attractive aspects [9,11], including (i) residual
stress and heat input distortion - deformations caused by residual stress
are a major cause of tolerance loss in WAAM, (ii) poor dimensional ac-
curacy and feature resolution of the component, and (iii) poor surface
finish of the components manufactured. The WAAM involves a high pe-
riodic heat input due to the process of arc welding [14]. Thereby, in
terms of parts quality, microstructures for metal alloy components
manufactured by WAAM are complex, often spatially varying in deposi-
tion due to their complex thermal history [15,16]. In WAAM, solidifica-
tion poses significant challenges in processing materials due to the
promotion of a large-grain microstructure. Although large grains are
beneficial for applications with high temperature creep resistance,
they provide less strength, durability, and corrosion resistance com-
pared to a fine microstructure at normal operating temperatures [17].
One of the effects of long periods of high temperatures in WAAM of
low alloy steel is, for example, grain growth, which reduces hardness
[18]. Concerning dimensional characteristics, the WAAM technologies
have specific constraints to the degree of precision that can be achieved
in the deposition process. For example, the accuracy of a deposited

Drive rolls
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component is limited by (i) the wire diameter used, (ii) arc ignition
and extinguishment processes leading to significant changes in depos-
ited bead geometries, (iii) improper process parameters that can affect
the geometry of the deposited components, and (iv) distortion caused
by heat accumulation, among others.

In summary, WAAM is still considered new technology for manufac-
turing of consistent production of parts according to necessary quality
standards. WAAM research has been centered on physics, metallurgy,
and applications rather than studying the relationship between pro-
cessing parameters and geometric characteristics and challenges, in-
cluding underlying physics, part quality, and accuracy, part distortion,
and deformation. Few studies have been carried out on the accuracy
of WAAM production and there exists a gap in the available knowledge.
In order to achieve the appropriate component dimension and surface
finish, the process parameters relating to geometry must be controlled.
In this regard, careful attention should be paid to the consistency of the
materials, i.e., surface finish and geometric precision. Whilst this review
focuses on process-specific parameters for the part quality and accuracy
of WAAM parts, it is important to clearly state the boundaries of which
specific subjects are covered and which are not as discussed as follows.

o Section 2 - This section includes a brief overview of wire-feed DMD,
particularly WAAM.

o Section 3 - This section includes a fundamental part quality and ac-
curacy including heat input and heat management related to depos-
ited part quality and accuracy. The precision of the deposition layer
is not only related to the positional accuracy of the arc torch and
path planning but also depends on the stability of the forming pro-
cess. The part generates thermal stress and thermal deformation as
the temperature changes in manufacturing progress - thermal stress
and deformation during WAAM as well as common defects includ-
ing crack and delamination and porosity are discussed in Section 3.

o Section 4 - This section includes process planning: build orientation,
slicing and path planning, the principle of process parameter selec-
tion, the principle of geometric features, and case studies. Each of
these criteria needs to be integrated to address the materials and de-
position technologies requirements with a range of features. Due to
the fast development of 3D slicing and path planning and various
newly suggested methods, the literature on slicing and path plan-
ning is lacking [19]. On the other hand, the size and morphology of
the deposition layer are very important to have a high accuracy geo-
metrical feature. When fabricating the parts by WAAM, the dimen-
sion accuracy of each deposition layer itself affects the accuracy of
final products. Since the WAAM is a multi-pass deposition when
the center of the cross-section of each layer is offset, the structural
variation of the WAAM is caused - different control processing pa-
rameters affecting the bead profile are discussed. Geometrical be-
haviour includes single beads, overlapping beads, overlapping
multilayer beads, and geometrical features such as thin and thick
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Fig. 2. Schematic diagram of GMAW, GTAW, and PAW [11]
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Table 1
Comparison of various WAAM techniques including GMAW [61,62], CMT [61,63], Tandem [64-66], DE-GMAW[67], GTAW [68-71] and Plasma [53,54,72-74]
Energy source Short description & features
GMAW-based
GMAW o The electric arc is formed between a consumable wire electrode and the metal workpiece.
o Different modes of transfer: globular, short-circuiting, spray, and pulsed-spray; poor stability to the arc.
o Consumable wire electrode with an average deposition rate 3-4 kg/hour.
o Highly potential in large-scale part production due to its high energy efficiency, and high deposition rate.
CMT o Improved arc stability, high-quality material deposition, controlled transfer of material, less distortion, low thermal
input, almost zero spatter and high process tolerance.
Electrode reciprocating consumable wire with an average deposition rate of 2-3 kg/hour.
Used to produce thin-walled components that have relatively low efficiency for medium and large panels.
Tandem Twin-wire electrodes with an average deposition rate of 6-8 kg/hour - high deposition rate.

Simple mixing to monitor the composition for developing intermetallic materials.
There is a few reporting of the ability to produce intermetallic alloy as well as the gradient materials.
It provides the feasibility to deposit the demanding width once for a single path, which is suitable to fabricate width--
walled structures with the merits of high melting efficiency and simple path planning strategy.
DE-GMAW o Double electrode GMAW using GTAW.
o Reducing the difference in height between the point of the striking arc and the point of extinguishing the arc in the
deposited pieces.
o Promising to produce tight thin-wall components.
o Increasing the product coefficient by more than 10% using DE-GMAW to deposit thin-wall components.

GTAW-based
GTAW o Back feeding, side feeding, and front feeding can be used (front feeding for Ti-based and Fe-based WAAM is usually
implemented).
o Twin-wire to manufacture intermetallic materials with a practical gradation.
o Non-consumable electrode; separate process for feeding wire with an average deposition rate of 1-2 kg/hour.
PAW-based
Plasma o A micro-PAW based framework was introduced
o Non-consumable electrode; separate process for feeding wire.
o The average deposition rate of 2-4 kg/hour.
o Used to produce width-walled structures required applicable wire feed position.
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Fig. 3. Relationship between travel speed, arc power and deposition rate of GMAW, CMT and GTAW processes [53,54,61-74].
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Fig. 4. An example of metal components manufactured via WAAM: (a) deposited 60 mm diameter ER70S-6 steel gear via GMAW [83], (b) aluminium stiffened panel structure via GMAW
[84], (c) a deposited Ti-6Al-4V Airbus A320 aft pylon bracket mount via GMAW [85], (d) ER-70S-6 and AWS ER316L stainless-steel closed cone and closed parabolic cylinders forming by
GMAW [86], and (e) EH700-1 ship propeller manufactured via CMT [87].
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Fig. 5. Variations of cooling rate during solidification concerning arc power and travel
speed [88]

walls, crossing features, overhang features, and lattice structures.
Understanding geometrical behaviour provides information for the
slicing procedure to select a reasonable layer thickness for the path
planning procedure to control the offset distance between adjacent
beads, and for the deposition process to adopt the optimum welding
parameters.

o Section 5 - This section includes a summary of WAAM capabilities
and limitations with a focus on manufacturing the geometrical fea-
tures. From the analysis and synthesis of the experimental results
in the literature, the part quality and accuracy challenges related to
the WAAM process and planning are discussed, and the first draft
of design guidelines appropriate for use in design practice is created.

Exclusion topics as reviewed elsewhere include mass transfer phe-
nomena and topology optimization modelling [20], design methodolo-
gies and software [21,22], microstructural and materials related
WAAM [23-25], in-process monitoring and in-machine surface metrol-
ogy [26,27], mechanical properties [9,11,28], design for AM and applica-
tion of WAAM [29-31]. In particular, the main goal of this review is to
obtain comprehensive process information and geometry-related reli-
ance on quality objectives and to create geometry-related information
for the manufacture of (large) components based on the knowledge
gained from a thorough study of the geometric features.

2. A brief overview of wire-feed DMD and applications

This section provides a brief introduction to wire-feed DMD technol-
ogy, as well as the classification, specifications, and industrial applica-
tions of wire-feed DMD. A metal wire is used in wire feed AM, with up
to 100% of the wire material deposited into the component. This process
is, therefore, more sustainable and does not expose operators to the
hazardous powder environment. The rate of deposition is much higher
than the powder feed processes up to 2500 cm>/h [32]. In addition,
metal wires are cheaper than metal powder with properties appropriate
for AM and more readily available, which makes it more cost-
competitive for wire feeder technology. This technology also is a
promising alternative to the traditional production of subtractive
components with a complex geometry that generates large, costly
metals. Wire-feed AM can be grouped into three categories depending
on the energy source used for metal deposition, namely: (i) arc
welding-based, (ii) laser-based, and (iii) electron beam-based [33].

Wire and laser additive manufacturing (WLAM) is an AM process for
the manufacturing of components in full density that uses metal wires
as the additive and laser as the source of energy. The WLAM device typ-
ically involves a laser system, an automated wire-fed supply unit, a
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Fig. 6. Thin-wall twist bottles deposited by WAAM: (a) without a compulsory cooling
solution, and (b) with a compulsory cooling solution [115].

robot, and various accessory devices (e.g., gas shielding, preheating, or
cooling). The laser produces a melting pool on the material in which
the metal wires are fed and melted to create a component. The laser-
processing head and wire feeder are moved during solidification or
the substrate is relocated (see Fig. 1). The relative movement of the
welding tool and substratum can be accomplished using a numerically
operated robot arm or machine worktable. The major concerns of
WLAM are morphology and deposit quality performance including sur-
face finish and size (cross-section morphology), microstructural charac-
teristics (grain size, texture, etc.), and the mechanical properties
(strength, hardness, residual stress, etc.) [34-36]. Such issues largely de-
pend on both the wire properties and the processing parameters
(e.g., direction and angle of wire feeding, wire feeding rates, laser
power, and welding speed) [37-41]. The main specifications of WALM
include its high precision and poor energy efficiency [42].

Electron beam wire-feed DMD (Fig. 1) is an AM process designed to
produce complex, near-net parts that require substantially less raw ma-
terial and finish than traditional production methods [43]. The process
incorporates metal wire feedstock into a molten pool that is produced
with a concentrated electron beam in a high-vacuum environment.
The electron beam effectively interacts with all metal materials, includ-
ing highly reflective alloys such as aluminium and copper [11,44]. Elec-
tron beam wire-feed DMD has a high-vacuum working environment;
with an efficiency of about 15 to 20%. This makes it ideal for aerospace
applications [45].

Another common wire feed AM technology is WAAM. There are usu-
ally three types of WAAM processes, depending on the nature of the
heat source (see Fig. 2):
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Fig. 7. Experimental setup in situ cooling with symmetrical coils (left) and a
thermoelectric (right) [144].
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o Gas metal arc welding (GMAW)-based,
o Gas tungsten arc welding (GTAW)-based, and
o Plasma arc welding (PAW)-based

GMAW is a welding method where an electric arc is formed between
a consumable wire and the metal workpiece. Four key metal transfer
methods in GMAW are known as globular, short-circuit spray and
pulsed sprays. Moreover, GMAW is limited to the minimum wall thick-
ness and surface finish by a relatively large melting pool and heat supply
[47-50]. Cold metal transfer welding (CMT) can be applied for the pur-
pose of overcoming these constraints by reducing arc burns time and re-
versing the wire electrode back and forth [51,52]. Like GTAW, PAW
produces a weld using a tungsten electrode that is not consumable. Con-
trary to GMAW, the wire feed orientation is variable in both GTAW and
PAW, affecting deposit consistency, making process planning more
challenging. In the high-temperature region of the plasma arc, the tem-
perature is narrower than the GTAW [53]. Plasma welding arc energy
can exceed three times the amount of GTAW welding, causing lower
welding distortions and the heat-affected zone, smaller welds possible,
and lower welding speeds [54]. Note that the heat input applied during
WAAM affects distortions because of the large volume of melted mate-
rial and that shrinks during solidification The reduction of heat input
during WAAM is a key factor for the application of this technology.

Table 2
How to mitigate heat accumulation during the WAAM process.
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The reduction of WAAM thermal input is a critical factor in the use of
this technology (see Section 3).

Table 1 lists the specifications of WAAM techniques. As evidenced,
GMAW based on WAAM's deposition rate is 2-3 times that of GTAW
or PAW based methods (see Fig. 3). However, due to the electrical cur-
rent acting directly on the feedstock, the GMAW-based WAAM is less
stable and produces more weld-fume and spatter. The choice of
WAAM technique directly affects the processing conditions for a target
component and the output rate for it. In particular, as compared to
electron beam or laser DMD technologies, the energy efficiency of
WAAM processes is as high as 90% at a relatively low cost [55] utilizing
a wide range of materials Ti-based [9,56], Al-based [57,58], steel-based
[29,59], and Ni-based [60] alloys. WAAM's research focus is on ma-
nufacturing complex functional metal components that meet the
demanding requirements of the aerospace, automotive, and rapid tool
industries with reasonable accuracy, surface finish, and material proper-
ties, represented as follows.

In recent years, WAAM has become an increasingly economically
viable way in order to manufacture components made of high-value mate-
rials of low to medium complexity and medium to large-scale compo-
nents. For applications that require large near-net-shape parts, with
short lead time and millimetre-scales resolution, WAAM provides an effi-
cient process. These near-net-shape parts need post-processing to meet

Heat source/material Highlight

Strategy: inter-pass idle time
GMAW/H08Mn2Si
inter-pass idle time [131].
GMAW/mild steel
very important [122,130].
GMAW/H08Mn2Si

FE analysis - the inter-pass idle time is a significant parameter to control residual stresses, decreasing with the increase of
FE analysis - thermal cycling during deposition is the main cause of deformations, in particular, the effect of bolting was also

FE analysis - increasing the idle time is helpful to improve the forming accuracy of each layer [126].

GMAW/ER70S-6

GTAW/5A06 Al

FE analysis - the variation in idle time contributes to a constant inter-layer temperature, ensuring a constant molten pool
size, increasing the quality and productivity, and preventing collapses [121,128,129].

Theoretical model - controlling inter-layer idle time for each layer, results in eliminating solidification defects and showed
adequate formation and quality [119].

Strategy: active cooling - increasing convection heat flux to the environment

GMAW/ER70S-6

GMAW/ER70S-6
GMAW/ER70S-6

GMAW/ER70S-6

GMAW/ER70S-6

Water cooling fixtures - its drawback is that the heat of the molten pool is dissipated through conduction, not ensuring a
constant cooling rate during the process [33,133].

Water-cooled tank - it is complicated to be applied to existing machine tools [134].

Air-jet cooling - it is a promising approach to prevent the occurrence of heat accumulation by increasing the convective heat
transfer between the workpiece and the environment [135].

Air-jet cooling - it has a significant impact on the process; the optimal idle time was 30 s, as a compromise between
productivity and reduction of heat accumulation.

Integrated water cooling channels’ substrate - the effectiveness of this approach in terms of the changes possible to
implement regarding residual stress, and dimensional stability may be limited for components of larger size and lower
thermal conductivities [115].

In situ active cooling - cooling localized to the weld pool

GMAW/2219 Al

GTAW/Ti-6Al-4 V
GTAW/Ti-6Al-4 V
GTAW/mild steel

GMAW/mild steel

Strategy — in-suit heating
GMAW/ER70S-6

GTAW/ER70s-6

Thermoelectric - maintaining stable heat dissipation characteristics without reducing the heat input and WFS; for
equivalent welding processing parameters, this changes the weld bead geometry, increasing weld bead height, hence, fewer
deposition passes are required [62]; a significant reduction of bead unevenness, grain size, and manufacturing time [112].
Forced convective CO2 - significantly reduce residual stress in a single pass; the distance from the cooling source to the
weld pool was found to be critical to the stress reduction impact on the weld pool shape and thermal field [139].

Forced convective CO2 - avoid arc disruption; able to reduce the oxidation of the specimens produced as well as refined
microstructure, improved hardness, and enhanced strength; improvements to geometric repeatability and accuracy [138].
Forced convective liquid nitrogen - the extended distance from cooling jet to arc limits the efficacy of the process regarding
residual stress [140].

Forced nitrogen cooling - reducing heat accumulation in the top layers and cyclic reheating of the lower layers, leading to a
near-net-shape layer geometry and a fine grain structure. However, due to the possibility of nitrogen adsorption and
deleterious effects, the applicability to a wide range of materials is unclear [141].

Induction coils mounted positioned ahead of and behind the welding torch - reduced residual stresses by causing the
distribution of heat input to become more homogeneous in time and space [144].

Wire feeder heating [145] - enables to melt a greater volume of wire compared to the cold wire which subsequently
increased deposition rates and productivity [146]; the same welding parameters the droplet detachment occurred at a
higher velocity and frequency, and smaller bead width compared to cold wire approach.
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dimensional accuracy. This technology is applicable in the aerospace, auto-
mobile, military, mould, and dies industries as well as in nuclear energy
and naval [75-78]. This includes, for example, manufacturing marine pro-
peller, landing gear assemblies, wing ribs, and engine cases, and excavator
arms [9,79-81].

For instance, the aerospace industry focuses on the manufacture
of complex titanium and nickel alloy parts, making WAAM a cost-
efficient manufacturing process due to the difficulties associated with
the subtractive processes used in these components. Titanium makes a
contribution of 93% of the Lockheed SR-71 Blackbird structural weight
and about 90% of the forging weight has to be removed by machining
[82]. As another example, the aerospace and automotive industries
use topologically engineered structures increasingly, reducing the
weight while maintaining component functionalities and maximizing
its performance. WAAM provides the capability to make topologically
optimized parts since high material waste and long lead times are
costly [21].

Fig. 4 shows examples of metal components manufactured via
WAAM including fairly complex geometries, besides previously
manufactured simple geometries. These components include combina-
tions of the simple characteristics of thin and thick-walls as well as over-
hangs. Industrial components also have complex structures optimized
topologically and are made from expensive materials, such as titanium
and nickel alloys (see case studies in Subsection 4.5). Therefore, to use
the maximum capacity of WAAM, we need to:

o define the geometrical features that are most suitable for industrial
applications, for instance, new lightweight structures addressing
geometrical accuracy and mechanical constraints. WAAM is an ex-
cellent way to manufacture revolutionary designs, as WAAM can
eliminate many of the constraints usually encountered in the tradi-
tional production.

o link the processing parameters to part quality and geometrical accu-
racy. The WAAM process, for example, can offer high deposition
levels. However, the massive heat input during WAAM often results
in major residual stresses and distortions. These challenges affect the
part accuracy and quality.

The following section presents the concept of quality and accuracy of
the deposited components through WAAM, with a focus on heat man-
agement, to address the aforementioned challenges.

[

!

Substrate
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3. Principle of part quality and accuracy

The WAAM process affects the part dimension and accuracy. WAAM
comprises melting of wire by the arc, transfer of molten metal to a mol-
ten pool, the convective flow of liquid metal into the molten pool driven
by surface tension gradient, arc pressure deformation of the surface of
the molten pool and solidification of the molten pool [88]. These physi-
cal phenomena, among others, influence the distribution of tem-
perature, the shape and size of the deposits and the structure and
properties of the components. Transient and spatially non-uniform
temperature conditions contribute to residual stress and distortion
[50,89]. This section focuses on exploring the concept of quality and ac-
curacy of the deposited parts through WAAM. There should be consider-
able emphasis on the part quality (mechanical properties and residual
stresses) and accuracy (surface finish and geometrical precision). Me-
chanical and microstructural properties, however, are out of scope in
this survey. Hence, first, the concept of heat input is discussed in
Subsection 3.1, then the concept of heat management, including heat
dissipation, heat accumulation, and different thermal cycling is pre-
sented in Subsection 3.2. Next, the methods for quality improvement
with a focus on heat management are discussed in Subsection 3.3,
followed by common WAAM defects in Subsection 3.4.

3.1. Heat input and heat losses

Manufacturing of structurally sound and defect-free WAAM compo-
nents, addressing the necessary geometrical accuracy and surface finish,
requires an appropriate selection of the process variables. The welding
parameters including current (I), voltage (V), and TS are influenced
the thermal profile in WAAM and therefore the material properties, di-
mensional stability, and substrate wettability [16]. The following equa-
tion describes the heat input:

Heat input = n% (1)

where 7 is the efficiency of the transferred power, that is, the ratio
between the transmitted power and that effectively inserted into the
material. A small range of combinations of process parameters results
in a defect-free, stable deposition and this area can be represented
within a process map. Furthermore, two parameters namely plasma en-
ergy per unit traverse length (E;) and volumetric feed rate of wire per

Fig. 8. Residual stress and distortion in WAAM: stress field in a clamped (top-left) and unclamped section (top-right) and out-of-plane distortion of the unclamped section (center)
[148,149] unclamping (bottom-left) [27] and thermal induced substrate deformation (bottom-right) [83].
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Table 3

Porosity detection in different features.

Materials and Design 202 (2021) 109471

Feature
Heat source/material
Control factor

Highlight

Thin-wall [174]
GTAW/Ti-6Al-4V
CMT mode

Single bead [172]
CMT/ER 2319

CMT mode, WFS, TS
Single bead [175]
CMT/ER 2319

CMT mode, WFS, TS

Thin-wall [176]
CMT/ER 2319

CMT mode

Single bead [177]
CMT/ER4043 Al

Wire Properties

Block [178]

CMT/H13 steel
metallurgical bonding

Thick-wall [179]
GMAW/ER308L
Thin-wall [180]

CMT/ER 2319 & ER 5087
Inter-layer rolling

Block [163]
GTAW/Titanium alloy
Contaminated wire

Porosity was visible in the contaminated half, whereas none can be seen under the standard clean conditions.
When porosity was avoided, it was possible to achieve good mechanical properties.

Porosity did not depend strongly on the ratio of the tested CMT mode, WFS, and WFS to TS.
The variation from batch to batch in feedstock wire had a major effect on porosity.

A larger weld bead size would limit the ability of hydrogen bubbles to escape to the surface.

A high WFS increased the rate of hydrogen absorption to the weld pool, resulted in increasing porosity, while a very high
WEFS to TS ratio of 25, resulted in decreasing pore count, which was attributed to the high heat input which lowered the
cooling rate, allowing more time for the hydrogen bubbles to escape.

Reduction in porosity to a combination of lower heat input and more effective removal of the oxide layer from the wire
surface.

Compared to welding, hydrogen pores were more difficult to control for WAAM as a large amount of wire was continuously
fed into the molten pool.

A crack-free block with limited porosity and desirable mechanical properties was demonstrated, despite the
non-homogeneous microstructures.

When the porosity and pore size exceeded a threshold value, the internal defects invariably had the most detrimental
influence.

Porosity and grain geometries were highly dependent on the location in the build.

The largest pores were found in the top-beginning of the pass, far from the base and the smallest in the top-end of the pass,
far from the base, but no obvious trend exists with increasing wall height.

The pores were not detected by an optical microscope after rolling with a 45 kN load.

Pores formed in as-deposited 2319 and 5087 aluminium had different internal morphology because of their distinct
microstructures and modes of solidification.

Most pores were sub-globular in shape and clustered at the bottom of the beads.

The porosity of the bead body zone was 1.56-1.63 times as much as that of the bead overlap zone.

Porosity can reach a high level due to wire contamination.

The pore distribution was uneven and pores roughly distributed along the fusion boundary.

Molten Metal Sags

o Heat input is the most significant parameter that it provides a qual-
itative estimate of the extension of the fusion zone and cooling rate
[90].

Direction
of gravity

»
Direction of Deposition

Fig. 9. The sagged bead geometry in the horizontal deposition (left) and a force model for a
pendent molten pool in the positional deposition. Normal force, N; gravitational force (G),
arc pressure (fq), and surface tension force (f,) (right) [186].

unit traverse length (V;) control the consumption of plasma energy and
feed material for a single track deposition, thus, deciding the material
deposition rate (DR) as

B = 250 /mm) @)
V= AW}/;/FS ;(mm?/mm) 3)
DR = 76°AW“//VFSPW «(J/mm) )

where A, is the cross-section area of the wire and p,, is the density of
the wire. In summary:

o Heat input is controlled by voltage and current intensity provided by
the equipment and coefficient of thermal efficiency (i.e., ranges from
0.52 for GMAW to 0.8 for CMT).

o Heat input affects distortions due to the large volume of melted ma-
terial and which shrinks during solidification [91].

Typically, WAAM uses heat inputs ranging from tens to hundreds of
J/mm and this heat is typically dissipated (i) by conduction through the
components and substrates, (ii) by forced convection through the
shielding air, and (iii) by radiation to the atmosphere. Therefore, it is
critical to adjust the heat input during WAAM. This fundamental vari-
able not only changes the geometry of the materials deposited
(ie., the width and height of a track and a layer) but also affects the mi-
crostructure. The thermal inertia increases when a volume is applied
during the deposition process. This affects the thermal gradients and
cooling rates, which in turn influence residual stress and microstructure
[81]. The temperature gradient of the molten pool decreases as the de-
positing height rises and the amounts of heat loss decrease for the man-
ufacture of large components. This is because the heat conduction
toward the substrate is the preferential mode for cooling the molten
pool. Increasing the number of deposited layers decreases the magni-
tude of the heat flow, causing heat accumulation (see Subsection 3.2)
[92,93]. Therefore, the amount of heat applied during WAAM, the ther-
mal conductivity, and specific heat of the base material is important for
determining the cooling rate, and this is of vital importance for regulat-
ing the cooling solid-state transformations that may occur in the af-
fected heat zone.

The heat conduction models have been used to predict the geometry
of weld pool geometry, the temperature ranges, the cooling rates of so-
lidified structures. In one of the most used traditional models, Rosenthal
introduced the thermal cycle description theory and provided models
that still form the basis for analytical and computational mathematical
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Table 4
Humping - effect of important factors on the bead geometry.

Heat source Discussion/suppression mechanism

Material

Control factor

GMAW [187] A good weld bead can be obtained without the humping with

Mild steel suitable magnetic flux density; however, the introduction of

Magnetic field, the magnetic field causes increases in spatter.

current, TS The minimum excitation current required to suppress
humping bead increased by increasing the TS and correlations
were established between them.

GMAW [188] Used an external magnetic field to produce an extra

Mild steel electromagnetic force in front of the welding pond to reduce

Magnetic field the momentum of the molten backward flow, improving bead

quality considerably and an enhancement of critical TS.

GTAW [189] The upward electromagnetic force was used to lift the molten
SS 304 metal, and it was shown that the shape of the bead was
Magnetic field significantly improved.

GTAW [190] Used cusp-type magnetic to change the cross-section of the
SS 304 arc plasma from a circular to an elliptical shape, therefore

Magnetic field decreasing the occurrence tendency of humping bead and a
good bead appearance.
Hybrid heat source improved fluid flow and heat transfer in
the molten pool, reducing the momentum of the backward
molten metal flow and suppressing the humping bead,
however, in addition to adding cost to equipment, hybrid heat
source would make equipment more complex.
GMAW [192-194] The fluid flow and heat transfer within the welding pool can
ER 70S-6,SS304  be improved by Tandem, decreasing the momentum of the
WES, current backward molten metal flow and suppressing the humping.
However, two modules contribute to the investment in
equipment and complicate the operation of equipment.

GMAW [191]
ER 70S-6
Laser power

GTAW [195] The addition of helium can increase the heat transfer into the
ER 70S-6 work-piece to increase the welding speed without the
Shielding gas humping.

GMAW [196-198] The magnetic field had significant effects on the flow

ER70S-6 dynamics of the weld, arc column, and the metal transfer, and

Magnetic field, the optimized excitation currents were determined.

current, TS Combining a suitable electromagnetic field and the backward
inclined welding torch can result in the successful welding
bead with neither humping nor spatter.

GMAW [199] The humping was enlarged and formed with the strong

ER480S-6 backward fluid flow of molten metal, which was mainly

TS, power induced by the arc plasma force and droplet impact force.

GMAW [184] Two factors were determined to drive bumping: the effective

ER70S-6 momentum of backward fluid flow and the capillary

Current, TS instability of the fluid channel.

GMAW [200] They suggested the formation of a thin liquid channel and

ER70S-6 rapid solidification of the melt associated with the humping

TS, power phenomenon.

CMT [201] Humping can be avoided through planning an elaborate robot

ER70S-6 trajectory (vertical-down path is the most recommended

WES, TS, welding  direction).

position They found that it is necessary to use the TS with the most

restricted condition (vertical-up) to guarantee a humping
free deposition.

analysis of heat transfer in welding [94]. Despite its extensive use, it is
worth noting that these equations have some restricting hypotheses,
such as heat dissipation simply by conduction under conditions of equi-
librium, it considers punctual heat sources, neglecting surface radiation
and convection losses in the dynamic molten pool [95]. In addition, it
excludes enthalpy of phase transition, including melting, and thermal
gradients of the thermal properties. The solutions developed for two-
dimensional (2D) and three-dimensional (3D) heat flow makes it possi-
ble to measure the peak temperature (T) at any point distant from the
heat source as

L Q X R

T—Ty = Sk exp L_CKO <L_c> (5)
. Q (R

T—Ty = kR exp L (6)
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Fig. 10. A schematic view of different build directions. The degree of freedom in WAAM
provides different building strategies and the inclination angle can vary in the system
restrictions.

2x
=75 (7)

where T is the temperature at a given position, T is the initial tem-
perature of the base material, Q is the heat input power, k is the thermal
conductivity of the material and Kj is a modified Bessel function of the
second kind and zero-order, « is the thermal diffusivity of the material,
R is the radial distance from the weld centerline, that is, R = (x> +y°)"?
or R= (x*+y?+2%)"” for 2D and 3D heat flow, respectively, TS is the
travel speed and x is the distance from the heat source.

More accurate models which account for convective heat transfer
are increasingly being replaced with the heat conduction models
[96-98]. For example, Fig. 5 shows the variation of the cooling rate mea-
sured for different arc powers and travel speeds during the WAAM pro-
cess [88]. The convective flow of liquid metal into the molten pool
combines hot and cold liquid and decreases the gradient of temperature
in the pool. Therefore, heat conduction calculations that neglect the
molten metal convection overestimate the temperature gradient and
cooling rate [88]. Note that the WAAM processes are extremely complex
and extensive calculations are required for a fully-comprehensive
model of molten pool heat transmission and fluid flow. The level of sim-
plification that can be accepted for a specific application must therefore
be considered. Simulation designs should take into account, including
dimensions (2D or 3D), transient versus the steady-state, flat surface
of the weld pool versus a deformable surface, and laminar flow in the
molten metal versus turbulent flow, etc. [99]. The outcomes of these
choices depend on the simulation effort's objectives [100].

As mentioned above, heat can be dissipated by forced convection
through the shielding air. Therefore, it is critical to adjust the shielding
gas composition and flow rate. WAAM includes a protective environ-
ment that primary purpose it protects from the oxidation of the fusion
zone and its surroundings. The shielding gas is, therefore, an important
parameters because it affects the mode of heat transfer [101], process
stability [102], and geometry and appearance of beads, surface waviness
and deposition efficiency [103], in addition to the impact on the me-
chanical properties [104].

During WAAM, shielding gases have also other functions. WAAM de-
position, with high energy density, easily generates a large volume of
plasma. However, with proper optimization of shielding gas, that is, by
careful selection of the type and flow of shielding gas, it is possible to
eliminate the plasma plume and adjust the penetration of the weld.
The shield gas is often supplied through the welding torch, however,
more measures may be needed for materials which are highly suscepti-
ble to atmospheric contamination (e.g. Ti-6Al-4 V) [104]. By providing
laminar shield gas flow as opposed to conventional local shielding de-
vices, during the deposition of WAAM components, the protection
zone could be extended to the side walls [103].

Argon is commonly used and it contains elements with greater dis-
sociation and ionization potential than other active gasses such as car-
bon dioxide (CO2) or helium, nitrogen and hydrogen, allowing arc
temperature to increase [105] or enhancing cooling rate, for example,
using argon shielding gas mixture with higher helium content [106] or
modify metal transfer [101]. For instance, when only argon was used
significant spatter was observed, however, the introduction of 02 to
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Table 5
Various unidirectional slicing and their specifications.

Strategy Description

Uniform slicing [25] Each slice has the same top and bottom contours and
maintains equivalent slice thickness in the CAD model
and restricts the precision of the deposited component
due to the staircase effect and the precision can be
enhanced by choosing very thin layers.

This approach uses parallel slices, but parameters like the
surface finish and the CAD-geometry curvature in the
deposition direction are determined by slice thickness.
The surface finish is better than the uniform slicing as the
impact of the staircase is reduced.

Depositing critical features with adaptive slicing and
non-critical features with the maximum layer thickness
to minimize build time.

This strategy requires explicit control of surface
properties and user versatility to establish different
surface tolerance values for various regions.

The thickness varies depending on the curvature of the
feature, unlike uniform and adaptive slicing techniques.
It can be used without the support to deposit overhang
structures.

Adaptive slicing
[210,211,216]

Region-based adaptive
slicing [212]

Feature-based inclined
slicing
[213,214]

the gas mixture greatly decrease spatter generation, and the introduc-
tion of CO2 in the shielding gas mixture was seen to increase the
width and penetration of the fusion zone [101].

As another example, if a chosen shielding gas promotes an increase
in both the width and the weld metal penetration, low heat inputs can
be used, potentially reducing the risk of distortion. Pires et al. [107]
highlighted that during metal active gas welding of low carbon steel
using an argon-CO2 mixture as shielding gas, an increase in CO2 re-
quired an increase in the heat input to obtain a stable arc. As such, the
increase in CO2 content needed an increase in the heat input, which
can influence the microstructure and mechanical properties.

The shielding gas flow exerts a mechanical force on the arc, making
it more scattered at a low-level heat input, and gas ionizes at a high-
level heat input, making the arc plumper and improving arc stability
[108]. Too high flow rate can cause poor penetration and porosity can
be introduced to the gas column due to turbulence drawing in atmo-
spheric gases [109]. Hence, it is important to select the correct shielding
gas flow rate. In Section 4 further discussion on the impact of gas
shielding on geometrical features is discussed. The concept of heat dis-
sipation and heat accumulation is discussed in the next Subsection.

3.2. Heat dissipation and heat accumulation

Two major problems limiting the application of WAAM are heat ac-
cumulation and the complex thermal conditions (e.g., inter-layer tem-
perature and cooling rate) and therefore difficulties in controlling
dimensional accuracy, particularly for large parts [11,104,110]. On the
one hand, WAAM induces complex thermal profiles throughout the ma-
terial as the deposition of component experiences being heated repeat-
edly. The transfer of heat to the already deposited layers is of great
concern as it affects the cooling rate and thermal cycles of both the pre-
vious and currently deposited layers, which can lead to microstructural
and geometrical changes along the part [111]. Except for the first pass
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that only goes through post-heating and the last pass that only goes
through preheating, all the others go through both preheating and
post-heating, including preheating process. Furthermore, the deposi-
tion pattern strongly affects the heat dissipation and impact of thermal
cycles, however, it is unclear if trajectory planning alone can overcome
the issue of heterogeneity in WAAM parts (see Subsection 4.2 for more
details).

On the other hand, during the metal deposition, the high amount of
energy transmitted to the workpiece causes a progressive increase in
the workpiece temperature. Depending on the balance between applied
and extracted heat, thermal energy can accumulate, which can signifi-
cantly influence the solidification rate and therefore the deposition ge-
ometry. The heat is mainly transmitted from the molten pool to the
substrate by conduction, the heat dissipation conditions become poor
as the number of layers increases, which would cause the layer dimen-
sions to vary [92,112,113]. For example, a lower temperature of inter-
layer accelerates the solidification of the molten pool, so the layer
would appear narrow and tall. Conversely, a higher temperature in the
inter-layer makes the layer wide and short. It has been reported that ex-
cessive heat accumulation can lead to deteriorating layer forming qual-
ity [114], which can lead to collapsing layers due to insufficient
solidification [115]. Zhao et al. [92] showed that the temperature gradi-
ent of the molten pool decreases as the height of the wall increases as a
result of the heat accumulated which prolongs the time required to so-
lidify the molten pool. They proved that increasing the temperature gra-
dient helps to decrease the molten pool flow behaviour. Wu et al. [16]
indicated that the dimensions of the layer differ in the first few layers
and then appear to be steady when an equilibrium achieved by heat
input and dissipation. This problem affects the dimensional accuracy
of the deposited component considerably. More importantly, this di-
mensional deviation would occur in the direction of deposition and
then shift the gap between the torch and the workpiece, which prevents
the process of deposition at the upper layers. Additionally, the varying
layer width makes the process of machining more complex. This will in-
crease the cost and time needed to post the part process [16,116].

In summary, the aforementioned thermal cycling results in multi-
peak thermal cycling, with complex temperature gradient distribution,
leading to a significant effect on the stress distribution, deformation, mi-
crostructure, and mechanical performance of components (see
Subsection 3.4.1). Heat accumulation has detrimental effects, including
(i) increase in the molten pool size and widening the deposited layer
[116], (ii) non-homogeneous material along the building direction,
(iii) increase in inter-pass temperature [68,92,117], (iv) possible work-
piece structural collapse [118], (v) surface waviness, and (vi) modifica-
tion of the metal transfer mechanism [16]. Hence, WAAM is still being
matured. Well-established knowledge from heat management can be
transferred to better understand and improve additive manufacturing
part quality and accuracy. In fact, not only the heat input but also heat
dissipation affects the molten pool shape during WAAM. Though the
heat input is high, the shape of the molten pool can still be well con-
trolled by improving heat dissipation by additional cooling to compen-
sate for excessive heat input. For example, if the cooling systems or/and
introducing interlayer dwell period are specified such that the deposi-
tion is conducted on a surface of low enough temperature, steady-
state deposition is possible, identifiable by a constant weld pool size

—
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Fig. 11. Various unidirectional slicing according to Table 5: left-to-right: uniform slicing, adaptive slicing, region-based adaptive slicing, and feature-based inclined slicing.
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Table 6
Various multidirectional slicing and their specifications.

Strategy Description

Silhouette edges projection [219] This approach includes (i) identification of the
unbuildable surface features by projecting
silhouette edges, (ii) decomposition of a
component into buildable and unbuildable
sub-volumes, (iii) for the unbuildable
sub-volume, determination of a new suitable
building path, (iv) for the building path, further
decomposition of the unbuildable sub-volume
by repeating the same projection procedures.
The implementation of the strategy for
complex components is complicated and
computationally costly.

Projection-based This approach progressively decomposes the

decomposition, transition wall part into sub-volumes, each of which can be

[219] entirely constructed in a certain direction.

This strategy includes a transition where

surface accuracy is considered.

This approach involves defining the feature in

many individual pieces from the CAD model

and decomposition from the CAD model.

Features may be assessed independently using

a module for local process planning, combined

into a whole component.

This method involves defining overhang layers

by measuring the difference between the

current and the previous layers and building an

overhang feature as well as depositing a

transition feature.

A simple technique, but suitable only for a

subset of component geometries.

This method is based on two techniques:

surface tension and transition wall.

This method includes a variety of layer

thicknesses and slicing direction, generating

optimal slices.

In some cases, the centroid axis does not

necessarily indicate the geometry of the

component, which means this method is not
robust.

This strategy includes (i) extracting the

centroid axis of the model, (ii) identifying the

splitting surface and conducting subsequent
decomposition, and (iii) performing multi-axis
slicing and finally generating the collision-free
slicing sequence for each subcomponent.

In some cases, components cannot efficiently

decompose as required because the centroid

axes do not always indicate geometry changes.

This strategy identifies sub-volumes of the

component that can be built using non-planar

slices for an angle of overhang depending on
the operation.

Modular boundary models [227] This strategy includes three major modules:
spatial decomposition, part slicing, and
generation of tool paths for each slicing layer.

Decomposition - re-grouping This strategy includes (i) a model

[228] simplification step prior to CAD decomposition,

(ii) the decomposition of the CAD model into

sub-volumes, and (iii) the introduction of a

depth tree structure based on topological data

for combining in ordered slicing groups.

It's proven to be simple and successful in

different features.

This method involves creating tool paths for a

five-axis welding device to deal with building

overhanging structures by adjusting the slicing
direction according to the geometry of the
component, by using a cross-section function
of the CAD model.

This strategy involves creating tool paths by

intersecting the curved surface with vertical

planes, followed by the algorithm for point
offset.

Invalid for complicated situations.

This strategy involves (i) slicing of the

A feature-based volume
decomposition technique
[220-222]

Transition wall [223]

Adaptive slicing [224]

Centroid axis extraction [225]

Offset slicing [226]

Curved slicing [217]

Curved slicing [218]

Curved slicing [229]
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[112]. This may give the possibility to overcome the conflict between
consistency forming and performance during WAAM. However, the de-
termination of a suitable surface temperature tends to be by resource-
intensive trial and error, with limited systematic approaches proposed
[119,120]. The following section discusses the concept of heat manage-
ment to improve deposition quality during WAAM.

3.3. Heat management

In WAAM, inter-layer temperature (i) reflects the temperature of
the previous layer, which is deposited shortly before the new layers
[121], and (ii) affects the cooling rate, and therefore the mechanical
and microstructural characteristics. Continuous deposition without
inter-pass cooling can produce excessive heat input in a local region,
resulting in high temperatures and wide re-melting, resulting in poor
dimensional accuracy and surface finish [49,122]. On the one hand, if
an inter-pass temperature is high, the wettability of the molten pool
can be improved, and also causes an additional temperature rise in
small areas and overhang features. This results in the melting of the pre-
viously deposited layers and may end in the catastrophic failure and can
even cause the wall to collapse [119]. On the other hand, a low inter-
layer temperature affects mechanical properties and may result in brit-
tleness, poor bead to-bead re-melting, and void creation. Note that in
addition to the interfacial tension and gravitational force, wetting
plays an important role in controlling the spread of the deposited
metal. The choice of interlayer temperature depends on the material
metallurgy [17,123]. For example, the wettability of a molten alumin-
ium alloy to a cold build plate is poor because of the high thermal con-
ductivity and the large temperature difference between the molten
metal and the build plate. The contact angle of the molten metal alumin-
ium alloy on a cold build plate is distinctly larger than 80° [124]. Results
showed that the wettability of the deposited layers was effectively im-
proved by preheating the substrate at 118 °C [124]. In another example,
Alberti et al. [125] showed that when preheating was used, the
precipitation-hardened alloy had similar deposition behaviour to that
observed without preheating, with improved wettability, but no major
changes. The solid-solution-hardened alloy showed a greater increase
in wettability. Hence, it is important to keep the inter-layer temperature
at a suitable range depending on the alloy used. The following is a de-
scription of heat transfer-based processes that can be applied in situ of
deposition or inter/intralayer to adjust the total heat flux to the compo-
nent during the WAAM process, which directly affects distortion and
deformation. This includes the effect of idle time, environmental
cooling, inter-pass active cooling, localized heating, and preheating on
part quality of WAAM parts.

A typical practice for avoiding heat accumulation is to introduce idle
times between subsequent layer deposition, i.e., allowing the workpiece
to cool down to a secure temperature until the deposition of the subse-
quent layer [50,121,126]. This parameter is crucial for the WAAM

Table 6 (continued)

Strategy Description

revolving body from part volume
decomposition with traditional planar slicing,
(ii) spatially tracing the cylindrical coordinates
and splitting the offset surfaces by the
boundary of the core volume, and then (iii)
mapping to the Cartesian coordinate system to
generate commands for AM equipment.

This strategy proposes two non-planar slicing
approaches: a decomposition-based curved
surface slicing technique and a process-based
cylinder surface slicing strategy to minimize
the need for support structures and decrease
the number of layers.

Hybrid decomposition-based
curved surface slicing [206]
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process and two main techniques are used to program idle times in
WAAM processes: (i) fixed idle time selection and (ii) substrate temper-
ature monitoring. In the first scenario, the deposition component sys-
tem implements a fixed idle time at the end of the deposition of each
layer [122]. This technique helps the workpiece to cool down; however,
setting the right idle time requires a series of pre-tests. In addition, fixed
idle times may not allow a constant inter-pass temperature to be pre-
served. This is due to the process of heat transfer from the molten
pool to the workpiece. The most important heat flux is the conduction
in the direction of the building, which is greatly determined by the
height of the workpiece, i.e., by the number of layers previously depos-
ited [92]. Therefore, the idle time should be increased as the deposition
progresses, in order to have the same inter-pass temperature. This is ac-
complished through the second technique, i.e., monitoring the temper-
ature of the substrate using a sensor, usually a thermocouple. The
process is kept idle after the deposition of a layer until the thermocouple
signal exceeds the specified value. Although this technique keeps the
substrate temperature constant at the end of each layer's deposition it
does not allow a constant molten pool size to be achieved. In fact, as
the distance between the current layer location and the substratum in-
creases, the volume of the molten pool increases [127]. This is similar to
that in fixed idle, due to the increase in the workpiece height during the
deposition process, the decrease in the conductive heat flux is associ-
ated with that. This is a major drawback of the substrate temperature
monitoring technique, since restricting the increase in the volume of
the molten pool is crucial for achieving adequate process performance
[127] and avoiding the local structural collapse of the workpiece that re-
sults in poor dimensional accuracy [49].

As mentioned above, an appropriate inter-layer temperature can be
achieved by implementing an inter-layer idle time that can be opti-
mized by simulating the thermal behaviour during the WAAM process
[119,121,122,126,128-131]. For example, Lei et al. [126] investigated
the effect of inter-layer idle time on GMAW thermal behaviour using fi-
nite element analysis and showed improving the forming accuracy of
each layer by increasing the idle time. Geng et al. [119] established a
theoretical model to optimize the temperature of the inter-layer and
heat input during GTAW and stated (i) an adequate formation and qual-
ity for each layer by adjusting an appropriate inter-layer idle time and
(ii) controlling the inter-pass temperature is essential to prevent com-
ponent collapse. Montevecchi et al. [121,128,129] proposed an ap-
proach to scheduling inter-layer idle times for GMAW using a finite
element analysis concluding that the variable idle time leads to a con-
stant inter-layer temperature and ensures a constant molten pool size
which then improves the efficiency and productivity of the process.
Zhao et al. [131] showed that by increasing the idle times (i.e., by de-
creasing the inter-pass temperature), the magnitude of the residual
stresses can be reduced. Shen et al. [70,132] concluded that the inter-
pass temperature has a significant influence on the yield stress and
the occurrence of cracking. Ma et al. [117] found a significant influence
of inter-pass temperature on the quality of layer deposition.

In summary, idle time can effectively control the temperature field
to ensure dimensional accuracy. The downside, however, is that this ap-
proach impedes the efficiency of production. It is because due to poor
heat dissipation, the needed idle time gets longer as the workpiece
height increases. Excessive idle times are unacceptable when large-
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scale parts are needed. Therefore, an approach to decrease the inter-
layer idle times is to use active cooling systems to increase convection
heat flux to the environment using water cooling [33,133-135] and
air-jet cooling [135]. Reddy et al. [136] proposed a technique based on
controlled cooling of the heated substrate, intending to obtain homoge-
neous properties along the vertical direction. Active cooling can be per-
formed by increasing the heat sink effect of the substrate by using
water-cooled fixtures [33,133]. However, the drawback of this approach
is that the heat of the molten pool is still dissipated through conduction,
not ensuring a constant cooling rate during the process. Immersing the
workpiece in a water-cooled tank can also be used to increase the con-
vective heat flux to the environment [134,135], however, this approach
is complicated to be applied on existing machine tools.

Another solution to heat management is in situ cooling with a ther-
moelectric. In this method to regulate the thermal cycles in WAAM, heat
sinks to the side walls by conduction (see Fig. 7), allowing for similar
conditions of heat dissipation during the entire deposition. Thermoelec-
tric technology can be very near the molten pool. Shi et al. showed that
this technology is more effective than traditional convection and radia-
tion, with the help of strong heat conduction, enhancing the heat dissi-
pation of upper layers [62]. It thus has a major effect on the molten pool
both before and after it is solidified, resulting in increased WFS and re-
duced inter-layer dwelling time [62] - This ensures efficient heat dissi-
pation without reducing heat input and WFS. This modified the weld
bead geometry for equivalent welding processing parameters, that
weld bead height meant the need for fewer deposition passes. It can
also provide a similar thermal boundary condition at the multilayer
and substrate, compensates for the poor multilayer heat dissipation
[112]. However, it is not straightforward to apply this approach to com-
plex curved geometries and overhangs. An alternative solution, which is
simple to implement and ideal for manufacturing complex parts, is to
use a gas jet to increase the coefficient of convective heat transfer.

Increasing the convective heat transfer using air-jet impingement
cooling to prevent heat accumulation by increasing convective heat
transfer between the workpiece and environment performed by [135].
Air-jet impingement has a significant impact on the process, limiting
the progressive increase in the inter-layer temperature as compared
to free convection cooling [137]. Integrated water cooling channels' sub-
strate was tested by [115] through continuous deposition while main-
taining geometric consistency (see Fig. 6). This approach relies on
conduction, the efficacy of this approach may be limited in terms of po-
tential changes in residual stress, microstructure, and dimensional sta-
bility for larger components and lower thermal conductivity.

In such in situ forced convective cooling, compressed CO2 [138,139]
and liquid nitrogen [140] can be used to control thermal cycles (see also
Subsection 3.1). For example, this promises improvement in deposited
titanium alloy parts including improved surface finishing, mechanical
properties, and production efficiency [138]. In addition, the use of addi-
tional gas, such as argon, nitrogen, and hydrogen, decreases heat accu-
mulation in the top layers and cyclically reheats the lower layers,
resulting in a near-net-shape layer geometry and a fine grain structure
for mild steel [141]. The distance between the cooling source and the
weld pool was found to be crucial to the stress reduction effect on the
shape of the weld pool and the thermal field [139]. Wu et al. [138]
used a CO2 jet which was directed by a nozzle attached to the welding

Fig. 12. Various multidirectional slicing strategies according to Table 6: (a) silhouette edges projection [219], (b) a feature-based volume decomposition technique [220-222],
(c) transition wall [223], (d) projection based decomposition, solid model (left), decomposition (center), and slices of the transition zone (right) [219], (e) offset slicing; the points at
which the overhang angle condition was violated (left) and the decomposition of the part into Ppyjg and Pynpuiia for offset slice deposition (right) [226], (f) adaptive slicing; variable
direction slicing for a single-branched part - large cusp height (left) and small cusp height (right) [224], (g) modular boundary models; turbine blades CAD model and concave loops
found in the body (up), decomposition and deposition and surface grinding (bottom) [227], (h) centroid axis extraction; solid model, centroid axis and centroid axis with solid model
(up) and hinge example - solid model, slicing result and deposition results (bottom) [225], (i) grouped sub-volumes (right), feature regions (coloured in red) and slicing in multiple
directions decomposition-regrouping (left) [228], (j) hybrid decomposition-based curved surface slicing; CAD model, concave loops (left) and generated tool-paths (right) [206],
(k) curved slicing; CAD model with a hole (left) and slicing curved layers (right) [218], (1) curved slicing; tool path pattern for hard facing (left) and buffer layer on the surface of oil
drilling tool (right) [217], and (m) multiple-directional slicing of the propeller: CAD model, triangulated approximation, core-volume, overhanging structures, base surface of slices for

core-volume, and for overhanging structures [229].
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Table 7

A summary of methods for path planning.

Strategy

Description/specification

Raster path [230]

Zigzag path
[231,232]

Continuous path [237]

Contour path

[233,234]

Medial axis transformation

(MAT)[240-242]

Adaptive MAT [243]

Spiral path [235,236]

Hybrid path - zigzag &
continuous [72,238]

Hybrid path - zigzag &
continuous [239]

This strategy is based on planar ray casting in one
direction to automatically generate a raster fill
path.

Poor layer accuracy on any edge is not parallel to
the tool motion direction.

It is simple, efficient, and robust, however, an
arc-extinguishing stage is required in each part of
the raster path, so it's inappropriate for WAAM.
This strategy connects separate parallel lines into
one continuous pass, with fewer transition
motions resulting in less build time, hence,
commonly used in commercial AM.

Due to discretization errors on any borders, which
do not correspond to the direction of movement,
its contour is not precise.

The number of arc-extinguishing points can be
reduced, but with the complexity of geometric
contours, the number of arc-extinguishing points
increases, resulting in increased idles and reduced
deposition efficiency.

Hilbert curve-based tool-paths are an example of
this approach and are especially useful in
reducing shrinkage.

Due to large numbers of path direction turning
motions, it is not ideal for the WAAM.

This strategy uses offsetting geometry contours
and can overcome poor outline accuracy issues by
following the geometric pattern of boundary
contours and improving the manufacturing offset
path generation algorithm.

It produces multiple closed curves and
particularly suited for thin-walled structures.
This method (i) generates the offset curves by
beginning from the inside and working toward
the outside, rather than beginning from the
boundary and filling toward the inside for
machining, and (ii) prevents the creation of gaps
by depositing extra material outside the
boundary; however, more machining is needed
after the process.

Step-over distance is constant, and it is ideal for
WAAM.

Suitable only for objects with unique shapes,
thin-walled, and solid structures.

This strategy can continuously produce path
patterns with varying step-over distances by
analysing geometry and changing process
parameters.

The implementation process is rather complicated
and suitable for uniform thin-wall deposition.
This method is suited only in certain geometric
designs to solve problems with the zigzag tool
path.

It is often used in milling path planning and the
same path spacing is critical to guarantee and
therefore does not work for WAAM.

This strategy proposes a continuous path planning
for complex polygons, which can be subdivided
into a sequence of monotonous polygons. A
simple zigzag path is then formed for each
monotonous polygon, followed by interacting
multiple single paths to create a closed
continuous path.

This method is capable of producing filling
patterns for any arbitrarily formed region,
reducing the number of welding passes, however,
increasing sharp turns.

This strategy leverages the advantages of the
above-mentioned pattern of zigzag, contour, and
continuous paths that offer a continuous path to
reduce the number of welding passes per layer
and remove the arc start/stop side effects that
ignore the residual stress and distortion side
effects.

This method is suitable for WAAM of bulk
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torch on the top surface of the weld bead. The system was tested by de-
positing a Ti6AI4V thin-wall, which showed improved surface quality,
material strength, hardness, and manufacturing performance, as well
as improved geometric repeatability and accuracy. A similar approach
was also proposed by Montevecchi et al. [135], having two key varia-
tions compared to [138]: i) usage of standard compressed air instead
of CO2, which can reduce operating costs for materials less sensitive to
the welding atmosphere than Ti6Al4V and ii) the jet's target is not the
top layer but the bottom. This method helps the impinging jet to have
a wider surface and results in a higher heat transfer [142]. A positive
consequence of successful air cooling during the subsequent layer depo-
sition, in which the electrical arc is not extinguished at the beginning
and ending stages, is to minimize higher values and residual stress var-
iability in the deposition of circular layers using WAAM [143].

As an in situ heating module, a method to reduce the residual stress
was developed, which consists of an inductor with symmetrical coils
mounted on both sides of the deposited part (see Fig. 7) [144]. Depend-
ing on its position in relation to the arc, this technique can be preheated
and post-heated. It can allow a constant inter-layer temperature to be
maintained during the entire deposition as well as reducing the residual
stresses and distortion of as-built parts.

In addition, preheating the substrate is an efficient way to mitigate
residual stress and cracking, reducing thermal gradients, and homoge-
nizing the distribution of the temperature. The width of the early layers
of the WAAM is known to be significantly less than that of the rest due
to a fast cooling rate due to the large area of the substrate and its initial
temperature. Preheating of the substrates minimizes thermal conduc-
tion and heat losses, leading to smaller temperature gradients [144].

Table 7 (continued)

Strategy Description/specification

features.

This strategy uses zigzag paths to fill the interior
and remove pores, the offset path contour is
employed to improve the geometrical accuracy.
This method can be used for sharp corner
features.

This strategy divides the complex structural
component surface contour and then produces
the optimum filling path on the basis of
geometrical characteristics for each partition.

It was observed a much more consistent
deposition than the adaptive path planning.
This method uses Euler theory to develop a
continuous path plan with less arc and
extinguishing points for the multi-node and
trajectory function, thereby reducing
interruptions and waiting time.

Suitable for depositing stiffened grid panels,
particularly more than 10 mm beads.

This method can (i) transfer all intersections to
the outer contour, ensuring a consistent and
compact internal zone, (ii) enhance dynamic
nature of path planning, and (iii) the path
direction of the adjacent layer can be adjusted by
only one arc extinguished in the process.
Compared to the conventional zigzag path
planning process, better densification and
deposition efficiency can be achieved.

This strategy is based on a cylindrical surface
slicing and path planning process.

A raster, zigzag, or contour can be used.

This strategy can build complex parts by
designing a path strategy that satisfies the basic
targeted type requirements.

For every new component such as enclosed
features, cross features, T-crossing features, and
multi-directional pipe joints, this solution needs
long-term path design work that is incompatible
with AM.

Hybrid - zigzag and contour
offset paths [248] [249]

Modular path planning (MPP)
[85]

Multi-node trajectory [66]

Sequential path-planning
[244]

Path planning - curved
surfaces [206]

Feature-based strategy
[12,245-247]
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Table 2 summarizes the above methods to mitigate the accumula-
tion of heat during WAAM. In summary, WAAM-processed materials
undergo complex thermal processing cycles varying from point to
point, resulting in high residual stresses and distortions due to excessive
heat input, and low precision and surface finish - restricting WAAM
technology applications. Additionally, this complex thermal history pro-
duces location-dependent material properties for large-scale compo-
nents, which translate into variations of surface properties at various
locations of the manufactured parts. Furthermore, significant residual
stress levels may result in defects such as cracking and distortion. The
following section addresses common defects in materials manufactured
through WAAM.

3.4. WAAM common defects

This section aims to identify the most common defects of the
WAAM. In general, defects in WAAM can occur for numerous reasons,
such as poor programming strategy, unstable weld pool dynamics due
to poor parameter setup, heat accumulation-related thermal deforma-
tion, environmental impact (such as gas contamination), and other ma-
chine malfunctions [16]. Basically, WAAM defects are very close to
welding, such as porosity, cracking, delamination, and spatter. Some
WAAM processing impacts on the part quality and geometrical accu-
racy. In particular, porosity, high levels of residual stress, cracking, and
humping should be avoided where they lead to modes of failure, as
discussed below.

3.4.1. Residual stress and distortions or deformation

Like other AM processes, the residual stress is a major cause of dis-
tortions, the loss of geometrical accuracy in WAAM components [147],
due to large thermal gradients during repeated melting and cooling pro-
cesses, besides its influence on mechanical properties and grain struc-
tures [148]. Residual stress is the stress that remains in the material
after the removal of all external loading forces. Thermal induced
stresses arise from thermal-induced strains during the non-uniform ex-
pansion during WAAM. The induced strain can distort a material being
deposited. If a structure cannot react by macroscopically distorting it,
it will either cause microscopic deformation (e.g. yield or crack) or re-
sult in residual stresses. The residual stresses that result in component
distortion are released when the fabricated component is unclamped
(see Fig. 8) [50]. While post-processing technologies may reduce resid-
ual stress, residual distortions caused by stress are a major cause of loss
in geometric tolerances. Therefore, control and minimization of defor-
mation and residual stress is a key area of research and the best way
to minimize distortions is to regulate the accumulation of residual
stresses during deposition.

Asstatedin Subsection 3.1and 3.2,ahigh WAAM heatinputleadstoan
increasing internal energy content of the workpiece, known as the heat
accumulation [16]. These effects modify the geometry of the layers
[147]and the material microstructure [127], especially along with the de-
posited height [150]. During WAAM, shrinkage of large pools of liquids
during solidification and repeated heating and cooling can result in high
residual stresses and defects such as delamination, warping and dimen-
sional inaccuracy [151,152]. Similar to residual stress and deformation,
crackingand delamination not only includes the production process ther-
mal signature but also refers to the deposit's material characteristics. The
crack within the WAAM component can be categorized as

o Solidification crack depends primarily on the material's solidification
quality and is generally caused by obstruction of solidified grain flow
or high strain in the melting pool [153].

o Grain boundary crack generates along the grain boundaries because
of variations between boundary morphology and potential precipi-
tate formation or dissolution [153].

o Delamination or separation of adjacent layers generates between
layers because the underlying material is not completely melted.
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Inconel alloy, for example, easily generates solidification-cracking
problems due to the presence of the liquid film at terminal solidifica-
tion [154]. Post-process treatment cannot repair this problem; pre-
process treatment such as preheating of the substrate must be
considered.

In summary, several physical processes simultaneously influence
the evolution of residual stresses in the WAAM-produced parts. The
complexity of the method prevents a straightforward determination of
variables that can be tailored for stress reduction and defect mitigation.
In some studies, the effects of individual variables on residual stress ac-
cumulation were explored for the mitigation of residual stress and dis-
tortions. It includes (i) preheating of the substrates to reduce residual
stresses and distortions [123], (ii) decreasing the input power to reduce
residual stresses in components fabricated by DMD [155], and (iii) in-
creasing travel speed to mitigate residual stresses along the scanning di-
rection [156], among others. The above findings, however, do not
describe the main variables influencing the evolution of residual stress.
Defining the essential variables is therefore difficult to uncover. The
emergence of big data and the use of data-driven techniques may be
useful when the relationships between different types of variables are
unavailable [157,158]. For example, Wu et al. [158] showed that the
substrate preheat temperature is the most influential variable among
the process variables. Both experiments and simulations are required
to identify the optimal strategy for residual stresses and distortions.
The impacts of processing parameters, deposition patterns, and se-
quences, heating, cooling, and preheating on stress evolution should
be investigated. Good quality and accuracy components can only be
achieved if residual stresses and defects are eliminated or reduced.

3.4.2. Porosity

Porosity is another common defect that needs to be minimized in
WAAM processing for specific alloys such as aluminium and titanium
[159,160]. Porosity results in a component with low mechanical
strength due to micro-crack damage and brings low fatigue properties
to deposition through different size and shape distribution. In general,
this type of defect is categorized mainly as either raw material induced
or process-induced [77]. Material-induced porosity: the WAAM raw
material, including the as-received wire and substrate, frequently has
some degree of surface contamination, such as moisture, grease, and
other hydrocarbon compounds that may be difficult to completely ex-
tract. Such contaminants can be quickly absorbed into the molten pool
and after solidification produces porosity. Process-induced porosity: po-
rosity produced by the process is typically non-spherical and is often
caused by poor path planning or unstable deposition. If the deposition
path is complex or the manufacturing process is variable, it easily cre-
ates insufficient fusion or spatters ejection, creating holes or voids in
these affected regions.

Note that the deep penetration and keyhole formation are avoided in
the WAAM process as it causes excessive fluidity harmful for forming
keyhole induced defects [161]. However, one of the challenges faced
by the commercialization of WAAM for the production of aluminium
and titanium components is high porosity levels, as summarized in
Table 3. Porosity can be formed as [162-168]

o Spherical pores due to trapped gas - spherical pores resulting from a
very significant difference (for example, a factor of 20 for aluminium),
inliquid and solid hydrogen solubility. When the weld pool solidifies,
hydrogen gas forms and is then trapped in solid metal like bubbles
[169]. In addition, the fluid flow in the molten pool driven by the
Marangoni convection is radially outward, for example, for titanium
alloy, and the pores in the molten pool move along the direction of
the fluid flow [170]. Locations near the fusion boundary then solidify
first, and the dissolved hydrogen is rejected during solidification
[171], hence, pores near to the fusion boundary, therefore, has no
enough time to escape from the molten pool and trapped like pores.
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o Irregularly shaped - irregularly formed pores (shrinking porosity) arc length is long and a droplet adheres to the wire before the corre-
resulting from the migration of hydrogen into the voids caused by sponding peak current period during the last peak current period,
volumetric differences between the liquid and solid solution. If the the droplet can easily be blown to the outside of the weld track.
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Fig. 13. A summary of path planning methods according to Table 7: (a) raster [230], (b) zigzag [231,232,250,251], (c) spiral [235,236], (d) continuous path planning [237], (e) hybrid path -
zigzag and continuous [238], (f) contour path [233,234], (g) hybrid path - zigzag, contour, and continuous [239], (h) hybrid - zigzag and contour offset paths [248,249], (i) MAT; the red
region is deposition of excessive materials [240], (j) MAT [241,242] and adaptive MAT [243], (k) modular path planning (MPP) [85], (1) sequential path-planning [244].
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Fig. 14. Description of effective wall width and wall width and surface waviness [125,255]

Table 8
Correlations for estimating the wall specifications.

Parameter Correlation

Deposition efficiency (DE)
Surface waviness (SW)
Effective Wall width (EWW)

DE = tyaiechined area (8)
SW = TWWEEWW (9)
EWW = TWW — Machined area (10)

This droplet deviation resulted in the creation of spatters, molten
pool collapse, and bead voids. If the molten pool from the adjacent
bead cannot fill the voids, then due to the poor fluidity of the molten
pool and the gas trapped in the voids, the molten pool from the sub-
sequent layer can hardly fill the voids; therefore, irregularly shaped
pores can be created. This may explain why such pores usually lie in
a plane at an angle to the direction of construction rather than paral-
lel to the layers of deposition.

o Considerable pore size due to wire contamination because contami-
nants of raw materials can be easily absorbed into the molten pool
and thus generates porosity [172,173].

In summary, high levels of porosity can result in lower values for key
material properties. Even more problematic is the lack of reproducibility
of the performance of materials. This issue complicates the qualification
of both processes and components, which will limit the commercial ap-
plication of WAAM. In order for WAAM to be commercially viable, po-
rosity needs to be understood, monitored, and reproducibly reduced

Materials and Design 202 (2021) 109471

Table 10
Bead models and associated heights, width, and area of beads [134,261]
Model Model Bead Bead Bead area
function height, width,
h w
Parabola y=ax’+c¢ c 2,/~% A =%,/%
model
Cosine y =a cos (bx) a t A =2
model
Arc model y=+vaZ—x2+b
a-b 2vaZz—b

A, = ,arccos ,(—b)—bvaZ—b

Fig. 15. An irregular appearance of the deposited bead [74,263] (left), single weld bead
(right-up), and thin-walled part with 16 layers single-pass [265] (right-bottom).

3.4.3. Humping

Humping is a common defect in overhang features manufactured
via WAAM. As shown in Fig. 9, during a horizontal deposition, the
sagged bead, or the downward flow of metal, refers to the phenome-
non of humping and dripping phenomenon, respectively [181,182].
The molten pool may drop before solidifying, resulting in a poor
bead profile. The molten droplet remains equilibrated on the base
metal in a vertical position according to the theory of static force bal-
ance unless the static forces exceed the holding force [183]. Fig. 9 in-
dicates that the surface tension force can be decomposed along with
vertical and horizontal directions. The element of the surface tension
force in the vertical direction acts as the holding force during hori-
zontal or vertical welding, while the gravitational force tends to

to an acceptable level.

Table 9
Influencing bead and layer morphology parameters with an emphasis on geometry and surface quality
Refs. Heat source Feature Highlight
Material Control factor
[256] GTAW Single bead They proposed a mathematical model for a suitable selection of WES required to achieve
5356 Al WEFS, TS, Current, V various thickness adaptive layers.
The effect of WFS on bead width was found to be insignificant.
[88] GMAW Single bead They showed that (i) the deposition dimensions and the area of the fusion were reduced as TS
H13 steel Heat input, TS increased and arc power increased; (ii) the peak temperature increased with decreasing TS.
[257] GMAW Multilayer The greatest effect on the responses was observed by TS and current; increased TS or

HASTELLOY X alloy

TS, WES, current, gas flow rate

[258] GMAW Multilayer
ER70S-6 Current, WFS

[259] CMT Single bead & overlap
ER70S-6 TS, WFS

[260] GTAW Single bead & overlap
5A06 Al WES, TS, peak current

decreasing current contributed to a decrease in depth and robustness of the melt.

Deposition strategies were tested using multi-layer experiments, and no substantial difference
between depositing layers in the same way and depositing layers in different directions was
noticed.

The effects of the process variables were measured by a passive vision sensor; the key factor
was the deposition current.

The optimum current was found to range from 100 to 180 A.

A parabola can be taken as the cross-section of the weld bead with an ideal step-over value of
66.66% of the width of the weld bead.

SW with peak current did not change uniformly; SW decreased (190 to 160 pm) with an
increase in TS (0.15 m/min to 0.30 m/min), and then increased monotonously to 234 pm at 0.19
m/min TS.
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Table 11

Multi-bead overlapping models to improve surface conditions (artificial neural network,

Direction

Fig. 16. The staircase effect

ANN; Regression analysis, RA)

References

Description/Highlight

RA [261]

RA [267]

RA [268]

RA[53]

RA [263]

Tangent model [134]

Tangent model [270]

RA & ANN [110]

Taguchi method and
ANN [242]

Feature-based model
[61] [259]

Theoretical model
[260]

The geometrical model was suggested based on an
asymmetrical parabola.

The overlap criterion suggested in this study was not ideal
and results in a wavy surface.

66.66% of the single bead width was considered the
step-over distance.

They compared the weld bead boundary with arc model,
parabola, and cosine function.

The optimal bead profile model was found to be largely
dependent on the WFS to TS relation.

They compared the weld bead boundary with arc model,
parabola, and cosine function.

The sine function can fit the measured data with the
highest accuracy.

63.66% of the single bead width was considered the
step-over distance.

They suggested a model of two weld beads deposited by
assuming circular arc intersection of the weld bead.

They noticed that the optimum step-over rate is related to
a single bead's width to thickness ratio.

The overlap criterion suggested in this study was not ideal
and results in a wavy surface.

They developed links between process parameters and
bead geometry in weaving deposition.

The bead cross-section was comparable with parabola,
cosine, and arc functions.

There was a stable overlapping process with excellent
flatness for mild steel.

73.8% of the single bead width was considered the
step-over distance.

They enhanced the model presented by [134], taking the
spreading effect into consideration in path planning.
They showed that an ideally smooth, overlapped surface
between adjacent beads cannot be achieved.

They suggested the correlation of GMAW parameters with
weld bead geometry for ER 70S-6.

They showed that the standard flat-top overlapping model
[267] appears to underestimate the optimum step-over
distance while Tangent's overlapping multi-bead model
produces a more stable deposition [134].

A geometric model was proposed for an estimation of the
height of the bead in the nth layer.

The model, developed for achieving accurate layers with
the desired layer thickness, can also be used for
thin-walled overhang features, and curved surfaces.

In order to ensure that the molten metal spreads evenly
through all unmelting regions to minimize SW, a
theoretical model was developed.

They proposed two forms of mechanisms called wetting
and re-melting, which were calculated according to the
width of the re-melting of each deposition.
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Table 12
Approaches to improve surface conditions of WAAM deposited parts
Strategy Control factor Highlight
Feature
Heat
source/Material
Trajectory control [285] Arc igniting & Reducing the errors of the height
extinguishing at the arc start.
Thick-wall

Structured-light vision
sensors - closed-loop
[286]

A passive vision sensor
system - closed-loop
[274]

Closed-loop control [287]

In situ monitoring,
charge-coupled camera
[288]

Deposition strategy
[275-277]

Hybrid - trajectory control,
local measuring &
inter-layer milling [263]

Inter-layer milling
[259,273]

Inter-layer milling [271]

Inter-layer rolling [278]

Inter-layer rolling [289]

Inter-layer rolling [148]

GMAW/ ER70S-6
TS, WES

Single bead
GMAW/ stainless
steel

Nozzle to the top
surface

Single bead
GMAW/ mild steel

TS
Thin-wall
GMAW/
HO8Mn2Si

TS

Single bead,
multi-layer
GMAW/HO8Mn2Si

TS, idle time
Thin-wall
GMAW/
aluminium alloy

TS/WFS
Large thin-wall
GMAWY/ER4043 Al

TS/WFS
Overhanging
GMAWY/ER70S-6

Voltage, current,
TS

Layer surface
GMAW/mild steel
50, 75 & 160 kN
Thin-wall
CMT/ER70S-6
Deformation
temperature
Single bead
GMAW/steel
Roiling load
Thin-wall
CMT/low carbon
steel

The one-step multi-variable
adaptive geometry control
system was developed through
an active vision sensor; the
thermally operated scan welding
was used to monitor the
temperature of the joint and to
guarantee the desired
deposition.

They implemented the adaptive
controller to track the nozzle up
to the top of the surface and to
adjust the deposition rate;
improving the stability of the
weld path layer height between
the arc start and end.

The optimum given layer width
varies between 6 and 9 mm
when the TS was used as the
control variable to minimize the
overlap.

Layer width differences were
approximately limited to 0.5
mm.

The proposed control system can
keep the deposited bead width
consistent with a thin-wall and
allow efficient use of materials
and energies.

At a constant TS, the bead width
decreased throughout the
deposited layers.

Deposition weaving strategy led
to lower SW, few spatters, and
decreased porosity and contact
angle.

Incomplete fusion and slag
inclusion were not observed
The combination of techniques
can improve layer surface
flatness and reduce the
differences in the layer height.
Able to produce large metal
parts.

Higher-order kinematics
(5-axis) create complex metal
structures without the use of
supports in both deposition and
inter-layer milling.

Combined traditional milling
and GMAW, operating after each
layer to ensure z accuracy.

Results showed that the SW was
decreased by 160 kN rolling
from 0.18 to 0.08 mm.
Improving geometric
repeatability.

Distortion and surface roughness
decreased by vertical profiles
and slotted rollers, although the
slotted roller proved more
effective - eliminating
distortions.
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Fig. 17. The schematic diagram of weaving deposition (left) and weaving parameters and
formulation to predict bead geometry: amplitude, A; weave length, Wj; travel speed along
the leading line, v; the radius of the wire, r; wire feed rate, v,,; speed along the weaving
trajectory, v; the width of the bead generated with calculated speed, W, [263].

Fig. 18. The concept of vertical rolling (left) and side rolling (right) [149]

cause a detachment from the molten pool. In summary, the forma-
tion mechanism of humping includes:

o A high momentum of the backward fluid flow causes the initiation
and growth of swelling [184].

o The capillary instability makes the weld pool unstable and suscepti-
ble to collapse.

o Humping can occur when the width/length ratio of the weld pool
was less than about 0.1 [185] (the width/length ratio in normal
speed GMAW process is 0.31, and 0.085 at the neck of the liquid
channel in high-speed GMAW process).

In order to gain a better understanding of humping formation in
WAAM, Table 4 summarizes previous studies that were made on
humping. The next section addresses process planning with the inten-
tion of minimizing defects in WAAM processes as well as creating geo-
metric features of high quality and accuracy.

4. Process planning for WAAM

Process planning in WAAM has a significant impact on the perfor-
mance of deposited parts such as geometric accuracy and mechanical
properties [202]. Due to its layer-based nature, WAAM processes can
be regulated at multiple scales from the bead/track scale to the over-
lapping beads and multi-layers and geometrical features and the par-
tial scale level. However, low-resolution beads, layers, and overhang
limits do not allow complex geometry by deposition alone. To ad-
dress these challenges, designing a part for WAAM consists of
determining
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o which part orientation will retain the most features while minimiz-
ing thermal distortion and post-process machining usage -
Subsection 4.1.

o which slicing and path planning to be chosen - Subsection 4.2.

o which process parameters should be selected to deposit uniform
beads and layers - Subsection 4.3.

o which geometric characteristics can be deposited because this tech-
nique does not give absolute freedom - Subsection 4.4.

o In Subsection 4.5, available case studies are discussed.

4.1. Build orientation

The selection of the build orientation is a crucial characteristic of the
WAAM and refers to the part orientation relative to the deposition table
(see Fig. 10). The challenge in this process planning phase is a trade-off
between reducing build time, optimizing surface quality, and cost of
manufacturing [203]. Based on substrate waste material mass, number
of build operations, complicated design, and symmetries, the best orien-
tation should be chosen [204]. Besides avoiding extra material and the
costs associated with appropriate orientation, the thermal conditions
change with the direction of deposition. For instance, a component's
long axis can be vertical or horizontal, with both advantages and disad-
vantages. The horizontal orientation reduces the number of layers dra-
matically and allows the bead to get longer. This results in shorter
deposition time, which reduces the z-direction error accumulation.
The resulting larger thermal gradients from a cooler substrate induce
thermal stresses that can exceed the material's yield strength, resulting
inresidual stress in the component. The other issue is the warping of the
build plate, which causes the first layers of the part to deform.

On the other hand, choosing a deposition path to use smaller cross-
sections, the vertical orientation increases the time of deposition, but the
thermal conditions are closer to ideal. It results in lower thermal gradients
as the temperatures of the inter-pass are higher due to the less time re-
quired to complete a layer, which decreases residual stress and warp. The
deformation resulting from the base warping, however, is the key factor
in selecting the vertical orientation. The z-error accumulation can be miti-
gated by introducing a closed-loop control system and designing extra vol-
ume in the part [205]. This is further discussed in the following sections.

In summary, build orientation selection is a complex task in the
WAAM context. This is mainly because the selection of building orienta-
tion depends on several parameters including substrate and filler wire
alloy compositions, heat input and thermal mass, etc. This knowledge
needs to be used in combination with thermal modelling to choose the
path of the building, which keeps the temperatures of the inter-pass
within the appropriate range. The setting of metrics, such as improved
part quality or reduced building time, should be taken into account.

4.2. Slicing and path panning for WAAM

WAAM's path strategy is a phase that slices the 3D model into 2D
layers and generates process building motions. Slicing and track prepa-
ration are crucial steps in obtaining desired deposited components in
terms of geometry, material, and function design, specifically deciding
process variables and performance of deposited components. This
Subsection presents the current status and challenges of slicing and
path panning and the guidance for future slicing and path planning
improvements.

4.2.1. Slicing strategies

In general, unidirectional slicing based on tessellated model (STL) is
the most commonly utilized slicing technique, slicing the STL model
into a set of 2.5D layers parallel to the direction of the building,
intersecting each triangle from the bottom to the top of the STL model
with each z plane, and then rearranging the resulting line segments to



D. Jafari, T.HJ. Vaneker and I. Gibson

{al conral

O Partial ot
e o narmer rvinens

Materials and Design 202 (2021) 109471

id} 42 kil verckal

Fig. 19. (a) Wall shape of the control specimen, (b-d) the vertical inter-pass rolled specimen, and (e-h) the side rolled specimen [280].

form layer contours [206,207]. Several algorithms classify and regroup
the input triangles before the intersection to improve computational effi-
ciency [208,209]. In general, unidirectional 3D slicing is categorized as
uniform layer thickness [25], adaptive layer thickness [210,211], region-
based adaptive slicing [212], and feature-based inclined slicing
[213,214]. While uniform layer thickness slicing produces non-uniform
surface roughness of the building part [215], adaptive slicing adjusts the
layer heights to enhance the surface quality [210,213], depending on
the circumstances of the situation. Table 5 and Fig. 11 summarize differ-
ent techniques for unidirectional slicing and their specifications.

The unidirectional slicing strategies are typically restricted to
manufacturing parts with overhang features, as support structures are
needed in most cases. The multidirectional slicing approach can be pro-
posed as a possible solution for WAAM to these problems, where the slic-
ing directions change according to the geometric shape (Singh and Dutta
2001). These strategies, in general, decompose the model into sub-
volumes, and each sub-volume to be deposited has a unique direction of
slicing. The main difference between the approaches proposed is the
method for decomposing the model. Curved slicing techniques are
also proposed for slicing components with curved surfaces. The curved
surface used for curved slicing can be divided into elementary features,
such as a cylinder surface and spherical surface, and freeform surface.
These methods are categorized based on [19,206,217,218] (i) parametric
surface and offset reference slicing surface to model adjacent deposits, (ii)
offset mesh layer boundary, (iii) planar slicing restricted to cylinder
surface sections, and (iv) decomposition volume and offsetting of the
concave loop. Table 6 and Fig. 12 summarize various strategies for
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multidirectional slicing, with an emphasis on minimizing dependency
on WAAM support structures.

In summary, due to its robustness and usability, the unidirectional
slicingapproachis commonly used on existing commercial AM machines.
Supports are however necessary in most cases for overhang features.
Hence, a multidirectional slicing strategy increases WAAM capability.
Its use, however, is still constrained, as the WAAM machine requires
thatitis capable ofdepositingin several directions,and more importantly,
multidirectional slicing algorithms are complex and inflexible. In addi-
tion, the curved layer slicing needs to break further with infinite direc-
tions through the WAAM and further mitigate the problems, resulting
in enhanced geometry accuracy due to no stair-step error along the tan-
gential path. However, it is worth noting that the time and energy cost
of the slicingalgorithmis high, and this method is less effective if complex
structures are tackled. Further work needs to be dedicated to finding a
balance between the precision of the deposition and building time.

4.2.2. Path planning strategies

The other critical stage of WAAM is path planning, which determines
the surface roughness and dimensional precision of the deposited com-
ponents. Paths primarily include external boundaries, internal bound-
aries, and filling paths. As shown in Table 7 and Fig. 13, a number of
path planning methods have been proposed. These mainly include the
raster [230], zigzag [231,232], contour [233,234], spiral [235,236], con-
tinuous [237] and hybrid [72,238,239] methods. In the past few years,
new WAAM path planning methods have also been developed, includ-
ing the medial axis transformation (MAT) [240-242], adaptive medial
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Table 13
List of thin-wall studies, including EWT and SW (ER70S-6, copper coated steel wire feed; aluminium, Al;)
Refs. Heat source/Material Highlight
Control factor
Aspect
[74] Plasma arc/Ti-6Al-4V They showed that the wall thickness depends on the composition of the alloy and makes walls
Material dependence of 16 mm thickness, which indicates that it can be used for components with a wide variety of
EwWw geometries.
[126] GMAW/H08Mn2Si As the deposition height increased the average temperature gradient in the molten pool along
Inter-layer idle time the flow path was consistent.
Forming quality
[125] Plasma arc/Ni Alloys The preheated deposition resulted in increasing the wettability of each layer, which can lead to
Material dependence, preheating a wall that is more uniformly.
EWT The effect of preheating on the geometry of walls made from solid-solution hardened alloy was
found to be more significant.
[290] GTAW/ER70S-6 They showed the influence of a higher torch angle (90°) on the surface quality due to oxidation
TS, WFS, current, torch angle marks on the top surface.
Forming quality The torch angle primarily affected the deposition width and deposition height; the deposition
width increased, and the deposition height decreased with an increase in the inclination angle.
The current impact was found to be insignificant.
[291] GMAW/HO08Mn2Si Enhancing the stability of a formed pool by the inclination angle; depositing with front position
Torch angle (45° to 135°), WES (< 90°) was able to increase the deposition rates without decreasing the formation quality
Molten pool stability compared to vertical (= 90°) position and backward (> 90°).
The increased inclination angle increased the width and height of the bead.
[292] GMAW/H08Mn2Si Higher WES decreased the molten pool stability and higher TS decreased the arc stability; both
TS, WES can result in increased surface roughness.
Surface roughness Surface ruggedness may be improved by a lower inter-layer temperature.
[293] GMAW/ER5356 Al With the increase in laser power, the width decreased, and the height increased proportionally
Power; WFS, current at equal deposition levels.
Surface and forming quality They demonstrated that the laser-based GMAW can produce a narrower and thinner wall with
better surface quality and greater stability.
[14] CMT/ER5356 Al The EWW increased with the WFS from 26.6 mm to 31.7 mm and was decreased to 28.4 mm
WES, TS from 27.2 mm.
forming quality, EWW The inter-layer boundary was observed with pores and cracks. Pores were typically less than
33,5 um in size, and crack lengths were up to 696 um.
[294] CMT/Al-Mg alloy The correct TS range prevented SW from being too rough below the lower limit and surface
TS, WFS undulation above the higher limit.
Forming quality, SW Increasing the WFS and TS (5000-6500 mm/min) resulted in lower height, increased width,
and a slightly higher SW.
[295] MIG/316L SS A gradual decrease in current enhanced the formation of the bottom.
TS, WES, current, inter-layer temperature The height of the layers was uniform and there were no major defects.
Forming quality
[296] GTAW /Cr-Ni SS An increase in TS lowered the height of the layer, thus increasing the surface quality, decreasing
TS, feeding deposition SW.
Forming quality The SW of samples for a single-wire feed was slightly better than that of samples for a
double-wire feed at the same process parameters.
[114] GMAW/HO8Mn2Si The temperature gradient increased with the extended inter-layer cooling time during the
Inter-layer cooling time deposition process and the cooling rate of the deposited components increases with the
Forming quality prolonged cooling time.
The final forming quality of the thin-wall was improved as the time of cooling between the
laying was increased in a certain range, but excess cooling led to a sharp increase in the
deposition time despite the improved forming quality.
[297] GTAW/unalloyed tantalum The absence of distortion following unclamping attributed to (i) the high geometrical stiffness
Material & deposited layers of the wall-plus-substrate component, and (ii) localized plastic deformation of both the
Forming quality substrate and the lower part of the wall.
A larger oxygen content resulted in a micron-sized porosity, the biggest pores were 200 um on
average, and the average porosity had an 80 um diameter on the scattered porosity.
[174] GTAW/Ti-6Al-4V They matched heat input to material input by process optimization.

Forming quality

The wall surface showed an uniform fluctuation resulted in a layer-by-layer deposition.

axis transformation [243], modular path planning (MPP) [85], multi-
node trajectory [66], sequential path-planning [244], path planning for
curved surfaces [206], feature-based strategy for enclosed feature

idle stroke between arc-extinguishing points. In order to avoid ef-
fects on the internal structure, the arc-extinguishing points need to
eventually be located on the outer contour.

[245], cross features [246], T-crossing features [12] and multi- o Avoid complicated intersections of the path — The more complicated
directional pipe joints [247].

The following observations and suggestions are driven according to
Table 7 and Fig. 13:

o Fewer arc-extinguishing points — The reason for reducing arc-
extinguishing point numbers is that arc-extinguishing areas can eas-
ily cause defections and WAAM's deposition efficiency is reduced by

intersection, the more likely the issue of excessive filling of the ma-
terials leads to shrinking, affecting the subsequent accumulation of
layers. If a complex path intersection is unavoidable, the junction
must be positioned outside the exterior contour in order to prevent
affecting the internal structure.

0o WAAM path planning is very robust. Since it is difficult to control the
precision of the WAAM external contours and the roughness of the
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surface generally is high, further machining is usually necessary.
Therefore, in some local zones, maximizing forming direction is rea-
sonable to ensure the stability of the internal structure by sacrificing
the forming and machining time.

o Fast path-planning response. In the WAAM process, the top surface
is inevitably undulating, and layer height differences can exceed sev-
eral millimetres [252-254]. The path designs must therefore be
layer-by-layer dynamically modified according to the calculated
layer height. An ideal solution is to generate the next path of layers
dynamically and adjust it based on real-time layer height measure-
ment without extinguishing the arc.

o Commercial tools are available for creating zigzag or contour paths
for the AM process, but geometries are not typically fully accom-
plished by such paths, leaving geometry with voids. Advanced de-
sign and various tool-path patterns are expected, depending on the
characteristics of the geometric features. Major research and more
learning are essential.

o Realindustrial components typically have complex geometries; thus,
an improved deposition system is required that enhances the
WAAM's capability. Yet, most current path panning techniques only
refer to a subset of potential component geometries. More focus
should be given to designing reliable algorithms capable of satisfying
layered deposition that is free of support and free of collisions.

4.3. Process parameters selection for a layer deposition

Usually, a part formed by WAAM has various layers of abead or several
beads with constant or differentiated thicknesses according to a
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predetermined overlap strategy [72]. WAAM allows bead-to-bead and
layer-to-layer re-melting to create structures that are mechanically stable
without voids or cracks. The choice of the appropriate bead dimension,
the overlap of the bead, and the height of the layer is an important aspect
discussed in this Subsection. A bead geometry refers to geometric param-
eters, such as the width and height of the material deposited alonga single
deposition track, a thin-wall deposition is a multi-layer one-bead deposi-
tion, and a thick-wall deposition is a multi-layer, multi-track deposition.

The quality of a multi-layer, multi-bead deposition can be assessed
in terms of [74,125,245,255] (see Fig. 14 and Table 8):

o The total wall width (TWW), which is the thickness of the wall di-
rectly after deposition (i.e., without post-processing) that is achiev-
able with a certain set of welding parameters.

o Effective wall width (EWW), which is the maximum wall width
reached after finishing operations of the as-deposited walls.

o Surface waviness (SW), which is the overall maximum peak-to-
valley distances measured from a specific region within a wall.

In general, the findings of thin-wall manufacturing can be used to
analyse the manufacturing process for features required for real-world
components. These values depend on the set of parameters for the de-
position and must be established via experiments, as stated below.
The most desirable condition is to achieve a TWW close to the EWW
to optimize the deposition efficiency (DE). The factors affecting surface
properties are discussed in detail.

The bead morphology regulation is a process control issue that must
be addressed in WAAM. In order to conduct and select the WAAM

Table 14
A summary of thick-walls and blocks.

Refs. Heat source/material/control factor Showcase
Highlight

[277] CMT/steel alloy/oscillation, parallel, weaving strategy (left to right)
Due to the huge local accumulation of heat resulting in small shrinkage holes, the oscillation technique was not
applicable to maraging steels.
The parallel strategy avoided the small hole problem as the accumulation of heat reduces, the bead form was however
wide and narrow, leading to significant lack-of-fusion defects.
Weaving was an effective technique.

[178] The arc deposition pattern/the opposite deposition direction between any two adjacent tracks
There were no obvious defects, overflow and melting pools collapse that indicate a solid metallurgical connection
between any adjacent tracks.

[298] GTAW/TC4 titanium/ heat input; paths
Side collapse, unmelted wire, side spatters, poor flatness.
The size and number of spatters were reduced from 261 to 173 J/mm, and a decrease in the degree of collapse can be
observed. Nevertheless, unmelted wire occurs with reduced heat input.

[299] Thick-wall/deposition path
The 1 pass deposition with oscillation at a deposition rate of 3 kg/h (left) was observed as a finer resolution,
compared with the multi-pass deposition with a zigzag deposition rate of 3 kg/h (center) and 6 kg/h (left), while the
multi-pass zigzag layering significantly modifies the microstructure (isotropic properties).

[75]  Pulse CMT vs. CMT
CMT mode allowed a more regular deposit without major macrostructure alteration, as opposed to pulsed mode.

[75] CMT/Cu-Al & AISI 316L/pulsed heat input
Without major defects, such as internal oxides or cracks, large components may be deposited. However, the
continuous deposition of the filler metal in the case of Cu-Al alloy deposits can reduce slightly its mechanical
characteristics.

[300] GMAW/copper-coated steel/path strategy

The updated overlap-layer model permitted the deposited components to exceed the predicted width and remove
the impact of accumulation on the first perforation of material shortage areas, increasing surface flatness.
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slicing and path planning, the relationship between process variables
and bead geometry should be studied for the optimum welding param-
eters of the designed beads. The understanding of bead geometry and its
connection to process parameters is an important part of determining
the smoothness, the thickness of the layer, and dimensional precision
of the deposited components (see Table 9). The morphology of the
WAAM deposited bead is based on the WFS, TS, arc current, wire offset,
preheat, and inter-pass temperatures [110,119]. Optimizing process pa-
rameters to enhance the surface quality is repetitive task-based on trial-
and-error methods. As shown in

Table 10, the cross-sectional profile of a welded bead is based on
three common math functions, the parabolic, cosine, and arc. Bead
width (w), height (h), and area (A) are described for specific model pa-
rameters and a, b, and ¢ model parameters that must be defined by ex-
perimental data for these functions.

WAAM also requires overlapping beads if the width of a feature is
greater than that of a single pass welding bead. In general, single-path
welding beads with a stable geometry can be used to set overlapping
weld parameters. In addition, the height of the layer depends on the
height of the weld bead, related to the welding parameter. For the
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geometry specified in a part scale, it is therefore essential to select the
correct sets of a track (bead) and multi-track welds. In fact, thermal in-
ertia increases if a volume is added in the process of deposition. This ini-
tializes thermal gradient and cooling rate, which in turn influence
residual strain, microstructure, and morphology of beads or layers.
[81]. Thus, beads with no process control vary in height and width,
with additional layers [262]. The key problems are discussed as follows.

The layer geometry relates to the conditions of heat emission from
various layers. The bead geometry in one welding pass is not uniform,
especially at the beginning and ends, because of the inherent character-
istics [263]. At the start of the bead, the profile is wide and high (the arc-
igniting portion), while the end of the bead is small and sloping where
the arc ends (the arc-extinguishing portion) [263,264]. To address
such challenges, CFD simulation was developed to simulate molten
metal flow and solidification in the weld bead [265]. The irregular
bead geometry can be explained by the backward fluid flow and the
metal swelling in the molten pool and the length of the initial area is
positively associated with the sloped form at its end and the length of
the melt pool. The irregularity of the weld bead accumulates and dete-
riorates as the deposited layers increase with multi-layer WAAM. It

Table 15
Overhang features (90° refers to torch position and wall angle perpendicular to the substrate)
Refs. Feature Control strategy Highlight
Heat source/material Deposition torch angle
Positional deposition Aspect
[269] Thin-wall Deposition direction The manufacturing of a 70° longitudinal angle demonstrated that the arc's

CMT/steel 90° beginning was likely to miss the previous weld bead.

Planner Forming quality If possible, it is useful to set the working angle of the torch to the transversal
angle (transverse direction) [246].

[245] Thin-wall Inclination angle, TS They suggested deposition in the shape of a pyramid to prevent hump form.

CMT/ER70S-6 Positional welding The torch head orientation of 15 to 90° was examined.

Planner Forming quality TS selection was claimed to be critical for the process.

[245] Thick-wall WES, TS, overhang, material The successful deposition was shown by increasing WFS and current while

CMT/ER70S-6 & ER4043 Planner Positional welding maintaining the low TS (0.2 m/min).

Forming quality, EWW EWT was reduced with angle reduction from vertical to 0°.
Due to the impact of density, the effect of gravity force was more pronounced
in carbon steel compared to aluminium, decreasing the EWW more
significantly.
[254] Thin-wall Offset distance, WFS, TS, overhang The average inclination angle increased with the TS and decreases with the

GMAW/H08Mn2Si 90° WEFS.

Planner Forming quality The average inclination angle with the TS increased while keeping the WES
constant. The average inclination angle reached over 45°.

[259] Thin- & thick-wall Inclination angle, TS, WFS The tick wall angles of up to 30° were possible (overhang angle of 0 to 35° was

CMT/ER70S-6 Positional welding tested). The thin-wall with maximum overhang was also adjusted.

Rotary table Forming quality The application of different TSs was more effective than the application of
different WFSs.

[61] Thin-wall WES, TS Tilting the substrate at an angle equal to the thin-wall growth direction

CMT/ER70S-6 Positional welding showed better geometry and a more stable deposition process.

Rotating table EWW; SW

[308] Thin-wall TS, current The average inclination angle of WAAM with flat location deposition was

GMAW/mild steel 90° estimated to be less than 45°.

Planner Forming quality

[309] Thin-wall Pulsed laser Horizontal overhang without support structure assistance or rotation was
GTAW/Ti-6Al-4V 90° accomplished by low heat input WAAM.
Planner Forming quality A contact angle hysteresis model may show the deposition mechanism.
[285] Thick-wall TS, WES A mathematical model of multi-layer inclined bead components was

GMAW/mild steel 90° developed.

Planner Forming quality Material failure areas were found at the edges of the inclined sections and
additional material should be stored for improvement on local geometry in
those areas.

[80] Overhang hole - The overhang constraint was 75°, so the hole geometry can appear as a

GMAW/mild steel 90° teardrop shape.

Planner Overhang constraint

[245] Enclosed features WES, TS They examined overhang features including closed shape with 50 mm bridge

CMT/ER70S-6
Planner

Positional welding
Forming quality

overhang, closed shape with 200 mm bridge, and closed half-circle.

A smooth radius was created at the start of the horizontal wall of squared
features to fuse between the two walls. In the end, however, a sharp angle was
made.

The joining was produced in the middle of the 200 mm horizontal wall and the
closed half-circle; misalignment of approximately 1 mm was observed
between two sections.
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Fig. 20. Schematic diagram and examples of overhang features according to Table 15: (a) inclined thin-wall in transversal direction, 0<<180 (left) and longitudinal direction, 0<at<180; an
angle a< 90° resulted in an overhang (right) [269], (b) inclined thick-wall layer-by-layers that overlap with different horizontal layer positions (left) and by overlapping layers with different
start and end locations (right) [285], (c) inclined wall with a flat position deposition: deposition torch at inclination angle of 0° (left) and positional welding technique (right) [246], (d) one
direction torch welding (left) and the torch welding travel direction reversing after each layer deposited (right), (e) deposition of four inclined walls with angles to the substrate plate of 60, 45,
30and 15°, demonstrating a hump formation in the second or third bead (up), horizontal wall (0° overhang) (bottom) [245], (f) overhangs fabricated by pulse current (right) and schematic of
the molten pool sticking to the former layer and former droplet due to contact angle hysteresis (left) [309], (g) 30° thin-wall, single overhang (truncated cone) [259], (h) overhang wall[229],
(i) closed-shape with 50 mm bridge overhang, closed-shape with 200 mm bridge overhang, and closed-half-circle [245], (j) triangular and semi-circular duct [259].

would affect the stability of the additional layer production, lead to un-
even bead geometry, poor surface finish, and precision of component
[72]. Fig. 15 provides an example of thin welded walls with major vari-
ations in bead geometry at the beginning and end of the paths of
welding [74,263]. The staircase effect is applicable also to approximate
the deposition of surfaces not aligned in the direction of deposition
and determined by cusp height (see Fig. 16 [266]).

Another challenge is the irregular overlapping of multiple beads,
where the overlapped surface between adjacent beads is not smooth.
The unevenness can accumulate during the depositing cycle with mul-
tiple layers and eventually prevents it from continuing to deposit multi-
ple layers of material in large structures. Considering the above issues,
surface waviness (SW) (i.e., 500 um) presented in WAAM is a serious
challenge. In addition to high levels of geometric stress, it restricts the
Fig.'21. Examp}e of crossipg feat}lre and its path strategy achieving a good.appearanc'e; left use of WAAM as—deposited structures [9]v especially where a compo-
to right: (a) direct crossing using a perpendicular layer pattern, (b) direct crossing in . . .
which each layer reverses the direction of travel, (c) opposite angles generated in two nentis l.oaded n a.dynamlc manner [147] We should be aware of the
L-shapes "back to back", (d) opposite angles deposited as L-forms, beginning in turn two main mechanisms for SW regulation in WAAM components that
from each of the four cross members (the lowest peak values at less than 0.4 mm) [246]. are wetting, spreading, and re-melting. The re-melting mode allows a

e——— S———
v
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Fig. 22. An overview of direct crossing features applying arc striking and arc-extinguishing
points at the intersection reported by [250]: (a) the parallel path-arc striking point at the
intersection: at the intersection, tightened defects occurred and the top surface was prone
to an incomplete fusion defect, (b) parallel path - arc-extinguishing point was at the
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broader and deeper deposition of the formed pool due to low layer
height; higher WFS contributes to a higher SW. The wetting and spread-
ing mode ensure the smooth, narrow deposition of the formed pool in
the un-melted region induced by high layer height; higher WFS contrib-
utes to a high SW [260].

The estimation and controlling step-over distance or overlapping
beads is an important task where defines as the distance between the
next deposition track and the previous one. For WAAM, the overlapping
of weld beads guarantees a smooth surface. Gaps resulting from poorly
planned paths in WAAM can be a severe problem as well. The unavoid-
able gaps can lead to structural failure of highly loaded components.
Various models have been proposed to identify suitable step-over dis-
tance values for optimizing the material usage ratio. The determination
of the finishing surfaces of the manufactured products is determined by
detailed models for the single bead and multi-bead overlap. In this light,
different models were proposed as presented in Table 11. These ap-
proaches include regression analysis, artificial neural networks, and
the Taguchi method.

The artificial neural network has demonstrated a dynamic relation-
ship between multiple inputs (WFS, TS, etc.) and responses (bead height
and width), which is extremely nonlinear. The network has an input
layer, a hidden layer, and an output layer. In the hidden layer, neurons
are computational elements that perform non-linear mapping between
process variables and responses. A multidimensional dependency be-
tween process parameters can be established by learning in artificial neu-
ral networks. Nonetheless, the artificial neural network data for training
must be chosen carefully [110].

The Taguchi method, one of the factorial fractions, shows a success-
ful experiment with only the major effects of the parameters in the de-
sign. Consequently, in the statistical design of experiments, if the
training data for the artificial neural network are chosen to use the or-
thogonal array table and the process properties as output data are trans-
formed by Taguchi, this approach generates more reliable results with a
smaller training set than others [134,242,267].

The overlap between the individual beads can be measured as a func-
tion of a single bead's width. The optimal overlapping distance includes
39%[178],55%[75], 63.7% [268], 66% [269], or 73.8% [134]. Although the
prediction of weld bead geometry has been extensively investigated,
WAAM needs the introduction of certain models and relates the morpho-
logical properties of beads to thermophysical properties. All the strategies
suggested for improving WAAM components surface flatness in Table 11
are only capable of reducing and not eliminating all surface roughness or
SW impact. It should be remembered that the overlapping models for
multi-bead applications cannot be applied to thin-wall components
(i.e., with features with a single deposition pass).

To avoid cumulative deviations, addressing the aforementioned
challenges, improving surface conditions at the start and end of the
weld bead, and controlling the layer thickness, the following ap-
proaches have been proposed (see Table 12).

Hybrid deposition can control deposition parameters and facial mill-
ing to achieve the appropriate layer height [33,261]. Conventional mill-
ing processes combined with GMAW used to produce injection mould

intersection: proof of a long narrow shape and deep depression under the parallel
pattern appeared on the top surface, (c) the zigzag-arc-striking point at the intersection:
the ripple occurred on the weld surface; at the beginning, there was not enough metal
deposition since the arc striking point was at the joint, (d) zigzag - arc-extinguishing
point at the intersection: unilateral tightened defect at the cross-region was similar to
that of the arc striking; the height fluctuation area caused by arc-extinguishing became
shorter, and the depression was shallow, (e) ELE path - arc striking point at the
intersection: the striking point was filled with additional material at the intersection
with the side due to the path extension, addressing both sides of the weld shrinking
problem and generated internal fillets, reduces stress, and ensures accessibility during
subsequent milling, and (f) ELE path - arc-extinguishing point at the intersection: the
crossover core area switched from a linear to almost a square zone; the superposition
effect avoided the dispersion of the extinguishing arc, resulting in a flat crossing area
profile.
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Table 16
A summary of crossing features reported in the literature investigation geometrical formation
Refs. & Figure Feature Highlight
Thickness

Heat source/Material

[246] Fig. 21

[250] Fig. 22

[85] Fig. 23

[311] Fig. 24

[312] Fig. 25

[12] Fig. 26

[263] Fig. 27

[313] Fig. 28

Direct crossing
4 mm thick
CMT/Mild steel
T-crossing

10 mm thick
CMT-P/ER 2319
Direct crossing
25 mm thick
GMAW/Ti-6Al-4V
Direct crossing
na.

GMAW/n.a.
Direct crossing
na.
GTAW/ER308LSi

Thin T-Crossing
na
GMAW/ER70S-6

Thick T-Crossing
11-19 mm thick
CMT/ER4043
Thick T-crossing
22 mm thick
GTAW/Ti-6Al-4V

Four cross features with different build patterns were investigated; the lowest peak values of 0.4 mm
were observed.

They solved the problem of peak development, and deposition failure with a reverse angle strategy.
The proposed end lateral extension method (ELE) eliminated tightened defects at the crossing and
achieved a deviation to the fitting plane of 0.7 - 1 mm was observed.

They built the MPP strategy to ensure consistent deposition, implementing a single path strategy
independent of geometry type, such as adaptive path design.

A feature recognition module for critical part features, such as free end walls, T-crossings, and direct
crossings was proposed to reduce geometric deviations and to ensure appropriate machining
afterwards.

The overlap pattern with continuous ignition arc was found to be the most suitable strategy, as it can
(i) reduce the total deposition time, (ii) produce one arc ignition for each layer and (iii) continue for
the sequential layer, make the deposition process more stable, and (iv) remove the peak existing in the
overlapped pattern.

They compared six deposition patterns for the manufacture of T-crossing and selected the optimal
strategy to improve surface smoothness and arc stability.

They concluded that the introduction of a fillet in the internal corners results in a very fluent tool path
and, consequently, in a stable deposition process.

Three strategies were proposed to obtain flat layers and showed that these strategies can combine to
improve the layer flatness on the surface and reduce differences in layer heights.

They used adaptive path planning [243] and observed well-built crossing characteristics with a uniform
layer height.

inserts [271,272]. For example, 5-Axis robot for both material deposi-
tion using GMAW and inter-layer milling processes to produce complex
metallic structures was used by [61,259,273]. Higher-order kinematics
(6-axis) robot with GMAW was used for depositing large aerospace
components by [9,246]. The height of the layer is ensured by such a hy-
brid operation. This, however, comes at the increased cost in the overall
time, lowering the use of materials (because of the removal operations),
increasing process complexity, and decreasing productivity [239]. This
method is no longer appropriate because the management of welding
parameters can be used to maintain a stable deposition process by
means of an open-loop and a closed-loop control [274] of processing pa-
rameters or an inter-pass dwell [16].

A passive vision sensor can be used to monitor the nozzle at the top
surface distance and to adjust the deposition rate with an adaptive con-
troller [274]. This can increase the stability of the layer-height of the

welding path from the start to the end of the arc, but the height varia-
tion remains between the start point and stop points of the arc.
Additional techniques include speed and trajectory control to ad-
dress the problem of uneven surface conditions due to the starting
and ending of the arc [72,264]. For example, at the beginning and end
of weld paths, the deposition parameters can be adjusted, and for two
adjacent layers, the deposition can be formed in the opposite direction.
In the beginning, the current and TS should be higher and slowly
lowered at the end of the deposition, to maintain stable rates of deposi-
tion during arc extinguishment [72,264]. A continuous tool path gener-
ation strategy to avoid the frequent starting-stopping sequences was
developed by [239]. However, when the width of the thin-walled struc-
tures is greater than that of a weld run, it does not remove unevenness.
Moreover, in addition to inter-layer cooling adjustment, this strategy re-
quires precise monitoring of the frequency. Although the weld pass can

=
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Fig. 23. An overview of direct crossing features reported by [85]: (a) adaptive path planning, contour path with constant process parameters: the extensive presence of keyhole defects and
the irregular height of the deposit, (b) adaptive path planning, contour path with varied process parameters: the presence of a small keyhole defect, a stable deposited height, (c) modular
path planning, segmentation; zigzag with constant process parameters: a stable deposited height, the lower height at the ends of the part, (d) modular path planning, segmentation; zigzag
with varied process parameters: no defects, a stable deposited height, the part ends are less steep compared to that of constant process parameters.
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Table 17
A summary of the corner junction (L-shaped), sharp corner and squared junction features reported in the literature investigation geometrical formation

Refs. Figure Feature thickness Heat source/Material Control strategy Highlight

[314] Fig. 29 Thin-walled square 5.5-8.5 mm thick GTAW/Titanium Control strategy ~ With the hot-wire current increasing, the morphology of the samples had great
changes. The surface of samples with lower layer thickness was much smoother
and with the rising layer thickness, the periodic bulges became obvious.

[71,315] Sharp corner n.a. GTAW/5A06 Al Wire feeding manner An optimizing of the wire-feeding manner was developed by considering both the

Fig. 30 layer size precision and layer surface appearance. The geometrical limit for WAAM
was a plane angle of 20 degrees when the layer width was 7.2 mm.

[269] Fig. 31 L-shape 15, 8 & 4 mm thick CMT/Steel WES, TS The accumulation of material at the corner point can increase for angles less than
90° in corners and compensation could be required by the adjustment of local TS.
An overlap distance of 0.66 to 0.75 was tested.

[316] Fig. 32 Rectangular n.a. CMT/Al alloy Deposition strategy In optimized conditions, the testing direction was remarkably independent of its
superior mechanical characteristics (parallel or perpendicular to the deposit
beads), and only small dispersed porosities were observed.

[317] Fig. 33 Sharp corners N.a. CMT/Al alloy WES, TS They adopted an adaptive process control system for the testing of a tool-path
based on rational non-uniform B-Spline and control points. These strategies
ensured the uniform bead morphology respecting the dynamic constraint in
complex features.

[241] Fig. 34 T-crossing and corner n.a. GMAW/Copper coated steel Deposition The MAT-based path patterns proposed can create gap-free walls for varied wall

strategy thicknesses. Thin-walled structures were shown to be sensitive to the step-over
distance.

[66] Fig. 35 Sharp corner 12 mm thick GMAW- Tandem/2219 Al Path strategy The theory of trajectory planning was described and validated. They showed that
the defects caused by heat accumulation and dissipation can be avoided thought
increasing substrate geometry and change the angle of twin wires along the
welding direction.

[249] Fig. 36 Sharp corner Varied thickness GMAW/304 SS Path planning Pores formed in the sharp angle corner, where the angle is less than 59°. They

observed that the optimal bead overlap of 0.738, however, eliminated pores at an
angle of less than 59°. The filling path in the sharp corner should be changed to
0.262.

be regulated flexibly using this process, empirical and time-consuming
adjustment procedures need to be applied.

The welding with weaving technology offers an alternative tech-
nique in order to increase the surface flatness of wide welding beads
(see Fig. 17) [275]. The weaving of the arc is advantageous to diffusion
and can thus achieve better quality [276]. Some researchers have
found that weaving would enhance the surface finishing in the produc-
tion of bulk materials [277]. The consistency of the bead geometry can
be enhanced by weaving deposition, except at the beginning and end
of the bead [263].

Inter-pass rolling has also shown that it can affect SW reduction
[278], besides compressive stress induction and effect on static and fa-
tigue properties [148,149,279-283], as well as improving microstruc-
tural properties and reducing porosity [57,284]. Two methods for
enhancing surface quality and geometrical accuracy are typically used:
(i) vertical rolling over the wall and (ii) side rolling on the wall's side
surface (see Fig. 18). Although vertical rolling can increase the surface
waviness, it was reported to be smoothened by side rolling (see
Fig. 19) [149,280].

In brief, the surface properties improvement methods are restricted
in some way at a low deposition rate and limit the overall purpose of the
low-cost WAAM. A balance should be achieved between the surface
properties and productivity in order to completely harmonize and le-
verage the full benefits of the WAAM process. The following Subsection
covers various geometrical features in the literature.

4.4. Geometric features

The identification of features is essential to design a manufacturing
process and is restricting factors whether a specific design's geometry
can be produced. Features may be classified as geometric areas with
properties that differ from the rest of the object, such as the faces of a
cube. The benefit of WAAM is to manufacture parts with geometrical
features, with substantially reduced waste material, which cannot be
manufactured with traditional machining processes. This subsection
covers the features generated by WAAM, taking their limitations into
consideration.

26

4.4.1. Thin- and thick-walls

WAAM is widely used to produce (large) thin- and thick-walls, thus,
the issue of manufacturing such a component with WAAM is one of the
topics of recent research, which has been widely documented in the lit-
erature. This involves researching the effects of process parameters and
process planning to enhance their surface finish and precision, as sum-
marized in Table 13. This includes discussion and highlighted results
and reports from EWT and SW, where appropriate. Table 14 also sum-
marizes a summary of thick and bulk materials deposited via WAAM.

4.4.2. Overhang features

The manufacturing of overhang structures is a major challenge in
WAAM, as components are typically deposited vertically layer-by-layer.
Hence, parts with overhanging features that have an angle above a limited

Influence Circle R: 10.0 mm
Cuttina Circle R- 2.0 mm

Infiuence Circle R: 7.0 mm nfluence Circle R: 8.0 mm
(adtno Cirde R L? m Cutting Circle R: 2.0 mm

Real nfiGhocs Crcle

Fig. 24. Direct crossings deposited to show the impact of the values of the influence and
cutting radii reported by [85]: the crossing showed both a central void and a failure of
material on the fillet areas using the theoretical radii (left), reducing the cutting circle
radius and increasing the influence circle - eliminating a central void but not producing
enough material for fillets (center), and further increasing the circle radius, producing
the best results.
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A summary of cylindrical junction features reported in the literature investigation geometrical formation (dia refers to diameter)

Refs. Figure

Feature Dimension Heat source/Material
Control strategy

Highlight

A machine vision sensor was used to monitor and control the arc length, and the height of the deposited
layer is regulated by optimizing TS in order to match the heat input to pre-set WFS. The wettability of
the deposited layers was effectively increased at a substrate temperature of 118 °C, resulting in
acceptable surface quality.

They used a layer-by-layer approach and a continuous (helical) to avoid inter-layer arc ignition and
extinguishing. The aligned start-stop strategy aimed at compensating for the defect by introducing a
self-overlap of the layer in the stop region, compensating for the lack of material in the extinguishing
region, observing the best results.

They showed that different path patterns result in different surface geometries due to bead abnormality
at the beginning and end of the bead. The proposed approach led to thermal accumulation areas, which
promoted higher residual stress at the wall boundaries.

A thick asymmetric cylinder was achieved by weld tool oscillation, 84% thickness reduction was

Welding direction had a critical influence on the temperature field as well as on the component

They developed a 3D heat transfer and fluid flow model and showed that the deposit shape and size
could be improved by controlling TS and WEFS. The experiments and model provided a calculation
method to find the control points during the complex build.

They showed that the width of the layer deposited increases as the heat input increases. With the
increased WFS, the height of the deposited layers increases, while WFS has a reversed effect on the
layer width. TS was found to be an important factor, decreasing TS increased penetration and flattening

They showed a consistent deposition in an optimal wire-feeding angle of 60° and discussed the reasons
based on arc/molten pool temperature distribution characteristics.

Three kinds of welding procedures were studied and showed that the height of the deposition is
uniform when each layer is reversed toward a torch motion.

They showed an approximately linear tube diameter relationship

asDprint = 1.2894 X Dyesignea — 13.419.

They demonstrated that the geometric constraints are related to the width of the layer and if it is wider,
the deposition of sharp turns would be worse. They showed a 10 mm plane curvature radius as a
geometric limit when the layer width is 7.2 mm GTAW is not ideal for the sharp turning of plane shapes.

[124] Fig. 37 Thin cylinder 4.3/101 mm thick/dia

GTAW/5356 Al TS, WES, current
[311] Fig. 38 Thin cylinder n.a. GMAW/steel Deposition

strategy
[265] Fig. 39 Cylinder 11/80 mm thick/dia GMAW/ER70S-6

TS, WFS
[86] Fig. 40 Cylinder 15/110 mm thick/dia

GMAW/ER-70S-6 Deposition strategy observed.
[318] Fig. 41 Cylinder n.a. CMT/steel WFS, welding direction

geometry.

[319] Fig. 42 Cylinder 3.4-6.4/40 mm thick/dia GMAW/H13

steel Arc power, TS, WFS
[320] Fig. 43 Cylinder 3/110 mm thick/dia GTAW/4043

Al-alloy Current, TS, WFS

the contour.

[252] Fig. 44 Cylinder & square 6.1/40 mm thick/dia

VP-GTAW/Ti6Al4V Wire feeding manner
[321] Fig. 45 Cylinder 50 mm dia CMT/mild steel Deposition

strategy
[322] Fig. 46 Cylinder n.a. GMAW/410 SS
[315] Fig. 47 Curve sharp n.a GTAW/AI 5A06 Curvature

angle
[61] Fig. 48 Cylinder, squared, triangular pipe joint

CMT/ER70S-6 TS, WFS

It was found that the range of 0.35-0.9 m/min as TS and 5-8 m/min as WFS were a suitable range of
process parameters for stable and continuous single bead weld-deposition for thin-walled structures.

threshold are difficult to deposit. For depositing parts with overhanging
features, the addition of support is usually required, which raises ex-
penses due to the reduced rate of materials and further post-machining
requirements [301,302]. For WAAM in particular, because of its low pre-

temperatures, the viscosity of molten metals and alloys is small,
hence, the weld metal flows over the thin, molten wall side if the
substrate temperature is too high [72]. In this case, the selection of
filler wire is a factor in the overflow capacity.

cision, it is difficult to shape suitable support structures. Therefore, the o Gravity distortion - The downward formed metal, caused by the

construction of unsupported overhangs is an urgent necessity. WAAM's

main challenges for overhang deposition include:

o High heat input - Owing to the intense heat supply, WAAM's angled

force of gravity, has difficulty in properly regulating the deposition;
causing inherent defects, such as the irregular shape of the bead,
lack of penetration, porosity, undercutting and forming of the
humped bead [303]. However, as described in Table 15, WAAM can

inclined walls hang down. As the heat input is decreasing and the
cooling rate is increasing, the molten pool is easily solidified, which
can help to create the overhang structure. For example, the CMT var-
iant of GMAW was found to be an ideal process for multi-directional
layer deposition due to its relatively low heat input [245]. Neverthe-
less, the humped weld bead-shaped in an unsupported horizontal
position when deposited (see Subsection 3.4.3).

o High-temperature substrate — The molten weld pool tends to over-
flow with a thin-wall at a high substrate temperature. At welding

Tk
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be performed with proper control in any direction/orientation,
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Fig. 25. A direct crossing feature reported by [312], overlap with two start-ends of the arc.

Fig. 26. T-crossing built with failure in the central zone (left) and good appearance (right)
[12].
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because the molten pool surface tension force may sustain the
weight of the deposited material.

o The offset distance - When each layer is deposited, a part of the dis-
tance must be shifted by the torch: the offset distance along the X-
axis. The deposition material is melted and moved to the molten
pool, which then solidifies the liquid metal. If the offset distance is
too large, the overflow of the molten pool may occur, causing the de-
posited parts to be poor quality. The combination of process param-
eters is therefore compatible with a maximum offset distance and a
maximum tilt angle, preventing the apparent molten pool overflow
[254].

o Torch orientation - While welding in many directions is possible, it
is difficult to design the torch direction in a CAM package automati-
cally [304,305]. Automatic path design is time-consuming and com-
plex programming and the amount of use of the path justifies
development time. Medium, low run jobs are usually performed
using manual welding like welding ship panels. However, WAAM's
performance depends on the custom design on demand, so the fu-
ture deposition techniques need a reliable, automated path planning
technique. The torch is now directed toward the workpiece in order
to simplify the programming for large-scale WAAM.

Avariety of WAAM techniques have been developed for reducing re-
liance on supporting structures, including (i) articulated tool path ma-
nipulation (see Subsection 4.2), (ii) modifying the deposition direction
on a flat position, (iii) positioning of the deposition torch angle, (iv) ad-
ditional degree of robot freedom to adjust the orientation of the work-
piece, as discussed in Table 15 and Fig. 20. Flowing discussion is
accordingly driven.

o For a large overhang, inclined and horizontal wall features can be
created by a tilted torch position [245]. 15° has been stated to be a
reasonable angle of overhang to be used without altering the torch
orientation. Steeper overhang angles are possible, but for the depo-
sition time required in large components, they were not effective.

o While there has been a number of developments in inclination wall
deposition, still small areas of the possible inclination angle using a
flat deposition method and inherent technical challenges remain.
For multidirectional WAAM, the forming process of a welding bead
in various directions is not fully explored. A set of practical guide-
lines for multi-directional WAAM must, therefore, be provided.

o The use of rotary positioners in multidirectional WAAM has been ex-
plored to reduce or eliminate the use of support structures [61,229].
A rotating table gives additional flexibility to make the components
with complex geometries more flexible [224]. Tilting the substrate in
an angle equal to the direction of growth in the material can produce
better geometry of the deposited material and a more stable process
of deposition [61,259]. The horizontal structures can be deposited
with WAAM when the torch is rotated [245], but not all the forming
equipment is able to rotate the torch. WAAM is used, for instance, to
manufacture medium to large parts, so rotating such a large part is
difficult and expensive in operation. WAAM has also been used to re-
pair large components locally, which cannot be installed on a rotary
table. Hence, the design phase becomes less complex and the subse-
quent manufacturing process is more cost-efficient if the layers can
be deposited in multi-directions [306,307].

o While many strategies have been established in the literature for
producing thin-walls with overhang features, i.e., inclined walls,
there is no reliable common strategy to produce overhang large
scale components with near-net shape. A mathematical description
of inclined parts has not sufficiently addressed, relating input pa-
rameters and underlying physics. The surface quality of the pro-
duced layers can necessity be improved by applying a face milling
process, but the process efficiency can be greatly reduced. Therefore,
future studies should be an emphasis on providing the layer-
overlapping process of overhanging features for large scale
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production.

o WAAM parts may have included characteristics as a kind of over-
hang feature, like passages that cannot be manufactured with tradi-
tional subtractive manufacturing. Enclosed features can be created
with multi-axis deposition techniques without supporting struc-
tures. When designing parts with enclosed features, care should be
taken because they cannot be machined easily afterward.

4.4.3. Corners, crossing, thin-wall squared and cylindrical

Crossing features are the most critical features as an incorrect depos-
iting strategy can lead to non-uniform layer thickness. The literature
studied the possibility of using WAAM to produce different designs for
the thin- and thick-wall crossing, as discussed in Table 16, Table 17
and Table 18. Because the parts of WAAM must be post-machined to
match the required surface finish, it is important to evaluate the ma-
chinability of the material produced by the WAAM [310]. Regarding di-
rect crossings, T-crossings, and corners, the internal sharp corners may
be the most important issues for post-machining, as these are not acces-
sible using and end-mill. The creation of tool paths to redesign these
areas by adding fillets could boost the corners' usability for processing
on the final part and make the route more fluent. The existence of fillets
can also enhance mechanical properties, in particular the fatigue-
resistance. Additionally, adding more material in the corners prevents
voids and porosity. Of course, if a sharp corner is needed, this excess ma-
terial must be machined away.

Apart from avoiding the resultant distortions/residual stresses of the
final crossing part during the generation of deposition patterns for
WAAM, the deposition efficiency needs to be taken into account. In
this context, the deposition efficiency means both the avoidance of de-
position failures (such as depressions) and the generation of the best
tool path able to manufacture a part that dimensions are as close as pos-
sible to the final desired geometry [310]. For example, the accumulation

Table 19
A summary of lattice and struts structures reported in the literature

References Feature
Heat source
Material
Control strategy
Deposition torch

Highlight

angle
[324] Struts-lattice They showed that the fabrication of strut shapes
Fig. 49 Pulse depends on the heat input condition and the arc
GMAW/Mild discharge time had the highest influence on the
steel layer height and diameter.
Process The inclination angle of an overhanging shape had
parameters little influence on the dimensional accuracy of the
Positional torch  built object.
The maximum deviation was approximately + 2.3
mm.
[327] Struts-lattice The use of pulse WAAM greatly improved the
Fig. 50 Pulse material usage rate.
GTAW/Titanium The wire-feeding direction and the force of the
alloy droplet affected the shape of the forming surface
WEF direction, and the actual inclination.
heat input The cell formation was best when the angle is
Positional rod between 45° and 90°.
[306] Struts-Skeleton ~ They proposed an image-based closed-loop
Fig. 51 CMT/G3Si control strategy to monitor the bead shape,
Processing computer-aided manufacturing (CAM) software to
parameters correct the geometry of the bead deposition,
Positional torch  resulting in automatically manufacturing complex
truss structures without any support.
[326] Struts-lattice The struts' diameter was no less than 2.5 mm with
Fig. 52 CMT/ER 2319 a relative deviation of less than 2.0%. The strut

Current, voltage
Positional torch

angle was from 15° to 90° with a relative deviation
of 4.0%.

A 3-layer pyramid lattice structure demonstration
composed of struts with a diameter of 3 mm and
an angle of 45° was fabricated.
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Table 20

Case studies reported in the literature
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Case Geometrical Reported details/ Challenges/ Highlight/design rules
elements Requirements
Fig. 53 Case Irregularly curved GMAW/Steel A significant energy saving was recorded, not including recycling, compared to conventional machining at
1[328] Thin-wall TS/WEFS of 0.2/4.6 (m/min)  34%.
V/I of 18V/80A
Mass (kg) = 0.595
Fig. 54 Case (open) T-crossing GMAW/316 L In the longer features, the achieved temperature was higher than in the shorter ones.
2[329] Sharp corner TS/WEFS of 0.224/3 (m/min)
Enclosed features [of 180 A
Thin-wall
Fig. 55 Case Thick-wall (12 mm) GMAW/Steel Pinholes considered as an omitted feature;
31[80] Plates Overlap beads of 12 mm Adjusting the deposition direction to (i) conform to the overhang constraint, and (ii) have a smaller
Overhang holes 2.1x0.4x0.2 mand 133 kg  cross-section area;
Pinhole The overhang limit of 15° was implemented.
Curved features
Fig. 56 Case Thick-wall (20 mm) GMAW/AISi12 A maximum recorded temperature of 460 °C in the first layers and 270 - 325 °C for the subsequent layers
4330] Joint interface 40 mm height extension were recorded.
190 °C preheating The maximum porosity of 1.2% directly in the interface zone and below 1% for the subsequent layers were
Layer: WFS(m/min)/I observed.
(A)NV(V)
15 7.1/140/15
2":6.3/105/14
3:6.1/96/13.7
>4™:6/91/13.6
Fig. 57 Case (Open, closed & CMT/ ER4043 Al Weaving methodology was employed.
51[263] straight) T-crossing ~ TS/WFS of 0.3/7 m/min A 3 mm fluctuation of the layer height was observed.
Corner junction I of 140A
Closed junction 28mx086mx1m
Thick-wall (13 mm)
Fig. 58 Case  Thin-wall CMT/ER70S-6 Demonstrated a humping free surface of the overhang sub-volume through (i) planning an elaborate robot
6[201] Overhang squared TS/WES of 0.2/200 trajectory (vertical-down path is the most recommended direction), (ii) using TS with the most restricted
feature condition (vertical-up).
Squared junction
Cylindrical junction
T crossing
Fig. 59 Case Thick-wall (22 mm) CMT/ZG230-450 steel A 3D scanner was used for geometric qualifying.
7[331] Cylinder I/Vof 185 A/24.4V A cylinder with a cross-section center error of 1.6 mm was deposited successfully.
Concave radii Bead width/height 7.4/2 The error of 1.2 mm for thick-wall was observed.
Angular overhang mm
400 mm cylinder radius
660 mm thick-wall height
Fig. 60 Case Thick-wall (10-20 GMAW/ IYH]507M The dimensional deviations of 2 mm, the angular error of 1°, and intersecting curved surface deviation of
8[247] mm) TS/WES of 0.42-0.48/ 3 mm were observed.
Cylinder I/V of 120-150 A/20-22 V The forming accuracy was mainly influenced by the process parameters and the forming path.
Overhang 95~265 mm outer diameter
220~700 mm length
Fig. 61 Case Corner junction CMT/Steel For the stable build-up of multi-track walls, overlap distance (0.66 to 0.77 bead width) and track sequence
9[269] Thick-wall were found to be crucial.
Transition wall
Inclined wall
Fig. 62 Case Corner junction GMAW/Ti-6Al-4V A significant time, material, and cost savings.
10[149] Direct crossing 0.7 m height and 20 kg
T- crossing
Thick-wall
Fig. 63 Case Open surface GMAW/ HO8Mn2Si No large pores or inclusions were observed.
11[254]  Overhang TS/WES of 0.288/3.73 for The positioning error of 1.4 mm was observed.
Thin-wall (6-8 mm) 8 mm width The deposited inclination angle of thin-walled parts can be greater than 45°.
Inclined wall TS/WEFS of 0.348/3.09 for
6 mm width
Fig. 64 Case Solid bulk GMAW/ ER70S-6 They deposited 1 layer more for compensation of height reduction.
12[285]  Angular overhang 2.5/2.7 mm Overlapping beads of 0.73 were applied.
thickness/height The maximum and absolute error of 4.4 and 1.8 mm, respectively, were recorded.
Fig. 67 Case  Thick-wall GMAW/ ER70S-6 Compression moulds should be able to withstand pressure up to 13.79 MPa and operate within
15[333] Inclined overhang TS/WEFS of 0.41/5.08 m/min  170-180 °C.

wall
Corner junction

30 cm width, 30 cm length,
and 8 cm thickness

The mould was manufactured with a hollow design and the results have demonstrated that the mould
meets deflection needs.

of peaks, in which the weld bead is overlapped at crossing points, has
been demonstrated to make this feature difficult to produce. In order
to limit the volume of the material to machine away during final ma-
chining operations and optimize the deposition capacity, the crossing
point must remain as near as possible to average wall height far from
the central region. In this light, different assessment parameters can

be taken into account, including:

o The appearance or absence of fillets in the intersection;

o The difference in height between the central point height (crossing)
and the average value of the other sections; the deposition efficiency
is directly linked to this parameter: if the height in the central point
is close to the other distant points, less material needs to be removed.

o Itis also necessary to achieve a (back) surface of T-crossing as flat as
possible in order to optimize deposition performance.
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Fig. 27. T-crossing features reported by [263]: local milling was conducted when the
sample was deposited; the flatness of the layer was maintained by milling the crossing,
the contour profile, however, was not good at the corner of the crossing (left);
amplitude adjustment at the crossing when a track began or ended at the crossing, the
connection of the corner was found to be smoother, resulting in good mechanical
properties (right).

0 Because the arc ignition and stop stage frequently cause large
spreads, the number of arc start/stop phases should be limited as
much as possible. As an assessment parameter, the number of
start/stop phases can, therefore, be considered.

The cylindrical feature deposition is a challenging task in addition to
the crossing and corner junction features. One of the key objectives of
cylindrical deposition strategies is to prevent arc ignition and
extinguishing defects, which affect the surface flatness [264]. In fact,
due to the heat sink effect of the base metal, the region of the layer
near the arc ignition shows excessive thickness in its central part. On
the contrary, because of the arc pressure on the molten pool in the
arc-extinguishing area, the layer shows less thickness. Therefore, a de-
position defect is present on the surface if a cylindrical shape is depos-
ited by igniting and extinguishing arc at the same point for each layer.
To overcome these issues, several strategies have been proposed as
summarized in Table 18.

4.4.4. Lattice structure
With the rapid development of aerospace technology, the require-
ments for lightweight and high performance of aircraft and its engines

Fig. 28. Direct-crossing and T-crossing including deposition paths [313]
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are becoming higher. Building lattice structures inside components en-
able weight reduction while maintaining high strength. In this regard,
AM can be used to fabricate lattice structures of any complex form by
depositing the material layer-by-layer, and it has become a new method
of manufacturing lattice structure developed in recent years. At present,
the main methods for AM of lattice structures are powder bed fusion
technologies [1,4]. WAAM enables the fabrication of not only thin-
walled and solid shapes (discussed above) but also complex shapes
such as lattice structures. In addition, it also has the advantages of un-
limited size in an open forming environment, high efficiency, and low
cost. However, few studies have investigated the lattice structure fabri-
cation using WAAM.

For a specific lattice structure, the diameter and angle of the inside
inclined struts are important structural parameters [323]. The struts
with different angles and diameter form lattice structures with different
relative-density and construction, which form different mechanical
properties of elastic modulus, compressive strength, heat insulation,
and shock absorption, etc. Therefore, how to control the diameter and
angle of the struts in the lattice structure by WAAM is a challenge. For
fabricating strut shapes with high accuracy, the process parameters
should be optimized. However, the relationship between layer geome-
try and process parameters is not clear.

In the literature (see Table 19), different strategies have been used
for the deposition of lattice structures:

0 Pulsed GMAW [324] - In this approach, the struts form via repeated
spot-welding processes when WAAM was used. In other words, a
small amount of molten metal is deposited in a short time and the
molten metal solidified and cooled. Then, additional molten metal
is deposited. In such processes, the molten pool forms an almost
hemispherical shape under the influence of factors such as surface
tension, gravity, and arc pressure [321].

0 Pulsed GTAW [325] - In this method, the WAAM uses the droplets,
solidified layer-by-layer by pulse, and the metal is continuously
formed along the fixed direction as the welding gun moves. They
controlled heat input by adjusting the process parameters to prevent
the molten pool from collapsing. Therefore, the fabrication of the un-
supported inclined structure can be realized by finding suitable pro-
cess parameters. Obviously, since the formation of unsupported rods
is the key to the formation of pyramidal lattice cells, the most impor-
tant question is how to achieve the expected shape through process
control and theoretical analysis, and finally, use this method to ob-
tain pyramidal lattice cells. They showed that it is feasible to use

Fig. 29. Thin-walled square components manufactured by hot-wire GTAW (H-0 to 100
indicates hot-wire currents from 0 to 100 A) [314].
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Fig. 30. Comparing the as-deposited cross structure without dimension correction (up-left) and layer size correction by optimizing of wire feed manner (up-right), plain shapes with a

sharp angle of 10, 15, and 20° (bottom) [71,315]

this method to fabricate large-scale metal lattice structure.

o CMT [326] - Metal skeleton manufacturing creates similar structures
to continuous lattice fabrication. In this methodology, the building of
the different branches is done by increment and is similar to the
layer-by-layer additive manufacturing. The only difference is that
the branches are not sliced by a cutting plane but are sliced indepen-
dently. The slicer detects the first points to build near a starting
plane. Then, the algorithm has to propagate points along each

— 2eti
=
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Fig. 31. The top view of the L-shaped path strategy with various wall thicknesses; set i:
WFS= 5 m/min and TS=10 mm/s, two tracks (12 mm); set ii: WFS= 2.5 m/min and
TS=10 mmy/s, two tracks (8 mm), and set #iii: WFS= 1.5 m/min and TS=4 mm/s,
single track (4 mm) [269].

branch with an increment 6 corresponding to the height of the de-
posit. The main control parameters include (i) a geometry and (ii)
the welding parameters. The CMT process has the advantage (i) to
minimize the weld pool temperature and (ii) to reduce spatter for-
mation during the transfer. Different process parameters can be con-
trolled, such as the WFS, the welding time, as well as pre and post
gas time to protect the weld bead during solidification. All deposi-
tions were done with the synergy implemented in the power source.
Process settings are often kept constant during the whole process
except for the welding time. This time determines the mass of de-
posited material and the quantity of energy transferred to the part
and is controlled by the supervision software and an external trigger
relay. One important parameter to ensure good deposit is the contact
tip distance to the working part (approximately 10 mm ensures
good shielding and better control of the CMT process).

Fig. 32. Rectangular-shaped specimen: 170 mm long, 30 mm width and 120 mm height, Fig. 33. Near-net-shape comparison between the conventional process control scheme
and 5 mm radius for the corners [316]. (left) and the adaptive process control scheme (right) [317].
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4.5. Case studies

WAAM has been developed to produce near-net-shape parts with
larger dimensions. Even if these components are not directly usable in
a mechanical system, less machining is required to produce the final
part, which then reduces the cost compared to a traditional manufactur-
ing sequence. Geometries however with complex areas remain difficult
to produce with WAAM. Case studies reported in the literature are sum-
marized as follows and their details reported in Table 20.

Fig. 53 Case 1: a blade designed according to the NACA 9403 stan-
dard [328]. It was identified as an appropriate candidate for a WAAM
process. An energy comparison was presented between a WAAM pro-
cess and a traditional bulk processing solution for the production of a
steel blade. In order to calculate the primary energy demand at each
stage of the life cycle, experimental measurements and environmental
base data were used. The results showed that an integrated WAAM sub-
tractive production route makes substantial savings in material and pri-
mary energy compared with traditional approaches.

Fig. 54 Case 2: a complex geometry consists of a vertical T-crossing
feature that is difficult to achieve with material removal [329]. This
study showed WAAM integration and an in situ monitoring and control
system. A complex component (SS 316 L) was developed and generated
for the validation of the proposed systems, appropriate phases were
used, including the design of a CAD, selection of process parameters,
the specification of tool-paths and part deposition. They showed the
feasibility of WAAM for the manufacturing of complex shapes.

Fig. 55 Case 3: an excavator arm [80]. They revealed how WAAM
interacted in the context of a topological optimization of excavator
arm case study, including overhang constraints, deposition direction,
and large weld bead thickness. The flowchart was introduced with
part orientation, part functionality, and deposition physics necessary
for deposition. They found that topology optimization needs develop-
ment in order to become an effective method for large-scale WAAM
procedures because the results are too complicated to produce. Conse-
quently, design rules and processing parameters should be incorporated
into topology optimization as further optimization constraints.

Fig. 34. Corners and T-crossing features reported by [241]. Geometry is shown by black
lines (up), MATs are represented by red dotted lines and branches by red solid lines.
Generated trimmed path (right-up), finished surface (left-bottom), and traditional
contour path patterns (right-bottom).
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Fig. 56 Case 4: an extension of a T-section rib [330]. As a reference,
T6-heat treated EN-AW 6082 bulk material was used, which was milled
to a T-section geometry with a cross-section of 120 mm x 50 mm x 20
mm. On the rib of this section, AlSi12 was added using WAAM. The po-
rosity 1.2% was observed at the intersection area.

Fig. 57 Case 5: a complex large crossing features [263]. The goal was
to explore strategies to optimize the production of large and high-thin
wall metal structures. The combination of these strategies showed
that they could improve layer surface flatness, and differences in layer
heights. The wall flatness was measured by moving a laser displacement
sensor at a fixed height along the thin wall. The layer height (520 layers)
variations were verified within 3 mm.

Fig. 58 Case 6: a complex geometry including the overhang. They ex-
amined the effectiveness of the strategy for humping avoidance by
demonstrating a thin-wall workpiece with overhanging characteristics.
The deposition of sub-volumes was the main step in the deposition of
the workpiece. A contour path for the sub-volume of the overhang
was chosen. They demonstrated a humping free surface, which shows
the effectiveness of the strategy.

Fig. 59 Case 7: propeller bracket. The marine propeller bracket is an
important part of large ships and has high demands for dimensional
precision and mechanical characteristics. Currently, casting and welding
are integrated into its manufacturing cycle. Because the propeller
bracket is manufactured using ZG230-450 steel, which has poor fluidity,
and the thickness of the hub generally larger than 200 mm, shrinkage
and porosity are easy to occur in the casting process. The grain struc-
tures of the heat-affected zone and the mechanical properties decrease
and cannot comply with requirements for welding joints between the
hub, support arm, cross arm. Hence, an ideal demonstrator part for
WAAM. The cylindrical hub, cross-arm, and support arm were deposited
sequentially by the block-forming strategy. Central deviations of the
layer of deposition were obtained by a surface-structured light 3D scan-
ner and a point cloud processing in real-time. The dimension deviation
of the WAAM propeller bracket was 1.6 mm.

Fig. 60 Case 8: multi-directional pipe joint [247]. Due to the fact that
the intersecting areas of a multi-directional pipe joint are space surfaces,
the conventional slicing method is difficult to form a space surface with

ﬂﬂ

Fig. 35. A clover unit of Isogrid structure with 200 mm long and a 12 mm bead, a fine
appearance; created two gaps in the center [66].
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Fig. 36. Sharp corner reported by [249]: (a) lap angle of 56.85°, the adjacent bead was well-formed with no pores, (b) lap angle of 28.56°, at the sharp corner, a pore was formed, and (c) a
closed-angle correction path resulting in no pores at a sharp corner.

Fig. 37. A cylinder part of 5356-aluminum [124]
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Fig. 40. Tool path for asymmetric parts and deposited cylinder [86]

Fig. 38. Top surfaces and deposition strategies to deposit cylindrical features: helical
strategy (up), aligned start-stop strategy (center), scattered stop-start strategy (bottom) Fig. 41. G4Sil (steel) & AZ31 (magnesium) cylinder [318]
[311]

Fig. 62 Case 10: Ti-6Al-4V landing gear rib near-net-shape demon-
high precision. Space slicing and space path planning methods were strator part. Compared to conventional subtractive machining, the

therefore employed. Around 2 mm were monitored for the dimension- main benefits include significant time, material, and cost savings.
ing deviations of pipes and less than 1° for the angles of crossing pipes. Fig. 63 Case 11: thin-walled part with overhang geometrical features
Rare defects such as pores and cracks were reported. composed of three parts [254]. Both the bottom and the middle wall

Fig. 61 Case 9: an example of the high-strength low-alloy steel thicknesses were 5.5 mm (designed), and the upper part 3 mm. The de-
S700MC (Mn4Ni2CrMo) crane construction. They showed that geome- posited widths of the bottom and middle parts were 8 mm, and the top
try such as corners and steep walls can be created. part was 6 mm in consideration of subsequent finishing of the
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Fig. 42. Deposit shape of circle and triangle route using 100, 150 and 200 A (left-to-right)
(V=18-20 V, TS=5 mm/s and WFS=30-65 mm/s) [319].
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component. It was observed a maximum of 1.4 mm geometrical devia-
tion resulting in a rotating table's positioning accuracy, heat dissipation
conditions in each layer, and stresses induced by phase transformations.

Fig. 64 Case 12 [285]: an inclined solid bulk part contains two main
inclined components, the base component, and the upper component.
The base part's length is 200 mm, and the upper part's length is 100
mm. The maximum deviation was found to be 4.4 mm. Except for the
cover layer, a good agreement concerning the widths was observed.
The absolute deviation was 1.8 mm.

Fig. 65 Case 13 [121]: airfoil. The goal of the case study was to show
that the proposed technique allowed to avoid major part collapses with-
out performing trial-and-error operations to select the idle time. The
functional surfaces of the airfoil, namely the pressure and suction side,
were scanned by the CMM and compared with the target surfaces.
They showed that the average deviation from the target surface was
0.65 mm for the pressure side and 0.39 mm for the suction side. This re-
sult confirmed that no significant collapse occurred during the deposi-
tion process. However, it is worthwhile to highlight that despite the
effectiveness of the proposed technique, an excessive inter-pass tem-
perature could still collapse the workpiece. Therefore, it is important
to refer to the literature that provides the inter-pass temperature values
for various materials.

Fig. 66 Case 14 [332]: cone manufacture via 3-axis (vertical torch)
and 5-axis (rotating torch) system. The cone was manufactured
using 5-axis tool paths. The welding is continuous from the first
point until the last one, removing the start/stop effect, which can cre-
ate holes or hump. A comparative study between 3-axis and 5-axis
manufacturing for a cone was shown that for a 3-axis path, from a
25° cone angle, the defect of the top of the part was approximately
1.7 mm compared to the real surface. For the 5-axis, defects were
below 0.8 mm.

Fig. 67 Case 15: compression moulding mould. Moulds and dies are
key features of high-quality products and WAAM can be used to increase
the efficiency and reduce lead times and costs in this light. They ad-
dressed the advantages and limitations of WAAM for the manufacturing
of a moulding mould. The mould was over-dimensioned by 3 mm, then
machined to achieve the final geometry, tolerances, and surface quality
required. The mould was successfully implemented to fabricate compos-
ite parts.

Fig. 44. a) A square feature, (b) a circular feature and (c) window-style feature [252]
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Fig. 45. Schematic images of torch motion and experimental results for cylindrical features; left to right: the starting position was the same and the torch movement direction was the
same, the starting position was the same, but the torch motion direction for each layer was reversed, and the torch motion direction was the same but the beginning position was

layer-by-layer changed [321].

Fig. 46. 20.2 to 14 mm designed tube diameters while deposited as 12.46 to 4.8 mm (the
10 mm and 12 mm tubes failed), stainless steel 410 [322]

5. Discussion and summary

In summary, WAAM techniques have various possible applications
across many industries. However, several problems prevent the broad
integration of WAAM. In addition to the accuracy and assurance of qual-
ity, this includes the lack of process robustness, stability and repeatabil-
ity. Improved process reliability, elimination or decreased deposition
defects and high quality and mechanical-performing components
have become significant research aimed at making the WAAM process
more competitive with other AM methods. A detailed understanding
of different materials, an ideal setup of processes, control of processes
and postprocessing parameters are important to achieve this goal.
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After a systematic review, this section summarizes and analyzes two
main aspects: Subsection 5.1 describes the part quality and accuracy
challenges related the WAAM process and planning, and to explore po-
tential solutions to the geometrical accuracy; Subsection 5.2 presents
some collected design rules from the literature.

5.1. WAAM processes - critical analysis

From a system identification perspective, the WAAM system con-
sists of several variables, which influence geometrically and mechani-
cally characterized parts deposited by the system. This includes wire
material and diameter, WFS, TS, shielding gas characteristics, input
power, deposition mode, part geometry, slicing path, slicing strategy,
inter-pass temperature, and many others. The WES, TS, interlayer tem-
perature and input power related to arc voltage and current are the
most influential parameters among the basic input parameters recorded
in the literature. This Subsection discusses the set of significant WAAM
parameters and their impact on the part performance.

Wire feed speed, travel speed, and heat input — To achieve stable
welding and good weld quality, suitable WFS must be used for a given
WAAM condition. Fig. 68 shows the relationship between the WFS
and arc current, providing a stable welding process. In this figure, the
WEFS equilibrium is stated under a given welding current for a feeding
wire diameter of known size [116,118,258,270,294,334]. For example,
a stable welding process for steel alloy can be established for the feeding
wire with a diameter of 1.2 mm, under welding current of 100 A,
within the WES of approximately 2 mm/min. The equilibrium WEFS is
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Fig. 47. The curved feature with large curvature 5,10 and 20 mm. The actual curvature radius of 9.25, and 20.25 mm was observed. The interior was distortive by accumulating materials at
the turning position of the welding gun for a designed radius of 10 mm and more obvious in the radius of 5 mm [315].

Fig. 48. CAD model and Deposited part (212 mm height, 60 mm diameter with 129 layers)
[61]

demonstrated to depend on the diameter of the wire: a smaller diame-
ter leads to a higher electrode-melting rate as electrode fusion requires
less energy. Note that the arc pressure has a significant effect on the
molten pool during WAAM deposition with a large current, and it can
damage the previous layer [258]. The effect of arc pressure on the pool
surface is minimal for small currents, so the distortions of the pool sur-
face are small, and the molten pool surface is stable. However, consider-
ation should be given to the necessary heat input to acquire a good
forming weld bead.

The WES and TS are two of the most important and easy to control
variables in WAAM. The effects of WFS and TS on the geometry of a sin-
gle track (the bead width and bead height) are shown in Fig. 70 and
Fig. 69, respectively. From characteristic geometry parameters, it can
be observed that:

o With an increase in TS, bead width and bead height decrease. The ef-
fect of TS on the characteristic geometry parameters is opposite to
that of WFS. In practice, both the filler material volume and the
heat input per unit length (P=nVI/TS, where 7 is the efficiency of

(o) CALD mandel

() Torch location data

(] Simulstion posult

the heat source, | is the current, V is the voltage) are reduced with
the increase in TS when the WFS is constant. By increasing TS, the
heat input decreases and therefore the weld bead size decreases
[257,335].

o With an increase in WFS, bead width and bead height increase. Sin-
gle tracks with various geometries can be obtained using different
WEFSs and related TSs. The bead width increases significantly at
lower WFSs, when keeping the TS constant. In practice, keeping
the TS constant, the increase of WFS is associated with an increase
in the welding current, and thereby a higher heat input.

o Meanwshile, Fig. 69 shows W/H ratio (bead width/bead height), illus-
trating the variables between bead width and bead height when
WEFS changes. As evidenced, it increases and then decreases with in-
creasing WFS, which means that bead height changes more signifi-
cantly than that of the bead width at higher WFS. Song et al.
showed that welding voltage and WFS contribute heavily to both
spatter formation and bead width at lower WESs [271]. Prado-
Cerqueira et al. [150] concluded that the bead geometry is mainly a
function of the welding current and therefore the WFS: a higher cur-
rent increases the bead width by a larger margin than the bead
height in a specific range of WFSs.

Note that a limited range of process parameter combinations results
in a stable weld bead deposit. A constant WFS/TS ratio is one way to en-
sure adjustments of the process parameters. In particular, surface wav-
iness has a great influence on the geometrical accuracy of fabricated
parts. Fig. 71 shows the effects of the WFS/TS ratio on the surface wav-
iness of different geometrical features. In general, the surface waviness
shows an increasing trend with an increase in WFS/TS. Keeping WFS/
TS constant, increasing WFS results in increasing the arc pressure on
the molten pool, hence, the increase in deformation on the molten
pool. This is not beneficial to the stability of the molten pool. Increasing
the TS is associated with a decrease in arc stability, leading to decreased
surface quality. Thus, a lower WFS combining with a lower TS can

(d) Buit bjoct

Fig. 49. A lattice structure built using WAAM [324]
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Fig. 50. The lattice truss cell units of different angles [327].
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Fig. 51. Skeleton features manufactured via CMT [306]

improve the surface quality. The variation of surface waviness in
an identical WFS/TS ratio can be explained by the variations in the
interlayer dwell time, heat input, materials, geometrical features, and
deposition path, among others [9,337]. In summary, macroscopic char-
acteristics, including surface waviness as well as weld bead geometry
are closely related to WFS and TS, and welding current.

One of the limiting factors for the bead geometry adjustment by TS
and WES is the heat input introduced in the part where the higher the
heat can be inserted by the more higher the WFS. The relationship be-
tween the heat input and weld bead dimensions is shown in Fig. 72. It
is evident that the weld dimensions depend on the heat input. As the
heat input increases, the layer height and width are expected to be in-
creased. However, decreasing the weld bead height can be explained
by two scenarios:

1. Increasing the heat input is affected by the arc voltage. The layer
width increases when a high heat input (high voltage) is used. De-
spite the increased width, the material deposition volume remained
constant. Therefore, the layer height decreased under high-voltage
conditions.

. Increasing the heat input is affected by the arc current, and for a
higher current, the wire feed volume increases. Unlike the voltage,
the WFS increases, thus, the material deposition volume per layer
also increases. The slightly decreasing of the layer height can be ex-
plained by the increasing penetration rate by increasing heat input.
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Further studies on optimizing and formulating the above-mentioned
process parameters for a wide range of materials and interlayer temper-
atures, including penetrating rate are needed for achieving better di-
mensional accuracy and surface quality of WAAM.

Interlayer temperature — In WAAM, a high heat input can lead to a
progressive increase in the internal energy of the workpiece, known
as heat accumulation, that could lead to excessive melting of the
lower layers (see Subsection 3.2). This phenomenon results in an in-
crease in the interlayer temperature, modification of the geometry of
the layers [147,292] and the microstructure of the material [127,338],
especially along the deposited height [150]. Fig. 73 shows the percent
temperature changes at different layers of both thin wall and cylindrical
features. According to the characteristics of the curve, a typical increas-
ing temperature can be divided into three stages [116]:

1) A sharp temperature changes: at the beginning of the deposition
process (first few layers), the interlayer temperature changes drasti-
cally increases. This is mainly due to the strong heat dissipation ef-
fect of the substrate plate.

2) Quasi-steady stage: in this stage, the mode of heat dissipation grad-
ually changes from heat conduction to heat radiation. The change in
the interlayer temperature is less sharp, which indicates that this
stage is controllable.

Steady stage: in the last stage, the molten pool reaches the steady
state, so that the heat flux of heat inflow and outflow from the mol-
ten pool remains unchanged. This stage is considered as the best
case for WAAM because it enables the deposition of uniform layers
without or with minimum changing the deposition variables.

The layer height must be controlled to achieve the desired final
height. Fig. 74 shows the relationship between the percent layer height
changes and layer number. A decreasing layer height with an increasing
number of layers, likely due to heat accumulation, which leads to slump
as reported by [339]. The accumulating heat causes slumping of beads
due to a reduced solidification rate [114,115]. This gradual change in so-
lidification rate and varying heating cycles can also lead to variations in
the microstructure throughout the component [13]. It is also known
that an excessive amount of heat while deposition leads to remelting
of previously deposited layers, which further deteriorates the bead ge-
ometry. Therefore, it's better to decrease the heat input at upper layers
to avoid excessive amount of heat. Typically, more heat input is needed
for the first several layers in order to provide better wetting with the
substrate. So, depending upon the material and features of part required
consecutive reduction of heat input by 5%, 10%, or 20% between each
layer is suggested [257]. According to the state of the art, several process
parameters can be adjusted to correct layer height deviations as
discussed in Section 4.

w
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Table 21
The relation between geometric accuracy of different geometrical features and the WAAM processing parameters
Feature Heat source/ Material TS/WES (m/min) Others n./ width/ height  Designed height/ width/ length or Deposited height/ width/ Error in height/ width/ length or Surface
of layers diameter (mm) length or diameter (mm) diameter (mm or %) roughness (pm)
Cylinder [124] GTAW/ 5356 Al 4.8/- 1°-40: 140-100 A 300/4.4/0.4 120/4.4/101.6 116/4.3/102 3.3/2.3/1 (%) 2.45-2.77
Rest; 100 A
Cross [250] CMT-P/ ER 2319 0.6/6 Pre heat= 200°C 20/n.a./n.a. n.a./10/80x80 n.a./n.a./n.a. 1-2.5/n.a./ n.a. (mm) n.a.
Cross [85] GMAW/ Ti-6Al-4V na. 8/6/1.5 12/25/80x130 n.a./na./n.a. n.a./n.a./ na. na.
Cross [246] CMT/ mild steel n.a. 30/n.a./n.a. n.a./4/200x200 n.a./n.a./n.a. 1.5-2/n.a./ n.a. (mm) n.a.
T crossing [12] GMAW/ER70S6 0.3/4.6 50A/19V 16/-/1.5 n.a/n.a/n.a n.a/n.a/n.a 0.5/n.a/ n.a. (mm) 2.07 (back
surface)
Thick T-crossing ~ GTAW/Ti-6A1-4V 15%-374: 0.2/2.2 200A 12/11/1.65 19.8/22/100 15/20/80 24/9/20 (%) na.
[313] 41M-121:0.2/2.4 190A Overlap: 50%
Cylinder [86] GMAW/ER-70S-6 0.14/6.1 210A/23.9V n.a./na./2 120/15/110 130/10-11/108 8.3/30/n.a (%) na.
Cylinder [318] CMT/ GA4Si1 (steel) & AZ31  0.4/2.5-5 20/4-6/2 n.a/n.a./60 n.a/n.a/n.a n.a/n.a/n.a na.
(magnesium)
Cylinder GTAW/ Ti6Al4V 0.12/1 15/n.a./1 n.a/n.a/n.a 15.26/6.1/40 n.a/n.a/n.a n.a.
Sharp corners CMT/Al (4.8-5.2% Mg) 0.6/3.4 16/5/1.5 n.a/n.a/n.a 26.5/5.2/n.a 0.23-0.76/0.66-0.75/n.a (mm) n.a.
[317]
Cylinder [321] CMT/mild steel 0.6/3 110A/15V 40/4.6/1.9 n.a./n.a./50 n.a/n.a/n.a n.a/n.a/n.a n.a.
Thin-wall [322] GMAW/SS 410 n.a. 20/n.a./n.a. 64/9.22/n.a. 41.8/8.2/n.a. 35/156/n.a (%) n.a.
Thick-wall [322] GMAWY/SS 410 n.a. 20/n.a./n.a. 64/6.4/n.a. 56.3/11.3/n.a. 12.5/76/ n.a (%) n.a.
4-bead wall [322] GMAWY/SS 410 n.a. 20/n.a./n.a. 64/12.8/n.a. 70.1/18/n.a. 9.3/40/n.a (%) n.a.
Cylinder [322] GMAW/SS 410 na. 15/n.a./n.a. n.a./na./ 14,16, 18.2,18.7,19.2, 20.2 na./na./4.8,6.8,10.1,10.5, n.a/n.a/65.7 57.544.543.839.638.1 na.
11.6,12.5 (%)
Sharp Curve GTAW/ 5A06 Al 0.25/2 1/7.2/1.3 n.a./n.a./ 20, 10, 5 (curvature radius) 1.3/7.2/ 20.25, 9.25, failed n.a/n.a/ 1.25, 7.5, Failed (%) n.a.
[315] Fig. 47 (curvature radius)
Sharp angle [315] GTAW/ 5A06 Al 0.25/2 1/7.2/1.3 n.a./n.a./20° 15°,10° 1.3/7.2/19°, 9°, failed n.a/n.a/ 5, 40, Failed (%) n.a.
Thin cylinder CMT/ ER70S-6 0.45/7 30/4.35/ 2.04 61.2/n.a./n.a. 51.5/n.a./n.a. 15.9/n.a./ n.a. (%) n.a.
[61]
Thin triangular CMT/ ER70S-6 0.35/5.5 30/4.88/2.37 71.1/n.a./n.a. 52.7/n.a./n.a. 25.9/n.a./ n.a. (%) n.a.
[61]
Thin squared [61] CMT/ ER70S-6 0.5/8 30/5.38/2.73 81.9/n.a./n.a. 60.5/n.a./n.a. 26.2/n.a./ n.a. (%) n.a.
Pipe joint GMAW/ IYH]507M 0.420-0.48/n.a. 120-150 A/ n.a./6/n.a. 220-700/ 20/265 20/195 10/165 10/150 n.a./ 20.85/265.5 20.5/195.6  n.a./ varied
20-22V 15/95 20/195 10/165 10.7/165.7 10.2/150.2
15.3/195.2 20.25/195.2
10.3/165.2
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Fig. 52. Pyramid lattice structures [326]

ES

Fig. 53. Case 1 airfoil [328]

Fig. 54. Case 2 Complex T-crossing features [329]

In summary, a requirement to use WAAM technology is to identify
system parameters and parameter envelopes within which the geome-
try and quality of the deposited bead can be influenced and optimized.
This allows for the control of the geometry and geometric quality of
3D components [342]. In addition to part accuracy, the part quality
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manufactured via WAAM is critical. The WAAM solidification character-
istic comprises the thermal gradient and nucleation rate within the
weld pool and determines the primary performance measures for a spe-
cific location and the quality. As outlined in Subsection 3, the heat dissi-
pation factors influence on the part accuracy and various cooling
systems as well as an introducing interlayer dwell period were reported
to minimize heat accumulation resulting in high accuracy parts. How-
ever, the WAAM solidification characteristic obtained may be un-
suitable for producing high quality WAAM parts efficiently. Further
studies are required to balance the fabrication quality and the fabrica-
tion accuracy as well as production efficiency.

5.2. A need for design rules

Although AM has enormous design potential, geometrical freedom is
not unlimited [343,344]. The technical method itself, the manufactured
material, or even the system establishes new restrictions. Design engi-
neers must be aware of the design rules to ensure production efficiency.
As with standard processes, rules for different AM technologies have
been established, ranging from general quality guidelines, such as
manufacturing orientation, to precise quantitative limits, such as mini-
mum wall thickness. In particular, for powder bed-based systems such
as SLM, SLS or fused deposition modelling (FDM) design rules can be
found in the literature [21]. The research primarily focuses on geometric
constraints, minimum characteristic sizes and structural orientation
[345-348] to include either general high-quality recommendations, de-
pending on the build orientation [345] or design guidelines for the con-
ditions on the respective boundaries (i.e., the thickness of layer, system,
material, set of parameters, etc.) [347].

However, design for WAAM requires an even more design approach
to other AM processes, as WAAM introduces different manufacturing
constraints and certain unique production capabilities that cannot be
used with other AM technologies. WAAM, for example, offers a unique
capability in the manufacturing of custom geometries through direct
production from 3D data and hybrid production, functionally graded
materials, and the production of integrated functionality parts. Part de-
signers often lack an understanding of these issues and their effect on
the final products. During WAAM, major challenges include, among
other issues, the development of deposition processes, geometry char-
acterization, robotic path integration and implementation, heat man-
agement, and appropriate slicing in response to the WAAM process
requirements to achieve necessary interface tolerances. Future studies
need to focus on design rules to (i) promote the use of the WAAM pro-
cess, (ii) take advantage of high-value product design, and (iii) quantity
WAAM's geometrical constraints. The following is an example of a few
design guidelines.

Design freedom - One of AM's major advantages over traditional
manufacturing is design freedom. Given the constraints of traditional
production technology, it may be necessary to compromise the func-
tional product in order to make it cost-effective. Designers may then
have to compromise their concept so that the product loses its meaning,
which reflects the vision of the designers. Complexity and geometry
should no longer affect manufacturability with WAAM in the future.

In addition, the promise of superior/equivalent strength for a com-
ponent with a lower mass is one of the key thrusts for WAAM use in pro-
duction. The goal is to optimize topology in order to obtain complex
forms, which can be generated reasonably easily by WAAM processes.
However, few examples of such component types can be found via
WAAM [80] and an additional effort is required.

Build orientation - The quality of the part (strength, material prop-
erties, surface quality, etc.) is directly linked to the orientation of the de-
position in WAAM. The selection of part orientation is an important task
when designing a part for WAAM. The direction of the anisotropic,
which takes the direction to the Z-axis or the vertical direction of depo-
sition is determined by the position orientation. Therefore, if anisotropic
is a major factor, the component must be deposited to have the
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Fig. 55. Case 3 An excavator arm [80]
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Fig. 56. Case 4 Rib [330]

characteristics that require maximum strength. For example, if the geo-
metrical characteristic, for instance, the circularity of a cylindrical func-
tion, is critical, it should be deposited vertically. A horizontally
deposited cylinder feature is affected by the step-stair effect and may
become slightly elliptical.

The total build height defines how many material layers are required
and, therefore, the deposition period affects the costs. If no otherimportant
criteria exist, generally, the best deposition orientation reduces the total
building height to a minimum. However, as discussed in Subsection 4.1,
the build temperature should be taken into account during deposition. In
fact, larger thermal gradients from a cooler substrate induce thermal
stresses that can exceed the material's yield strength, resulting in residual

Fig. 57. Case 5 Complex large crossing features [263]

Fig. 58. Case 6 a complex geometry including overhang [201]
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Fig. 59. Case 7 propeller bracket [331]

Fig. 61. Case 9 crane construction [269]

Fig. 62. Case 10 Bombardier Landing Gear [149]
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Fig. 64. Case 12 a bull overhang part [285]

Dimensions [mm]

Fig. 65. Case 13 The airfoil design and deposited via GMAW [121]

stress in the component. The other issue is the warping of the build plate,
which causes the first layers of the part to deform.

Overhang features — The overhang constraint in WAAM depends on
the need to strike an electrical arc between the electrode and the work-
piece and on the potential for the molten metal to flow across the sides
of a wall. This overhang limit can be extended when changing the torch
orientation, as a filler wire deposition in vertical positions is common in
manual welding, but automatic tool orientation determination is not
currently integrated with WAAM during tool path generation. In addi-
tion, the overhang limit does not allow the manufacturing of complex
geometries.

For example, for overhang features, 45° is a safe default number for
vertical torch deposition. For large components, it was confirmed that
15° overhang is a safe overhang angle that can be used without chang-
ing the torch orientation [80]. Steeper overhang angles are possible but
are not reliable for the deposition time durations needed for large com-
ponents [80]. On the other hand, horizontal or near horizontal over-
hangs can be deposited via using rotating torch [245,332], however,
not all forming equipment can rotate the torch conveniently. Up to hor-
izontal overhang is also possible using a rotating table. With the decline
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Fig. 66. Case 14 cone manufactured via GMAW [332]

Fig. 67. Case 15 Compression moulding mould (female side) [333]

of heat input and increase in the cooling rate, the molten pool can be so-
lidified rapidly, which may benefit the fabrication of overhang structure.
A rotating table for large components is however a difficult task. There-
fore, designers seek to design the component so that it is as similar as
possible to vertical overhangs.

Internal and complex features - Another benefit of AM process is that
many can produce internal functions easily. In certain cases, internal ge-
ometry can be practical, and in another case, geometry can simply reduce
acomponent's material by generating internal material patterns. Internal
functionality may be a 2D or 3D feature. The manufacturing of 2D features
such as complex internal channels is not normally suggested by WAAM.
WAAM can, however, be used to manufacture lattice and skeleton struc-
tures. Such features can traditionally be created with individual compo-
nents that are joined to an assembly. With WAAM, these features can be
manufactured in one part, saving time, materials, and costs.

Minimize large material mass - Large material mass in one-part
costs a lot causes a great amount of residual stress and adds little tech-
nical value such as avoidance of porosity. Hence, unnecessary material
that increases cost, causes more residual stress and therefore requires
more post-processing should be avoided.

Omitted features from the deposited components - Some features
must be omitted as the tolerances and surface finishes are too tight to rea-
sonably be deposited. When the feature size is too small for WAAM, then
the feature (e.g., pinhole) is omitted with over-manufactured geometry.
The functionality is introduced in post-processing [80].

In summary, WAAM can manufacture various features and impose
different restrictions than other AM technologies. Due to the manufa-
cturing principles of WAAM, discussed in Section 3, important factors
and effects on the geometrical accuracy must be taken into account.
For example, the sharp angle and curve form usually cannot be formed
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Fig. 68. Wire feed speed vs. deposition current: (a) [294] and (b) [116] aluminium alloys
with a feeding wire diameter of 1.2 mm, (c) [334], (d) [258] and (e) [270] steel alloys with
a wire diameter of 1.2 mm, and (f) [118] steel alloy with a feeding wire diameter of 1.6
mm.

accurately due to the large molten pool and surface tension in WAAM
processes. More research needs to be performed with respect to the
geometrical structure and properties of deposited parts using WAAM
technology. This can be used to further determine how the deposited
components can be used directly. WAAM should also establish related
standards to facilitate industrial applications, similar to other
manufacturing technologies. There is currently no industry standard
for assessing the features and mechanical properties of WAAM parts.
One of the main aims of future studies should be to clarify these limita-
tions and provide basic data about WAAM for path planning and struc-
ture designers. Table 21 shows an overview of the relation between the
precision of the various deposited features and the WAAM processing
parameters including dimensional deviation, highlighting the future
needs to focus on geometrical accuracy and part quality.
Not available, n.a.

6. Summary of future needs

Macroscopic features, quality of the part, and precision are closely
linked to processing planning and parameters such as scanning speed,
wire feeding rate, welding mode, cooling time, interlayer temperature,
etc. The influences of main process parameters and deposition str-
ategies on the macroscopic properties and geometrical accuracy of
WAAM for different geometrical features and case studies are discussed
in this paper. For better dimensional accuracy and surface quality of
WAAM parts, further studies are needed to exploit the above-
mentioned process parameters as discussed below.

o Process planning in WAAM plays a key role in assessing the perfor-
mance of manufactured parts, such as geometric accuracy and me-
chanical properties, which can be applied on various scales from
track to part size. For example, the same component designs can
be manufactured with different process configurations often results
in components with distinct quality and geometric precision. In this
light, the most methods of process planning in WAAM adjust process
settings at the bead/track scale level. This leaves the design space in
large undiscovered regions. There is however a considerable poten-
tial for improving product characteristics through part-scale process
planning. Many concerns need therefore to be resolved on different
scales, including features and the component scale level, in order to
make WAAM processes viable, including (i) creating relationships
between process variables and the resulting properties at the scale
of interest, and (ii) tractable optimizing process parameters in size
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and solving in a rapid-manner.

o Typical design practices for AM require the optimization of topology,
shape, and scale, taking into account the impact of the resulting ge-
ometry on the component quality characteristics. Despite modelling
and simulations of WAAM processes on the part scale, due to its high
heat input and high cooling cycles, process parameters are difficult
or impossible to optimize with current methodological capacities.
For example, the finite-element modelling of the WAAM processes
and induced residual stresses have been successfully studied, but
most of these methods are computationally costly and cannot be im-
plemented in an iterative design process. The inability to correctly
predict the as-deposited geometry of the component and the surface
finish is another challenge of the existing modelling techniques. In
order to optimize the production process and ensure consistent
quality materials, the aim should be to predict thermal dynamics,
deformation, residual stress, and material properties at multi-scale
levels. Note that WAAM has different energy characteristics, and
high-speed simulation targeting makes it even more difficult. It is
important to be able to simulate the process in a short time consid-
ering the system complexity, scale, and variety of geometrical fea-
tures.

o The WAAM path planning is a complex task, as the evolution of re-
sidual stress and the relationship between the welding track and
component structure have to be tackled. The study of residual stress
evaluation concerning patterns and sequences can particularly guide
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path planning. Dimension problems are another challenge to auto-
mated path planning for complex geometry components. A more ro-
bust, automatic, closed-loop control system would be the next
generation WAAM system.

The feature scales reflect specific geometrical regions of components
that have different process plans. Examples of these elements are
thin/thick-walls, crossing features, overhang features, and lattice
structures. Previous process planning efforts at this scale were
driven by the need to enhance the properties of characteristics and
were conducted individually or on a functional basis only for specific
geometric features. A comprehensive approach is required to
produce components with an overall optimal performance that can
simultaneously optimize process planning for various features of a
product. The potential for improving part performance through
feature-scale process planning is also not fully explored and imple-
mented. Many publications have addressed deposition techniques
for crossing features, for example, and all techniques need to be
deposited in a particular way. Therefore, it is only easy to implement
these strategies when one crossing occurs. For a complex workpiece
that involves several crossing features, these strategies can lead to
significant complications in the implementation process. Further-
more, the restriction of the deposition sense might lead to an
impossible alternative in combining several features. More studies
for a deposition strategy for a complex component are therefore
needed.
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Fig. 69. The relationships between the wire feed speed (WFS) and the geometry of the single layers deposited via CMT process, the bead width (BW), bead height (BH) and BW/BH ratio.
(a) Steel 2209, (b, ¢, d) ER70S-6 [336], (e-j) ER70S-6 [261], (k) ER70S-6 [269]
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Fig. 70. The relationships between the wire feed speed (WFS) and the geometry of the single layers deposited via CMT process, the bead width (top) and bead height (bottom). (a-j) steel
alloy [269], (j) Steel 2209, (k) aluminium alloy (2319) [176], (m-p) ER70S-6 [259]
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Fig. 71. The relationships between the surface waviness and WFS/TS ratio

In order to compete with traditional manufacturing technolo-
gies, and comply with the qualifying requirements for industrial
applications, WAAM should have a good understanding of physical
processes. The geometrical quality and precision of the WAAM-
produced parts are highly variable, mainly as the standard of feature
characteristics and process parameters are not known. The process
instability and the lack of equipment in order to determine the struc-
tural effectiveness of the metals deposited are critical elements to
accept WAAM in industrial applications. Improving surface consis-
tency, higher accuracy in dimension, developing certification con-
cepts, and quality assurance systems are also required to take into
account the WAAM characteristics. For clarifying the requirements
on geometrical precision and design guidelines, future efforts are re-
quired.

WAAM processes generally involve high residual stresses due to
high deposition rates and heat inputs. The influences of process con-
ditions (for example, energy input, wire-feed rate, welding speed
and/or deposition pattern) on thermal history, microstructure and
resultant mechanical and surface properties of parts need to be fur-
ther analysed as there is not enough knowledge in the scientific
community yet. For example, the dimensions and surface finish are
generally large challenges in WAAM and many attempts have been
reported to control of the temperature, idle time and heat sink to
minimize the part distortion. However, it is unknown how to bal-
ance the fabrication quality and fabrication accuracy.
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o A more complete understanding of the governing process-structure-

property relationships is required. The fabrication of even simple
wall structures can be complicated by changes in the build path,
leading to changes in geometrical performance, microstructural
and mechanical properties at different locations and orientations,
which cannot be easily predicted. One area, which has not been
widely investigated, is the role of geometrical features in part accu-
racy in addition to the resulting mechanical properties within a com-
ponent.

Appropriate benchmark parts for WAAM and process performance
evaluation should be designed and manufactured to address the
aforementioned needs. Besides the performance and the material,
other factors such as specific process parameters may also affect
the accuracy and surface finish of the part. In WAAM benchmarking,
the design of the benchmark part, as well as production and mea-
surement processes, must be standardized. Geometric features
which are more required or expected WAAM technology must
include the benchmark design. We believe that WAAM needs a stan-
dard test part design to achieve both geometric tolerance character-
ization and process development. Accordingly, all the capabilities
and constraints of WAAM need to be addressed and defined for suc-
cessful industrial applications. Manufacturing guidelines cannot
simply be adopted for WAAM similar to other AM technologies
such as powder bed fusion or fused deposition modelling. However,
specific design guidelines for WAAM should be developed because
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Fig. 72. The relationships between the heat input and single-track weld bead dimensions
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Fig. 73. The relationships between the percent interlayer temperature changes and layer
number: (a and b) thin wall manufactured via the GMAW process under free convection
cooling and airject cooling, respectively [137] (c) cylindrical geometry manufactured via
the CMT process [116].
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Fig. 74. The relationships between the percent layer height changes and layer number: (a, b,
and c¢) ER70S-6 curved shapes manufactured via GMAW [61], (d) stainless steel thin wall
manufactured via GMAW [340], and (e) ER4043 thin wall manufactured via GMAW [341].

of its complex process constraints.

o While many works on parameter identification and optimization
have been done, effects of thermal cycle and heat accumulation on
the component geometry and part accuracy are limited.
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Understanding the influence of the accumulated heat during fabrica-
tion of the benchmark components with varying process parameters
is important to understand and correlated with the weld bead di-
mensions (e.g. weld bead height and width) in addition to correlat-
ing the microstructure and mechanical properties. In summary, the
main contributions of future works are the identification of relevant
deposition-related parameters and their optimization, metallurgical
analyses of fabricated benchmark components, and the establish-
ment of relationships between metallurgical variations, geometric
quality and variations in heat accumulation during fabrication of
the benchmark component. The provided studies and analyses will
provide a detailed insight into the WAAM process and the factors
that have a significant influence on the quality of a component fab-
ricated through WAAM.
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